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1.1 LWHN5E&E

SC 8 H K HL A & #5979 (Dicentrarchus labrax)
MK FIE R G, MK Z E B3 E A A
A P08 A i AR R S K, S A B
(NH,CI), WASRREN (NaNO,) FIIC/K A (CoHgO4)
YRR K A L WA R VR B RNk 2
i A i (COD),

F B AL A ALY (DIS-292, I T R
Bl A A RA R A A . SA DL BT (TOC-
L CPN CN200, £ #Ht). YSI £ 2 HK i 43 #1¢
(Professional Plus). #] UL 43 9% 9% B i (SP-722E).
i 1k 2% T #F 3 (PARSTAT 3000A-DX, Princeton
Applied Research, USA). ¥ & & 1 i H5 5% (Nova
NanoSEM 450, FEI, USA) %,

1.2 SLIGRE

ST T H R UE 25 A A S b
a (CEMCh Y, HEENRUR O, 2R
N AARFR 1000 mL, RFSCATE R & A R
oAl fEEAL . G BARE . RERE
PE KR B AR (K 1) R GEAETE KA L AL
FERM=mIAR, TAEHRBCY PVDF &4k
LR AE L (2.25 em®), XF HLAR R A T LR (1 em?’,
REGRERB R RARAA), SIHalch
1 FH 7R B M (saturated calomel electrode, SCE,
A S AR A R A, TAERRS
X R A% (B BE 8 em, W & [H] SR H] T A2 R R
(Nafion 117, Dupont, 3 [®) 43k, 8 F 18 fL A7 403
BEAE R B B SR A (R R s —HL ks
AL TR A AL HL A ) A6 RE 2 (A W e vk Ak BE
W), BHEZRRZEHNBEVLIA 60 I Z£Li ik
BRI RO T = R KA PRI A PR A R A
7, B A TR G IR OK FRIE R GL). AWk
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F LA A 25 mm(®)x4 mm(J5), fLEL 64 pes, A
R R HE AL 800~1 000 m¥m®, L 0.98~1.03 g/em®,
FLBR R KT 85%. S 56 41 B4 falt A el A7 A A e,
FE, Hoh i B 5 BRI

E1 SHRERETERE
LoakAK, 2. BERE, 30K, 4 HEE, 5.BAE, 6.5
7. EWRE R, 8. HAR®EM, 9. BHMKE, 10. PVDF 5 &4 40
AR, 11, 1240k, 13 B R, 14 LAY

Fig.1 Schematic diagram of pilot system

1. inflow, 2. silicone tube, 3. effluent, 4. peristaltic pump, 5. aeration pump,
6. gas stone, 7. biofilter, 8. calomel electrode, 9. anode chamber, 10. PVDF
composite carbon fiber cloth electrode, 11. proton exchange membrane,

12. platinum electrode, 13. cathode chamber, 14. potentiostat
1.3 ZWFFASHIRES R

Sk 75 AN TR BH A H B L K R R B D I
il 1 2 v 8 LA R e, =) S 56 3R 4 A B AR AR
M, SCEUE S AN B, BB BRI S5
W1, FLEBE TR i K A B — P = —
KEEE, K RAEELEETT, KRR
] (HRT) 24 45 min, [HJ&I0H A 24 h, BES
B4 1.5 L/min, &E 24 h b 78 52 56 0k /K 4k 35 0E 7K
TS YL B, R FEHE K 2~3 h S 7EEE K R K
PO 22 MR . pH AT i 48 (DO) S48 4r o

S o AR A R B SR R R R £ SR AR
W5, A R R VR B R 28 & e oy e B Tk
DSE AR R VR B R B4 A JR ik U9 e,
R BE R TOC 43 AU 22, COD ¥ 3 SR F ik
P R R B AN E , pH. IR BEFI DO S5 28K
i 1 YSI 2S00 i GRS E .

HEFR R 22 MR (cyclic voltammetry, CV)!'™ 2R
=tk &, PAl# 8 PVDF & 4Bk £F 2 1 i
ek TAEH R, B0 R f B A X s, A H oK
HLH (SCE) M ik, HHVERE N-1.6~0.5V,
1 100 mV/s, 4rAlfEE 75 00 15, 20 F135
Kt RZ gt cv ik, K AT A B AR E 2 he
18 1 3 % S 471 4 e 8 0 e R 3 v R AT 00 2K A 4y
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Tab.1 Parameter setting of water inlet

SIS A
experimental period

FHAR FL 38/ v

anode potential

e 7y =

power-up mode

concentration

HEKEA K LA PR 25 KA 2
/(mg/L) /(mg/L) /(mg/L)
influent ammonia influent nitrite influent COD

concentration concentration

MrBtl  stage | 1.3 [ n
M2 stage 2 1.3 keI EES
MrEg3  stage 3 1.3 keI EES
MrBt4  stage 4 1.3 FrEEn
Krits  stages 1.4 AN

0.70+0.40 11.9+10.49
1.37+0.55 22.3+15.54
2.34+1.45 2.17+1.21 25.8+13.23
3.52+1.04 1.28+0.24 36.8+16.08
4.50+0.37 1.26+0.65 45.6+1.12

BT o WA WU RE S 43 48 FH 16S rRNA (=138 1 I )5
FA, FIH lonSS™ XL W7 (Jb 58 v R Zk
BHE A A RS | #6475 FHHml 7 (Single-
End) 775, H 8N A BeSCRE SEAT B )y . GE
i % Reads 87 4] 44 & , OTUs(operational taxo-
nomic units) 2, I FATY R IR B F AT,
o 78 AR WD RE L W AR S, 2B XA Y
FERM AT o Z2FEPE 50 BT (Alpha diversity) F1{84E: )
DIRE WP , 18 i Wilcoxon Bk FIAG K, 154 Fh
B MR, PRI A Y iEdSs—a i
SR TR AL FRAL) 5 % IR AL (A W D Ak Ak 2R
) A=Wk A PR DR R 0 A RN 22 5
REFETTAE U0,
UJAt
~ 1000V

Xrf, ENRERE, B0 kWh/m's U S BH AR
Bt Z [ L L, BRIl VTR L
BRI Am®y A A S A R, AR
m’; ¢ N SOVIFE], B hy VO AR N A
AR, B0 m’s

2 4R

21 AR EREERUL T HEERE KRR

TERTBE 1M Be 2, 92920 -5 % A kK
BAWEBAR, WA KPR AN ERFESR
AU (1512), FEER . OFmEKEAF T
g PR oOK SR R GE, WEOK & R R,
TEXF MR A= W b BRBE 1 2 N 5 QRIS B B
e, SRR ZH SR L O s A S, A SRR A
B, EL 52 50 0 ) R I X AR ) T REAE A —
RN, R0 SR R R RBOCR o 7RSSR
Ja 3B B, HEOKEARWIER R, LR AN AR
1 LERBORIE T X IRAL, SCE e BL 3. 4. 5
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M R B3R5 63.5% . 83.8% H188.8%,
KT A 53014 0.78 . 0.55 Fi10.48 mg/L,
S R FRASCR N HE T BB ZH A3 S B ) 21.6% . 15.3%
H19.3%,

—— 3K influent
—— XA control group
—— SEGZH experimental group

157 wen o wee oo nea s
stage 1 stage 2 stage 3 stage 4 stage 5

127 N )

) V />, 1 80
— 1 60

6

REERE/ %
removal rate of ammonia

R E/(mg/L)
concentration of ammonia

N1 40
3t AT
3 \/ 120
AN ‘\/‘\./.\“‘/ A i 0
0 5 10 15 20 25 30 35 40
HFa)/d
time

B2 LBRESHRATAERYR
Fig.2 Ammonia removal efficiency of experiment

group and control group

A 48 1 2 7K Vil PR kv B 1 B B 1 TR
Br2, S KRR ER & 5o 0.25 mg N/L,
1% F X BB 2H 1Y 0.49 mg N/L(JE 3), ik i s 56 21
TE AR i PR 4R AR 7 Tl A — 2 R 7l
KA TR 6 v B B B B 3 RN B 4, SCBe 2 i
K V- 359 301l R R vk 3 43 53 2R 0.57 1 0.68 mg/L,
R TXF B4 0.72 F1 0.79 mg/L., MiZERTBE 5, 52
B 41 7K Y WA R #h Wk 2 0.86 mg/L, & T
X R ZH Y 0.81 mg/L, Ji K ] BE Sk S 46 2H 45 5 BH
Wl RS AR T2 A E A K, 3 Hi ik
(R FERFAR T f Ak 2 B B b 2 o

2.2 AEIME COD KRR

BB 1~5, COD ¥4 25 Bk 4 55 55 41 53931 O
30.3%. 62.5%. 66.7%. 72.2%F 88.2%, *JHEZH
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% W 4%

—a— /K influent
—a— SCIGZH experimental group
x - XIEZL control group
BB BrE  prEs; B prks
stage 1 stage 2 :stage 3 stage4 istage 5

I,

10 15 20 25 30 35 40
1) /d

time

~

AR R/ (mg N/L)
concentration of nitrite

0 5

3 ZWASIERATHERERERYR
Fig. 3 Nitrite removal efficiency of experiment

group and control group

3R 27.7%. 52.8%. 70.1%. 71.5% F1 68.8%,
th7K COD ¥ JiZ 52 45 2H % i 7 10 mg/L 247, Xf
HRZH R 15 mg/L A o SR 2 2K BRASCR L T X AR
41, H2E A8 (& 4). BT EE & & M
COD iy HL A FRAFE — I SE  C R 1

—4— K influent

—=— X R4 control group

—— SO experimental group
180 r w2

B3 red  Bries
3 8 160 | stage 1 stag.e 2' stage3‘..stage4 st:'i.g.e 51 100 . 8
?DO 140 + L Aol 180 X S
G h § Sy >
Esmol | (N4 g w5
> L i W & g
5 100 _ Ja0 &3
= g 80 | N =
R g 60} \f 20 8 S
S S 40} LA o2
O 5 0 5
S 20 + =
T i 1 1 _ .l 1 1 1 720
0 5 10 15 20 25 30 35 40
i 1i/d
time

El 4 LIYE5ITERE COD KRR
Fig. 4 COD removal efficiency of experiment

group and control group
23 LKk pHMAMESE

FESLR AR, SE AL S X B 4L HE K pH
W] A2 1k, pH L 7.44+0.08(1%] 5), &M
ARG R A PR 0 R X S 56 20 H 7K pHL (B JE
A 585 M 07, O R I KR 0 BR R . B B
1~2, #EK DO B &, “FHE K 7.14 mg/L; BBt
3~5, #EJK DO AR, “FIMEH 5.45 mg/L, Ji A
A e HE K B T = 5 80K DO R, HX 51
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5 21 RN G R 41 H K DO T R, K3
DO LI 41N 5.41 mg/L, XFHEZH 5.44 mg/L. [F]
AF, LR B S50 2 HE K K T T G, O R R
SIS RGN KA —E I HIAE

—a— /K influent
—=— 2084 experimental group 10

8.0 —s— XFIR4L  control group
7.5 e B *"*:;;s“*ﬂ k10
7.0 +
18 -
6.5 |  a---- Ry, 17 E)
60 s
___‘,,J..:_--..__ {16 A
5.5 &
50 | 13
4.5 | 14
4.0 : : : : : : 3
0 5 10 15 20 25 30 35 40
iFA)/d
time

5 pHFIDO BTk
Fig. 5 Changes of pH and DO during the experiment

24 WEMSITERRHNBEZN

X T AE B M (PVDF & A ik £F 4 A i i) 33
1T SEM M RAE (K 6, K 40 000 £%), LY
TEHA R T MHE A KB, FZNRA
BOR o 8l FRR 2 (CV) 552 50 i vh i
AP TAERAR M, s 5IFE5 1. 15, 20
135 KX ARG A7 IR AL CV iR (B 7), 1A
SCRT BB, A IR TS AT I (L,
kI A 7 T A A A A R PR AR R R R
TEFEAE . 25 15~35 K, AL HFi T &R 4 i i
RS, A DR R Sy e R R TR 2R Tk 2T 4 A
v () £F 2 22 BV Tm) RSO, W T T A AR
AR, SO AR RN

Tl R 1Y a2 R R 8 B0 BT 25 R R
FESE TR ITE 99% LI L (6 2). Chaol 841, Ace

(b)

6 T{EtRk SEM %K (a) FHER (b) BlTR
Fig. 6 Working electrode SEM scanning image (a) and
the enlarged image (b) of the marked area
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Fig. 7 Cyclic Voltammograms of working electrode (a) and the enlarged image (b) of the marked area

5 B0R Shannon $5 ZUH & HEAESFIVEAN G4 W i 7%
MM LR . 3256 2H Chaol 3840, Ace (HAE
TXF REA, 32 U T 41 A 1 Bl B ) 0 b 8 s
TS (A A 5256 2H 1Y Shannon 5 £5K T %t R

H, RUIXEAND A FEEES TLRmA, M
it Wilcoxon Bk A 5, 52 56 2H 5 XJ BR 26 7 0 15
PR B A B ARG BN 2ER, B
P PR 0.100,

®2 TEHSNEYEE SHEMER

Tab.2 Alpha-diversity of microbial communities in different samples

FE i Chaol¥5 %1 AcetBH Shannon $54{ BRI Y%

sample Chaol index Ace index Shannon index cover rate
SEEGZH experimental group 387.643 382.998 5.140 99.9
XHHEZH  control group 630.513 634.007 6.289 99.9

il 5 R A Silval32 X, HEAT 8 A
B, TENTKFEILS e ) 10 4> F 2B (K 8-a),
SEO A F B FETT I A BIFTFH 1] (Bacteroidetes,
52.84%). ZAEJE 1 '] (Proteobacteria, 43.73%) Al i
28 T 1] (Actinbacetes, 2.02%); XT M8 2H = F AL ]
KA E] (69.50%) . #LFFH ] (Bacteroidetes,
22.08%) I 7% %% [ ] (Planctomycetes, 3.05%), £
AR T RE R A 32 A AR R T T &,
AL AL T 1K L8 TAS I W& T TR IE
1T, RAFZEMAWEZER FRERET], WEE
BT AT TR 2 o e AR e v v i o
() L A8 AT BE X A AL R A — s i U JE K
A AR Dy e A A R T2 R T AR RN T R
(Nitrosomonas) F1 V. i§ 4k Bk & J& (Nitrosococcus),
X o 4 T TR S 06 2 B A VR o LA R
0.006% 1 0.011%, £ X LT AE W RE o N i L
G100 1.138% A1 1.131%. AE AL 40 B8 i et AR 21
[ T N i =0 NS PO R 1 g =
P AN T i A TR B A K s ) PH AR 4 A L R
B A T KR N &R 43 2 A F COD, 58050 56 4 i

[ 7K 2 22 2 T 6 sponsored by China Society of Fisheries

A 1y ] B A 2 URT COD i JEAIR T B 4L, A
T Ak A B AR K

LDA {H (linear discriminant analysis, £& 4 #
53 #1) o3 A AR L (B 9-a) s T A Al 2 A
Giit 22 3 Y R (Biomarker), HH p, ¢, o,
£l g 43|37~ Biomarker 7E[ ] (phylum) . 24 (class).
H (order), Fb (family) A& (genus) /K K434 -
i# 33 LEfSeZy M1, %& ¥L LDA score>4 11 Biomarker
A 334, HESL AL WA A H (Flavobac-
teriales). AFFE . #UFF 1R 44 (Bacteroidia), X
MM . y-% 2 H 4 (Gammaproteobac-
teria) . J& B2 i€ i B} (Saprospiraceae) 45 . H S8
20 HFT T H O SO A A S B AT R — BT
BRPY, I H BAREA LMD, scidl
) Biomarker 7 & 3 #L78 ELAT HE A6 27 3 1 19 i A=
PR RS2 X Ak 2 S A I R 5 e A R R —
BRI . TESEAL SR SR (18] 9-b) AT LIE 3, 52
55 44 1Y Biomarker F [ 1R HAUATIRE ], X MR
) Biomarker F %[ 128 A BT T T FIF B AT o

TAE WA S D e T R, SR 2 5 0 R
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% W 4%

HAETNRESr A6 2 A K, fLRE S = 1E -
SO 2H 5 X B DI RE 40 A v o i A XA (55 3),
itk DA 5 FL S B0 41 M 0.03%, I T X 18 41 1
0.07%; KASALINRE 5 L Sc 8 4H hy 0.49%, KT
XHRZL Y 1.85%, BLARSCEG A 7F AR f 07 &
WAL A ) 9 i S5 T RE T AT 8 v 43 AT
25 BEFESTH

AL AL AR E—FhiE B R A H AR,

<

Q9

oy
T

AHXTF
relative abundance
[}
W

025 |
0
2453
groups
(@)
1.0 ¢
(]
2075 |
[a~
2
2 05|
] .
> o
=2
g 0.25 foeee
0
ZH 331
groups
(b)

LA e R S TH AR — R BE L BB THAE R IT
W E AL 2E AR O B A FR T, A5 R AR
REFETE LA L Bas fT B, A B Brl 2=
b 3t 8 7 ¥ BE #E 43 9l O 0.033. 0.010. 0.008.,
0.011 F1 0.004 kWh/m*(I#] 10), REFERE S A AT
RS, R EEERN. OE LK
8 51 Y = = TR /3 4 S O S 3
FEC PR TAE R AR AN, B TR OFF
Kzt i, e e R m kg K,

others

B Gemmatimonadetes
Verrucomicrobia

M Firmicutes

1 Hydrogenedentes
Actinobacteria

M Deinococcus-Thermus
Actinobacteria

B Planctomycetes

W Bacteroidetes

Il Proteobacteria

others
Cyclobacterium
Woeseia
Kriegella
Portibacter
Owenweeksia

W Methylophaga
Colwellia
Maritalea

M unidentified_Saporsprospirceae
Gimesia
Marivirga

W Kordiimonas
Pseudomonas

W Nitrosococcus

W Marinobacter

W Arenibacter

M unidentified_Alphaproteobacteria
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M Nitrosomonas
Truepera

W Planktotalea
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M Roseivirga

W Balneola
Fulvivirga

M Lawinella
Vibrio

W Muricauda

W Aliiglaciecola

W Maribacter

B8 HAMEIHZEITH (2 MERHNEXEE (b)

Gl. 2364, G2 WHEA, M

Fig. 8 Relative abundance of bacterial communities at the phylum level (a) and at the genus level (b) of

experimental group and control group

Gl. experimental group, G2. control group, the same below
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m:o_Myxococcales
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[ r:o_unidentified_Gammaprote
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E 9 LEfSe Zit&R

(2) LDA {3 AT HER B s (b) 2467 31

Fig. 9 LEfSe statistical result

(a) LDA value distribution histogram; (b) evolutionary branch diagram

#3 LBESIRAMEMIEETN

Tab.3  Microbiological function prediction of
experimental group and control group %
Like di Lt
T ;f;il:ﬂnon proportion
function prediction o pogicE::h
experimental
control group
group
LREFRFR1EA  chemoheterotrophy 48.68 39.15
KIFAER]  fermentation 7.08 3.97
THEREIERE  nitrate reduction 1.01 3.61
LPYERIKMFAER]  cellulolysis 0.90 5.63
FiEREfE  hydrocarbon degradation 0.52 0.02
I B IEAL S DIREAR 0.47 0
aromatic compound degradation
TALER  nitrification 0.03 0.07
SIEWAER  denitrification 0.49 1.85
Fofth  others 40.72 45.70
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Pollutants removal by biological-electrooxidation in marine
aquaculture recirculating water

GAO Yifei >, WEI Chenzheng '*, LI Yihan ', YIN Yanming "*’, SONG Jing "*, LIU Ying "*

(1. School of Marine Science and Environment Engineering, Dalian Ocean University, Dalian 116023, China;
2. Key Laboratory of Environment Controlled Aquaculture, Ministry of Education, Dalian 116023, China,
3. National Marine Environmental Monitoring Center, Dalian 116023, China)

Abstract: In order to improve the efficiency and reduce the cost of marine aquaculture circulating water treatment,
the combined process of biological aerated filter and electrochemical oxidation was developed in this study. The
removal efficiencies of ammonia and nitrite at different anode potentials, influent ammonia and nitrite concentra-
tion were investigated. The interaction between microorganisms and the anode was studied and the energy con-
sumption of electrochemical reaction was analyzed. When the hydraulic detention time is 45 min, at the anode
potential of 1.4 V, and the ammonia and nitrite concentration is respectively 4.5 and 1.3 mg/L, the removal rate of
ammonia by biological-electrooxidation system reached 88.8%, which was 7.6% higher than that of the control
group. The concentration of ammonia and nitrite in effluent is respectively 0.5 and 0.9 mg/L, the removal rate of
COD is 88.2%, which was 19.4% higher than the control group. The average energy consumption of electrochem-
ical reaction is 0.040 kWh/m’. Microbial growth on electrode surface can promote the anodic oxidation process.
The results of microbial function prediction show that the proportion of nitrification function is 0.03% in the exper-
imental group and 0.07% in the control group. In conclusion, the biological-electrooxidation method shows good
performance of removing pollutants in the marine aquaculture circulating water and great potential for developing
high efficient marine aquaculture recirculating water treatment.

Key words: marine aquaculture circulating water; ammonia nitrogen; nitrite; electrochemical oxidation; biological
aerated filter
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