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AT AL R B A WAk AYO FR GE X R K I A AR ARAIF R SR AR AR DR S TR ) B R X
W AYO RGE AT Y AL, JFUESE T H AL AYO F A Wy s Ak AYO X % K H Ak 2 T E i (COD),
SA(TN). A (NH-N) [ RBRTERE, BLoh, #2057 RGN TE TS U8 LU 00T W 22 (specific
oxygen uptake rate, SOUR). [i# 3 & ¥ (extracellular polymeric substances, EPS) F13 A= ¥ B8 Bk 45 44 1)
ARG OL, INAAE ) FR B A R AL BEBE T AR A TR IR, S 3B S K A B ) v A 3R B 2 T R K
5%

1 MRE5ER*%
1.1 BEER

A0 RGEHFP I I8 43 B A H M S5 K A BT DR A . B . AP A, AYO RGHEK RS
R E MBI K, BLES% YOO S8 M # P it 5t b T B 7 o K45y R e TeoK i
FE300mg L. KGHEMAM 100mg L, LfRE242mg L, B &4 21.88mg' L', S L5 10mg L',
LIKBRREE 51.5 mg' L™, ERHRE SOmg L', MEITEK 0.1 mg L™, HHKKAEIMS, 15, 30, 60 mg-L™
A MEAE R RS G )

FH T A= i Ak 0 3 A8 B R AR AL AL 3 T ) R o o 1 EZ K AL BREBE R AT BR A | o A3 TR 7 4 4
KRBT Y T 0 W f R . SRR ANIN 1 om® 2247 O BEIROIR B AR ks, JFHA —
SE B PR oK e
1.2 LEERE

SR E SR A G RY AYO RONEAs, DR S AT A AR R A i o 2.2 220 48 L, A
FRUAE TR 9.2 Lo 78IRS A7 420 7K 1H A FHFLAR R 0.5 em (8K 22 (P4, B 1F A 30 B 7 4% n
Je BEJE KR AT M A o T %4 % 31 % (LongerPump, BT100-2)) #E/K Al 15 6 ; 14
Al AZE (Hailea, AC0-9601) 4. 15 U 1913 L Ry 70%~80%, il A6 ¥ 1] 9t Lk A 200%, 7K Ji 1584
[ [H] 24 24 ho
1.3 LWAHR

HWHLAYO RGBT AT 44 do 1T 9 d K R AETE TG K KL h ICoRRE), 55 10~44 KiEK
MR 5. 15, 30, 60 mgL ' MR EETR N A e, AW ikik AYO RGialr Bt 30d. 55 1~10 X, 4%
BN 4% (RT3 50 ISR B TR 5 56 11~20 K, FE 4500 55 B0 4% 47500 5 56 21~30 K, 7EIR&
BN 4% IRAH . 25 RGEMLE1730d, UBERRGENKBREN.

1.4 SR 5

FEH LA SR AE AYO RGBT HJE B 1d, MG S i R i B2 BUTS Je AR, I 52 75 U2 SOUR
EPS, #HU DNA Jf-4r#r i W fE %

Eb G 4207 1 5 8 (SOUR) R FH A il B84 W « 4 40t V5 e IR, 70 40 M S 76 2% B R 8E T LU
30 sy [A] i A4S0 2 35 i 480 (DO) Wk B2 1Y 28 4k, 53 BUTS Y8 4 & I 7 MLSS,  SOUR i 47
() #HATIHE .

ACy,

S =X M

s S HILIFAPFIR A, mg(gh)'; Cpo WIHMEAZIME, megL"; A HBFHZE{L{E, h; XN
Y EREE, gL

WS LATS Y 40 A b 2 B (PN) FIZ M (PS) & & Z Mk KRR TG 75 8 EPS & & . I Bk
FH Lowry &1V, 20 R FH BT - 7 v 11 30l 7

TS Ve A W e IE sy pril ol g R AEMA R AR AEY = A%, BARLERMT: R
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2 [¥] MP /A W] Fast DNA Spin Kit for Soil i 7| £ #2 Ht 75 Jé DNA, DNA i i J2 ¥ &£ i NanoDrop2000 f#
TN, R EOR 5 EAT PCR §74 ;R TruSeqTM DNA Sample Prep Kit i 7] & #4) 22 il
FESCHE s SR 51 % 338F #1 806R #EATINF ; DNA CJEIRAG)S ., 13 H Nlumina MiSeq I A . 18
b LEXT Silva 128/16s U4l e, 73 SITE 4SS 73 2K e H & FEAS (1 B I 41 ko
1.5 KR

2 d X R GEE K BEATEURE , 2 K EEH TN, NH;-N FI COD % & . TN % 14 i i iR 40
AN e (HT 636-2012) Y5 5 NH;-N SR FH 44 FC i 7] 43 06 6 B v (HT 535-2009) il 22 ; COD %
FHWA A COD 7] & (W 4 DR6000 43 66T 4 .
2 #BR512
2.1 EMAYO REMEBITHR

AL AYO FR G0 % A TG V5 K R OR i R K COD Ry L BRPERE W B 1 BT s . 2f 1~9 K, COD
PEKSEYI{E A 381.5 mg- L™, Hi7K CODEX{H K 34.6 mg L', FHEBFHEN 91.0%, £ 9K, 1E
HEIK ARSI 5~60 mg L™ 2R, I FACUR B K . Nl 1 Frzs, 2K CODRE % 2 Jie ik B (1)
RE M AWET, M 4063 mg L' T E 6324 mg- L', FEMLTFE, [ #% 7k COD 4k 35 7

18.2~48.5 mg-L™, VX7 2 Bk 4 £7 18 92.7%~ ek ok ke R
95.2%. COD M2 BRACRZ AT IR . W s T ™
1 AYO 2 ¢ %1 A B K i COD 0 52 B e SR e 700 kg T g
HRaE o0k WM-%
K2 SR T % L AYO R G X 2 e % K 2 S00r fw 17 =
TN B EBRRCR . 45 1~9 K, TN BEKFH vk g § 400'\»\,‘\[\’ '603'%
J 434 mg L, EERFEN T53%, F 9~12 K, g 3oor 1°°
s mg L M HEA AYO R4, TN ¥ % 2001 g1t mg-L img- L mg Lt me oL ] %
B R T K5 64.4%, I B3 M35 U8 B B AT B2 IOO'W. www”
FIRNEREEEN, FEATERR TR MEE 0776 10 14 18 22 26 30 34 38 42 a6
55 13~19 K, BLAMEREZWIIKE . 45 20~34 K, AT

TN ngziq%%%ﬂa 759%0 E% 35 %E’ Fh 1 xﬁ%ﬂﬁi&gxﬁﬁ%mAzlo géﬁ%ﬁ% COD E"]?ﬁﬂﬂ
TR E MRS, R GETS VeI A N RE IR

Fig. 1 Effect of different aniline concentrations on COD
removal by conventional A*/O system

A, RY TN EBRFETER 59.0%, TN S K —om K ke BB
R KR E N 214 mg L' 100 x. ]
. 90 L*K K e 80
H L AYO FRGUNNH-N ) £ BRBOR 10 3 P IV S e T A o R P!
Bim. ARHKNHAN PSR 388mgL e S wf (Y Fr e
H1~9 K, NH-NF2H K EE R 0.4 mgL™, p OO RNy SN
N . NN s =~ 50+ “(
TSR 90, RREELEG. B 2 [T }3\//4\6‘(\"“%
9K, AW LLS mg L F i A AYO R G € 30lmg-L | mg-L {mg-Limg Lo mg-1 |30
J . B GE A NHI-N 19 22 5 Bl 1 W0 T R . 4 0 f\/\o'”
,\‘,4 A L g 10.0*0-0.3}3})\0\0/@-0”\0”“0’0‘0%/ 410
12 K 0 22 B % e 2 30 B 19 0 £ 48.8%. NS T '
O T A M TR (A0 A A, T 0 4 8 12 16 20 24 25 32 36 40 44

B1Ti[E)/d

5508 Ak B i o e w4 i B L A 9 A & A
Al LIPS 2k i B2 REERRE ST AY0 REER TN BN

| 55 = G F7F02 22 B=E
1"j|5/ SR ﬁ‘ %ik ﬂ: y t v fi ﬁﬁjl' ?% " Fig. 2 Effect of different aniline concentration on TN removal
i A S A 2 e e T 5 T 3~4 mg- LN B HE A by conventional A%O system



57 PRIEAE BT R AR iR AL AY/O R GELE R I K Ak P e A R ] 1811

SCHAT . 5y — 7T HMEAE B 1 W A 9 T 5F o T enthk e KRR

o P AT B0 HINHL-N A, T 99 St DR ot e AR
PP, T 2 A TR S0 B AL WAL ST R BRI, g et imer ) me L me L me L |
B TNHINE RGN REL BR. % T of % 4 AL
HLAYO R4 LI 8 d BT, kAR S O] Y e
SERAREGAT, NHI-N ZKERAGZHIRIL 2 97.40% E LI POV b VAN arin J -
82027 K, KMKIERIE 1Smegl s B 1
28~35 K, FRMEH -T2 30 mg- L™ eI ot /\ /\\Tg
6], ZBATAELERF 96.9% ~ 98.8% [{NH]-N 22  booodi it i bioaearooomali L

0
e et \ NYSETISN - 0 4 8 12 16 20 24 28 32 36 40 44
F, B 36 RUJE, MRMMEEESE T2 60 mgL Ef Al

. ARGENHN -3 KRB 14.01 mg'L, 3 FRIERRE X 5 AY0 £ BNHIN B
KERAET FUCH I TP = 66.8%, H R MIKA Fig. 3 Effect of different aniline concentration on NH;-N
EWRIRIKF . X R EH AYO RGAE 60 mg L removal by conventional A*/O system
ARG, WGP S Ve LR = R 2 R H R

ARATHE T H AL AYO RGN AR I TS K R e K AL BRI 25 57 0 H L AYO R G A I V5K
ABAF AR, COD. TN, NH;-N i /K762 1791 ] 38 B 05 K A 31 )15 Je M HE ik — 2%
A FRfE (GB 18918-2002); X 4 i 47 7K 4 Ab BRSO R AN, 2 B3R Wl W 2R B 0 A 8¢ v ik 5 O g 47 fir
TOEAL . W RGPS BRI K, BN T LA S AR sk A0 FRGEX TS Y W i b BRASCR
22 GIEFEEML AYO RENEBITHR

IR E AYO REEXT COD [ L BRZC R NE 4 frox, #E7K COD FEHI{E N 616.5 mg- L', HiK
SRR 49.2 mg L', COD 7k 3 P4 i 1 =X T -3 L BR 353518 93.3% . 91.9%. 90.7%, - TCH
WA, XERUIBRIA AYO RGN A HLE T BRI FH A5 88 8w, X COD A4 RF7E 3¢ i 1 23 B K

H RS Al , A SR Ak AYO REEXT TN KBRFRI M B2 R AUR . b RG22 TN K
SRR EE R 50.5 mg L fE 3R E TR T, 8 1~10 X, TN H/KFHHE N 324 mg L, Tk
BR N 38.5%; 5 11~20 K, TN H K-k BEZ LD RELE] 19.0 mg L, ZFRREZED T3] 61.0%;
55 21~30 K, TN /KPR EE# —PRELE] 119 mg L', KFRFILF] 76.2%, WA VERER B — 2
B

8 6 AT, A= ¥piRfl AYO RGEXINH,-N () LERACR 2 S TN MR 2k E#H . 2 FBNH;-N

ZHKHE  slkkE e LR HKHRE s HUKIRE - BBRE
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B SIS S R Kk *-.
- - . 490 ; -
o0 ; « ;;:%8% ¢ yppEds | AFARES% PR b
800 4 H4% A8 FUSOYT 1 80 K 00
I A U pesane . 60F ] pox | Mt 70
_T0F g ) {70 & e S DREWEA% 160
5600 0 10l Ha16 = W 00 PARZARUAN P Iso &
2 500 - 150 g ﬁi’ 40 I 7/‘” &
= < k-1 11" 140
S 400 f {40 I £ 30 ’<)< <‘<§ o
), |
© 300 130 € " KIS 30
L s |
200 | {20 S U 20
"t N N
100 | 410 10
0 0 0 0
0 2 4 6 8101214 16 18 20 22 24 26 28 30 02 4 6 810121416 182022 2426 28 30
1B47H [E)/d JZ17H[E]/d
4 PRI AYO RG KRR COD HIF2NT 5 HEHEMAI AYO RG AR TN WS
Fig. 4 Effect of bioaugmentation on COD Fig. 5 Effect of bioaugmentation on TN removal by

removal by enhanced A%/O system enhanced A*/O system
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PEAKE e 9 36.4 mg- L', 45 1~10 K, NHI-N “ mﬁﬁmffﬂﬁmwf*fﬁﬁ -
[ K F % BE R 216 mg L, FEBR N N B VA b
39.0%; 3 11~20 K, NH;-N Hi /KKy i T F 2 ol ; 80
B0 mgl . KWCRFEE T3, S G| e e | e o
ST, AESE 16 K /K NH-N ¥ JiE [ IR % 3.4 gm-K b -
mg- L™, (A A TN H 7K e B 54 17.0 mg L™ Z ol picl . o
XAEF RGNS A RER R, WAL quo_ : <’

A SR (L R T A A ol

7, FEUHESAM R, W& ARG dkstiztr, & o 0
21~30 36 , NHI-N %%%i 910%’ HNHI_N ﬂl 02 46 810 Zﬁl;ﬂjl‘lijij 20 22 24 26 28 30
;;;fmgﬁ@wa]&i%ggﬂﬂ%ﬁﬁﬁ: Bl 6 4B LT AYO RYEE BNHI-N BB

B ) Fig. 6 Effect of bioaugmentation on NH;-N removal by
ARG RIER T YR AYO R XK enhanced A%/O system

Joe g K Ak BRARCR . fERR AL BB, COD i
KA E AR, BTG R CE W AR R T S A AR K, 1 B U RE 0 04 28 A U s e T A 2 A
MRS . AL B E 20 d XS TR B REAR T3 i fb s8R, 30 d Ml TN FINHL-N 7K Gk 51— 2%
A FrifE (GB 18918-2002), FEULIEAE |, REMZIAEFZTT30d, TN H/KEEIEHE S 3.9~17.5 mg L™,
S U M 8.9 mg L, NHI-N /K JE N 0.9~6.8 mg- L™, FIWE N 22 mg L, £ 28diktr (—
R A BEKFE, WHERL AYO REBITRUEERL . fEMERE I, AR BT SRS
Ye LA Py 9 DL HEAT T 5 4%
23 BEITEHREREMSRBED W

R H W RAE Y AE K ST, SOUR W] 7F — i B2 I Fe e e At ook A v i O 1A= o ) AR v
M, I B R R AE V5 PR i MR AT, s () IR RAE L, B AYO RE A GG R
SOUR # 5.82 mg-(g-h)", 5&fk AYO RGN 9.07 mg-(g-h) . ZHIEEW, REHEALYEA G IEETS
T B FE S RN, R E RSN BT 45 2.2 AT, IR PR TS PR R K s Y B AR i RE
B

EPS fAfe FigtEis e R AR N E0 e R, EZMIE Lm0 FYR M PS, PN MIEMREREGY,
Hor PS I PN FE 35 M 75 U8 v 29 5 EPS 1 70%~80%, J& EPS WY T 4317, & 7 Bos TR AR
b A0 Z G545 X3 0G M5 e BPS AR FL 1B L. L AYO RG IR M . BT . S g v i5
) EPS 4r %Il &y 51.8. 75.8. 402 mgg', ik
AYO % 45 i EPS 43 Bl 85.8, 1129, 78.1 1237 wis  S9PS

mg-g . AL AYO R TR EPS 2 0 zm
TFH ML AYO RYG . FBFFEUY KW, EPS ALl @ s -
3o L 41 A I 4 /43 I 0 ) 20 2 e

P TG X ARG e . AR = -

Y5 T EPS 48 D114 5 T B4 1 4 T B K £ s

500 T B T B0 2 3 35 0 2

R B T S A AT B 95 D

oA 5 0 TR X R W4T M 1 7 bk . BPS of O hmw mm

PN )&t ¥ T PS, X2 iy T 50 4 A 1 B7 EMNSREPS SBEW

A= Wy e i LA A8 S 3220, X PN RS AR A Fig. 7 Changes of EPS content in activated sludge
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55 . PNAHEST PS B /KMETE SR, V5 8 5 5 Kl B 76 G0 30 0 B0 2 1AT, 78 o 0wy il w45 B B ) B G
M 575 e )it A7 78 53 42 il

W] AP0 RGEAEAEY mALHT G AL BRRE T AR A 2= ML, ARWF ST AR AL A0 RS
(3% M5 U6 DNA $EAT I F 3120 B 7 REE 092840 0 o ZETTKF b, F M A Ak R Se 16 PR TS e A0
PFP LIS A Proteobacteria(ZE I W 1)) Bacteroidetes(FAFT & 1]) Al Firmicutes(JEBETH 1]), 1845 HEMY
el B stk . Ak R G Proteobacteria WARXT = B L % FL R MK 15.37%;  Bacteroidetes B A X} =F
BEHE W LR 8L 12.88%;  Firmicutes t % B 2 8t 5 1.02%.  Proteobacteria 13, ¥ VF 2 & & AL 4l
(AOB), RETE A AT AL Y ] s S8 2021 K v iy S A R R e 88 e ™ A %) e Rz St A i
Mt TSR RS, T Proteobacteria 115 P A= W) h i 428 B B o Bacteroidetes BETERL
EE WA AL, RN EA R RAAEEE T, IR ZA LY . BRI 1 B AR B,
Firmicutes "1 [ Clostridia(f 0T 1 40) 1] 8 -5 M DL it 1) K 74 WL ) B e, 584k AY0 %
4ith Bacteroidetes F Firmicutes2 ST WI¥G 1 58 G0t T Gl 40y et fige RN 28 i 2% 7K v A 25 ) JoT A K
THIRE 73 98

Rt — 2500 TEJE KT, W e e 28 G o0, 45 R Kl 8 s, 7EH #L
A0 ZGih, Hydrogenophaga(Z W Ml v J& ) AL FARE, AHXT BN 19.16%, Ideonella(3L 1 & &
J&). Zoogloea(F W &) . Flavobacterium(¥& T & J&) W AHXT = B 7391 0 11.08% . 6.77% . 5.38%. 7E
ik A0 RGEH, Zoogloea AXT - FEYE N ZE 20.08%, Flavobacterium ¥4 N2 11.57%, Hydrogenophaga
1 Ideonella WA X = 8 73 5| B A 3.56% F11 3.01%

u Others -
1.43% 3,830 u Hydrogenophaga 2.07% L] ?I;l(lfierrosgenophaga
1.51% r 25 00% Ideonella Ideonella
11652%_\ o 30.37% =Zoogloea ) uZoogloea
5 = Flavobacterium = Flavobacterium
1.32% =WCHB1-32 =WCHBI1-32
1.09% = Paludibacter u Paludibacter

5.71% 7 = Gemmatimonas

1.95% snonrank_f Lentimicrobiaceae 2-07%
Dechloromonas 2.75%
0.93% norank f Chitinophagaceae “-
0.95% mnorank c_Gracilibacter 70%
u Ferruginibacter
= 656 ?8 % mnorank f Rhodanobacteraceae
e Delftia

6.77% | 19.16% =norank _c_Subgroup 6 11.57%
11.08% Acinetobacter 20.08%
norank f Saprospiraceae
u Sphaerotilus
(a) SRALHT (b) s fb)5
B8 BUISEEHESRERMEVBKEEEZSH
Fig. 8 Distribution of microbial community at genus level during the enhancement process

Hydrogenophaga J& T Proteobacteria, g F| Fi R 5 % A& Ak il B2 /K 647 B i AL G &R VE R . Herp
A By BA REAER, AR DRI 8K AL G W) . Zoogloea Xt i V15 U8 Hh 0 A ALY H AT AR 5 1) 1
M FEAEE ), —2L)E T Zoogloea WMITEK A RAHALAEN, AIRIFEAE N T HHARY . Flavobacterium
J&F Bacteroidetes, F.A7 FFRHALFFIE, FEAEOR ST A 2 5530 JFRN SRS Ak ag 4220, 3 1 B L% e g
R A RE A RV ERY AYaeib)s, TE Hydrogenophaga W/VHIIRINS, Zoogloea F1 Flavobacterium
(9 7 IR 3G n X NHE-N 89 R R 7843, DT NH-N 25 BR 3R A2 B8 K F . T3k, &
L AYO ARG Acinetobacter(AN B FTFH B ). SphaerotilusBRACH JE) 7350 5 A 1.43% F12.00%., — &K
2R, RET AT IR Z5 BN AR B PR, DT AT AR TS U8 Y TR PR RERT . sk IS PR T %, R
PG RRE HE R . SR RERTE TG B T Brevundimonas(FE I PRI JE , 3.64%). Chlorobium
(BRI B, 2.07%) S W, Brevundimonas J& 0 F S , BHA R0 AR, Chlorobium N

u Gemmatimonas

mnonrank_f Lentimicrobiaceae
Dechloromonas

munclassified o Chitinophagales
Macellibacteroides

3.56% ® Terrimonas

Cloacibacterium

3.01% Brevundimonas

= Chlorobium

u Desulfomicrobium
Arcobacter
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HARIF A BRBEERD, X PRASEYRAGE, REDEEMEFEEI M, AHGE
B o
3 LHip

1) A0 RGE AT A AL BRAETE TG K, HME LUAT S0k PR 52 ) 00 TR B e B R R K o TER
W R 60 mg- L™ B, NH}-N ZLBRFAUN 59.0%, TN LFRFEH 66.8%.

2) Wi Ak A0 R Ge e R U5 Y 8%+IK A R 4% A 1 R Bk A o Oy X, X R genm Ak RUR
e BRALTA AYO RYE AT A B L BR AR MR K P I ge Yy, COD % FRA 1K 90.0% LI E, TN %k
Rk 76.2%, NH-N ZEFRFIL 91.0%, HisfrikaE ks

3) HEM AYO REGEHML, APtk AYO ZGiH 156 SOUR Fl EPS 44 Frighn, 15 e i M
R, W RETE A R AR BLAE . Proteobacteria . Bacteroidetes F1 Firmicutes "N 15 e U4 W) A0 3 Fh
Zoogloea . Flavobacterium F Brevundimonas 55 E. A R A Ak D) B8 1 1 J&8 76 58 Ak J5 19 AH X =F B A Jir 3
hn, MRS TR AYO RGN ARMERE

& % XM
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Application of a new biologically enhanced A*/O system in aniline wastewater
treatment
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Abstract The activated sludge in conventional A*O system is difficult to effectively treat aniline wastewater
since it has unbalanced retention time and is easily subjected to the toxicity of pollutants. In this study, the
acclimatized and immobilized bacteria were adopted to strengthen A*O system. The removal performances of
ammonia nitrogen (NH;-N), total nitrogen (TN), chemical oxygen demand (COD) by both the conventional and
enhanced A*O systems were studied, as well as the microbial response the system before and after the
enhancement. The results showed that the nitrogen removal efficiency of the conventional A*O system
decreased significantly with the increase of aniline content in influent, TN removal rate decreased from 76.46%
to 34.28% and NH;-N removal rate decreased from 97.63% to 31.82%. After enhancement by immobilized
bacteria, TN and NH;-N removal rates were restored to 73.09% and 93.30%, respectively, and the A*/O system
could effectively treat 60 mg-L™" aniline simultaneously. The results of the microbial response in activated
sludge indicated that the specific oxygen uptake rate (SOUR) and extracellular polymeric substances (EPS)
increased significantly in the biologically enhanced A%/O system, suggesting that the sludge activity and the
ability to defense toxic substance were improved. At the genus level, the relative abundance of bacteria, such as
Zoogloea, Flavobacterium, Brevundimonas which possess nitrifying and denitrifying functions, increased after
enhancement, and the nitrogen removal ability of the system was enhanced significantly. The enhanced A%/O
with immobilized bacteria realized the effective treatment of aniline wastewater, which provided technical
support for engineering applications.

Keywords aniline wastewater; A*/O; bioaugmentation; pollutant removal; microbial response
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