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(. PEMEERRAT S IR T 266003 2 WACKRIMEMARAR IR 5 262799;

3. B SR IR HIR 276827;

4. HIRZBEBORTIT & DI RIS hots

IR HB  276826)

WE SEWREARNLTELER, EADEKSBRPREFEZER, AT AKPHTRRE
A S EAKREERNAMERKEFEA, PHESHEMEFR ., EREWAEFT, K
FRANBERREINER, A ELBRERAKTEREA. #EHE, LIRAREAFHK
REREMAFE TR ZEMN, KXY REL VOSviewer Ul 7 K4 8y X 437 STk 247 7 32
10 FARFRBRABRBBEAGHRIR, FANBT AEFENRELS 2%, HMERTERIIA
FRBRARBEA L, THEEEMFRHER, 2MENRBEAR ML R B B IATA*

FIAT LM RABAET FHTTRE S RE,

RXGRM T KT FRARAGRBERIER T L

K, F A RAKHEE S AR B RR GRS KRR

KHEiA

hESEE S959 XEEERINAD A

WA B S AR P S 2B IR R 75 TG 2, K IR e
SFRWIIR AT T, BEAE AT FEA R, LA k)
U5 | L [ PR A (Huang et al, 2021); SR MI#EHR S &
AT FEOKRE B IR, S A4 =40 | fa KR
R RR , 1 B ™ B 48 % 1612k (Masatoshi et al, 2023; Zhang
Aetal, 2024), FIt, KR 24085 2B Ak o I =
Wi 98 B EE R

FECREPM T 5 R, K= FRall & i & R e
PR R E A R . ARHE (2024 HE O S THE S )
et o, FRE 2023 FK SR 7116.17 T t,
[ LL3 4 4.39%, Hd 3R & b b 81.6%. R4
2024 AR EABHRECROLA R, 2023 4EFRE AR
) B K S BB AR TR 7 27.3%; TEVERAREE
BV K S8 P TG PR R S AR AR 27.0%, TE/KEE

* 17848 H S & TR - TR BHB AE TR H (2023CXGC010410) 9B, 2=

By MERA; KFERBRENK; BIHRKFMA; hokh
TEHES  2095-9869(2025)02-0001-14

MR IX g M R IR AR TH AR R 28.2%., T E K
FRPEAFAE T HE A B SR BBE IR 4.77x10% ¢
F13.75x10° t (2022 4F i A SIABRIRBL A5 2023 4F
A S EFRERR LA R) . 2022—2024 AEFRE &4 TH
FRI R K HE bR R 2 B &, LI AR A A,
DB374676-2023 (/K 3758 R /K HEChRE ) 48 H ik
— 0 HERCBRE 0.7 mg/L, —Z&HERCRAE 1.0 mg/L,
AT S B IR A SR K e e sk 2 B L B D E R S
T FEK = FR L S 0 K SR T N 2 —

WFFEIE SCHY & 18 0 v] DLAE — G PR BE b i i
SR S SR S, il 1 B, JE 10 4R
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2 AT 10 4F Web of Science J¢ T-“/K P& 558 [t
KR R SCEZ) 214 4, ilidis H VOSviewer T
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Fig.2 Web of science keywords ‘aquaculture’ and
‘phosphorus removal’ analyzed by VOSviewer
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VLA i BE R AR MM BB (total phosphorus, TP)43 kA

AT ZSBE DP

[ WO PP ]
[

]

' |
{__gﬁﬁﬁ [ AR EA R SUP ’ ﬁﬁﬁﬁm%Pm”‘ ﬁﬁﬁ%m%mp]
[ ' |
ERPETT B DAHP S
eBERALE . ZR AL ‘ A5 1% DOP
lmsmat %

I
‘ AL DIP }

B3 SRR i i AT 25

Sk

Fig.3 Classification of phosphorus accumulation patterns in natural waters
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W& K= A R K R E AR W oT it 3

7 fift 75 W (dissolved phosphorus, DP) Fl i i 25 #
(particulate phosphorus, PP)(Hernandez-Ramirez et al,
2023), ¥ HRA2A TR KR HR B 7 TS H LB (inorganic
phosphorus, IP)F17 #L#f (organic phosphorus, OP), DP
41 N 0] Y% A 76 HL# (dissolved organic phosphorus,
DOP)F1 1] % 2 JoHLI# (dissolved inorganic phosphorus,
DIP)(R 1045, 2010), 43 Al ¥ i M A5 Bk (soluble
reactive phosphorus, SRP)F1 1] % 3 i 14 2 B (soluble
unreactive phosphorus, SUP)(Cooper et al, 2002 ), DIP
7545 6 B 2 £ (condensed phosphorus 5 dissolved
acid hydrolysable phosphorus, DAHP) Fl SRP
(Tue-Ngeun et al, 2005), SUP {7 DOP Fil DAHP
(Evans et al, 2004), DAHP 7> HEEBEIREY . 2 B R
EL FI I 5 92 £ 25 (Tue-Ngeun et al, 2005) . Wik 2585 (PP)

BAAAE T 7K A UL ) 2R TH 5N AR A 8 (Loh et al,
2024), PP A] 43 Ky UKL A5 AL (particulate organic
phosphorus, POP)FIUK; 2 JoH L (particulate inorganic
phosphorus, PIP) (Feng et al, 2024) . {15 %1 1Y /2 SRP
SEAE ) ELHEE W OR T B RR ER TR 3K, Y R [ 48
I IK = SR B ACK: K AR TP 2 SRP FILE A FR il HE il Am
HE(fI 55, 2023).,

2 IKFEFRERKBRBER A

[l N Oh e ZERp S 4 Bl K 7= IR FH e 7K BR £ AR AT
I, FETKRBRBEEOR R SO, B {4
PAFEOR, S HRE W 2 B T3 06 T T AN [ K 7= SR 4
BRI B s R, BEfE A AT AR, R0
FE K A i [ oz i 5 S E A

2.1 KFEFEEEKBREBRARIE

211 HEEBRHEHAR

(1) B2

W o6 I 48 R R 70 o 8 A e L B 4%
A EEL R T B SERILAR R BRI K R B Y
BT ESE, 2023), WERRARREEAT S R L W
b0 453 /XN I = =75 D22 1S o W (T3 219 o D S s A8
% pH WK, ER PR AR ME L BB . T B 5
W B At g 5 b e 1w AR LB SR AN 26 1 B A 4 DIAH
5, R LGP RS 751 110 o 2 5 o R e v A R )
BN . Tan 45(2022)% & 78 5L ProK ™= 77 58 & 7K Hom
A BB B 5 W A A R R B R R (POS -P), R HR
PO; -P EBEHEN 97.3%. HHN, WML REd, BE#
(B A A, R 500 258 T A, A ZBUAN W7 b 78 35 A e
FI LA PRl TR, o A A 2 B e T e L R o 5 kK L
AP 1R W o ) 2 DG e

Q5T B AR

B A 8 5 AR e e B ) R R P OB 000 1 v
25 WE2E R 2255 22 (HAR A B ), SRR K TS
PR T e o B, BB, H DL RE Sy
BHEAGMIE . gk, Ik RBIED SRS T B
(BREAEL, 2022). H T REAY 70 B9 80R S M RL . fLAR
B B TH R PR S UIAH G, PR M e 498 38 Y 1 X R B
BISUR ESEEHE Teoh 25:(2022)43 W1 i S A I 1 3
T F8. 0 WL v Ak 37 7 i f0.(Silurus) K, /K TP
8T 0.02 mg/L. FEEGRAMAEREREMIRE, 5k
SIS Y TR MR 43 B AR, A S BB i, PR
JEEHTT5 Yo AP AR S5 B R i R 1 SC HE(Zhou et al,
2021; Law et al, 2018), M/ EgH ARt nl 5 k2405
B YRV RSB TE R A T2, K
() 22 BR KR (AR 2 55, 2024)
2.1.2 AL iErhERE AR

(DHULVE L

UUVE 5 B 2 1 K R B Ak 24 25577, Fe' 5k
Fe’ S MR Eh A BN B (4 W R A DO, P ot
BURE . VRO B R AR KRR —Fh ik, 22 2 N
F . KR pH AIBFIRAFIE A (Xu et al, 2024; FhIE;,
2018), A HABREEN — A BEER . RIRE:
FEEL ARERFERER S RIS i (Lei et al, 2021; filskotk
&5, 2024) 7R AR ERBRBE Y A b B s ] pH,
R AP EAPPEREE, (KRR M pH AEE R, AN
SRR RO (£ 658, 2010), 5KIESF(2023)
DIIR 7K B SR B K AR A G XF 4, A T B AN SR Bt
i K R 5 B K A B 1) S BRSO, T B
(925 B3 5.(90.10%) i T B Wi R 2k 1 22 3 R (88.74%)
fEFDTIEBR B AR B 32, HWA . &%
Q019 IR AR MR A0 T A4k
B, ZILRI=Y & S ECEYRRBERE ) TR, BLAk,
AR ERELN, —ENAR; ZE7ERE
eFi5 e, HoaRAb Y ERu iy, 2= TUvE BBt &
4% G e B W (W% T 0.1 mg P/L)(Lei et al, 2021).

()45 ik

4k R e i AR R, Mg®" | Ca® | Fe'
of Fe’ S SRR ER & A RN, A R TE b A% K DA A
TIOREFE Y A%, P2 I A il A, e NI I
HarE R, SEEEE R L BR 5 R (Guo et al, 2020;
Agrawal et al, 2021), 5UIIE LR X BILE T iAA [E
E IS U o SEETETT R 3 Fh: BREIREREEIE
(Zhang et al, 2016), FZILBERREEIL(Azis et al, 2018)
W Bk B [Fes(PO,),-8H,0] ¥ (Bonistawska et al,
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546 &

2019). BSFEEIRI . AR AR ARG 2
45 ¥ 2N K (Amin et al, 2024), Zhang %(2016)
I PR e B 445 W I Bl , BEHDLVE /K AR PR /K FR 5 e 7K
AbEE, WK T RKBEMREE , H 3825507
RoF R pH 3G KiK.

() MLk BB

HLAL 2 SR AN IATERTY | 4 s IR St A=
B4 JE BHES T, Zead K i AR A A I LA Yt SR R i o

TERB A A, Utk Pisg3ey, HRARGIA
HAtb k22 P 5, H Al 2= B e — R BE A 4 AL (1) 4 B
Tk (RIESE, 2023), TRIFEQOIHBIFTRIF, HEREE
PR 1 22 K R AL A Wt K R i ) TR A A 1 T
BOR, HA RS NGEEN . G EERE S
MR . R AEPAR AR, PR H i A 4 B
KEAEY, SoKkH B TCHLBE L iR sk v ve , HR
BNER 1 Fis.

x1 BEERSA. KEREREBEIIE

Tab.l Mechanism of phosphorus removal by electro flocculating aluminums and iron anodes
Cikid BHR 2 iz 1A% Bz L
Electrodes Anodic reaction Cathodic reaction Solution reaction
LN 2A1— 2A1" +6e 3H,0+3e—3/2H,1+30H" AP"+3H,0— Al(OH);| +3H"
Aluminum electrode AP'+PO; — AIPO,|
Bk LR 4Fe— 4Fe*'+8e 2H'+2e—H,1 Fe*'+4H'+0, —2Fe*'+ 2H,0

Iron electrode

Fe*"+PO3~ —FePO,|
3Fe**+2P0O3 —Fe3(PO,), |

(4)1 7 & 1k 25 (oxidation processes, AOPs)

TR B2 SE AR B il 2 2R A5 Bt L A5 S Ak
LR R M, fRAKA . BT RAER
TERE M EE T, IR FFRVERT, AR A AR A AT 4y
FOGEAL) . BRI AR AR A (R AR, 2020),
Gomes 4§ (2020) i F 25 il 4 {1k 15 4b # Je % 30 i f
(Oreochromis niloticus)F& 5 B /K , & B /K PO; -P ik
FERFKE 0.14 mg/L LLR. HFHT, AOPs HiARASFAE
— R, KRR 05, H0, FA e
Wi K 7= 3 4 K (Gomes et al, 2020), [AlrF, [F ALk
PEEE A AV E I T BE & A AT B AT W i i kTS
Yy (Gorito et al, 2022), BT HE—L1FAk AOPs 441k,
213 AMmEnsHE R

(DZEW Sy s R AR

AW S A E AT FRAE R K AL PR H O, 2
— b I FH B 2 E s I A SRR 2 TR A 3 R AR ) (A
L AT EY RN AR TV, AR
B e K TR R S TS Yo ) o A5 45 A ) o ol SR TR AR AT
AT, AR E R B-FRJE TR (PHB), MM
WOK AR R, R 8l DL SR Bl R 6 1 R XA 1 7E 40
W5 TEIR T, R R AR N SRR AL, WUk K
AN, Mili4S M PHBOM#ESE, 2022), ffiith
Bk ®F 2 I il b B B I (denitrifying phosphate
accumulating organism, DPAO){E IR & B Beml ; BT,
AL SR W TR H L 32 AR (N O, T NO3) A fk PHB LU
FeAEfeE, MEREE IR (Marques et al, 2017; % %%
5, 2024) X T XBIAE T R BE 6 1Y LT A2 R Kk

AR, BB A SR B DA 1) L A2 AR T AR SIS Rk A
iRk o H AR A 9 SO0 e 2878 32 B 6 sl R AR W) I g
#%(MBBR) 1 [ 2 K 4= ¥ [ v %% (FBBR) . MBBR Ff EL
BGPTSRk B T A PE Fis i R, R LG
YR op o S L TR L BIARTE IR BB,
E4E TG RAR A Wil A b e, e T
FBBR 75 2 W s sk, i Al IR 75 24 8k iifk, e
B A Wt B 36 S | T B U EURL T B R 2 A )
e BT, RO O e R P S i R A
BEA YR T K P R R K AL BE, B 52
M, Zhang H C 5 (2024)R FTE 4 #2A: P RS /K
FRAH KA BE , G55 R, X R G E KSR
B RK A R ss, Hoh it LB ik 99%. H
FE AT 12 09 A 0 B g 25 A 780 % o 156 10 L3 2

)= A (biofloc technology, BFT) £ A

BFT B 32 22 F FH S FR 40 B, T S il ok S0 ol v
GRS K R B S AE L JRiE AT A B A i skt
L ESE 2 (R PEATRUNT G a3 95 W ik TR i
WA B HAR B RN B A C/N L5 A ) 22 £
R EEH 2, A Q018)IRITAIE C/N Xt 1668
fifi(Anguila marmor ata) i ¥1 7K 77 5l 72 4t A W 28 8t = i
P AR BB, 15 C/N T, B AR A5
ROR M BETHE N, C/N=15 B} EBRFCR fcfd, TN, NO;
1 PO3 HYEBRF 5N 46.60% ., 43.49%F1 24.40%.,
oW, AR 2 A o B s T B B, ok B e IR T
RO, v ] e T | S o AR A 0 2 S 0 I ) X
(Ogello et al, 2021; Robles et al, 2020), 47, EHWE
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VBRSSO AN BAR, PRI, R 5T R0 A i e 2 B
Y T bk HL A B 22 Y (Figueroa-Espinoza et al, 2022),
) B A Y AL BR B H AR
BERMEAEKNEATER, BEHER . #iiH
ML R T MBS B RARUEY, B
BB B PR IE N RE 5 AN A K U 4 45 Ry
P, TLARBREKPA . BT I (Nogueira et al,
2018; Zhang et al, 2023), R JL(2023)¥4 5+ 77 8 F1#%
/NER 3 (Chlorella vulgaris)i - X iR i K 5551 2 /K

ARFREE AR, WA, R /N ERBE RE B B R ISR
SRR B, HIREIA, BERREh LBRRb A /N Ek
BN AR FFLE LT, RBRFIR(81.4049.86)%, T
TR (0225 R, AKX DOP Bk
FROLTIALEE 2 A0 m . —J& B /N DOP,
A3 3 e A P 1) R DG B B B 1 B sh G i B 40
ML . TR K RS A DOP B K ik K A TG
PLBE, LABEIRER I N0l TNl 4 s, flsenr
i PUN == 22 o8 NN A =TV | K 2 K= w501 1114 o OR (B

R2 EYRNBBREEEARER N RERRARR

Tab.2  Application of bioreactor phosphorus removal technology and its advantages and disadvantages

YR N Fe A B K G O A {9 E 2PN
Bioreactor Principles and current situation Advantage Disadvantage Reference
SIS RN R EKEE S S A T B I OoRATS WREHE, FRIRE  FEMRRERLE, B "B, 2016;
%% Dynamic PEROE AR, BRI REK KA 7K ER B 3 R B A B REAE, 2019
membrane BURBRRE 24 T B B R,
bioreactor
WS EA RN R A R T IO, TR TR B SE AN L s R A 4Edh Fn Hong etal, 2012;
2 Aeration B, SRS R RS, 20 TRk, BRL, & mEEts, fitegg  Chenetdl, 2023
membrane T RBRRK T MERE A DL A R M H RV, AL,
bioreactor VeV INGE LY/
PR REBEIFEAYO T 2454 MBR,  IAGHICRE, BURER IR, 7414 Chenetal, 2021;
Jii4% Sequencing 4 Bk F A ek I SR PSRRI, Luetal, 2021
batch membrane
bioreactor
O BSOS, HEMERDCHIER, B REE NA RERFE T4y " Taoetal, 2021;
Jii%% Membrane 1] K 75 9 ek JBE USRI e % Tian etal, 2020
photobioreactor
ATP
=N
Chloroplast
LRtk BRI B
Mitochondrion Phosphorylation
PP
}/ ADP +Pi Iy
0, V’ Pi
L3 OH
DIP, DOP
1#3% Microalgae
OH~+PO}+Fe/A/Mg—PP| >
WA R P
Chemical precipitation 25 T R o BEAEKTR
oXygen suspension Surface adsorption Intrinsic growth needs
Bl 4 Gtk e i RZpRpl: siibrER . DI AR BTE . RERH . A SRR
Fig.4 Mechanisms of phosphorus removal from water bodies by microalgae including phosphorylation, chemical precipitation,

oxygen suspension,

surface adsorption and intrinsic growth needs
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FH & BRAKR I OB (22 AT IR 4R, 2024), HIL, JYei1E
FAXTF e L PRp 2= e H 2, LR e P 2 S 80 |
U EC R R TR X i s AR v b R R Y A . H
AT, 22 JE 5 (Nitzschia sp.) . /Nak i FAE 4 (Scenedesmus)
TR RK bR, 5K 755520245 5 Fhidiie kb
PEXTHR SR ek, 25 3RIA, IR WX TP Y&
PR f 5 (71.43%) , HAWGE AY TP 25k 38 40%
VI o Liu %5(2019)f FH 1Y 2 #f 4 (Scenedesmus sp. ) b
K = FE5 K, HiK TP N 0.18 mg/L, 53R
IKHEBCEE SR o PR, B XA [R] (8 SR A1 0 MK AR SR 1
IO 366 A T8 1) P e A T IR B R K SRl L ELAn ] v sl
ARTMBEAT A T 2% AR AE R AK A B i 1

(4) A B D R B e R

PR R R HR R T O TS e ek
RS, TR A BRBERCR . R R T
A SR F A ML A fE— ik iE K, /E RV
FIA A ER KRR O,, fEAiFA RS
RUGA M AT ARG B, 38 4 SR IR W A L
15 E AL R T 5 R, RS FRMAEEAR

WP (A TCHLE BB ) B = ) (- CO,) AT
BT AR PR A IR (42 58 A %, 2023), H:
W SR FIBRBENLEE A . BB R IR AR . R
W, B B R R T SRk T T IR AL B 1) Rl
(F S, 2017), IR B 22 R B A A SR v B e o
Gao 55 (2022)f9 % | — PP 7= IR Kk B S 10 55 5% T —
1A B4 T 5 IR 1) S 28 (BACR), IR T 1% W e 7
Wb BRI K FRAE R K T AT AT . 45 SRR EH, BACR
B 1k T s bl R B AN TS S, R T s AR K, B
T BACR XIig/KFRF K TP B L. Ding
A5(2020) 7 = i T A8 EE 5 AT 906 25 30 1K IR (ICFB)
) S A W R 0 % (MMIBR), - LA # /K 35251 2
KGR ERBOR, 817 40 d N, BERRER ZoPRR
iK% 80%. Babatsouli Z5(2015)WF5% T [ & PR LE W )
N e R G AL BV K SR R K, S5 RE, BER
B EBR SAIYHRE B A M, SAILYHkE
B, BERREh LR S . YA I Rl
O3 Rk TR PR R IR A R G RN R e L R G
W 3.

R3 EEHERZHNABRRMRS

Tab.3  Application of bacterial-algae symbiosis system and its advantages and disadvantages

I E R

Svmbiotic svstem of B I B Pesi R 2230k
1})]:(1; t;?izcalsl}(lisafl:rgzg Application form Application situation Advantage Disadvantage Reference
BTFRESILA FUHAE MR K  —BAEe i E i) S BICR AR AR, ERES,
#%i Suspended PO, MEAE SRR AN, R s, BERUIRENE  RGUTEER, W 2018
bacterial-algae MG RYI LR SR, REMLST EWHEE .
symbiotic system
BE R B RIS BARGEERST, R RGyTeEL,  HHAREIE, ki,
AY4¢ Immobilized  FEGEE . BOMEERE)  WTAPFRGEEK T WTELEAM, & AN, #Ef 2022, £RE
bacterial-algae B AN EEIET  GURK AR GERETEM . FPiEChE A 4,2018
symbiotic system WL . f e T

FERE 25 ]
WA R TREEREREIVER R TR RErkELD, AR BT, K Zhengetal,
% G RFHMERBGE AERRE, MR R, dbE R, Rgkete 20
Bacterial-algae W ERIRETR, Bid AR P BRI, i,
SYmbiotic SYStem - epifusp g I FANE AW BERSE

ﬁﬁgﬁo

()N TR b B AR

N TR Hb IR N R 5L T fUAE Wy FAR ) 4% — 2 1L
BIHRMNTASRS, 256 ARFh Y b
A= A [ AR S BT K AL BRI AL (K A, 2016)0
NVt 3 244G 3 A RIEHA TRk WA T
M . I ETE N TR (Ruppelt et al, 2018).

N0 8 BRBEBIL AR 23 R W B L IS AT TE 3 A

(Verma et al, 2022), A T4 b W B B e 2 a2k b 3% 1w
TR Z2FL MR SRIAE Sy JECRE S B (R0 5, 2021)0
KUk, SURRBERIL N EL, 5 EEUR LR AR
ZALPE . ATAREL A AN L R T RE AR A A
Shang 55 (202244587 24 (1) 2% i 2 Ak K B AE R AR A
TR IFORLRE T, LR R 2 B B (43. 1mg/g) o [
B, FEN TR F T 45 5422 DT iE B RE K ik
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B P A EL DOTE Y (Kasak et al, 2020) . Zeng 55
(2020)/H7F 5 BE A4 Ak 77 Xt 152 M s D SORCR  RE i, R B0
A MgO J&, OP [FIHM 5.25%FH5] 93.42%, 4
pH=10 I}, BEFEFIL 98.47%, Leng %(2023)HF5%
DL AR A R 5 T B N T3 MR 5 ol 2 R R L 3l R
G (CW-MFC), % ZR Goxt i 1) 2L BRpLf B 2E A A
oy wENE K, S5 Po3 -P Al HPOT KA
N, JEM Mga(PO4),0H. AIPO4H,0), s #il CaPO, IILIE
Y, TP £BRFIE 92.4%, [}, CW-MFC FIBE<
AR A F T A B A R0 LU A 5 3 B A K SR A R K
Wang 45(2023)5% ] CW-MFC FT B AR, Ak
Yy B Tt 78 FL TG PR AN R SR AL T, RS T R B
BRI, 55K, ZRG S BRI AHE X
BRVEFD, Sk LR A5 15(92.5943.13)%.

22 MITAFEFEIZTEKBEBEREA

SRy 3 SR G A I Tl A8 3 R AR v K R B T R
RIEK, RIEAFIK = SRR A, RIBUR R )
IKF=FRFE R K BRBE ik, WA WEE | A
S IR T R K Bl Rl B R IR
221 JHEERRIIEEKBHREE R T BTERR K
FEHH(RAS)FRAE M FE w5 . R R K, RBUSREY
B, KR AR RS . Yogev 45(2020) 87
T—RE - ZHE Y RAS, migRfadl . iR kR
WIRW#%) < B EORUAS AbAE 0 B0 #% ) FER 480 S v i
4 ST ULRL, DRAEAL SR Ry b3 XRS5 e )2 B b
#4(UASB), HTALSAS I SO fb = s o5 e, 24
UASB 435, 1500 B A F S 2 (gl
S5 (2023) A 80 B R -3 BN T b0k A
YRR ST e & oy == D N RLTS: S 2RO - SO
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Based on Aquaculture Tail Water Treatment

LI Xian', TIAN Wenjing', ZHANG Xiangyu', XU Wenjie', LI Xiaolin’, MA Teng’, TIAN Cheng*”

(1. Fisheries College, Ocean University of China, Qingdao 266003, China;
2. Shandong Shouguang Collective Inspection Group Company, Weifang 262799, China;
3. Rizhao Ocean and Fishery Research Institute, Rizhao 276827, China;
4. Rizhao Economic and Technological Development Zone Development Service Center, Rizhao 276826, China)

Abstract Phosphorus is an essential element for plants, animals, and other living organisms. The lack
of phosphorus in aquatic environments can restrict primary productivity, a concern that has increasingly
attracted global attention. However, the high phosphorus concentration leads to the eutrophication of
water bodies, impacting human activities, compromising water quality, and causing notable economic
losses. Therefore, studies on phosphorus removal and the recovery of phosphorus resources are important.
In 2023, 27.3% of China’s important fishery waters in inland rivers exceeded the total phosphorus
standard. The area of marine natural important fishery waters that exceeded the standard for reactive
phosphate was 27.0%, and the area of seawater key aquaculture areas that exceeded the standard for
reactive phosphate was 28.2%,. Aquaculture development is particularly important in the context of the
‘Big Food Concept’. The China’s total aquatic product output in 2023 was 71.16 million tons, an increase
of 4.39% year-on-year, of which aquaculture production accounted for 81.6%. From 2022 to 2024,
China’s provinces and municipalities introduced the aquaculture tail water discharge standard. For
example, Shandong Province has implemented DB37 4676-2023, which sets a total phosphorus primary
discharge limit of 0.7 mg/L and a secondary discharge limit of 1.0 mg/L. Recently, the rapid development
of aquaculture tailwater phosphorus removal technology and phosphorus recovery technology based on
physical, chemical, biological and ecological methods has provided strong support for aquaculture
tailwater phosphorus removal and recycling. The current aquaculture tailwater phosphorus removal
technology has made some progress. However, the advanced removal of phosphorus from the tailwater
and phosphorus recovery technology requires further investigation. Enhancing the advanced removal of
aquaculture tailwater is essential to ensure the sustainable development of aquaculture. This study
classified the phosphorus in the water, examined the principle and current status of aquaculture tailwater
phosphorus removal technology, and reviewed the application of phosphorus removal in the tailwater of
the current aquaculture model. The principles and current status of phosphorus removal technology in
aquaculture tailwater were discussed in terms of physical, chemical, and biological methods of
phosphorus removal. The study indicated that the physical method of phosphorus removal technology in
aquaculture primarily relies on adsorption and membrane separation technology, in which the high
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adsorption saturation of adsorbent materials and renewable is the key to adsorption of phosphorus
removal, and the physical principle of membrane separation technology is the selective permeability of
the membrane. Pollutant retention is achieved through the concentration difference between the two sides
of the membrane, hydraulic pressure difference, and potential difference. The current membrane
separation technology research methods continue to innovate and generally combine the membrane
separation technology and biological method applied to aquaculture tail water phosphorus removal
technology. Chemical phosphorus removal technologies such as precipitation, electro-flocculation,
crystallization and depth oxidation are important for aquaculture tailwater phosphorus removal technology.
These technologies are notable in phosphorus resource recovery and should not be ignored. Biological
phosphorus removal technology is a primary method for phosphorus removal in aquaculture tailwater and
mainly includes biofilm reactor, Biofloc, microalgae biological purification, bacterial and algal synergistic
reactor, artificial wetland and other technologies. Biofilm reactors and Biofloc mainly rely on the role of
phosphate accumulating organisms (PAOs) and denitrifying phosphate accumulating organisms (DPAOs),
both of which have different processing capacities and biological responses to phosphorus in aerobic,
anaerobic and anoxic stages. PAOs absorb phosphorus in aerobic conditions and release phosphorus in
anaerobic conditions; DPAOs release phosphorus in anaerobic conditions and absorb phosphorus in the
anoxic stage. Microalgae biological purification technology mainly uses the photosynthesis of microalgae
and microalgae growth to absorb and remove phosphorus from the water. The microalgae bioreactor is a
bacterial-algae synergistic reactor formed by combining microalgae and biofilm reactors to remove
phosphorus. Artificial wetlands are a comprehensive phosphorus management method that integrates
physical, chemical, and biological methods. This approach is becoming prominent as a crucial technique
for phosphorus management in aquaculture tailwater. Current aquaculture modes such as recirculating
aquaculture system (RAS), pond aquaculture and other modes, in which RAS mostly use biofilm reactors,
bacterial and algal synergistic bioreactors and multi-level integrated aquaculture systems and other
treatment methods, and in recent years, artificial wetlands are also gradually applied in the treatment of
phosphorus in RAS tailwater. Artificial wetlands are used with sediment and microbial fuel cells to
remove phosphorus from aquaculture tailwater. In phosphorus treatment in recirculating aquaculture
tailwater, the bioecological method is gradually being used as the main method to treat phosphorus in
tailwater, supplemented by physicochemical methods. The pond aquaculture tailwater phosphorus
management is also based on bioecological methods, such as ‘three ponds and two dams’, artificial
wetlands, multi-level integrated aquaculture treatment system and other methods to remove phosphorus.
This study analyzed the aquaculture tailwater phosphorus removal technology, which can provide new
ideas for tailwater phosphorus treatment and phosphorus resource recovery and promote the green
development of aquaculture.

Key words Phosphorus; Existing form; Aquaculture wastewater; Recirculating aquaculture;
Phosphorus removal methods



