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J& D\ A= g WL SR AR A 7K it S B B S8 RE B H A A
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RARE B A Z0 R R R A B RA Rim’

LR sl K2 AR TG, B 210037; 2. E K KA 5A S0, HK 400044; 3. BILTiAKS%E R, 7
I 215301

Y|

8 FE AHRAREANEY M T - - B —OuE AR, P T R A AR IR AR &/ NEOR ARS BRI AR
R A K RE M A IR A ARl . 5 R BT, ML TR — S R W, i -4i i - L — e i A AR MR SR
(total nitrogen, TN) FIBERREL (PO,"-P) M BRI ML T 34.2% F1 60.1%. 1EASLIGIMTEERKY], SLIER X
AR A GG GOR A BERERAGER R I O B3, TER BT A& F T, TN R PO, -P BB R L BR R 5351 h
94.1% F1 98.2% . HEUH LA R IR L- I A gt . REESE L . MO G amFL . RS Stk
UUVE AR AR T REIL I3 ) T s ek il BRAYAT ALKk . 16S rDNA/ITS/18S rDNA 4 - el 2 J3 45 R R W,
Proteobacteria, Cyanobacteria, Bacteroidota, Planctomycetota, Verrucomicrobiota, Actinobacteriota, Dependentiae %2
YIRS YITETT; Ascomycota, Basidiomycota, Rozellomycota, Chytridiomycota {3 E FE[]; Chlorophyta .
Bacillariophyceae J& I #3 #& 1. Silanimonas. Chloroplast. Cyanobium PCC-6307 . Blastomonas. Leptolyngbyaceae .
Porphyrobacter. NS11-12_marine_group . Sediminibacterium. Curvibacter. OLBI2. Pirellula B2 A Y TR e
)& Trichoderma =N E R E; Chlorella. Chlamydomonas NAEH M #EE . HHF, Silanimonas. NS11-12_marine
group . Sediminibacterium . Curvibacter. OLBI2 ) Trichoderma J& 5% 7 3= il A1 E U Ak ad BRI SR el i s VBN
AR PRSA E AR, Pirellula W REA B T2 EFRAME T AR LR DRSBTS A PIIRAL B T5 J ok
1) 22 AR T R SR el A SR E R T RAAE IR & /IMROK R 1 A 518 52 B LA AR R M (B 4 T A B

KEEIR JAMNEYIRE; MEOKIR; ook BEAEBRDE: BUEYREE S

VE R K e/ N ERASE B o R A A S, /MUK EA THEHRST . BERRHK . FRIE R N R
B I B R R A5 T A B AR T REFIVE RN . BRI, Hh IR MUK AR TS YRR 2 RE 1 | IR
IR RUSGEEARAE R, I/ MoK F B BAARaITE2E . e 55 . SPITSRAFRES, )
UK Z) I & B SRR IR R RIS, s i RATR @R 5K AR S 2P, R, IRE/ MoK ARG
TG YAIAERE AR E P KA A

FERAT A . TRiR BB SRR, PrBBEOR WA, (BAAEIRPRANIAAR IR AR RS
TANEEGR, A ks gy S TR AR BA B VG PR, Al rauBE kR . ia17
PTAN LA I AD . Ho, AP AR S % S 2R E RG0SR = R LR AE )
i, AARE AT AR . SSRGS, 7RSS JOK MG EME R T N RS H A 2 . IR
2 SR et s 2R 4ERR IR S AW (membrane aeration bioreactor, MABR) #1471 M 78 d AL,
FRERW, MABR HARNHRIK E25 Pl HA B RLBRACE , A B F/INUmAS YRR, nTHFIR
LT AR SR AR TS YR B, 22 550 R AME R IR 2 TR AR S AL YR R 4L (enhanced hybrid
biofilm reactor, EHBR) JHL T I V5 YLK M4, S50 3600, M4 (< & EHBR fE4b#E, COD fH.
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B R A SR AN BN G R E (202210298095Y ) 5 VLIRS B e SRR RFSR I H ( 21KIB560020 )
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NH,"-N B (total nitrogen, TN) IREE/DHIFIET 55% . 93% Fl 94%. L5550 K A R HEIF K
WIS N (suspended carrier biofilm reactor, SCBR) W H TIEHR2ETT R IIESR , MK 145 BRIl
il 7E 1.0 h Z2478F, SCBR X COD il NH, -N H -3 L ERFAI 53 5AR] 57% F 76%. S22, HEYIRREARTE
WA MUK IR RSB T B — i AR AR TS, F R T F SRR S 2 A AR gk A3
(RIS YY) RBRAIHCE D= TR ANEERAGEDY], HICBSEB RN F RO EE MiE I,

TEY AR AR 15 IR DI RN OB . EET, HORERIARAE YR NG HE R AR 55 1 SR RS
AN THRRA AR 2 B AR U B A R 2 + B0, A S NEAE I 38
GRS XS AL, SRTZ07 RS RIIHS BAATE A AR 2T i S s N\ T3 Ay LT sy
BEA FERRDIRER AR, (HANERCEYI TR S L& UE WA S P R RIMANRERE A B, 8
AW BEVERERRAE R, f St b, RINVEMINR JRINER) AR T BROKIRT, WK AR
FIM . IHIETRARM ., WIEREE TR ERIIETY, U, XA R YT B R AR YIHOR N R R e
FONBFARRHERNIR, FEiR KIS R R, 3R] DA ALY AE SRR | $m RGBT TR
I, ARSCES LI/IMBUK ARTRSE+ R R E YIRS 5, TS AR . 155 (Rl B RIEX RS
AR RS YK A BRALRE S, AT L E VIR 2 B I R SR L S e R A AR, Al
ANHORKARTTS GK 1A RO SRR .
1 MR5REE
1.1 SEEMRL SR

SEES T KR LR SOl R 2 A P EER. (N:
32.07°; E: 118.82°) BACHELIRHATIMID, 1R
BAKFERK RN : 51~60 mg-L™' COD, 0.08~
0.29 mg-L™' NH,"N, 0.11~0.32 mg-L"' NO, -N,
0.03~0.04 mgL' NO,-N, 021~0.65 mgL' TI 8000 2 05

1 EZIE
Table 1 Orthogonal experimental table

%) JEREERES/Lux  NH,-NYEEF/(mg-L™) PO -PHkE/(mgL™)

TN, 0.003~0.010mg-L 'PO,*-P, 6.65~8.36mg:'L"" T2 8000 6 !
0,, pH N 7.71~8.03, AFLZGMRE . NH,- 13 8 000 10 2
N & PO-P RN G AV L bR 15 S Y n 52 T4 6000 2 |
W, HOERRIRE SR BB E R 4 000, 6000, 8000 6000 6 )
Lux, FIH NH,CLHI KHPO, B 5K NHS-N K o 0 05
PO,™-P BRI /AT E 2. 6. 10 mg- L™ Al

05. 1. 2mgL ", LMt ERS® 2 . ’ ’
S BT PSR AT, S K 2 jg ; f

4lizk
1.2 SEERERGE

wE 1 s, R SC I E A AL
B, HEA 10 cm, HAEHN 8 em, AMERD
500 mL, S hyie e Takie E mih, stis &l
fU. SALER ARSI RN R ET
4eRl, FIBEARH 3 em, BEBKERNSem, Bk
B 15 om, BREFHERIZEE 2 Ri5EH 1 mol L™
HCL W= 12 h, SR HBAUK MR e, %
F I 1 mol- L™ NaOH IR 12 h, ZJEHIHE
Al KW PE, SRIGH 95% LEHAIGR D 12 h,
Wt S AE R A K IR 12 h, B ReT 4 & T
60 C S THFNMET 2 . SCge e e T
AL VA AR SR TR R e (1 1), KR

1 ER%MRRNZFTEE

Fig. 1 Schematic drawing of the composite biofilm reactor
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NI E T REIR PRS0 ,  Fraa i RN E YRt 100 B, PALBRKARIDIRTEY AR E TG
MBS, SRIGTE 4 C LA 8 000 r-min " Kb 07 5 i A E Wi 250 10 min, 5725 LIRS M 25048
HN B A K R I VE YR, Fa i 15 mL SRS IR M T4 o iy (RN SEIRIAR)., It
Ah, FBEEEE SR IAR T 15 mL M as IR i (R—Se A R) . RIS IR RIT4A0G
PE IR A5 IR (. (mixed liquid suspended solids, MLSS) #4°47 3 000 mg-L™',

FEFERR)E ShIIAIR A LED ST X SEG 2 S b 2 A T EHR I, YGRESREE RS A 10 000 Lux, #£2HEIT;
X HRZH 2 N #s B AR B T O T TR, T4 (dissolved oxygen, DO) #5Hil7E 4.0 mg L™ ey, #
301 [ S B 2H RN R s itk Y A SRR K, SRR F P P 5t S R i i A T PR S L e b B
Wi, BEb 48 h BuK—Ik, FEZ/DESE 3 MUK E IR N KRB RIS S R0, O RGN
W, REHBERINE, BEWRRFK NH,-N K PO -P i A5 % 5. 0 1 1.5 mg-L™', 25040
F B HABGE T T AN, N AELEIaT T 5 MUK (48 hy, LILH S —R I yme 54
YIRS Y S R 25 Sk

ZIEHEIRER 1 PURIEACSER RS CIREE | 150 (A 8% WREEN B G AR5 YRR, SEgw
Bt Nk HEE AR E T, BOKJEIN 48 h, B4 T00 FON#s 42T 9 AR (3 @i JE+6 4
FsE ), % ARSI IR AD RS S 12 h: 12 h, 7EMR s e 5t e, R
RN ek, SR E/K NH, -N J PO, -P BTt ¥k B2 3 15 2 10.0 A1 2.0 mg- L™, ZJl7E 0. 12, 24,
36, 48 h XFACEA ke g K HEA TRAE, DU NH,-N, NO,-N. NO, -N. PO/-P, DO & & pH.
RN E A E IR Z A AR R, AE ARSI AE S, B B AR IR B A A A THEIR TR
PESZE, AERS (1), Rasfe (). PEAEEEL (). W 't AR s Y SRk e
(IV), &SRR R K, H RT3k 2. 7656 T 45050t # v, DO = HI7E 4.0~4.5
mg L™, F 3R 4B BN 0.1 g L7 AFRESALINHI RGN IEGRIR (allylthiourea, ATU); 7E55 T 41505
H, 1OR 2B BE DO FEHITE 4.0~4.5 mg L™, HAE UBYBLS 0 1 mmol- L™ &RE: (NO, —N Hii & ki),
3UHI A BN A G AR A s S T A SEG AR DR N kAT RSB VAL fe v, SERRaR BE i 7F 8
000 Lux, 7E 3"BrBLA 0 20 pmol L™ —GURKE IR GBI WTCRHRIL, R Ly e
(25+1) C =R T AT,

* 2 BV R PRBER IR SCI AR R KK B
Table 2 Simulated wastewater quality used in the exploration experiment of nitrogen and
phosphorus removal pathways through composite biofilm

SRan SRR NH,N/  NO,-N/ NOy;-N/ PO P/ NaHCO, ZFR#/ Ca?'/
(mgL) (mgL") (mgLh (mgLl") (gL (L) (mmol-L™)

1 5.0 — — — 0.2 — —

, 2* 5.0 — — — — 0.2 —
3* 5.0 — — — — 0.2 —

4 5.0 — — — — — —

1* — 5.0 — — — 0.2 —

I 2* — — 5.0 — — 0.2 —
3" — 5.0 — — — 0.2 —

4" — — 5.0 — — 0.2 —

Il 1* 5.0 6.6 — — 0.2 — —
1" 5.0 — — 1.5 0.2 — —

\Y 2* 5.0 — — 1.5 0.2 — 1.0
3* 5.0 — — 1.5 0.2 — 1.0

T IR Tl
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1.3 ®NFEIRRTTE

SRR AR AREIN S T BB IR IR K MM k) (56 4 i) HRUErIbsi ik, &
BRI M P8 45245 COD, NH,-N, NO,-N, NO,-N, TN, PO, *-P, pH. DO, Ca’, E%k (total
ferrum, TFe) 5. 1EZCSLIRAS R SPSS 22.0 #7504 L2 A, KNS e 5 S0 s AE )
JERESAE 4 °C FLA 10 000 rmin™' FOFEHESL 10 min, SRIEEFESOJE BIRERARTETE-80 °C VKA 12 h, T4k
) DNA 425U PCR 3" 35 A58 s R A R A R 58 . AR HIH 16S tDNA/ITS/18S rDNA 4
B el AT G AR E RS L, AT 19920 338F(ACTCCTACGGGAGGCAGCA)
Fl 806R(GGACTACNVGGGTWTCTAAT), H & 5| ¥ 4 & ITS3(GCATCGATGAAGAACGCAGC) Fil
ITS4TCCTCCGCTTATTGATATGC), HAZAEY () 51948 547F(CCAGCASCYGCGGTAATTCC)
H1 VAR(ACTTTCGTTCTTGATYRA), MFF5Enln, BUGEBHREE BT RSB EARR ey EdE, %
FEARFRIR IS Reads PHE | tags i€ RS RSESRISRIA R (Clean reads), Clean reads 7£
FIF DADA2 kR it UPARSE #4750 408T, DL 100% FHEUE#EFT ASV(Amplicon Sequence
Variants) 2, RIGTHHEFEAR o F1 B ZHEME, PHGFEAREIZFEMEZES, FUaRYE NCBI ZA<H BLAST %%
PEATYIRPERE, ASEIRESTET TRUR A ZOKOE N IRCE AU S HARX FE . RGP EdEE F 5% CNCB
PEFE, B9 CRA019389, SLBu4idiER A Origin 9.0 #1143 K

2 GRS

2.1 B—RFEVIIRAE SEVIRSRMIBLEE ST

I 2(a) ATH, YRR R S -G A R - E A R AR IR S /MoK ARG S Yok b
mF, NH,-N B 5a] A 5.02 mg-L ™" 1 5.09 mg-L ™' FEIEZE 0.23 mg-L™' #10.19 mg-L™, HAHR ZBx
FAATIR 95.42% F1 96.27%(5] 2(b)). NO, -N BT EEFAGIEALE, 4ERFE 0.06~0.08 mg'L™', NO,-N
R MK 0.36 mg L' (PA—SFF2AW0%) M1 0.39 mg L' (B -A4EW) Z5fb A /KA 2.01 mg- L™
021 mg'L"' (K 2(a). T NOy—NWBR, R—RFEYBARHK TN FEWEEN 2.40 mg L™, i
EAEYIRRR K TN BN 0.54 mg L™ (151 2(a)), HARNZERZFI3500 56.28% F1 90.43%
(#l 2(b)). FERERBRITI, PRSI EYIBARRME S YRR PO P Bk /5 1.53 mg L™ Al
1.51 mg- L' FE(KZ 1.01 mg-L™" #10.09 mg-L™" (& 2(a)), HAARIZBRARIIHIH 33.99% F1 94.04%([K] 2(b)).
SR YIA R AR A YRR R K COD {E0 510 20.16 mg L™ #130.79 mg-L™" (Kl 2(a)), KBRHF
SEIH 66.60% Fl 50.60% . WA, ML TR—SFREYIAR, ZAEYI TN Fl PO, -P 25K
RO T 34.15% H1 60.05%.

80 1101

I NH-NjfEk TNHEK NH,/-N TN [ PO;-P EFR COD
70 b NHI-NUE;J; g TNtH?k# ‘ or 7 v

NN NOZ:-N;‘_7 PO 4j:—P;‘_7 90 + S
_ormNmg SmE ) w) o
o 30T W NOS-Nit K 3 CoD ik §_ Zg [ %§
\éﬂ 40t .| /\
=30 " 40 %§
- 20 30 /\

. . _N.i, i\ N
BRI M-SR EE S EYIR B e E IR A IR
(a) A W SA LI B 21k (b) & B R AN B

B2 B—HYIEMESEYIRETRISIVKR. BRAIIIREELMARE
Fig. 2 Changes in nitrogen, phosphorus and organic matter concentration and removal efficiency of
micro-polluted water treated by single or composite biofilm

EIRRIFRASRERN, TR S AR ZR T NH, N F1 NO, -N ML LRI MIUK AR5 3K A= P4k
HREREAIR, ST AR AR . SRR e . bR . IR SR SO SR EYrnT g
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HAETE AW, HARERS) T NH, N 1 NO, -N BUHALERRE, ok, i b — 32 M
BAEYIIRE NH,-N LBRREOL, HEMGCE YRS e nT GeE B A E MR A & 45 TROOER . —5
FAEYIARZR NO;-N IR RATRBZ TR FIMARN 2 . BARMKIISIRA L (COD/TN) 2924 12 247, {HH
TR Z IXEREFA NN, Iz SRl A T SR B IR s 4 R s U A AN 37
K NO, -N R ZE , s gk iigik . Mool LIRS NO, -N RS SR i T8 — A ik 2=
ffs DO(4.0 mg- L") ¥REE, Bk, BOCE AL THEACRT, DU A SRS ERT T RER S . AT 5—
SFAYINE, EA YRR SRR R THOMRE AN T, JearrIirss £, EAMEEE A EY
ALK CO, #AHANIY, TP HAE RIS S b . SRRy, SeArERSRs A I & R e
TR T ZA Y COD BRI

S AR R BRI PO, -P LR RIIRBE A M R EE R B IR A IS .. EE A
Y, D6 E A W TRl Ak DL R i A W15 2 iR £R TUUE (biologically induced phosphate precipitation,
BIPP) i F2 A] GEM AR E T WA 2B . ZHANG 250 WFgT R, oS n e e AL T By Rk 25
Bi, MHARBEET T RNAR RN pH, TEE5E FAAAEREOLT , PO, P [RIE ARSI AIE U e 25
i, RS BIPP 2RI T K% 63.8~70.9% IR brie. AT EK TFe HEA Ca® F ik 435
49 10.7 pmol-L ™" 1 600 pmol-L™" Ze45, RN CaP AIfESE BIPP (92 /=H), IKAb, Wik T ] LAty
SN PS> TR M SO A e EYIE R Rl , 80T LG i 22 R ok (e 2ot A s
YRR, X AT REME— AR A R AR BR . 28 ERTA, FINEYITT DIVE KR 2 ANMSOK IR 5 Gk A 2
BRI AR, AT ANERER Y, TR APl FEs A K TS YA TR, SR A R
PREEXUS & AR Y, 300 2 /KA SRS A ] RSt B BB IS
22 EEEYIERGIERTRER S

% 3 AT, EARFRDEIEERE . NH, N & PO -P LM, EA4EWIEXT NH,-N, TN, PO,*-
P & COD BN 83.1%~98.2% . 69.9%~94.1% . 77.3%~98.2% I 37.9%~53.3%. FACLI NG IE
IMIEERRI (& 4), XS AMIUKIRIS 3K NH,-N| TN, PO,*-P J COD L&A AR M
T, OGRS NH,-N WBE> PO, -P VR, A5 RRBDGIGR BTG A A WA P RE R MR s My 22
IMTEERKTF (£ 4), POCHRIRED) Y¥I/NT 0.05, XI5 YYIR) LR 22, 1 NH,-N Fl PO,*-P ¥k ¥
XA A YRR AL PR RETC 2 R0 . 5BR NH,-N Fl TN X5 A B E IR5R KR 6 000 Lux, 5Bk
PO,>-P il COD X} Jo; Fty e G HESR B K 43518 8 000 Lux F1 6 000 Lux, —J5Ti, JYEHR A e Sota
PRIPAERACHE, XA SRRSO E B S —J7 i, SERMAEY T ER O, iR TNk, dr TR
W, sEfk NH,-N B SAHEPWIRIRERD (EYCREREEr, A3 aT BEX RS AL e A F /R FH 3
HHUIRER > B, g, 1A DO WREE Al e S AI R E AR R, 3 TN 2R AR
REE YCREBREE AT, B RBRRARWE S, X TR TR ATEHINHAR pH BHETH R E e R et T
BIPP KRR M-S M s > 11,

*3 EXTWER

Table 3 Orthogonal experimental results

AR JCHEREE/Lux  NH,“N/(mg-L") PO/-P/(mgL") NH,-NZERERZ/% TNEBR%/% PO -PERE/% CODEERZ/%

T1 8 000 2 0.5 83.14 69.94 96.93 43.49
T2 8 000 6 1 84.63 71.85 98.23 44.71
T3 8000 10 2 84.63 72.56 97.22 46.16
T4 6 000 2 1 94.59 87.84 86.96 51.07
T5 6 000 6 2 96.23 91.51 89.45 51.51
T6 6 000 10 0.5 98.24 94.13 86.19 53.27
T7 4000 2 2 89.63 79.62 78.83 37.88
T8 4000 6 0.5 90.57 81.79 80.45 40.75

T9 4000 10 1 92.42 82.34 77.33 41.26
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F4 EXIRMESHESH
Table 4 Orthogonal range and variance analysis
TiH S K, K, K, Ry F P
Ot HEGE E 252.4 273.48 243.75 36.66 170.750 0.006
NH, -NZLFR3 NH,"-N¥k 267.36 245.15 249.03 7.93 7.963 0.112
PO,-PYk S 271.95 242.03 243.69 1.46 0.300 0.769
pIRiEE S 214.35 273.48 243.75 59.13 300.305 0.003
TNEBRE NH,-N¥#kJ# 237.4 245.15 249.03 11.63 12.046 0.077
PO, >-Pi ¥ 245.86 242.03 243.69 2.17 1.267 0.441
G HRGR BE 292.38 262.6 236.61 55.77 1577.309 0.001
PO-PLpRFE NH,"—N¥fE 262.72 268.13 260.74 7.39 29.638 0.033
PO —Pife i 263.57 262.52 265.5 2.98 4.627 0.178
R 134.36 155.85 119.89 35.96 258.029 0.004
COD LR NH, -N¥#EE 132.44 136.97 140.69 8.25 13.454 0.069
PO-PYR S 137.51 137.04 135.55 1.96 0.825 0.548

2.3

R EIE S E VIR SR ERT IS

WE 3(a) Fizs, NH,-N ZEBRERDEIE A R B8R 22 F80 N, 16 12~24 h #124~36 h A, NH,"-N
EBEF BN 0.21 mg-(L-h) ' F10.20 mg-(L-h) ', NO, -N K HI B, HFEWHELE 0.04~0.14 mg-L ',
NO, -N BB P IE R B — R R R, TR AL BRE N 1.29 mg L', DO Bz G/ RS
YT I e B fh ks, (HHI AR A TE 6.0 mg L' LA b, FRZEESE—ER], M TOCEMA:
Y EA 20k, SRR L AT RETE NH, N $EALal B b 248 T B CHEVER, Feil e R aemifel . NO, -
N A BEF—J5 1 AT RE AR R A DO M BEII T R A AARSEREAOTSHE T, S5 —Jr i nT e f TARIR LN A
MG, BIRBEDCAER T LA —E A YU TRt A2, (ARSI RIS R A SR T e —E
FERERGAE O (RDAESE IR R RAL), SR FBUR IR . R S IR R R S i A R S A U,
B NO, -N R rfs MR BEEAR o 041, BAEYIIRRG IR A QS M Bt TR 2 T NO, N
AIFLE,

1~ FEvTIEE Svy 11 25— 10
.- * N i-e- N '
10§ Lo NO. N i-DO’ 110 1o
ord S 19 20}
8t 5 | 18 ; 18
"T} Z i E E 17 T—l T»—l 15F H 17
W 6! : {6 ST
' " o on
5; st s s 15 £ £ 16 %
: ! ' 3 X L
g 4r s s N 13
® 3r : ! 13 &=
: : : : : : 14
2+ : : 12 0.5+ : : :
It ‘v/r/i i 1 s —t s 13
oF - . ‘ +40 ; ; \,\n
1 1 1 1 1 0 1 1 1 2
0 12 24 36 48 0 12 24 36 48
ZTH]/h 1T E] /A
(a) A DO EEAE Ik (b) BFIpHAR{L

B3 SEEEYIIRIEMSHRKIERM DO K#H pH ZEHEE
Fig. 3 Variation trends of nitrogen and dissolved oxygen (DO), and phosphorus and pH during the treatment of
micro-polluted water using composite biofilm
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wmE 3b) iR, EAEVEERYIN 12 h NEBR T 85.1% ) PO, ™-P, PO,"-P ZBRHEIZRATIA 0.15

mg-(L-h)", BlfG PO,™-P WKETE 12~48 h NZEME TR, SRR R 0.05 mg- L™, pH & GHE/E
IRRR A AUt S B e sh s (e, SERURAS T pH TZ4ERSTE 8.0 LU b, FiRZE IR, AR TRYfk-I il
AT = SR EG RS, BT REH 2 Rl DI B SO A A DR TR el 2 BR0 1, e R IR S

T (12~24 h), BEEHT pH 9 NEEIOGA A ENE RIS, PO, -P ABRECRAMGN AL (0.000 8
mg-(L-h) "), HAZERIIRBEA X bR oiikie/ N W pH AR EE R LR R £ S Jea i wn
HATER. itk A A . BRI, SCETRCEY S R SHFER 7 CO,, SEUAM pH 1Y
AP, R AR S A i AR T R pH TS ARG AL A R S T AR R, 1 A
pH WIREIR. ZESCRIAN], SeA A T aeE am gl (A 3(a) s DO MR AT HERT), HIEFERY
CO, wmitfiid THL AN A= CO, 7, HILSEVAR pH AW T+, %% pH ) AR T CaP %5
DOEMIERL, SRR bk, MERRRRAET, BR THHIL AR, s a A M ginrig
YER 24 CO,, TR pH SRR Tk, fLE MY RO BT A L5t (175
T, WA IR
24 SEEVIRBREMRBBERES T

WE 4a) s, EIOGIRAET, M KRESEVERIER, JTCIEH I ATU BIFFEFE, R% NH, N B
RIS, 3N 22.5%(IREH) F1 22.0%(FEE ATU 2H), FHRIT) NH, -N EBER3500 0.0313 F10.0311
mg (L-h) "o KM, EEGAEYIERS T, M AR A IR R B ES, ATREXT AR

T - NH/N —e— NH,-N+NaAc - NO,-N+NaAc+H54
—&- NH/-N+NaAc+tATU  — NH/-N+ATU ~o- NO-N+NaAc-+EA,

5 5k :

n 4 Ty

» | "

£ )

@ 3 E, 3+

“ ¥

= 2 E 2f

Z

| —o- NO;-N+NaAcH4
—0- NO,-N+NaAc+I S+ iRk

0 5 100 15 20 25 30 35 40 0 5 10 15 20 25

SV Bl /b S i [8) /b
(a) SR AL LTS AN, -Nik 272 (b) S il R Ok AR fh
8 7
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Fig. 4 Variations of nitrogen and phosphorus concentration in validation experiments of heterotrophic nitrification, acrobic
denitrification, anaerobic ammonia oxidation, and microalgae/photosynthetic bacteria assimilation and biologically induced
phosphate precipitation
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Table 5 Microbial diversity analysis of inoculated sludge and composite biofilm

LY il AR Feature ACE Chaol Shannon  Simpson  Faith_pd

- s 1742 1742 1742 8.429 0.988 101.323
Yl

BEHAYINE 896 896 896 6.507 0.97 60.694

— s 347 347 347 4.003 0.749 84.233
L

BEHAYINE 356 356 356 6.122 0.964 66.264

s FeRhiEie 426 427 429 3.365 0.816 81.262

73 S
BEHAYE 454 454 456 3.796 0.895 94.367
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(3.5%) . Fluviicola(3.3%) . Flavobacterium(1.5%) F Luteolibacter(1.4%). Chloroplast. Pseudanabaena PCC-



692 How TR % W #19%

100 % 100 dquilesum
Pirellula
Curvibacter
Cyanothece_PCC 7425
80 80 FukuN57
D i Sediminibacterium
Gemmatimonadota NS11-12_marine_group
Actinobacteriota Porphyrobacter
= 60 - Myxococcota IS 60 Leptolyngbyaceae
\x Acidobacteriota E( Blastomonas
J& Patescibacteria L Cyanobium_PCC-6307
H Planctomycetota H Silanimonas
= Verr 1 i i = L li
CD:E[ 40 + Bacteroidota E;I 40 + Flavobacterium
= Cyanobacteria = Fluviicola
P t ia OLBI2
Others Rhodoferax
L | Lysobacter
20 20 Geitlerinema_LD9
Pseudanabaena_PCC-7429
Chloroplast
Others
0 ! 0 !
G R G REEYI
(a) HERT5 IS & LEWIEAN AT 1K (b) HERMG IR & H PR s KT
100 - 100 -
80 80
s 60 Ssef:imycola < 60
N L asidiomycota RN o .
h Trichoderma
M goié‘i’lg::x;goctgm ‘HLD( Unclassified__Chytridiomycota
+H_ Others +H- 8nc}ass!::legigasizzamvcom
— - nclassified _Rozellomycota
-’D? 40 + E 40 + Others
= =
20 20
0 . 0 =
TR HEHEYINE G HEEYIE
(o) MG & EWIBITE T 1K (d) A5 & A L KT
100 100 -
Cryptomonas
Colpomenia
80 | 80 Euglenaria
Phacus
Lepocinclis
e Cryptophyta < Trachelomonas
§ 60 L Phaeophycophyta § 60 Peridinium
M Euglenophyta M r Gymnodinium
Pyrrophyta Stephanodiscus
# Bacillariophyceae # Navicula
= = s
2 W E i
m L " L
< s = Cyclotella
Cladophora
Stigeoclonium
Scenedesmus
20 - 20 + Chlamydomonas
Chlorella
Others
0 | 0 |
HefhiG ik ZAEYI Hefhin i AEEYI
(&) Behhi5 AN & AR TR (F) Bemhis AN & AR RIR AT

5 BEMISREMESEVIETME. EENREICEXMEYREEENERE
Fig. 5 Relative abundance of bacterial, fungal, and eukaryotic algae microbial communities in
inoculated sludge and composite biofilm
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Abstract  In this study, a ternary composite biofilm comprising microalgae, bacteria, and fungi was
constructed using natural periphyton. Its enhanced efficacy for nitrogen (N) and phosphorus (P) removal, and
microbial community structure were systematically investigated when treating micro-polluted water in small-
scale aquatic systems. Compared to a single heterotrophic biofilm, the ternary microalgae-bacteria-fungi biofilm
could increase the removal efficiencies of total nitrogen (TN) and phosphate (PO,”-P) by 34.1% and 60.1%,
respectively. Orthogonal experimental analysis revealed that light intensity was the most influential factor in
enhancing N and P removal. Under optimal conditions, the ternary composite biofilm achieved the maximum
removal efficiencies of 94.1% for TN and 98.2% for PO,”-P. Batch activity tests elucidated the underlying
mechanisms, indicating that multiple pathways including heterotrophic nitrification-aerobic denitrification,
anaerobic ammonium oxidation (anammox), microalgal and photosynthetic bacterial assimilation, and
biologically induced phosphate precipitation collectively contributed to nutrient removal. High-throughput
sequencing of 16S rDNA, ITS, and 18S rDNA amplicons revealed a highly diverse microbial community. The
dominant bacterial phyla included Proteobacteria, Cyanobacteria, Bacteroidota, Planctomycetota,
Verrucomicrobiota, Actinobacteriota, and Dependentiac. The fungal community was primarily composed of
Ascomycota, Basidiomycota, Rozellomycota, and Chytridiomycota, while Chlorophyta and Bacillariophyceae
dominated the microalgal population. At the genus level, key bacterial taxa included Silanimonas, Chloroplast,
Cyanobium_ PCC-6307,  Blastomonas, Leptolyngbyaceae,  Porphyrobacter, NSI11-12_marine_group,
Sediminibacterium, Curvibacter, OLB12, and Pirellula. The fungal community was dominated by Trichoderma.
Chlorella and Chlamydomonas were the dominant microalgae genera. Notably, Silanimonas, NSII-
12 _marine_group, Sediminibacterium, Curvibacter, OLBI2, and Trichoderma were identified as key genera
driving heterotrophic nitrification-aerobic denitrification. Additionally, Pirellula, a representative genus of
anaerobic ammonia-oxidizing bacteria, likely played a critical role in nitrogen removal under oligotrophic
conditions. The research findings preliminarily elucidate the multi-pathway nitrogen and phosphorus removal
processes and microbial community characteristics of the composite biofilm in treating micro-polluted water.
This holds significant importance for the ecological restoration of small and micro water bodies in urban and
rural areas, as well as for the enhancement of their ecological conservation value.

Keywords periphyton biofilm; small and micro water bodies; micro-polluted water; nitrogen and
phosphorus removal; microbial community structure
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