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W OE: R T AR E(SBR) P, R EIRE 4 B F B (PFOA) sHF AUk 75 R (AGS) &
Gt %o 4R R, KA PFOA E 938 m(0.0.05.0.54 2.0 mg/L), & % ¥ 6975 RRE A= &
WHF WL, A B KA U T a9 I % . % PFOA>0.5 mg/L B, AGS *F TP TN 44 %
MhZ B R, KRR T GE5 R EAKT 11.01%.9.81% (PFOA=0.5 mg/L) #= 18.57%.14.96%
(PFOA=2.0 mg/L) , 7K ¥ PFOA %@t /5 RBWAE R Xk, m &AM G MY ra i, FRiEEE
I LS FE A (EPS) 8 o ik A S bk | = 2 3¢ % K38 2 7% EPS PR & & 28 fe B8 2R £ 4 R 090%
RRBEI I, M A EOECRBEDR TS PFOA X AR ., SHiBEM 54 R AN, EPFOA>
0.5 mg/LL &) W38 T, TR B H Pseudomonas #2 Acinetobacter % A8 3% F & 5 R M2 & 2069 5.92% . 10.69%
% £ 3.86%. 6.56% (PFOA=0.5 mg/L) #= 3.49%. 3.49% (PFOA=2.0 mg/L) , R #§ 1L o #& #&
Thermomonas « Flavobacterium #= Gemmatimonass 3 /£ 78 B 2 T %, Blks 15 K 649 45 208 5 FE A Fe BUFE
LA Z B I H] . LZA ST RE T PFOA R T ACS BTN Ak An i £ M B % 09 v o K AL, 4% 4
T PFOA % AGS % %684 4741 3 B 4 0.5 mg/L.
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Effect of Perfluorooctanoic Acid on Characteristics of Aerobic Granular Sludge
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ZHANG Hui-jie,  YANG Shan-shan, ZHOU Chao
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Education>, College of Environment, Hohai University, Nanjing 210098, China )

Abstract: The effect of different concentrations of perfluorooctanoic acid (PFOA) on aerobic
granular sludge (AGS) in a sequencing batch reactor (SBR) was investigated. With the increase of PFOA
concentration (0 mg/L, 0.05 mg/L, 0.5 mg/L. and 2.0 mg/L), the sludge concentration and biomass in the
system decreased significantly, the particle size increased, and the settling performance decreased. When
the concentration of PFOA was greater than or equal to 0.5 mg/L, it had obvious inhibitions on the removal
of TP and TN. Compared with the blank group, the removal rates of TP and TN were decreased by 11.01%
and 9.81% respectively when the concentration of PFOA was 0.5 mg/L, and 18.57% and 14.96%
respectively when the concentration of PFOA was 2.0 mg/l.. PFOA was mainly removed from water by
sludge adsorption, while biodegradation had little effect on it. The sludge resisted the toxicity by secreting

more extracellular polymer substances (EPS). Three-dimensional fluorescence spectra showed that the
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peak fluorescence intensity which represented tryptophan-like and tyrosine-like substances in EPS
increased, and aromatic protein tryptophan substances in EPS might react with PFOA. High-throughput
sequencing results showed that the relative abundance of Pseudomonas and Acinetobacter in the blank
group decreased from 5.92% and 10.69% to 3.86% and 6.56% respectively when the concentration of
PFOA was 0.5 mg/L, and 3.49% and 3.49% respectively when the concentration of PFOA was 2.0 mg/L.
The abundance of Thermomonas, Flavobacterium and Gemmatimonass also decreased significantly, and
the aerobic phosphorus absorption, nitrification and denitrification processes of granular sludge were
significantly inhibited. After a comprehensive analysis of the changes in the properties of aerobic granular

sludge and the response of the microbial community under PFOA exposure, the inhibitory concentration
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of PFOA on aerobic granular sludge system was proposed to be 0.5 mg/L.
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T A A P o PFOA R 5t 48 fh 07 80 s A5 43405 . 4
RS A% 5 AR R 537 AH AR A5 T O AR A A
P EED . ARV, 2 EE T PFOA 190 d
J& WS TG MRS e A W 4D R R LB
FF T J8 1 A X = B2 43 00 R 3. 6% T 2. 4% T % &2
2.6% F10. 1%, PFOA W] i i y5 K Ab BT 30E A UK
BT, FE e Ak T 1 X 3, v 2 Hb R K Hh PFOA
1) 5 1 TR J3E AT 3K 343 /LY DRI Y5 K b B 2R 4 rp
PFOA W17 S LB AN 200, R FH 8 FL ) Ak 27
I B 7 v DA AT 3 2 e L i v G SR A S5 T
SR RIEIN T 5 7K Ab HL R AR

L R TS e (AGS) # AR A UL P RE 4 A=
PIRE R s ARG IR Py W AR AR
AP BT, TR W2 EE T PFOA FRE H AGS 1Y
HRALPE T R BRI YE RE AN RS (EPS) LA KA
A IRV AR AL S T TR SE R R B . DR, 2B
ZE T AR BE PFOA XF AGS (5200 , 3 i i 57 H:
EPS (4 58055 , WA D e o oy A2 Ak, DU R
AGS Kb B 5 5% K 1Y N T
1 HHET®
1.1 RBEEEMIEITER

iR 5ok 4 40 JF 8K 32 47 09t 5X R I AR
(SBR),43llic A R1 . R2 . R3 F1 R4, 44 g8 iA
BRI N 8 L, A 80 Bl 450 mm, A RN AE
150 mm. ia47EM R 6 h, 3% K (15 min) KA

perfluorooctanoic acid;

nitrogen and phosphorus

microbial community

(65 min) , 444 (200 min) | B % (70 min) , YL IE (3
min) A1 H 7K (7 min) 3£ 6 B B, B R #ELLE 1T 44>
I B3 IR [ o 5 C A W S SIS D e 7o iy =
B (U A . TR A Bl ke | UBTADL B 4 2R
Bt Rk e KR A o H A1 1 42 ) DA ke 2 v T 5
HEZK HEK HE R 2230 056 4 5 R /K T 4% il ok 20~
25 °C,pH#EHIFE 6. 5~7. STEFHIN .
1.2 #EFiTIRMBKKR

PR I5 PR HL A 5250 = B Ik B B AGS,
MLSS #5245 000 mg/L, Ki 4% 5 25345 15 il 2y 450~
750 wm, FEPRARZ) K 550 wm. RIS RS
U T SBR 3 v 4l K Ve EGE | I TR,
DL B is U6 b s A S BT e o R AR KA
Ry SN A 2E K Bt U ER R 20 R 2 R MR TRE R
158 COD i faf 2949 0. 37 kg/(kgMLSS-d) , & 5 %
NH,CI, # 6 % ] KH,PO, , BAAR KT L& 1,

F1 KRR
Tab.l Simulated influent quality mg- L™

g9 W HIREL W
HAI W 250 FeCl,»6H,0 1.50
TR m 250 MnCl,-4H,0 0.12
NH,Cl 190 Co(NO,),-H,0 0.18
KH,PO, 44 ZnS0,-H,0 0.12
Na,Mo0, - H,0 0.06 KI 0.03
H,BO, 0.15 | CuS0,-5H,0 0.03

A3 BN 0.0.05.0. 5 1 2. 0 mg/L (1) PFOA &
R1.R2.R3 HI R4 J i as v o AR i = N A1 56 T 7K 34
5% v PFOA WRAF K RO A5 7, L 0. 05 mg/L K 31
A Bl DX S AR B8 57 73R 32 5 1 X AR PFOA i
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— SR AR R 0. 5 me/L AR A
W 5 [R) B 25 5 Tl 2 7K AC A Ak B v A A 1
HE U S5 1005, B PFOA % i 9 B 16 5E M 2. 0 mg/
L, VIR 5 AGS R G0 15 UR K ik . Tl 5 Y
8G9 KRB BT vh it B

1.3 SHistRR A%

COD .NH,*-N .NO,-N.NO,” -N TN . TP \MLSS ,
MLVSS | SV 55 5 A8 b5 5 5% I 58 0m E J7 v i 47
M E 15 JeRiAs R A 2R SCEOEHRLEE [ (Mastersizer
3000) il %€ , EPS (1) 32 2 5l 43 & (A 5T (PN) 1 2 6
(PS) 7 15 43 5l SR FH 25 15 Hir 42 3 30k AR JAC I 32k 00 5
K = HE 5O ETEI E EPS B REME  k K
(Ay) Y& [ 2N 250~500 nm, & 5 9% &K (A,,) BB N
200~400 nm , F3H 3 JF A 4 800 nm/min

PROA ¥ i 2R FH = 5 DU A AT 8 5 556 4300 7
H— & B 55 5 Y AGS, B T 3 500 mL B AR
e $% N LA MR B 43 51 R 0..05.0. 5 1 2. 0 mg/L (1)
PFOA , SR 1] AT 8 IR 7 0 1 s 0B AR i, 4 IR
SBR £ #f REGETT . AE— AT AR R
N7 B, 3 ol BBORE U 2 T B W 7K AR AT A i PROA
B i, TS 2 PROA A ¥k B, DT 1 — 25 H1
PFOA TEPIAH A 43 A1 FLAEE

o 3 Y TAE R R e A Y B 2R
HBRA T FE R, 2K FH MiSeq - 577, PCR Y 3 5L T
16S tDNA 1 V3-V4 [X {1 341F F1 805R. H SBR
J I i IR EUA 8 V5 eV A e 3 O A, K
HoE T T oK RA AR 1H € -40 CRYZRF T i
ZMFFEG I T AN F T/, R
UCHIME ' % 5 Ik B8 , >k H] UPARSE 4] 73452
YE 2R BT (OTU) , AHLBE B R 97 % . BEAM X L
Silva B4l g , 15 2 554~ OTU X (981 R 3 2405 4.
ZIE AT Z R E S BEE AT

2 ZREW#®
2.1 PFOAX AGS 14 EAIES NN

TEXT SBR J N i 1% 224 N4 98F 1R 60 d Jim, il
FE 44 KR 4% F MLSS . MLVSS 1 MLVSS/MLSS (1
i, UIIFAl AGS Rt im e fAEY . 4581
7N, R2H MLSS #2514 R1 JF & & A b & A8 Ak, i
MLVSS ;2 MLVSS/MLSS 145 /N B $2 7}, 43 513k 5]
4 027 mg/L10.79; 24 PFOA ¥ 4 % 0. 5 mg/L i},
MLSS . MLVSS K MLVSS/MLSS 43 5l /1 25 H 41 19

5 053 mg/L..3 924 mg/L F10. 78 [ % 4 463 mg/L .
3 139 mg/L 1 0. 70; 24 PFOA ¥ ik — L T+ £ 2.0
mg/L I, = FH AR SEFE E 4 170 mg/L.2 791 mg/L Al
0.66, FIRZERFEH  PFOA 7E 0. 05 mg/L AR5 1
JEAET % AGS R GE Hr i A W IF R 7 LR 4l 1k
S5 EE R R ME—E B R TSRS
AL HLEE , fE S T RUE ALK . HEEE
PROA ¥R B AR ST, S A W i vk 52 09 35 )
FA= Py i i 2 BRI
AGS KR TTREPERE M AE AL LA 1.

I
g 8
&
o 6
4
2
0 300 600 900 1200 1500 1800 2106
R/ pum
a. 15 kiR
54
51 = Rl
—e—R2
48 4 R3
. 45 —v—R4
T?D 42
= 39
g
= 36
- 33
30
27
24
21 . . . . . .
0 10 20 30 40 50 60
t/d
b. TR RE
E1 FERBALTRAEMTEERENTW

Fig.1 Change in particle size and sedimentation

performance of aerobic granular sludge
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BRI, 2N g RS R (R kAR K, B S
PFOA Bk B AHC , R2 \R3 Fl R4 = A~ i 7 N
BPRiA2 53500 663 1985 11 106 wm. X 1] g2 K2
LbF PFOA BEEIAEE T, V5 U8 38 28 14 0 EPS 19 7330
FE UKL 15 e S0k 8 — 2 AR 4 B B LRSI A1 K 22
PG, DT BORE AR B dd 3 K

AL TG MG e, AGS B &t S iy L BE .
p & 1 (h) AT, s e B2 2H R3 ORI R4 P R 5 376 1Y)
SVI;7E PFOA B A% 2h b I, J5 % 8 T Kt
TR . 24 60 KIF, R3 A1 R4 o (1 SVI, 43 51 A
30. 93 F137. 64 mL/g, A T45 FXF BEZL R, 23 513
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WA — R KA (EAT I I T IE 5 k5 e
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TG R IRG , (A s 45 S 0y A e O 4 i 2L A
BAT, IR — 2 095 G W L BRKF- o T PFOA Ji
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T, ARG RIS PR AR B[R] i, X6 7K AT B SR 0 SR A
ST K A3 B RE 1, DT B4R AV A 2 S
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12 2 PFOA Wit B 5 e LR ARk, Al
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Fig.2 Change of pollutant removal rates under PFOA

exposure
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e B T v X RIS VE AR Z . 7E 60 d ik
B R b, 3 AN ZH X TN B TP B 25 B R 44 S [
e BT 7E B G 20 AN AT LA E . X BEIRE
PFOA S JIi 220 53 il A G 19 8 A 40 s i I Sk o, (0L
AGS IR 45 R4 R 28 38 in 433 EPS 77 A 1% F 3K B
HLE, AT DA AR A K W as A7 b | 3R GE B
PFOA ({75 Mt | -4 35— A2 B (95 1k

<112 -



HEM,F

www. cnww 1985. com

B BB AT B T AL A 6

%3945 %13

Bl S A e BB 1T B4 60 K, S 4 R1AY
TN £ N 79. 65% , R2 1) TN 2 5% K 78. 26%,
AHEE T R1JCHA 22 55 1 R3 T R4 19 TN & R 24
BT R4 MIEAR T 9. 81% il 14. 96% , PFOA X} TN
BB T I R A . TP 22 PFOA B9 5 [7] TN
B AR Ak R SR A [R] , 55 60 KA, 4 41 52 1 4§ %F TP
Wy 2 B % 4 Bk 80. 13%. 76. 52% . 69. 13% F
61.56% ,3 LHHL N PFOA ) 52 1 % AR 25 (T4 /Y TP
RS THET 3.61%.11.00% F118. 57%. |-
REEREKH], AGSTEMRMEE PFOA vhili T, X5 &
G AR KBRS Y W RE I A S H I SR s, 4
B 2. 1 BURL TS U6 Pk T AR Ak AT, FE IR e B Y 3
P B R, AGS W] LAKE 10 d 25 47 38 I3 2 1 3R 485 0
e A S5 ATE e L BREE T I FRE o Chen 55
XiF SBR S 1 g H T PR V5 Y8 AR AT 2 B, VS AN 0. 5 mg/
L (1) PFOA AT BF &b 310 ] FLAS AR A, i A 35 78 2. 0
mg/L ] PFOA W38 T AT R4 92. 89% MY 2 A bR,
DR AR 3 T 16 R VS U8, WOk TS T X COD Al ALY 25
Wk A7 A B R VA B [ (L, A A 358 7K T sl ™ A% 4 ol
PFOA VR BE A 25440 T, 15 7K A B R B W] DA R 8 P F
AT (324 PFOA YR 3 38 3] — 1 K P B (AR BF
554 0.5 mg/L) , Hoxh 5 U8 22 48 TN TP A9 2= Bk g
A I

LA R B PROA [V J3E B AE KR v i 25 B
(WA 2), nT LI R F i, R2 .R3 I R4 1 PFOA [y
FEBR R I IR A B B A S BWEAE , 4351 A 44. 82% .
49. 28% F1 56. 74% , iX 7 g J& B T PFOA 7E K %5 B
B FURE 5 e PR T BFF . A I 5Y SR B, AGS X
PFOA FE ALY A 0 2 2 WP 1 78 4 5 B
Bt BRSNS R HI PFOA YW RS-, 76 R A
W2 B Y PROA % 558 RS ik, 5 B B BE R2 \R3 T R4
H PFOA 19 L BR B AKX, 735124 30. 56% .38. 49% Fi
47.22% . TEHRJa A B B, PFOA PR B 15 8
B, R2.R3 F1 R4 1 PFOA Fi¥ 2[4 3% 1] F+ 2 41. 90% .
45.73% F151. 62%.

1 ) X LU [R]— B B, B PFOA ) G ¥ 3 11 14
K, RIS Y XT PROA Y W B st 7E 48 v o (EAR 7
B AR 3PP B S5 , 45 B Bk AR AT AR T i)
PFOA 5 it AH I 44 20 45 15U 1S W) 46 1) PFOA 4%
TIE, 3% B R W AT AGS &R 48 25 B% PFOA 1 =
BEIRAE A ) R A LA RO o, S Ah AR
R 7 R F AJO/A R G2 1T, IR SR R 48 3 455 1 4R

S H T /KA PROA 1L B AESE PR B, ol 25
JEAE AR A A S 1 15— B R AR sl Bl SRR 1Y, WK A
AR SR R A R A T SR A AL B
F2 AEME PFOARYIRE R KB PRI ERRE
Tab.2 PFOA concentrations and removal rates in

water phase at different stages

KA P | KA

mooH PFOA Y%/ | PFOA Y/ | 5l

(pg L) (pg L) | /%

R2 IRAASE 27.59 2237 | 44.82

(0.05 mg/ | R LER 34.72 1529 | 30.56

L) A ZE R 29.05 21.52 | 41.90

JRAAGS TR 253.62 25579 | 49.28

3 LT 307.58 19491 | 38.49
(0.5 mg/L) —

B S R 271.37 229.95 | 45.73

- RS 865.15 112869 | 56.74

(2.0 mg/L) WRESEH | 105561 950.43 | 47.22

B SR 967.57 1031.89 | 51.62

2.3 PFOA X} EPS B0

16 PFOA F 30, EPS 16 AGS 4188 75 M il ks
JEBATHEBISCHAE N . TE55 60 KINF, 4> K0 d%
HI5 IR EPS $41 L PN b 32, 25 41 PS A1 PN 4351 A
60. 31 F1179. 53 mg/gVSS, R2 H1 EPS 454 7 & it 5 48
M 2H R1 22 5 87N, PS 1 PN 43 550 38 fin 17 2. 86 Al
3.65 mg/gVSS; 1 PFOA ¥k i 55 % 0. 5 mg/L i, PS
PN AH AL 25 AL 53 A3 TN T 42. 85% #1144, 43%;
1M R4 1 EPS 5 AL F i 7R A4S, PS 1PN 1) 4316 i
IKF) T 92. 85 Fil 128. 98 mg/gVSS. X tHIESE T i 3¢
T PFOA 23 Il U 15 U 43 Wb B 22 EPS SR HE A 2 P
(I, LS R B 0. 5 mg/L B, 2535 & e
Py 7 A ik B N Ry AT FR AR PLE] o 38 i
PEFNE S AT T A, JORLTS U8 233 EPS J& il i PS Al
PN 43 (A 341 L [R] 58 LAY, AR T8 23 K i 2
BRG], PNAR R 45 B EH . X 5 E N
—BEHIF 5T 35 1] A9 PN JE A5 B V5 YR IR A 3R B8 v A7 205
Yy EEEY Y — 2, RS R AR T PS T
PoRTE

K3 RN T OB R A W T, 565 60 KT 4
A BN g HR SURE T Y U0 1 EPS 43 A . BRI, R2.
R3 1 R4 FR WKL V5 I8 9 PN A1 PS & 0 I b 3 T2
FIZ4H R1, X 5T 3CH EPS B9 & 45 5 —2% . [RIi,
W 4 00 R AR HL AT DUE Y B PFOA ¥ B Tt
151, PS T PN A HE AN (LA v e Uk A i 2, i A5k
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T3 K TFFIE O AL A OR3P 2, T AR 28 8 S0 1 PFOA Jil| 38 T 4 48 i ki 35 Je EPS B9 43 W6 o 11 24

OB N TR AR 25 B . PS T LA H a—Z2 KT B
ZHE AR P AGS A o— 200 32 A7 T Uk Y 41
%, B-Z MO AR AE ORI AZ O AN T B 5 PFOA
e BE RGN (0. 5.2. 0 mg/LL) , ORI AN 1) -2 M

UL . AR AT MR B-Z T LA
o SR D 2, o UKL ¥ Y S R 2 RS A

BT, B2 Wl B 7K it ] E i MR TR 2 i

PN DL 45 2R B SO ORI 3 R TR
REAZ 22 MR I, SCAT LAIA A EPS T a1 W0RLTS U2 I

R A% AL 3 2, S EOH AR &F%‘E%ﬂzo

... y - 48-3)

a. RIEH b. R1 a~ZH  c.R1B-ZHF d. R1 EPS/M 1
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Fig.3 EPS distribution of aerobic granular sludge slices

under PFOA exposure

&l 4 R 55 60 K IRE 4 A4~ S 1 i Uk 75 Ufé EPS 1Y
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MG FEARAREY . SEHARIHK,R2
HH S 4 A7 R 58 B AR — B0 Y PROA VR T+ &
0.5 mg/L B, R3 H il A (1 %€ D' ok BE ¢ 25 (1 41 i
4 403 /NG TH 2 4 707, W6 B 1Y 26 65 BE AT T I i
FETF, 7 560 FTF 2 8 805, % Y5k JE Y 1 ik 154
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Fig.4 3D-EEM spectra of EPS under PFOA exposure

T itk P A W A 7 ) B 9 1 i JEE A — R
FE LSRR IEA DG, I A SR EE R RS T
SCH PROA $ i A2 9 A= K AR R 45 5 — 205 1 B
FEE C AR BT 53 0] R EPS HhOAS [R] RS 25 1
BAT W B SR BE (3G IR0 C 9 H ISR B R4 v
WK 5 R 3 W T K AR EPS, HE B2 PN, LA Sk 4G A
FHEYTRAR . HAM, R4 ik B B9 IEN I Em
] EE T RS (A 330 nm B8 55 2 300 nm 4b) , A
B PRFOA I RE S 5 B iR F @R KW I 2k T
SN, T BRI 5T —F 4574 Hh 55 75 P R0 i B 1 25 o
W0 AH EPS Ak PR B AR AR A
2.4 AEWETENIMA Y

PFROA K W38 F S by i H st A= W e T 7K1 1
= AR AR UL 5, kK b PROA W BE T 5 )
0. 5 mg/L LA B}, FEAL GE DR SR R — 1 S R il e B p
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Fig.5 Distribution of the main functional bacteria for
nitrogen and phosphorus removal at genus level
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HAN, Nirospira N Flavobacterium 2 32 il F2 & H K
BT RE P L F O P I Bd RURAR T [y A
JERH AL RE T NO, —N 3622 NO, N [ JERE A S AiFd
At B2 BN H o 02 AT 5 &8 (Bacillus ) FES
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