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1R PR AE I 2 Wi R R e o 15 Ak SR ) TR [ i COD,, 20 1 — 40 52 7 8 56 S B 7k
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TURE 2 I , 0 52 50 28 O e 18] 5 A i A 4 O P
LR BURLSR B AR W) e BER BE 15 S W i 30
J127 LA R G Yy 25 Bk 32 B R DY 3R 45 07 T A 4F
FE , o3 HT AN [R) AR 81 72 A B A 0 ORI 5 bk PR )
TSR S N S5, IR B FE K IR Ak PR
PR S

I BPRHS

1.1 KRE##y
L1 [ A U P ORE S 50 28 i 2

AR Py e %« T 8 AR IR 0ok A 3R A 0 £
LYY AL R ZE AT TR (Bacillus subtilis) |
BESE AT 1 (Bacillus coagulans) H AR SRS AT
(Bacillus licheniformis) . T & # ® (Clostridium
butyricum ) CIERE ZE A 5 (Bacillus cereus) R IE
B ZE AT (Bacillus Amyloliquefaciens VA6 i
W8 — 7 By I i LU TR S TR RO 4 R I o R R TR IR
Vi o3 WO AR BT DL IR T AL B 97 AR (Ashby's
Medium) FH A 6 mg/L {467 B2 £ , il ¥ 5 24 326 45
B AT RN oy B A alifl . 2 SRR TR T
A A K itk P 1 R/ INEA T W 2D B 3, 9K 05 B 20 mLL
WAL FEHE TN 6 mg/L B R £ | [R] 1)K ) 25
i 10 1) B TR R L TR R EE R, 200 r/min B0
Je HE SR 48 h i H R T L R RE T I R

[T A T AR A P UKL 1 8 < RAA Ty 12
Z: DR Z iRy SCEE™ AR I = M A /)
BR (W A VIR s AR TR R W) i 28 il B
722 mm BYBCIR IS B9k 4 R 8 I 09 TR & R
BTG (3~5 W) 2 M1 A /N ek i (M1 B -
SR A BLE A 10: 1), BT 24 h G R @
J BB B 2 R W 2 204 g T B B A TR
AN AT IR 17~50 70/kgo

AP [ R A AR W ) B < o TR S B
K AR RLE (W B VLI M 5 A= R A IR
H) AL BTk, T e R KT i v i A i
JRBT LR 5% BB ST WL v AR N ERTR
A5 (R hr e 5 R AR R 2 10:1) L 7E
4 CTF BRI JE A H L [ E R RORL 51 B0 AE Y 2y
201L/ge RPLIE AL TR TA] , AR 4% i 75 13~30 5/
kgo
11,2 fik e [ AR ) kL

I [ 3¢ E BIOCLEANER 24, A= M5k £ 5%
Pl i 42 ) 5 LT O AR IR A W R 2 4 e

— RS B AL AR R e A i e o [
FE W CEY EEER A AWK IR AE Y
i W& , A 15 ZF AT 5 8 (Bacillus) | % FF &
(Flavoacterium) . 7= W8 ¥T 7 J& (Alcaligenes) | %
JHL TR & (Pseudomonas ) 55 , [ %€ J& JUk: 71 20540 E 9
292010/ g, fit e 1 8 AL A 0 B0RE HE 1A A Ry
2500 % Jt/ke.
1. 1.3 BEUFR5E /KL

R A PL A e Xof W S s % 5 b 05 e o 5 i
DL QiR K il 3 SR FE K HE RS K ) (SC/T 9101——
2007) HLAE 19 7 5 e K HE bR o FRAE, TiC S 40
FEAK AN (B2 K v 9 Btk 0188 0 i) o i 2 0 LS4k
B WEIR — SRR AR ) COD,, Wk FE R (25£5)
mg/L, A M E J (6.0£1.7) mg/L, W it PE T HLA
W B2 (8.0£2.1) mg/L, i fiff M 1E B R £R Wk 2
(2.0+0.6) mg/L,pH IHTTE 7.0 /£ 47 .
1.2 BEEXREDTRIERENE

W 1 5 A B D ORE CAE 2 A 100 mL 25 5
FIOKHETE R, BT 200 v/min A48 R IR 7
TESRATORE A5 O, B8 53 505 0 0 TS 1) LB
SRS AN R SR A pH Ry 7, R
25 C, A MR M 2 L/min[ DO=(8.30+0.02) mg/
LIRS ZEAET B 1 g B b A Y ks & T4 A
100 mL 25 8 /K 308 IR (5w bl L Ak i
iR A E SR, C:N:P=100:5:1) B HETE
SR, RS, B R BGE KA T AR A
C SRR A A B, FH DTN 28 R RE S L L
g [ AR SE A R A SR TS 100 mL A4
FRIE K, P R AR TS Y e B PR SRR
4 2 L/min [DO= (8.30+0.02) mg/L] , & K
20 C W pH K 7o FET5 Y A B D, ORE
JEH0.45 pm IR G £F 485 (MCE) 28 8 , M 7 15 W
WS e R R o AR T e P vk B R S (] ) AR
i 2 o [ A i A W ) B F PR e L s e P
% 31 7 25 3 3 S Monod 5 U R AT L [ At 3 %
ST (A1) o B BT o A ) 3 e i o3 A7 30
JoT v FE B PR, SR FH— 8l I 2 AT AL (8 2K
2)1%,

— l"Lmu:c‘S
K=K +s D
d, _ .

4" kS (2)

t

U o R IR ORI RE , RIVEAS A
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BB h s, R E PR UG U h
KA AR 80, me/L; S Sy B — PR I vk S
mg/L;d /d JE SV kS SN TR H
1.3 BlEMEYTRERTEIHHmESE

W 1 g [ E AR BRI A E] 100 mL B4
FRFA K, 4 IS pH AR L TS YR iR vk
B RS B 4 .6 .8 (12 .16 24 h,
JERAEFE S K BT[] 78 J2 i 7K FH 2588 oK e
252 100 mL LA @ AR, F 045 pm IR A £ 4%
(MCE )2 308 Ji 0 5 V5 A 1 05 G v 3

TR 20 °C AR & 2 L/min[ DO=(8.30+
0.02) mg/L 454 F , 1 FE R PE (pH=4) i
(pH=7) Rt 45 14 (pH=9) ' ) — G B fift s R
B AE pH N 7, IR 20 “CEAMER B E SRR
1 L/min [DO= (7.50+0.02) mg/L] . 2 L/min [DO=
(8.30+0.02) mg/L.]#13.5 L/min[ DO=(8.60+0.02)
mg/L | T () — G B fifp ol 2 B R AR = o 2 LY
min[DO=(8.30+0.02) mg/L] & & & 20 ‘C Al pH
RTS8 K R RIS Y R
(COD,, ¥ £ 435114 10,25 F1 100 mg/L, 28 e
I3 51K 2.4.6.0 F124.0 mg/L) () — 2 5 it 18 0
5 E pH=T7, AR I & 2 L/min [DO=(8.3+0.02)
mg/L T, %%210.,20.30.35 ‘C A — 2%
i R R B — G N R IR 2 A R
AT AF A (3) Fow, HAlH LA 20 °C R ER
EERIFE 0, BI4 T,=20 °C.

ky = ky0" " (3)

A sk kg o R IR BE N T, T BF 1Y 2 0 3
B0 M R
1.4 S iE

15 YW 0D A X S B AR oy ik dE AT Y
COD,,, 7 >R FH e S B B0 2 v, NHL - o
FHAN G 2 R B | I A F8 brAS T 347 L 3 4>
SEATRE . SR Origin 2021 #4458 BB 4004 I
o2t f FARE SPSS 23.0 #E4T 5 2 M 40T

2 ZERE550

2.1 BIENED TR M
2. 1.1 JooRrinm

AR 3 Tl [ Al A O i 1
A I B ) ZE A T A (L 1) o Her R i 11 52
b 15 A W 8 I W R R TE 30 d P R T = &
100 % , H R B 43 Bk /INER B 5 1 2235 60 d 1) R
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P, LI A 1T A A - R AR
SR 1 A R AR AR, S B B R B K
(13.00+1.41) % , HUBEHE JE e 4f
2.1.2 ZRMRE

R ot =17 )i N V= R L DL 2 w5 7 3K
AR A e, FLURR R RLRE A E E 1E E AE
A W R R AN R B D (B 2) . TER
B AN RRTEE R, MM R R R B AT AR
SE BN 1.50x10° CFU/mL F12.60x10° CFU/mL FY 4
WL ABTE S SR Gk = B 53 HITE 3 dFN 2 dJ5 B T
Bof 5 0 ek 3 T Ak fo A W UKL TR FE A id 2
WAHERNEAMT  ERYAES 1 Rk 2] &g
(435914 3.65%10* CFU/mL #12.25%10* CFU/mL) ,
2 5 Y Bt ] R R ELE T X MR SR A K
1 H Bk YA (10 CFU~10° CFU/mL) ™), [al k¢
o T W B AT AE B 9% 1A X 0 sl 34 A7 0 g
(8.34x10° CFU/mL) .,
2. 1.3 I5YkEfR sl )i

FR A 2l T 2E A4 S (&1 3) w0, e Ak ik
A= W KA 15 G i B0 01 2245 Monod #5280, B fifi
TG YL FE RGN, [ A R R By T X
COD,, (&l 3a) , fif: i 4 [ 5 A0 A W Jkn 2 AT
R PR A 8 () (R 1), RALIE S Z A0,
[T Y A A AR T I A o Al el A R B
ok ik v Y AR AR LA 5 ] B ko - 1 Al Ak
A= ) ORE A KA S I T At R R BOR , 156 P
HXF CODy, 135 A B Hsm ™ o &R 1Y R o)
2RI T AR IR A (1 3b) , REEA e R
e A figp o8 S5 R B AR G KL, 0 5 R 1™ o 4 %o
BRI H5c R L I e o 3R 3 I 1 7 o A ek vl
o] 2 AL Bl A 0 R

100

}/
b

o
o

[=2]
(=]

—a— PIf#ES Bumpy clay
—e— FHIfR Carrageenan
—a— FEHE+ Diatomaceous earch

P
/l/'/'/g
e e e

o o081 4 4 s—*
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BBl Time/d
E1 BEELMEDBRREER
Fig. 1 Fragmentation rate of immobilized microbial
particles
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Bumpy clay—nutrient amendment

Bumpy clay—no nutrient amendment

Carrageenan—nutrient amendment

Carrageenan—no nutrient amendment

Diatomaceous earth-nutrient amendment

Diatomaceous earth—no nutrient amendment
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Fig. 2 Slow-release properties of immobilized microbial particles
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10 |

= U]y +Bumpy clay
o £hifiiCarrageenan
4 FE#+Diatomaceous earth

== DN W W
S o1 ©O o1 © o O

o

[ 2 Degradation rate/ (X107 h)
=

2 L
0 100 200 300 400 500 600 700
CODy,/ (mg/L)
(2)

800

20 40 60 80 100 120 140 160 180
%, Ammonia nitrogen /(mg/L)
(b)

PRAEEZ Degradation rate/(X10°6h)
o

B3 EELBEDBAIS RS S FIE %R (Monod 7572)

Fig. 3 Kinetic fitting results of pollutants degradation for immobilized microbial particles (Monod model)

=1

Bl RE L E W BRI B H F S8

Tab.1 Monod kinetic parameters of immobilized microbial particles

COD,,, %% Ammonia nitrogen
EIPIE 3 U R fit et U7 R fit et
Kinetic coefficients Bumpy clay Carrageenan Diatomaceous earth Bumpy clay Carrageenan  Diatomaceous earth
., (X10°h™) 11.49+1.02 26.433.21 97.32+3.81 6.15+0.60 13.71+1.27 40.67+0.24
K (mg/L) 133.32+30.34 352.82+47.24 42.52+11.85 112.40+17.23  68.12+15.96 40.31+9.89
R 0.86 0.86 0.78 0.96 0.95 0.94

2.2 BEIEMBEYBFAIEMRTLEMEmEE
(T
2.2.1 pHHYIH

HY 2% 2 AT, [ A i A 2 TR X A5 401 5%
K TG Py i R i AR AT B — 8 12 (A
2) (o3 1M1 ™ A PR Pk 45 2 R - R Bk 465 12 1
it @A) . XFTF COD,,, M+ R et

[ 2 A0 A ) OB 2 78 vk (pH=7) 2514 T 2 31
IR Y R AR, 4300 O 8.13x10%h T, 5.62%
107 h'F12.92x10° h ' (P<<0.05) . X T2 &, V'Y
e 5k A A 2 TR A v e
SN W R i ORI 1 T RR T A, R R B
25 AF I PR 3 0 3R R4 i o 0.75%107 b
0.61x107 h" 5 18.61x107 h".21.39x107 h™',
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R2 AE pH &M T B E WY B 5 R HE R B

Tab.2 Rate constants of pollutant degradation by immobilized microbial particles under different pH conditions

15 LN pH=4 pH=7 pH=9
Pollutants Carrier k,(x107h") k,(x107h") b (x107h)

U] + Bumpy clay 0.57 0.81% 0.62

COD,, KA Carrageenan 3.23% 5.62 5.23

fif % 1 Diatomaceous earth 5.83 29.17 27.22

L M™% + Bumpy clay - 0.75 0.61
i?:lonia nitrogen KA Carrageenan 1.50 7.62% -

i % 1 Diatomaceous earth 10.56* 18.61 21.39

T 7 FRIRHEBE AR S0 PR 2R A 22 )35 2 4 35 22 52 (P<0.05)

Notes: “*” represents the significant indigenous difference between different gradients of an influencing factor of a material (P<0.05) .

2.2.2 REER

P % 3], U1 AR R R v - [
A AR P Ok A AN [ I B 45 F T B g COD, 1 —
G g R H Rk, 53 5 R 5.67x10°~1.62x107
h', 5.39x107~6.00x107 h™ Pk J 1.94x10°~2.39x
10° h's A 2 A k, 53 510 8.00%10°~4.13%10°
h', 1.62x107~2.69x107 h' I 1.78x10°~2.61x10°

hto 17X A T X ) o 28 AR i A AU
Foe fif P B 52 T A 30 B R B0 5 I B - R A
COD FHZ 1Y i B 22057 ) 1.00~1.11 Fl1 1.04~
1.09, 5 T HA PR Fh A4 Ak i 5 2R 500 e sl L [
BF 3 b ok R A 2 A 00 TR R B (1.044) 5
FCOoD(1.015),

R3 FAEBEFHXNEELMEDERSEMNERZHSRERY

Tab.3 Rate constants and temperature coefficients of pollutant degradation by immobilized microbial particles

under different temperature conditions

. - CODy,, 2 Ammonia nitrogen
jizdis Ak . e
Temperature/°C Coefficients Il e R it e L R
Bumpy clay ~ Carrageenan Diatomaceous earth  Bumpy clay  Carrageenan Diatomaceous earth
0 k, (x107h™) 0.57* 5.39% 19.44%* 0.08 - -
0 1.11 1.01 1.01 1.09 - -
20 k, (x107h™") 1.53 5.69 21.11 0.19 1.62 17.78
20 k, (x107h™") 1.59 5.58 21.11 0.27 2.19 26.11
0 1.00 1.00 1.00 1.04 1.03 1.04
35 k, (x107h™") 1.62 6.00 23.89 0.41%* 2.69 24.72
0 1.00 1.00 1.01 1.05 1.04 1.02

T R FERT AN B R 26 2 =2 )18 B 1835 25 57 (P<0.05) , 20 “COMFEMEIRE .

Notes: “*” represents the significant indigenous difference between different gradients of an influencing factor of a material (P<0.05) , and

20 °C is the reference temperature.

2.2.3  T5YWp)ha v 5

TEA [FWI A6 TS e Pk FE R, M 4% R
Jie ek 8 - OB A A COD,, 18— 28 2 7 3 8 4K
k5% 98 6.20x10%~1.09x107 h™' . 2.85%107~1.21x
10° h' 11 5.83x107~ 2.47x10°h™" (£ 4) . B ik 5
+ [ E A AR W kL A1, B COD,,, B0 5h Ve B 1Y)
B, 5 A W8 R 2 A ORL Y &, B3 BT (P<
0.05) o [ 22 fb ok 2 W 0k ok i U0 &, 43 301
2.20%10%~8.60x10* h™', 1.73x107~7.62x107 h™',

http://www.shhydxxb.com

2.42x10°~3.53x10° h™, 9] if3 2 S0 38 fie i o) 1)
B REAIR
2.2.4 BESGREEMRZN

AN A T 3 e i 1 Bl A 2 R e f
COD,, — 2% 2 I 3 6 0C I & M 25 5 (3R 5, P>
0.05). YPESHEEE A 1 L/min B, MY HE 4 RHL
J2 [ 2 A Tl A 0 o i B R Y &, 0 3 AR (P<
0.05)
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x4 AETRERYNARET BENREY TR FERHSREMNEREEY
Tab. 4 Rate constants of pollutant degradation by immobilized microbial particles at
different initial concentrations of pollutants

% Low (COD,, :10mg/L. 1 Middle (COD,, :25 mg/L . % High (COD,, :100 mg/L.

1) Pollutants Cﬁﬁ‘ SANH,N: 2.4 mg/L.) SENH,-N : 6 mg/L) SENH,-N : 24 mg/L)
arriers
k,(x107h™) k,(x107h™) k,(x107h™)
P £ 0.62% 0.93 1.09
Bumpy clay
coD, AL 285 5.65 12,12+
" Carrageenan
| ERE 27.50 24.72 25.83
Diatomaceous earth
ML 0.22% 0.86 0.65
Bumpy clay
Vst L R
WA AR 1.73 7.62% 2.42
Ammoma mtrogen Carrageenan
e - 35.28 24.17

Diatomaceous earth

T - R HERT AR R0 R 2 22 ] 35 2 4 35 25 57 (P<0.05)

Notes: “*” represents the significant indigenous difference between different gradients of an influencing factor of a material (P<0.05).

RS ARBSEETEELBEY AR RAMNERREY

Tab.5 Rate constants of pollutant degradation by immobilized microbial particles at different aeration intensities

Sy Ak 1 L/min(D0=7.50+0.02 mglll) 2 L/min(D0=8.30+0.02 mg/L) 3.5 L/min(D0=8.60+0.02 mg/L)
Pollutant Carriers k,(XIOJh’l) k](><10’7h’1) kl(X]()*7 )
1
LS 0.89 1.01 0.99
Bumpy clay
coD, R 4.42 5.81 462
" Carrageenan
o
R 20.83 2111 28.06
Diatomaceous earth
i £ 0.77* 0.82 0.89
Bumpy clay
A -
Ammonia i 3.46* 7.39 6.85
. Carrageenan
nitrogen
. ot
R 13.33 21.94% 14.72

Diatomaceous earth

T 7 RN B AN R S0 R 2R A6 18 =2 1A B 4 35 22 57 (P<0.05) .

Notes: “*” represents the significant indigenous difference between different gradients of an influencing factor of a material (P<0.05).

A BILBRGE JEE , A i RO FIRAR Sk A 3R 58 TRy

\‘ \/\
3bg fE 0. Ti-ERURME A HLEE & LB It
3.1 BRI AT {66 ZERE BB T T B0 925 % > A
301 ORI R SRR KA B s 1

SR, 2 [ 5 A Y i B B AR
— o WRSER I, A AR T B R AR R AN
A TG 31 [ 22 1A R 38 T g 3k Kk A
() —RTG Y o ANIF 5 H 3 ol [ 2 A At A 9 ke 1
PR AR I Bt 25 I 3% B ) S I 388 A . KR A A
AL R TR (240 o/min) BEFEIR S 2 d L HE E
PR B T A 5538 5.20 % BRIARHF 5T
(A TUT T A 55 7k g - 31 2 A R LA ety

3.1.2 ZRREMERE

2 BEAE BB 181 7 A I A 1 WORE b 47 RE K Ak
B SR, BN R TR I P A RUE
AT ASE I A A S A B R, T Ak
I AR U P RIS A5, AR DG 7
SEAIE R K. JCIRESRY A S S 1, M A%
TR R AR W RO AR g, LU R RLIRE,
T - [ A P A W RORE Y R BEPERE e 22 . R
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P S — e B RAR A, B o B HA TR
TP B RE AL, P ARSI ) 5 SR R T Y
W&, SE W RE S e R P A5 TSR R A il 4% 1Y)
L R [ e R A R R AP T A o [
FE AR A W ok R L SRR ERE R 22, Tk
He KRB S ARG . R, RPLR S M
A A AR A W RO T R 3R R K AR v Y
B A THARME I AR W 8 SR I, FRSL R R
W, A5 R0 b B v ) SR P R A A 2 R
KA Fg e
3.1.3 V5 YWl ss gl 12

G4 133 R RO I S5 AT T i
BUBRAR B B AT, B RELE 1 K AR 2 i A ) HL B
%, HANFPREE 50 T B REAS a2 , (HLE
Jo S A X s Y R RIS, BT LIS A5
YR ARG, ELALAR SR B LR B 5 1 3, g
B o R PLIEATUA 8 B AR, 22 R 0 B AE P 5K
e AH BT AR D (B T RO W% COD,,
1) 25 53 36 00 35 s 1 I B )P S BRR
G ARPIAERR M S5 T 5 RAE RIS 36
BT 15 Y e R A v L BRSO RS v B R K Ak
B, iy e vk B v A (H IR SR S K I 375 2
IRAbBE e g 1 A E ML B 4T, 5%
FE AR P B8 A X A/, S 358 R 1P 1) ik
B AT 5 55 88 K A B T AR B o e A )
X COD,,, Az A3 HAT 55 19 K BR8P s B
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Selection of immobilized carrier and evaluation of microbe performance of
degradation in aquaculture wastewater treatment

DU Shengnan', XU Jianan®, XIONG Fei', CAI Xuyi', GE Pengbiao’, ZHANG Liuliu*, LI Juanying"’

(1. College of Oceanography and Ecological Science, Shanghai Ocean University, Shanghai 201306, China; 2. Shanghai
Aquatic Wildlife Conservation Research Center, Shanghai 202162, China; 3. Suzhou Dingxingsiwo Aquaculture Equipment Co.
Lid, Jiangsu Province, Suzhou 210095, Jiangsu, China; 4. Jiangsu NAK Bioengineering Co, Huaian 211700, Jiangsu,
China; 5. Shanghai Engineering Research Center of River and Lake Biochain Construction and Resource Utilization , Shanghat,

201702, China)

Abstract: Three carriers (Bumpy clay, Carrageenan and Diatomaceous earth) were selected for the preparation
of immobilized microbial particles, and the different particle properties, pollutant removal performance and
influencing factors were investigated in the present paper. The particle performance studies showed that the
mechanical strength of the immobilized particles was high for Bumpy clay and Diatomaceous earth and low for
Carrageenan; with nutrient supplementation, Bumpy clay and Carrageenan could stably release 1. 50x10° CFU/
mL and 2. 60x10° CFU/mL of microorganisms, while the release of Diatomaceous earth was poor. According to
fitting results of the Monod equation, it could be obtained that the Diatomaceous earth immobilized microbial

particles had the largest specific degradation rate (u,,.) for COD,,. Carrageenan was comparable to it, and the

lowest w,,. was observed for Bumpy clay. While the Ks of Diatomaceous earth particles was significantly lower
than that of the other two particles. Also, the kinetics of ammonia degradation showed a similar pattern to that of
COD,,. The effect of environmental conditions on the degradation performance of the immobilized microbial
particles showed that the highest first-order rate constants (k,) for COD,, were found under neutral (pH=7)
condition for the three materials. The %, for ammonia degradation were higher for Bumpy clay and US
diatomaceous earth under neutral and alkaline conditions, however the highest rate of ammonia degradation was
found for Carrageenan under neutral conditions. The k;, of COD,, and ammonia by immobilized microbial
particles increased with the increase of temperature, among which the Bumpy clay was more sensitive to the
change of temperature. Except for the Diatomaceous earth particles, the &, for COD,,, degradation by the other
two immobilized microorganisms increased significantly (P < 0. 05) with the increase of the initial concentration
of the pollutant. There was no significant difference in the k,of COD,, at different aeration intensities (P >
0. 05), and higher aeration intensity was beneficial to the degradation of ammonia.

Key words: aquaculture wastewater; immobilized microorganism; immobilized carrier; environmental

conditions
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