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RESEARCH ON THE ENHANCED MICROBIAL
DENITRIFICANTION AND EXTRACELLUIAR
POLYMERIC SUBSTANCES ELECTRON TRANSFER
MECHANISM OF FeVOs@Biochar PHOTOCATALY SIS

ABSTRACT

Microbial denitrification, as a sustainable alternative, is a process in which
microorganisms reduce nitrate (NO3 ) to nontoxic nitrogen gas (N2). This technology
has garnered attention due to its low cost and environmental friendliness. However, its
efficiency is often limited by the insufficient electron transfer in anaerobic
environments. To address the issue of low denitrification efficiency, researchers have
explored new strategies to enhance microbial activity and proposed photocatalytic
denitrification as a feasible enhancement strategy. Under illumination, photocatalysts
generate electron-hole pairs, with the photogenerated electrons participating in
reduction reactions and the holes in oxidation reactions, thereby accelerating the
transformation of nitrate. Among numerous potential photocatalysts, iron vanadate
(FeVOs) has attracted significant attention due to its relatively low band gap (~2.0
eV), good visible-light absorption capability, and chemical stability. However, its
photocatalytic performance is restricted by low electron mobility and high electron-
hole recombination rates. Biochar, a carbon-rich porous material, possesses excellent
electron conductivity and a large specific surface area. In this study, we coupled
FeVO4 with biochar to construct a heterojunction with conductive materials, which can
enhance the separation of photogenerated charges and facilitate the transfer of
electrons to denitrifying microorganisms, thereby improving the photocatalytic
denitrification performance of the FeVOs@biochar composite.

In this study, FeVO4@biochar composites with different FeVO4 contents (mass
fractions of 10%, 15%, and 30%) were synthesized via a hydrothermal method and
were named BF-10, BF-15, and BF-30, respectively. The prepared FeVOs@biochar
composites were characterized and analyzed using X-ray diffraction (XRD), scanning

electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDAX), Fourier-
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transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
photocurrent, and zeta potential analysis, confirming that the synthesized composites
exhibited excellent electron transfer and photoelectrochemical properties.

An anaerobic denitrification system was constructed under laboratory conditions.
The concentrations of nitrate, nitrite, and ammonium nitrogen were monitored every
24 hours over a period of 7 days. The results showed that without a catalyst, the
nitrate removal rate of the sludge was 27.3% (decreasing from 100 mg/L to 72.7
mg/L). When pure biochar and FeVO4 were used alone, the removal rates were 34.3%
and 38.6%, respectively. The addition of the composites significantly enhanced the
denitrification performance. Among them, BF-10 achieved a nitrate removal rate of
76.4%, while BF-15 reached 87.6%, reducing the nitrate concentration to only 12.4
mg/L. The performance of BF-30 decreased, indicating that excessive loading of
FeVO4 might inhibit microbial activity.

To further explore the mechanism of denitrification electron transfer, the
activities of nitrate reductase (NAR), nitrite reductase (NIR), and extracellular
electron transfer activity (ETSA) were measured. BF-15 exhibited the highest NAR
activity, which was 3.22 times higher than that of untreated sludge. This indicates that
the composite photocatalyst improved electron transfer, thereby promoting microbial
metabolism. During the denitrification process, microorganisms secrete extracellular
polymeric substances (EPS), which can form a protective biofilm layer. The content of
EPS was investigated in this study. The EPS content in the BF-15 group, especially
proteins and polysaccharides, increased significantly (from 78.91 mg/L and 20.14
mg/L in the control sludge to 178.31 mg/L and 48.62 mg/L, respectively). In the
denitrification system, EPS can adsorb onto the surface of FeVOs@biochar. EPS not
only protects microorganisms from the toxic effects of nanoparticles but also enhances
the electron transfer process. It adsorbs onto the surface of FeVOs@biochar, reducing
the electrostatic repulsion between the catalyst and nitrate ions, thereby facilitating the
rapid migration and reduction of nitrate.

Furthermore, high-throughput sequencing analysis was conducted on the
microbial communities in the constructed denitrification system, revealing significant
changes in microbial diversity and abundance due to the addition of the catalyst. The
dominant phyla included Proteobacteria, Bacteroidota, Firmicutes, Chloroflexi, and

Desulfobacterota. Key denitrifying genera, such as Geobacter, Novosphingobium, and
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Clostridium, increased in abundance in the BF-15 and BF-30 samples. Principal
coordinate analysis (PCoA) based on Bray-Curtis distance showed that the microbial
communities in the BF-15 and BF-30 treatments differed from the original community
structure by approximately 52.0% and 32.0%, respectively. The results indicate that
the photogenerated electrons from the composite material influenced microbial
growth and function, favoring the growth of denitrifying bacteria.

The study demonstrates that the FeVOas@biochar composite, particularly BF-15,
effectively enhances microbial denitrification efficiency by improving photocatalytic
activity, enzyme function, EPS production, and microbial community adaptability.
This research provides data support for the development of photocatalyst-assisted
biological denitrification for efficient nitrate removal from water under natural
sunlight.

KEY WORDS : Denitrification; Photocatalytic; EPS; FeVO4; Microbial community
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JIRE T 5.3 1%, Zhang PRI R DL, SERIR T 5 AR 9 % X6 A R R 1
W B e RE AR T, AR ST SO R A R S RE DA P N . H ]
W, HE )R 3 THT FEL A AR B AT AE L PR A R B R Th R EEEH . Zhang
SEPSGE T RIL, O A B R R P 3 e KR M B (Qumax) N 7.42 mg
Nig, ZINASMEEYIRT) 3.8 f4.

TEA DR R B BLAI B 7 p, AT R EE N R R SR 2R 3h ) Rk 2
DA 45l AR e 2T AN (FT-IRD « X HHRATET (XRD) ZHR, 94k
BT 5 400 R 2 T RS 53 R TG A AS AR A, DTG 00 3 11 5 o a2 T e A P R
Plil. Wang ZERH] Mg/Al EHIRXVESAMNY) (Mg/AI-LDHs) BP0 A 4E )
TR B K IR 2R, RIS 5 B AR PR (R B RE 03 = T 7.43 £, XFAHTR
IR K & (Qmax) N 156.84 mg/g (14 35.41 mg N/g) , HLELHTEE
WY, AR (R R PR F 0 2 ok B T PR AT B8 A e AR RO, AR, 7
AR R BT A R ATLAR R 2 5 THD 3 R AR SR B E, R I R A 43 TR T
H R R AR T IME RS S, (BT o7 S5 2 TH SO B LR 2R 47
SRAENT D o BT AR o A M B 1, AN T /KPP — B 48 R IR

6



2 SN e e VAT

PIMLEAAAE — s (UXERL . AL, MR RE R R R T5 e I — o i e i 21 ) —
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JEBLH T RS HT 5o Chen SEPRM T — MO HUE SR RAHIL (PEDeN) %
gt, HA A AN S A IR RS &, AT TR RS B A L AL S
R A ) L DR SO A . SRTTT, WU PEDeN RGE(E 5 A AHER 25 B4R 77 TH
ARV R RS Zhu PR T — ARG, A KT R A A
DL R AT ) AR (TiO2) GROR UKL R (e 3t JR L R ERIE SR D, 8~ S 44
ME QBT HFAERTE N, AV 57w RE B 5w n] LU DG
PSR, M e RE X S i A, IR s LA IR shiE IR RE T . AR
1M, XA 2R G 5 255 FR O HEAL I PSR RO RZ R O, RO G HEAL TR T 2 B 2R
TKAR R AT ARV R AR S XU

EEME O SRR (ICPB) HAR BRI AE K AL 2 o (#7771 52 £
Sz R XMITVERNIH Marsolek S50 0, SAEWIIR S eI 4 A
PRAL T —MaHF B RN ICPB R4, JeMEA AR 57 RFLIE 43
PRIV, ARG R BRI RS Ve h I A EERT . el A AR W) e AE )
—RGTEBKE. 5 ERPRGHL, ICPB HiAR N Lk Gt (b 7B B ekt
JREK A, I HOGHEA AT AR 5 MK TR A8 B, DA T 2 35 B X B4 358 9
SN, WTIURW], fE ICPB R4, M5 yCHEA T2 () 7E ) I YE R H &
ATV ST I E RS o DAL AR B Rk nT DORS XE B AR 1) 201 R A N R
Gy A rR RIS, T K 2 r [R) A 2 4 PR S 7 T 4 80 9 8 ) ZE ) R TR
R FEARCT. AN, AT DM AT AT G T 3 AOOG AR A B TR
AR R RATREVR AR, MR EIE R . 18500k, XGRS
CWT T T B — R 5 AW B 5 e, K R g gk R A
K ZRARMMGUER . SR, ICPB HiUR MR T /KT IR ELIC IR, X5
PAAERIE 7E 2 2% A AE VI HE R 5 BT AN T

7



2 SN e e VAT

HAT, AR SIR s R gk, JFOHRT REXT AN
BAEAL AR FE N, 3 S PR At 9 B i e A FH A 25 Al 2 7 AR Bl T AR
PR IG SR AW S A R o R S BB U B T AR R AR P AN oK ki ik /1
R I RESRAR B A ) SRS AL IR 92 DRE e ) H 1 R R A G SR A Y S AL T
[ E RBAE . N T AR GRS IR #h IR G IR SR RO, B ALE TR 2 R T7
P, IS NAEFR] CFTORCKGRD SR SR P DI s R, R 2R OR A
ko AL GOGHEATIZE RS IR 2838 J5 b B T E N HANME, EAERR S 2 BR AR [F)
I, 0 20 R PR v 2 AR S R AT ) S S I P s BV IR A e, BABT b R
T AP0 B P S A A R R TS B A B P 30 AR A I 1 S A A I e 2 2 R A
GREA BRI A ILECE AL A, DR ER S 7E v
TR, FE—RVNEIEBFRIERTY, Wi AR A iR &,
B 12 fos, IiEAGE AR i K il B S RO R, S A AR AL 4 DU AN S R A
B, B PR NS SRR, 3 AR ERIE JE S (NARD
A R FR AL SR (NIRD  — AL RIE A B (NOR) A1 — S AL — %L 5 iy
(N2OR) 144

+H,0 +H,0
2H* + 2e~ . 2H P 2H++2e‘ 2H+ " il

Outer membrane “ “ 'l ”
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Nitric oxide = Nitrous oxide
_— reductase_— reductase reductase reductase
NO3 f—— | NO2 ( N,O > Nz‘
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B 1-2 S AL IS R s R i R S B e R )
Fig. 1-2 The enzymes and reaction processes involved in denitrification 14’
MR R, —2e - FRME ObfiEtbinD mTRAZE R WG RS T (2 kb Be
FRANTE N TR AN AR, DR Ee g T R 8% R e B0k 72 AR 10 LT3R RE
BUAERR AR . BeAh, BB BRI S R AT XA I 2 AR AR AT B
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i I AR UK BRI s I B 7R O AR AR R I R BT DL B
TR, AR INE KT FeVOs@biochar, 44 HAE A ikt #2 A4
[y [ F AR o IR E T O RS N R BRI A i, 8 AR
PR A R e, AT k25 1 5 S A A S RS
1.3 RAMRENX

PR R R 6 1 2 o v e e AR BRI ™ B a5, R IR #hik
o3 T B S N AT R B A FEETY, TE N P R R TR 858 T BE I iR D O A TR
i, WAHRRER S5 ANE NI E A2 A N A S ig i, U R4 L
e HERNEE, KRIDIER SRS E B MAE . HEIRm . BRI
MBS — RV, X N R i e B . ARSI P& 5 AN KIG3)
B, BB IARAO AR L A 24 25 SR 2 0 0 A A 7 i A
FI, i MRS TR 3h DL K Sk B I & BB R R A R R . REHK, B
Pl R HeHE T 45 2 PR AR E N KRB R U8, 80T 2K b RS R Bh Ak FE 38
SRR E EFR . EHE . MmSEKEt, 2 B R ER IR R S KA
TP ST, THARK ISR, SEUKPUERL, faE KLY B,
ZERAHIR SN T iR KR A S Pl B oc . AN, TR 2 KR
M 3, PR ML i nT RE SR RO WAL BR AR 2R i U7 vk ] DL B R
T IEFE Iy, WD REER SRR, Bk IR, AT PR B A W 1) R R R
Koo AR T8I I e Ak S B AE W SR AV FE R BR AR R S R RS R 25, JFIR
IR FL AR AL o AE SCHRIF 0 B R ] Dy 7K Ak B P8 i 26Ut 7 U5 e
AGAE) B HEAL P [R] 25 B3R BRSO R MBI ARSI, 3Bk B SRk Ak bl &
MR Eh0Y, AB T — P UCEREBOK A S L&, s ARSI RS 6], X
ARSI E A AT HEE
L4 AIRAE R AR
141 HEAR

ABFFL AT MR NS TR 256 2 R AR B vt 7, dd
SIS E L . AN SIEEN T SRR ST, Rt
WhoR By (FeVOs) TERAM) AN A2 Hp ot i R 5k 1 B AP G, PR
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R LA 22 231 A P 2 A sk A A,

Xt T 5 i FeVOs@biochar FIE SRR X SF4ATHT (XRD) « 433
TR -fE R OB X B4t (SEM-EDAX) . il B A5 4 41 4F e it
(FTIR) « X B e FRENE (XPS) Y6 HLFUAT AL o0 B 25 1E 47 R AEF1 43
B, BREEMEHIBR AR SRR, it — BRu M B b 28 e
3t

FIHE AWM BT R — R AR L L300 L, BN R 261 R 1l 45 1
SAPPRHG REALROR, RIREFE C/N Eb R R B 5 R 2 i BRI s, Okt
) SI2 i I FH i (L A58 =4

I I SO A S AR P R #h L SR (NARD IR AH R 2834 )58 (NIRD
IS PE. AN G VI E B AT TR 08 R QS T, SRG It R &
SRy SR FH EE S A A I A R ) SO A R G R R A5 A, A
TANE A R G ISR S (Extracellular Polymers, EPS) & &, M4
i1 BEBRSR 5 A ARG AR VI VE TE AR W i R & IR N TE DG BEG
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Fig.1-3 Technology Roadmap
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28 MRHIESRIE

2.1 SRR FIFNLEF
2.1.1 EELWHH

ARSI o T AR P JE A BR[0T R 2 B A o L A Tl A .
KA TS R ALK TR R R, SR JE AT IR 20 b FE . B S
B AR TBCE T BB IR R BR M b rh R AT A AL B o B R IR B R
600°C, JHRIEZJy 10°C/538, TRIRI Ay 4 /N Bgse)s, Frfs 3
a2 BT K I TE T AR BRI B A4 BT, JRAE 80°CHIMEAE h L s LA HI
A S0 A PRI T YR R S T R S T K AR BT PR AR A ) IR AR TR TS
Je, HTESRIMAEY RS .

ARSI T F B AAbE. ShER. FEE. AELEN. BREREY. R
M. WHEREN. WEINE. BRREEN. STk, BERR A, miRER. S,
SR, SUEE. SIEAR. HHEREY. SALES. SR, TR, 2. TR
By, AR (0.8%)  ROMMHEIELEE . JUKAIREE . ImLER L, W H %
B AR R AR, LI HKCON B 1K, HAth B A 2w R 38 4
af,
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2.1.2 & FLE

ARG s A A £ W3R 2-1 i .

F2-1 SN AS

Table 2-1 Experimental equipment and instruments

& E N e C I 3
& gy MFLGKD206 TR IR A
BT RRAS DHG-9140A i IRFB AR B A PR 7]
H TR DNG-9101-2 b fERHA R A
AL BJ-150 HBFAR BT RAT
IKIHREIR THZ-82 B AL SR A TR 7]
WG ImL/5mL/10mL RN IR AR B AR 2 7]
TR HZK-FA210S fa G T RHE R A A
INIRHE I 2 MS6PRO WHLHE 2R TR A ]
BB 4% LC-ES-60SH i RFB PGSR B A PR 7]
R P YR T AL KH-300DE B2 LR G P A 3 A PR A 7]
EVALIBAV:iov, i 278 TU-191 At b I8 FAES A IR ST A
PH it PHSJ -3F SRR AR AR A PR 2 7]
R B AL H2-16K-11 T P 7T BRANCS e A PR ]
ABA KB Smart-S WA E R AT
X HHEATHAL (XRD) Bruker D8 i [ A £
L AR 2T A (FTIR) iS20 %EH
T AL (SEM) Hitachi Regulus 8100 H A 3

X B8O T REEL (XPS)

Thermo Scientific

% [E Thermo Scientific

2.2 SEIG R R I
2.2.1 TER SR LMK BUR B I &%

B 56H 1.5 g Fe(NO3)329H20 V& T 75 mL 228 7 /K it #E 15 2050, id NIEm
a. [HFE, ¥ 0.75 g NHsVOsIE T 75 mL £B 1K, HitdE 30 0%, i A
W oo KVEW a ZARIMAEI b h fiFE 5 . Fm BRR-SWRIN 0.3 ¢ PVP
TR 1 /N ARV IR SR pH IR E 13, HERERH
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IR CUTUE, PRI 72 2 R VU 3R O M o BN B A s T 58 rh IR 4R RETE
180°CORFF 24 /NS o RSB 58 UG H AR YA A e e 58 28 =508, BRI AR S O 80°C
AT 6 /DI, BLEBRKIY. BE MM AFEMET ST, £ 600°C
NBUE 3 NI, DERERANYIREE DR E P a e . BRI N 2-1 fr

7N

Fe (NO3)3.9H,0

—_— e [
= B dﬁd@'ﬁv FeVO,
NHVO, I PVP A m
L >
= 60°CHiEh = EREIHO.
= = =y

B 2-1 BILER Bk K R ] 528 B R

Fig. 2-1 Schematic diagram of preparation device for iron alum nanoparticles

2.2.2 £YIRHH &

il 2 A2 e TR R A R ) 22 (B R R 2 B A o o 2 e N R A . R R
A7 A MO B L R B ot R, SRR EAT T 0 A 3 . LRV AR A
Kl 2-2 FioR:

R

(&1 2-2 W o1 5 PR s
Fig. 2-2 Schematic diagram of biochar pyrolysis plant
(D BERERTIHEBAKES G, BMANSATEMET TSR, TEE
T2 LSS, 1 100 HfR S 35) G & H
(2) HEAXME XY AT A 30 %0, FREL 20 g 7T RE T&E 5 7+
H, FREE T ETE R, TERRLE N B AAE T B 10°C/ 208 s e T HR
ZREMIRIE (800°C) JH#E 240 738, HARFEAHE=E.
(3) 0.1 mol/L EREXITHE R (BC) #HATEEYE, T FHIEBA/K YL
REZBVGI pH E NP, FEAE 80°CHYEAE g%, PAEBR/KSr. &5
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HHER A B IRAES
223 IR GBS ENTIHIE

IR FeVOs E% (10, 15 A1 30) , #1457 AFEEE T 5wt %)
FeVOs 5AVIRINE GMR. BAMDEN: 55k, # 0.5 g KRN FeVOl 40K
FRLE T 40 mL R, A AR A PR ACEIVR A TRE 30 4380, DURACRA:= 4 7% F
FeVO4 JUKBRII 51 8. R)E, ¥ DREEGTRE T 80°CHIMG s, Ak
WEESSIREY), DAERRTEE. RN 2B RE, KR E T S,
fE 200°C FRURZ) 1 /NI, DIER SMBIIER . KA R EE 5 - iR
FeVOs B &M K5I H BC/Fe-10 (BF-10) . BC/Fe-15 (BF-15) Hl BC/Fe-30
(BF-30) 7, DMEEEIRX 5. AR 2-3 fion:

=]

1§

B 2-3 AR A SO G 7 B R s 2 K]
Fig. 2-3 Biochar supported photocatalyst preparation technology roadmap

2.3 RIRIER 37
23.1 B FEME (SEM) MESTHFEME (TEM) 29

KR S BT %P (Hitachi Regulus 8100, HA) ZE&fERGHDY
W (EDS) XfFrfil & A ST AR R G AR TS T R AL .
BRI KD mbl &R SITE TR G b, ST BLIEs8 S Hlk )5
BTN, FHrA AR DA IR KB E S 5 kv, AP RAS & AR
BHEBGEN 20 kV. AN, FEHHETRMEE (TEM) BUZNZFIH ThermoFisher
Talos F200S (USA) G2 H, -\ it 52 i
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2-4 £V ) SEM (a) HTEDS (b) . JGHEALFIN SEM (¢) MEDS (d) « WA
A 6L SEM BC/Fe-10 (BF-10) (e) A1 EDS (f) . BC/Fe-15 (BF-15) (g) Al EDS
(h) . BC/Fe-30 (BF-30) (i) M EDS (j) « TEM (k-n)

Fig. 2-4 SEM (a) and EDS (b) of biochar, SEM (c) and EDS (d) of photocatalyst, SEM
BC/Fe-10 (BF-10) (e) and EDS (f) , BC/Fe-15 (BF-15) (g)and EDS (h) , BC/Fe-30 of

biochar coupled photocatalyst (BF-30) (i) and EDS (j) , TEM (k-n)

F T RAEE (SEM) iR, aiEyR S 2 ALY, R
o, ALK (B 2-4 1a) » HXTRMMREEAHOGEE (EDS) /iR, 4
RAPARAGI B HAB ST ICER (B 2-4 1b) o 4l FeVO 9K Bk £ A NS, T4y
JSFZIR 60-100 nm, MRS (B 2-4 1¢) o 3 EDS S8R EoR, FRfAPUE
AR FeVOs 0 F, RAKIMHMAET (B 24 1d) o T A&
FeVOs@biochar & & MRHWR ML HET, H# 7 B (SEM) W23
FeVOs KBRS &) /3 ATAEAE IR R, HAHRL EDS 7R 1 a4l sz 2 4E
VIR AN R B 4T L) FeVOs (B 2-4 le-1j) o BEAbh, XHHERERAEN) BF-15 #f
MIETT TEM 24T, SRR FeVOs GPRIRL 5 AP m R 2 BELIRER:, 300
SR A S ERE R G (8] 2-4 1k-1n)

2.3.2 X 5141788 (XRD) 434

X SFEATHT (XRD) A2 iR R E T2 A I — AR, F TR FepeH

AL AR BRI S AR . XRD ISEA S U T
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B R AT AR E A
nA=2d sin 0

Forb: TS GEFON D 5 MG XG2S d: SRk HH 1 o T 1)
PRy O NSFATIH A

N T A5 B FT %A R P AE DL R AR H S AE R, R4 E Bruker D8
Advance X 5 R ATEHCR N 45 [F) FeVOs Ml FeVOs@biochar 5 &4 811 45 443k
1To0HT, SEEHECN Cu Ka HH2E (A=0.15406 nm) o K Tk RAE S S AT R IR F
FHBES R R AT R T, SRR N R 40 kV. HIUE 40 mA.
1 20 A FEVE DN 10°~00°, IS 59/0%h . HFTERE I X ST ATH R S
JCPDS ##i e (K5 01-071-1592) " igbr#E EIFEXSEE, k] 2-5 PR, 49RE
B, Bl 4% ) FeVOs A ZEAH, HAFAEWE 7 )67 T 20 =13.797°. 16.623°.
17.517°, 20.130°. 25.191°. 27.099°. 27.359°. 27.798°. 31.336°. 42.068°Fll
43.626°, AN TF (0300 v (221>, (3100 . (412 Ff1 (23
4) S, SREM =4 FevOos —5. diAWRTE 20 0 22° b BoR it —
ANMFFIETEE, SR T A1 (002) PP, RHEATERLEM. Frahl&
R AR SR BoR AR R IEVE AT FeVOs R BATHIE, XAMERT
BARHARSEEE R 5 3 A, BB UESE T AR IR N AR I FeVO, 1
TREER .

Intensity (a.u.)
P
1
w
|
-
(=]

Ly FeVo,

JCPDS: 71-1592
I||| II I| |I|||II I|I III|I I{II ||||II1|I3
10 15 20 25 30 35 40 45 50 55 60
26 Values

Kl 2-5 ZEMEIE X SFTEATH (XRD) &
Fig. 2-5 X-ray diffraction (XRD) pattern of composite materials
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233 BEMTIRAIEE (FT-IR) 44

KH] Thermo Scientific Nicolet iS20 Y] HLIH-AFHR LT M HEAE 0T AL AT BT 2R
AEMR, DAEEFE SR T B R (AR /b (FTIRD i@ —Fh) iz
RRATTHEA, RS IRBIFES R RER BRI 7458, FTIR Y6l St
EHEARRBK GEELELIMNII) TR FIRIBFIE . R R AR L4
i (Thermo Scientific Nicolet iS20, ZE[ED Il & HIfEAFIFP RN Ao, Wl
JIERM KBr [ERiEP, BARERAE Dy BUD BRI AR R FE G, S5IR
(KBp) WR&, WREIFREGHAEERE, BT KBr TG A 204 MER
B, B TR PGS & more s B TOeeh, 78 400-
4000 o [ HIE B PO IIARE SEIRLTAME S, DAAMHT AR M e 1252

FTIR Ji i R R (B 2-6) , 764 FeVOs ki, 1010 em™ KbAIESE T
VO HIRFRRA, T 706 e A1 464 em™ AL HIWR IS 730 /2 V-O-Fe RSN
Fe-O MIFiHR), 7E FeVOs@biochar EAFEMH, B T AVIRFFA T 1580 cm!
(C-C HifH¥Rzl) A1 1093 em™ (C-O-C hrfidiRas)) Wllgst, EMEES] FeVOq FA(E
(RIS A AR G i . BEAL, BEZ FeVOs & BGhN, ISR, Xit—P
ESE T FeVOs H5HE 2 [ F5EAH BAEH o

| BF-30

BF-15 i G-0-C

BF-10

BC

Transmittance (%)

v-0-Fe 0

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm'l)
9 2-6 ST A PRI AT S (FTIR) Yt

Fig. 2-6 Fourier transform infrared (FTIR) spectrum of the composite material
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23.4EIS (REHFE) MBHMRZES

HALZEHBTEE (EIS) fE N iR A A B i ) TR, RRRBIR AT
PR AL SRR, RS FEAT RS B B A R R AR S 2 A . 1R
EIS ZRZEHRe I, ~REIEAR N T B b (Ret) , SHEIE R T
We-FEAR TR AL TR M SRR E, T BLR BB W Fond Bes it i, m Dld i
Warburg BEHTHHATEAE. W TRAFEL EIS BIAES IR 2 A RIS,
P BEL A PR T FRL Ay A4 ) 58 . SR 4E oK, 7F BIS RN, BE% FeVO,
SR, EISHE#ERN, HorpaieR (BO) EILHBK I EIK, T
FeVOu Frsm M E AR (BF-30) WAA /MBI (B 2-7a) o X—3
KM, YR FeVOs B MBS T iR hbE, AMiEsSE T84
R B R TR R T

AL AR SO TP A AR VERE AR BT B, SRR TE i RE RO
WRLFHANIE. a2 (CV) FIHALZBEGTIE (BIS) SHARM ZH TR E
EIPRHEACE JFAT . BRI FL S . X ST A B TR AR &
MORLSC G 2 R DNEI RS, REMRAG L AR RE . B, et st THam
HEMEHEDCA AR E R RS, AP RHERIARE R, JUEA A IR 25
AU R 2N MR A MR R, H AR AR )
O Te A sk (RO AR SRR . AR sy b
G, By Sk SR SR-E R 4, 18 AT DO R L IR SO SRR 1
DA G SYERRDERENEMBRS RN E SR AR T E &M EHE
JEHF G RN AT AR AR e . @I T FRAT R, IR AT
PUEF SRR AP RIRFEESY, BilingenyHES ) RIIARFIH-F454), it 564
BHESCIRBI N I ARG RE . AL =B R SRR IEAHSS &, THR N R A
FEUEE B GBI AR RI Sy, ASEIRHTEAS R A o SRS s v s it P 2k
R . AR e A M BB CHI-650 FEALE TAESREATIEAS, 1% T1E
ufi 1 = FLR R G2
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Fig. 2-7 Electrochemical impedance spectroscopy (EIS) and Cyclic voltammetry (CV) diagram of

the composite material

TEIMRZE (CV) AEN—FEACEAT R, T2 THEFL FeVOs FIAEY IR
HAMEERACEAT A, JEHRIEMHREAEILN . PR 248 (CV) ]
PR NFE AT BN AR JFOd AR . Fm LR . AHIE SERT T il
FESTIRIAR VL (CV) 30T, REAZHARARS, AR (NaSOs) NHLfE
i, FRBEFRNY 50 mVis, A IHETERIZE-1.5 £ 15 ZIA], CV Zpifrgi Rk yaidg:
Y (BC) MSAMITIRIESRFERAR, B FeVOs NG, XEKH FeVOs TINE
BT T EEMEH A EFTE I IIFEGR S, FeVOs & EEmINE G4
kL (BF-30) fedll s AR R SRE (B 2-7b) , #E—3ESE | FeVOs 1N
N E SR T S AR TR X451 KW, FeVOs SAMKINE S
AR T AR B AR, Bt T AR R AR T R )
2.3.5 EIRAH

XF FeVOs MR EGAEHI G I Fofas | HAERRBOCIKE R (Al
WAUKBARE R T 7). IS BB ER FeVOu EILHAL R 1 MR SR 4 L
EJEIEPE, AR U DR L L R AR F 5%, R AT 2O i L A i A AR
Yo XA RIS G, AT EERF RS TR G IR R, o FeVOs
B THRFCMEAEYE, T A0 W (2 B oy B AR S ' PRI B R A 2k o
AR R AR SRR, AR L E 258
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Fig. 2-8 Photocurrent analysis of composite materials
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Fig. 2-9 Zeta potential nalysis chart
2.3.7UV-Vis (EINATRIESTHT)
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Fig. 2-10 V-Vis Diffuse Reflectance Spectrum (DRS)
2.3.8 X HHESE T REIE (XPS) 04

NIRNIRF AR I F T S A B AR R TC 3R (R SN 2, AT AL
KA¥ Thermo Scientific K-Alpha B! X S HREIEAGIA TN, FfEB) XPS PEAK 3K
P IRBAE AT 00T b, BoERErS 125 kv, FIH Al Ko 544 (ReEh
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AEREH], XS A E REHT T Re s S A MR S AT AT RE R ). Gl 4)
HriZ O REL LT HO 45 B RE RIS MEBRAFOS), XPS AT B THisE FeVOs R MR 2 [RIIAR
HAEFFRRE LR R R TIAEE, ITTAE H SO R E S BHE S il kR
FIREHAEE 5% MR MR 2L T R .

24



TRCTRER A A AR 3

@) Cls (b)
Cls c-cicC
O 1s
El =
= =
z 2
g g
E | Fe2p 2p 2
'\WNAW'MA‘J
‘LM,M’\J
(—
=]
T T T T T T T T T T T
800 700 600 500 400 300 200 100 (] 292 290 288 2
Binding energy (eV) Binding energy (eV)
Fe2p (c) vV 2p (d)

Intensity (a.u)

Intensity (a.u)

516.38 eV
A

FEFARTF M HABLE R, SHERER AN BF-15 B 4FEEET 7 XPS 20#, LK
N TR SRR R 2R R, B 2-11 JOR TANFGER Few V. O I C ¥ XPS )6
. @RNIR, 7E BF-15 E&MM T, iSRG TR THTE CRMZE, UL
T FeVOs MAEPIRIER AR ILE (B 2-11a) o BEAh, Fe2p IR R XPS
HHELE 710.89 eV (2p™2) . 712.85 eV Fl1 724.86 eV (2p") AbE I =AML (B
2-11d) - V2p KIGIE T LMEEAAN 516.8 eV F 524.1 eV ALHIPIANE, HHET V
20 F1V 2p'2 (] 2-11e) - Ols [FIGIESE 529.3 eV AL I —/ME, JHJE T FeVOsfi
WG R4, T 532.2 eV AR VA8 T AR ik O-C=0 (& 2-11e) . Cls i

T
730

710 0. 6 1
Binding energy (eV)
Ols (e)
532.2eV

T
725

T T
720 715

T T T T T
520 518 516 514 512 510

Binding energy (¢V)

529.3eV

Intensity (a.u)

T T T T T
540 538 536 534 532 330

Binding energy (eV)

Bl 2-11 X S e HL et (XPS) K
Fig. 2-11 X-ray photoelectric spectrum (XPS)
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BHORE M, N R TE s B M RE R BUR L T 1S FE . X AT
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HITHIE T7 o B AP SRR G A, TR A= 1 W R AR L R Rk
AT, P ) SR A ) S R A T R, DT ST A B v A ) RS el . AR
W RGR DS FeVOs@biochar XA SR I FEMALE],  FEVTAL HAE SEhr
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FeVO, 5HEMRINE Gk, BASIRUNT 223, 18588 FIR AN R & 4 i
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BT

(—) BB 5 1T

AR FRIEA R (BT : 1000 mg F & M. 100 mg MgCly-6H,0.
25 mg CaCl,-2H,0. 300 mg KH2PO4s. 100 mg NaNOs 1 300 mg NaHCO3.
ARG IR AR 1 mL/L R e RIS, s s R R (mg/L) -
450 mg FeCl*4H,O . 52 mg ZnCl, . 100 mg MnSOs7H.O . 190 mg
CoCl'6H,0 . 24 mg NiCL-6H:0 . 29 mg CuClL-2H,O . 36 mg
Na;MoO4-2H>0 il 30 mg H3BOs. #H:77%EE pH HT7 % 7.0+0.1 H7E 121°C
TR 15 2.

() AR S50 R G

AT SOAAG SEBATE 150 mL PRAUMLIFM 34T, SEIOHT, K] &% 1 1) S Al
WHEFREEE TRAPIRIAL 15 2080, DMRFFIE B RE& M. 17 5 AN ML+
M 100 mL #l#4F M RE 725 10 mL iEPES e ALY IR ) AT 150
mg/L WK JEHIH %418, BIA#% (BC). FeVOs (FV). BF-10. BF-15 fll BF-30,
X REOA A IR IR 5, DAVPAl 4 AR RERT SO A R I SE PR e o 4 5250 2
G IREUR B I UF, 7E 28 + 1°CHBIBER M PRI FE 7 K, BL& T WOLE (Xe
fT: 300 W) o HARIEERG 1 KRS | bR, BORE BIERE, g
(NO;-N) . WAHERE: (NO»-N) WREMEE (NHS-N) K.
3.2.3 FHER R FA L AHES Eh AR B E

KRN L (220 ~ 275) nm Fl n-1-28 2 & TR MRy OB FE vk
(543 nm) P ATAEER SR AN AR SR R FE . e AR #R I, X 2 mL #Emn 5 1
mL 1 M ZRRA 0.1 mL 0.8% 2 FEREFRIR G355 MlsE ISR G WILE 220 1 275
nm AbIIWRIGREE, FTAFWROGRE T E SRR BRI . I E AR ERAT, 1 mL
FES T 10 mL 280K RE, I 02 mL N-1-282 — i 3 B 65, =E TR
% 90 434t . 7E 543 nm Kb E WG .
3.2.4 FIRURERINE

F 48 TRAR 70 43 6 0 BEVE O BE VR RV Wh NHS'-N VR BE, TR TR M 5 T
dr, g T KT AT Hela 55 NHa N RN AE BRIR 3 BRS&Y, %S
JRAE 410 nm~425 nm K 1R 58 R

PRUEMIZEI 20 BRI 1.9103 g 40 AR [ NH4Cl, TESGE et oh A
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UK, HRE 1L MEEMPIEER, EMEBON NH N b4
W, WREEA 500 mg N/L. FEFRIEE 100 mL ARG &R, HBBEE 1 LHIEER
HIFE S, G E MY NH -N AR i, WEEA 50 mg N/L. B 6 3¢ 50
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50 mL. BE/GANA 2.0 mL AN A BRI 1.5 mL 99 IREGR, 6 10
min J5 L 50 mL EF 7F/KAZH, HAEIAEL O6fEN 10 mm) 7E 420 nm 4t
MEWOEE . FERIMN R AR FBAKINRE RME 25, A5 NHS-N HJK
FEAME AR, W' BE PN AL R s Rt T 2%

FEAR I ZESeSd A b, AE TR IURE N (8] s 3 mL e A5 (R VR
dn, 1 0.22 pm FUARRYJE e id JESad vE, B 1 mL RS RORE S,  RTE 4K R
% 50 mL, HIA 2.0 mL FIRANEAEREFENAEA 1.5 mL IRKAEFHE 10
min, BEJSTE 420 nm AWEROGEE . BF S R R £ BORIbR 22 150 B 1 s A
[, P BRI AR T AR R AT IA VR NH N DR, RIZKFERSERR NH,'-
NI,
3.3 WAV R EIE R LI
3.3.1 C/N 3 R A E S 2 RS20

EMAMR RS, CN ZHMAERBEMEER R, KA RS
XA F SRR MR R B VG HEAFIFEAR[E] C/N 2648 T NOs™-N EBRZEN)
SN, G RAE 3-1 fR, WLAEHBEE C/N LLIEETE R, AHER #h 1 25
BT E, C/N=10 I, MHERER ERRBCRER S, X E R0 TR
REAS A M) SO A FE SR (I T 22 1y vl AR, (R S AL IR EAT
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Fig. 3-1 Changes of nitrate concentration at different C/N ratio(a), and efficiency of nitrate

reduction (b)
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Fig. 3-2 Remain nitrate concentration at different temperature(a), and efficiency of nitrate

reduction (b)

3.4 LWEER D

DNIE R Eh . AR h A IR AR Ak, TERTA MR SER h A 24 /N
KRE— . W BG4 T AR C/N=10 ML F PR EE . WARYER L
MR FIREBATIGE, LW R TR, ERFMELREET, SRR
SRR EEREAL 27.3% (M 100 mg/L B&EZE 72.7 mg/L) , SaidMr (BC) M
FeVOs (FV) ", FHIRE:RIKSE /3 AIBEIC T 343% (M 100 mg/L [FE 65.7
mg/L) 1 38.6% (M 100 mg/L BFZE 61.4%) . WINE SRS G, THERShE &%
FEER S, Kb BF-10 S6F IR 2R3 m04 76.4%, 1 BF-15 24
FER ISR £h L BRI = 2 87.6% (M 100 mg/L (R 124 mg/L) (& 3-
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3) o XAAHER £ L FRICE IR TR RE & T FeVOs@biochar B & FEHI G HLT
LU BRCED R T, TR S IR #h L SR A RS . SR, FETR N
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Fig. 3-3 Changes in the concentration of Nitrate during the incubation
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Fig. 3-4 Changes in the concentration of Nitrite and during the incubation
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Fig. 3-5 Changes in the concentration of Ammonia during the incubation
*® 3-1 CHRIERDCHEAM BRI T2

Table 3-1 Nitrate removal efficiency by the previous reports

No. Catalyst Method Efficiency (%) Ref
1 NH,-MIL-101(Fe) NH>-MIL-101(Fe) + sludge 85.2 [11]
2 Biochar Fe (0) Biochar + Fe (0) 83.1 [12]
3 Cu/TiO2 Cuw/TiO2 76.5 [13]
4 TiO2/g-C3N4 TiO2/g-C3Na + river sediment 723 [14]
5 FeVOus@biochar FeVOus@biochar + sludge 87.6 This study
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3.5 RE/NGE

TR A SE o b, AT A RE SRR 24 /NIEREE— R, KR EREE . VY
MR AR AR A . SEIR A RBIR, ERIMERI&ME T, T5lehens
PR EE SRR AR S 27.3% (M 100 mg/L &% 72.7 mg/L) , Taidyx
(BC) M1 FevOs (FV) HIIEMEZ 73583 34.3% (M 100 mg/L [£% 65.7
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MR h AR AT AT FeVOs@biochar A=Wk 5 AFHRL = A= (6 4= H T Re s 1%
BBER RV REVE AN T (R A R R IR JFUN BRI R M. SR, FEVR I BF-30
J&, BHIR SR 2R AR W A, X T RER B I AR B S B A B
V& PRSI MR P R A . RIS, A TR S RE R B FR oR, R
AR A IR TG . 456 UL LS5, BF-15 16 AT il & HOAR 5 p
R BAEM — 2, S SO A 2 Aok v o R0 3 45 AR R VR TR B AR AL
7l

GERFW, EHISHEAEARE wt % FeVOs E S RH, SaiEymR.
FeVO, FITAEM S IRHILL, AEA IR SRR AR & R W R A 1 28R 12 2 4
T, BT AR SRR B AR 45 G SR A R TR R s AL, X R
FeVOs@biochar i A f AL M8 o v 1) FLVE PR R B SR AL R o i il -, 4Rt
TR, ARG T E 2 B 6T A R e Bl v
LS L RS AL 5 EE A T 30— D R SR IR T, 5 B TR TR AR T AR
R A B A B A A Pl S e S FLAE LB
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£ 45 YRGB SCENAFBSMEYR LR R s R EIE
i

4158

AR TE AR R, A YR G ML v B 7, 7R
HHMEESE THMEBRIRE T (NOs) BEANESR (N , EMEHASLLG. &
B AR AR T OO BT A i 1 R EBOR T2 SRMTE L brig /K b # i 2
H, ZACIREL (CND | RIE . AHAFWREE 2 SR TSR R T
W, A EMAEEERAR, SBUMENNIEE RS, K IJ4F B [E E K
. ARZVIRY, WUAEVIREN RIS B RS R 2 TR, K
SN RE 2 BHOR T T4 . R AR CE . ik, kit
it AR A A o ) P 3 R R I S A A i R B B AR 2 —

it — AR UG A T X A MR TR SRS RE DI, EAT T RIS AL &
Ui BE AT TRAEDREVE SR AT TR REVE SRR A AT, R AT RS
Y HAT T B R T 0T . BT AR T R RS AR SO A B A B AT
ATV, A G AERN G T A5 M T B NAR D T 5 SO A U1 FIAL
il
42 R RGEE SR
4.2.1 REEHIIZPEGTEMEAINE

T 5E S A Ak I R RS R H A JE RS (NARD ANE RS R 2636 A (NIR)D 35
M F A A A IR AR EON R R R B G E . DU
0 B A A o A2 PR PR B B AR PR i NAR AT NIR B 1 (0 — V2

TESRIR S 7 REEHNT, MWAFLLE 5 mL JRMUKIB AT X BEEE . RH
&L (96T, Jing Kang Bio, China) #1T NAR 701, B oM EES], fHH
G AR IFRERE (DTT) KRR &R AR 22 P (0.1 M, pH~7.4) ]
H BRI . SRIEE IR SR IRES L 10000 /20850 10 235, LLEBRYNR:
PRSI B3GR, % RIS ARSI, B AR R VKR B D&
BB S o SRS TE IR SR S A T IS R IR I . B 50 pL RS 50
nL AR ER TR . 50 pL NADH R (FE S N 22 Pl o8 il 25 ) . 50 pL
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BRI CILEARERL) , 16 30°C NI E 30 408k, fHAHER TR B SRR #hiE
JRONTREIREE . W E LSRG, MBS A 100 uL Griess k7, Griess
R 5 A R h S AR oMY 2L E AR R GLRE, A Lb [ R o FF i 7E IR i —
AWE 10 48, MHEE. AR RETHE 540 nm ARDIE G 7= 1) 1R,
o NAR PRI M A2 AR ek 5 B 100 3 40 7 A 1) ST R 256 P 10 B JR B8R A
(1, S hmite 2k AR 0 TR R B AT E L

FIFEH, T AEER SRR A (NTR) [, SRARAI& (kit) % (96T,
Jing Kang Bio, China) #EATITLLAN M, BESREUY) k1 5 i & AR S R
an IV BEER ER 2 M (0.1 M, pH=7.4) hifil#&, SRIEHEHE S5 IFE i LA 10000 4%/
GrESL 10 43l DA BRARMIRE R SRASIE I 00 LI . SRS TE IR == AR AT
TREFREGIRE . FHHL 50 pL RMZEMIR 50 pL WAHERENVATR (1 mMD . 50
uL NADH H1 50 pL Eg#2E, SARFUA 200 pl, 7E 30°CHEE 30 080, fFIH
MR 30 )R ik SR SRR £h . A SRS, EBLREMI PN 100uL Griess i
7, Griess iR 71-5 AN ER #h [ S AR BOMY 0 B S ge R, Zab M. A S TE 2 I
FHEEEEE 10 o8, HEM. B, EHOETE 540 nm A E 4
=IO o
422 BFRIBERGUEE S

AWFFERH Wan 2500 (07706 2-55 S -3 - 0of il 22 T 3 - 5- 22 356 0 o G
(INT) EJENHFEA (INF) H 724 2 B P 4R 1Y) ETSA. BARE
U B 1 mLygRFES, IO 2 mLiREEA 0.2%0) INT ¥, REIS: A
ks EIREUE T B A N E L 20 vkh, BRI S Fe itk AT . BEJE, 7E
%6 J5 MBI 0.2 mL HEE, 4S5 RVERAE 10,000 rpm R ESO 5 43
B, B UL, FREITEURER 4 mL 96% B E R, 4/ TU-1901 4h
"] WA e R (bt ki AR A BR A WD 7E 495 nm AW E OB RE

ETSA f i F i85

Abx Vx 32
159x2xSxt

A Ab WWOEE, V AHERE AT (mL) , S HFEMER (mL) ,
t APEE A (min) .
4.2.3 MM EYIRIREAE=

ETSA (ug 0,g " 'min” )=
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R ANEEWI (extracellular polymeric substances, EPS) [K4RHUAIE &2
TS5 T it sk, BARDRINN . fERMAREFRER R 7 KRG, Wk
Ry, A EIEOHLE 4 °Cy 12000 rpm &0 15 43480, 08 BB, # LiE
WS =K R AR A, B T-20 O AR, DATEHRAIN RS . KUivE
(I A0 SR A DR CER OB, BF T 1 RVRFE I BERR 2h 28 b #h 7K (PBS-137
mM NaCl, 2.7 mM KCI, 10 mM Na,HPO4 1 2 mM KH,PO4, pH 7.4) 1. KH
Lowry VAIE EPS il R A BT & &, KA Anthorne Ml EPS H SB/KAL &4
Frim. il BIRDER, AR R G IR E RO T AN RS (EPS) 1
S, RIRNFARITE A R i AR A T 221 SR I AR
4.2.4 SLWEER SR

RO FRW RVUAS G IR, 2 R #hi0 )5 (NAR) AR #6
EEEE (NIR) « —EMAEIEEE (NOR) A4 AL WAL 5 EF (NOS) AL,
NAR BRI A A WAL 2h, 7 N 4E &) (Nar) FIF A% (Nap) . Nar
Hi narGHI &R 25, 5 PREUHER 560 AN SO % D)4 ¢ Nap B NapA #ll
NapB &K Zft, T ZAELFE AT T ARIEER . NIR KRR £51E IR v — %4k
Ao NI E cdl B (edINIR) FIEHIES (CuNIR) , 434 NirS 1 Nirk
FEAZiY . NOR H—SH MW REF N —2 A — %, 77Nk EE cNor (1 NorC %A
atd) FKEE qNor (H NorB 2K Zmid) . NOS KE AL AR, H
nosZ FENGutt, &5 MU R M OCHERE, R 4-1 J& 58 UM Ab I 2 1 DG gk
it RN 4]

R 4-1 A SN i R ) g AN ]

Table 4-1 The enzymes and genes involved in the denitrification process.

Denitrification reactions Enzymes Genes
NO, +2H*+2e¢” — NO: + H: Nitrate reductase NapA, NapB, NarGHI
NO:™ +2H*+ e — NO + H.0 Nitrite reductase NirS, NirK
2NO + 2H* +2e~ — N20 + H20 Nitric oxide reductase NorB, NorC
N:0 + 2H* + 2¢” — N2 + H.0 Nitrous oxide reductase NosZ

KA LAIRK W], FeVOs@biochar B &M BHE Z I | AR . £ 7 K

A sEEe H, BF-15 FEM ) NAR JEPELL 4z et 3.22 7%, NIR iGEME&E H
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4.57 %, HFEBARGIEME (ETSA) @il 334 fi5. BEE R IR0 M 1 E K,
ETSA I HZEEE N, 3R B6 s AL ) AR MR I R e e R 22306 4T . BF-
15 FEan LA NAR F1 NIR WEVER D], FeVOs F= AL I B -l i A= W A% i
BIEBEIE, AE BRI T R RO R FTA Z AR NIR
WEVEYIN NAR JEHEM WA, (HEER EREH B S P AR . XAREY
NIR V5 PRS2 3 — S R B L HIAa 5C. SR, WA HWRELES 4 K5
RETR, RUHTREAIEBEMEDEE, HF—PEAN MRS, K
fibB§a NOR 25 i i, ¥ & —E BB — 2. BF-15 FE i Pk
TR 2R i BAVRFESGN, PTREE B TR T RA AU R . Jani i At 4RoE 7
KGR, Bl AQDS ks 7 WASER H AR R . RUETER L 4 KJ5, ETSA iEME
3 Brsgm, FRUIEANR #h )t — PR . ARBEFUN, AR HhKR R G
A g 5 37 A — S B — 284 R R AR R & NAR JEPERE A ¢, {H
B 5 NIR 35 P FR 38 0 2 BA A R 2k (R ik — 2D e 4 172,

REEFEAR (N R AR BAR R 4720, (A58 4 IRAAG T REF= A
AR (N20) , XRE—FCAMR=E . WL ERERPE (2014
) Mk, AR R E BRI 6%. K, RPN T 8 A
AR P 2 oG E B SR, EEst OB (R P SR 2, HAR
DT ORI R K A ) Ak B G AR S A T S RS, — S8 R R R
(Pseudomonas sp.) FIEFEAFE (Marinobacter sp.) B A% O 8% IUE SERE % 75 414
FAFTHATIA, AR AT A

KT T AFRE AR NAR FI NIR FgiE RS ETSA 748k, 4553
F W, FeVOs@biochar & AFEM NAR JH1E R &= T AR M . SAIALSEE: 7
K, BF-15 el f) NAR Bgd e aiis et 3.22 1. BE%E FeVO4 Jii 5704
R34 n (A BF-10 | BF-15) , NAR y&¥EE FFH#EH, (HfE BF-30 FHEA T
B . XA E T BF-30 "H4HAGE AN AR, HREREh bR ash gt R —.
X4 Rt —ESE T BF-15 & #E it th i A B i I B &4k, NIR 1
W 2 R nEa %, Hh BF-15 MRS R mE 4.57 5. B
4b, ETSA WETERILE 5 NAR M NIR iEPEAH[F A, Hd BF-151E 7 KJaH)
ETSA W&t LT 240750 3.34 f5. BEEEIFRMRER, ETSA W& TEZHHY

I, UESE T 6T AT R S 2 ARV (K e A R T
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WA RABAC I ARAEAR KA AT NAR A1 NIR BEPELL A ETSA ¥
PE. NAR M1 NIR V& 1% 25 BB AR T fiF B2 30 A0 A R S8 5 A I W 16 7%, T
ETSA [ X T PPA S AR B 08 (R O A A R 28 G s 2. o o SO A BT T 17
B0, ETSA JEPEE RN, IFS2 T NAR M1 NIR Bt 858, Mmintk 7 &
bt #E . BE-15 £ 5 8= NAR 1 NIR G PR, FeVOs P24 f BT

RE W% 8 AE MR AL 8 BRI TR, JFEE RS AR T E A bR . RE T
HEAFEME NIR 3559 NAR JEPERI PR, AHLEHL A3 S50 75 I 42 21 1
IR R . X TR NIR W& P52 8] — S U & = A il A ¢ . R TR
TR EhyR FEBE R [R] 3 I, HAESE 4 K, EEMMTHWAERRREEET
B, REAHEFREVSHE UL BATEMRI, DA R . H A
NOR tHsZmI S At idie, L& —F A BBt — B8, BF-15 # 5 AR &
() RAVREERG I, FTRESE TR R T IA AU . SERT e S aRkiE T 28
%, Bl AQDS Jk# T WHSR R AR R BIMETE N 4 KJ5, ETSA iHHEAA BT
BN, ROUERER R A, ABF VN, TR RV A8 N T g
H T3 7R ] — S B — S R R (AR R 5 NAR VPRI A ¢, (HEE
J5i NIR i 1 (0 18 o B S 1% 6 1) — B 54k
43 WEREES ST

N T RN TS AR S5 K, AN R OR8G5 e FE AT T

WEW AT . BARBERWN . 40 B VR 2 A AT 51 W 341F (5-

cctaygggrbgceascag-3') fil 806R (5'-ggactacnngggtatctaat-3') § 1 16S rRNA FE[X]
V3-V4 [X. ] ABIGeneAmp®9700 PCR (E[H) #E{T PCR § 1. 7 #=4)
FEEIR AR P A Mlumina Miseq #ll ¥ & (Shanghai Biozeron Biotechnology
Co., Ltd, Shanghai, China) . A MR RN 744 H QIIME 1.9.0 #4174tk
B, RFAFEAST R F S reads 5 5 O FA% 3] NCBI SRA #4 FEAE A AE ] (A=
YITFES: BZ2024032617385) , @it kDI, AWFR RGH M T A FAE
R SN0 T GERU Y/ 3 2oy (M) = 10 7 e B o o 2| By e SR (O /i
43.1 U RMEYREN ST

FEFTA LRSI, & 24 ANIFHURE— 2, WEINASIR #h . MEANER #h A2 2K
FEMAR . R EIR, TERBIMEATIRI AT, 1508 KA BR #h R A A

27.3% (M 100 mg/L BFZ 72.7 mg/L) , MgidYm (BC) Fl FeVOs (FV) [
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THMR SRR 2> B IRMR T 34.3% (£ 65.7 mg/L) F138.6% (P&Z 61.4 mg/L) .
WINE ARG, MERIEEM R EERE, K BF-10 (£ R
76.4% , BF-15 M £ BB H — LRk m 2 87.6% (M 100 mg/L [F =
12.4mg/L) o XFRERETHAK T FeVOs@biochar & A # B =4 1) 4E B Ffig
oL B AR, TR ER #E UM <. 481, I BF-30 J&, M
TR Hh I8 SR R 0 2 N PR, X AT R H T3 v R A TR B S ) T A P A
ST A HEYE . DR, (AR B P B B RE BRI R SN TR 3K, XA SR A
VIRV NG T . FARBE AR T RUEE R, £ BF-15 & it fE g
¥ i AR LA TR W REVE (R R AR A A

TERMEME R T, A ER Eh VR FE AR B, 5 6 v 1 Tl R 6 Ak
REMRTHASHRIBE RS AR RS 4 REEY
m, SRIGTESR 7 REEK. REF SRR MR RES, HE 7 RE,
BF-10. BF-15 #I BF-30 M)AHRRERIREZ 7370 FE % 11.4 mg/L. 4.3 mg/L 1 8.8
mg/L. XEMTE FeVOs@biochar E A S RIS IRAFTE T, AF R E A4
FRER B Ny B i BEEFE . BEEEY)R T FeVOL =0 HUviEm, A
R EEIC R . BF-10 3403 BF-15, 1 BF-30 {6 5 it — 5 FHIK,
72 FH TG e AR MR T IR AT AN 2

TEER IR 1A, HRIRBEEHAT T 0¥, SRER, EERMTHEEK
fEwm T aiysie . BC M FV o 3X 0 LR AT RE 2 BT AR W B VR RN
FeVOs@biochar Ff i Z [H] A LT ¥ A2 8. FeVOs@biochar & & M ELFE i
FEAR IR G L RE S A PR TE VR A BRI R, DT (R B e S 81 T e A 1 S it
o AR KRR BRI NI IR A (Anammox) k32 ZE4L
il SLIGLE K, DNRA WRECKAE, KM NE, HE 4 RIFEK
FERE TR, R\EIET Anammox HFEH— AN Noo RETERTH Z A
SR 2 T IR EE, HEATEAE TR K. Bk, AT A Y#F
Ve 1) B RO AR 1T R 3 A2 IR R 1 VA R #h AL (5
432 M7E NAR. NIR E§F0 ETSA &M

RAEA S FE DTN D IR, AP IR — R AT . TR ELIE R
TR TR 3 d SRl . — SRR SR B — S RUR SR B 2 5 IO A 1) DY
L. R ERE RS — BRI R, el IR O TR R L .
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EAWPEA, AR 40 A7 B R IS & AR HE SRR (Nar) A BTN IR #h
G5B (Nap) o Nar & —M=REEEY) (narGHD , 5 PREAHER Hh RO
A K. EHREEEEE (Nap) FEAFLE T HAEFMT, EA R RHN
R EEAEH . FERIERCD IS OL T, HKFHR, Nap #& H NapA 1 NapB &
AL 9t A ) S — TR

AR #hid SR A2 2 5 A AE T RO 58 B HEE . A 5T P AR AE B 9 A AN
7 8 I i P s JEr P ST TR ek B P T3 R O — S . XA AS o B A
VR . EAERR ERIE G R A A K odl (cdINIR) B4 (CuNIR) Hg. &
IO ER cdl B NirS FEHZwfY, SHBEH Nirk 2R, #xK3, A
S F] AFETX P e R 22— B A AE I D0 R BEAT o NirS JE P& AT 4
KA TE Ps. stutzeri X31 H 7y B R, NirK 5 B2 47 50 il 46
Alcaligens faecalis H1 7355 Hi k1.

—HAMNBIL A — PSS Gl . EMA ARS8 cNor, H NorC
FNgwiY; KHE qNor, H NorB H:[KZwmALEO, X Wy K] b (R AR AT — B (¥ A7 72
L IR —EMRIE RN — N R —H N R R RS 5 R E
BEAEREELENEZ —, FATERH NoO GRESM) BN Noo XTI 2
eSS R T ) B =2 IR A 5T ) NosZ Z: R4, Xt
T RPAMERE, XA SR BT, AT UM S A S

RETLHFNE (N2 RS AR LY, BAE 4 AT
RE2 7 AR — T A P 8 ) T 2 U — B R —E A TR AR R AT AN
BEIN, FEREAGRPERS, SR ERIRIE = TR HTER 6%,
I, BREFEFERENS HEAT 58 & SO AL A . H RITAR D AT B 7000 A AL 1 v ]
PN SR, AR BN GO AR I K Ak 3 I R v ) — S RO AT
Foo LA B T Ja AN AT TR B TR AR IR SEAE A7 S T IR L AR
AR — A R

-
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0.18 0.40
— I 1 Control (only sludge) (a) ~ I 1 Control (only sludge) (b)
' 0.16 -{ Ml BC+sludge 'c 0.35 |l BC+sludge
£ B 1 FV+sludge £ B 1 Fv+sludge
£ 0144 I BF-10+sludge £ 030 I BF-10+sludge
3 B 1 BF-15+sludge % U1 B @ BF-15+sludge
5. 0.12 - Il BF-30+sludge 5 I BF-30+sludge
- - 025
o :
£ 0.10 g
z = 0.20
T 008 5
i E 015
= 0.06 ;
3 S 010
g 0.04 ..g
14 0.05 4
0.02 x
S z

Time (in days) Time (in days)

020
F 1 Control (only sludge) (c)
I BC+sludge

B A Fv+sludge

I BF-10+sludge

I W BF-15+sludge

I BF-30+sludge

e e
o o

ETSA (ug O,.g"" protein min™")
8

Time (in days)

l 4-1 AR SE T (a) NAR.  (b) NIR I (¢) ETSA & &7EM7 A I #2 bl i 1 ik
AR
Fig. 4-1 Concentration changes in the enzyme activity of (a) NAR, (b) NIR and (¢) ETSA

contents during incubation by the different batch experiments

NT T REARI A FE SR A R IR SO A e 211784k, #7987 NAR Al
NIR i1 LA ETSA 19284k, 50K, FeVOs@biochar £ &£ 4 111 NAR
TR T AR . B59R 7 RS, BF-15 FEA I NAR WG HL2liy5 e & 3.22
Y. BEE FeVOs wt%HIH8 i (M BF-10 F| BF-15) , NAR &Mt hn, se
BF-30 HHg AT FA (& 4-1a) . X ATRER N BF-30 £ 40 iU 4775 % L BF-15
%, X SAVGRER L FMse s — 8, %45 Bk BiEsE, BF-15 &
HTE SO I FE R R DL AP I A A k. NIR VMR R B 2R B 3, HIpE
AL TR A0 8T B I R B30, NIR V& PR o0, 3L BF-15 BOWE M EL 475 e &

4575 (B 4-1b) . Bb4h, ETSAWEME/RH S NAR AT NIR i& HAH R
For BF-15 7£ 7 KJa s B K ETSA LT 4li5 e 3.34 15 (B 4-1c) .
GERLER I, BEE TR HERS, ETSA FEMEIZEIHEIN, 1XIUFSE 7ok ML
7B A A v 1) P AR A R A 5 7R I N I T T o AP S A e B

A& HT- NAR F1 NIR FEIEPELL 2 ETSA 3EPE. NAR FI NIR & P45 B 34085 T
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TR S A0 S R SR 5L P 3688, T ETSA e it 7 i AL BRI
ARCR B CHE, IEITUHIRISRE, BEAE B FRnS W R84, ETSA R %
SN, IXUESE T NAR A1 NIRVETERISEI, B2 T REEFRE. BF-15 # i
H NAR Fl NIR VG PR R, 3R FeVO, =28 1% F 7R ik AR o 5 7% B i A
YtEvE, IFAE ST RE T 78 A A VR I L TR . BRI A
] NIR 72 NAR VEHEMBAE, ALERTA L2 SLi h R R I T AR #h
MR B . 5 KRR SR A U A TR R 0 A R h et o — S8 AL & NAR AT NIR
S AV 5 o R P AR O A K. AN, NIR 3 AT e 2 Bl i 7
i B AR ) — S BT R R B2 R A IR Ak T A I TR PR HE RS T 1
B 4 KRG, EEEFEMTWEIIREE BE TR, XEWE £ M1
A RHIREREG T E LS, DL Db AR £ . th4h, FAhES 41 NOR th£x
SO SO R, R AR A FE A R, R
TR LA AR 2L, BT BF-15 R OB TFIE LR, WASER R
SRR g, ZArm—m i Mg 7RI, Bl AQDS i T
THER AL R B3, SR, BMEFEREE 4 KJ5, ETSA G MERIH 058213 B I
TR shdt — PRk . T AHIR ShvR LB E vl RE 2 H T & 1 1A) — S B — AL
TR AR S NAR WETERIEAAOC, (HBEE NIR 5 PRSI0 5 203 ]
TR shitt — B HeAk.
4.3.3 EPS FE R FHAL I IZH HO1E R

M1/ &) (Extracellular Polymers, EPS) & FIMAE Y70 Wb i) 52 2 SR &40,
TR E D o 2 AR 2 (TR ERAL S 282 (R, HLAEAE S
TR RGP ARG 3B, EPS 753 55 A0 R 1 S i b R R 2 oG
HVER, UMY R KR 2R SR DT S5 R DL A i AR A
EPS FEWMZHE. HAF. ZRMETEEMREESWAERN . BEY) 73T R
IKEBERRIE T, WHEAE AN, JCHREAEYBERE T . EPS [ A4 T
TEEREE T 2R IRE, BRI SCRE . RIS S AR B E TR

EPS & MR Y AN E AR Qo sy, AR S5 e VR, B
BT RME. MRS T, EWEBAEZ RS, By 5w 5k 2 4 i &
B ARG A R S 1) S5 2 e ik L BN IR S A SR AR 8 MR BE . EPS A

BT [ e A Y an i, 8 LR 0% 5 RS IR SR AN AR ) PR FF B A . 3R] e AL AR
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15K RGP ICNA i, VAT UAEAY SN &8 U8 88 SRR 2R
At . EPS EAEMRA B R 125 )@ & L BRI E YR
WIS RS B, AP b ) R TR SR A AE R R A A B, TR R A
MR IE N R W GE RS M, EPS fm 1 XA R AR,
i DR SR A0 S I — SSORIA 80 4T

EPS £ SR AL A B — A S B A T FE Ok B R 19 B Cn i R 6 AT B 5D
PHURRE TS . EPS BA W MMIEMIEA LA AN E SR R m A s, XL
A A IE IR . EPS B BUA W] DA IR AR AR 251, 1 OR O AR ik
JE LR )R R A o S Tl i R A5 R At S A7 ) 2 18 R TR T SR A e R Y e
BEAT . BBAh, EPS HIWIEREE K T] DL R — AN BOBR B2, 70 UM IR Bh A2 A2
VIRE N IR 5. IBHALAE IR B SR AT N R i, EPS J: 5 A B TAE A I A )
WX, FHr iR, Oy SO AL T SR A BT . AV A R T RE 2R
BT, HEERE, FOKREEIR, (28 7 R R IREF . )
TR TP R I E VD IE 22 2 B R OASE IS TR0, a0 pH iR EhE
[ 3l LA KA B G VDI AEAE . EPS RIS AE N B BE R, CRI TR 20 i 0 52
A EFINTFAF MM . EPS FIEERCR Tt o] LA SR A S, Bk e A B
fl 2 A L o XA A BT A 40 TR B A% A T e 0 AR A7 AN R IR B A7 R
FriE k. fEV RS A B mEa s R EH I ST K R 5,
EPS W LA 5iX e GV & IR L, e B AT B A A B4 i o XA
TR THRERA IR T RMEAEARI AT T, SO IRt e Rt 4T

BeAh, EPS G {iE AN [P A 2 18] ) 0 [ 4 FH SR S v A= P B oA ) 4l A A e
WA . RAE R L2 A PR, AP BRE R AR RN REDN T
EPS {2 X e 75 A= W IR 0T A B SE A7, 1 DR S Al A B 1) 7240 CRn SIE Al R
#H (NO2) si—%bE (NOY ), REWS = ROt N — il A A% 3 31 5y — Mg A
Yoo Biltn, mEACAH R T AR S SAFE RIS 00 TR B (NHe) BT IR SR, 2R
J A AR R DRI S i A 4 T R 9 %800 EPS (451X L83 R R g 7E I R
BRA, MG — MRS, SRR AR A, EPS AT RE
YUre vk N 7K 2L R B 7S, IR AT DAL 0 55 SR AR 5% 1R 8 DR O 302 v A= 0 IR 1 o8
R AL RE

KT — R TSN R AV (EPS) 78 SO AL I 75 4 g 3 i
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Ll R AN R B AR I R E . 4R EoR, BF-15 ARSI E
Ji AR KA & ) B D NG5 YRR s ) 78.91 mg/L A1 20.14 mg/L 14/ 3|
178.31 mg/L f148.62 mg/L. A=A EPS ¥ L —F R 2, REEHLE
LM Bl (FeVOs@biochar) 7= £ IR BT I I I K BRI B2 1 B T 7ET5 IR 3R
T A AR R, EPS 38 R AR 3 B G A ) S i A I R A R 752 Ak, 1Y
ST A IR EEAGE R . AL, EPS (AR SRR S5 AE v LT IR T SR AR A A
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Fig. 4-3 SEM images of biofilm formed in (a) BF-10, (b) BF-15and (¢) BF-30; The

epifluorescence images of biofilm formed in (d) BF-10, (e) BF-15and (f) BF-30 samples

during incubation

4.4 HEEEEWNT L
SEAAE 8 1R A SR R BRI a6 . 2 AT RS, g, it

46



TRCTRER A A AR S

RYEG KA BE R G, HAAEA AR, Xl BMAEMREEMNEE. R
AR T R AR R TR 5 e RS 2 1 IR T I VE L RAE S RN
TAEYIAR BAE I ENEAS A RN BRI AR VR TE A SO A I 2 b i AR A of T
RACEFI RS CEFELIRAEKEED PR LBREEEREE., 25 RMT
WAEYIREE A @SN, SMRIEIEAE . IR n] AN SO A R B B
KA. B RAE Ik R R R A A PRI RS, BRI IR & kR
WE A, o T M DA R A A IR R AR . XA TR AL
HAARAN T RS Can-EER5 KA ) i i fE 2 e B2, B AR R I
AP REE R R R T DR s A R R IR, AR T RS MR
5 YA DG RS 1)

DR N B G A F T G A R TR T R AR IR A R, AR AT
XF A LR SEI A BEAT T il B P 0. A E YRR TS Bl R AR
FITHAS FE (%) « SGRER, NEKHMET, ©F Bacteroidota .
Firmicutes  Proteobacteria » Chloroflexi » Desulfobacterota . Acidobacteriota
Actinobacteriota. Synergistota. Spirochaetota. Gemmatimonadota % . UK #1]
TERTARE S MR EATT, JUIAE BC. BC-10. BC-15 F1 BC-30 £ 5 HAHXT
[ 50%. JREAE BF-15 M1 BF-30 FEA b HAL S IS TR, (EIREAE
NEERNFE . Firmicutes {EFTA AT B BABREIME R, JCHZAE
BF-15 ¥Edhep, HAHXTFE LT 5 Bacteroidota #124. Proteobacteria | 1F BF-15
A BF-30 #F dh i R B 35 00 A 6 5 B, T AE LA RE S b R X B
Chloroflexi. Desulfobacterota. Acidobacteriota 1 Actinobacteriota | 1{EFT45 F &
A AR A, (HAHX F BB . Synergistota « Spirochaetota #il
Gemmatimonadota 55 FAb 17 T A FE it b (RAR S 32 BERUIG, R WIHAEREVE i
VAT B s i BUMIR R 835 (I 4-4) o Bacteroidota N RE AW
FIRE IR 4, (EZ RS RGH G IN  AVE FRIEA TR B 2 . HAE
X LGHE il AR SR T A A L o iR AVE FRAE 3R, 3 5 SR il 10
TEH — 87, Firmicutes 1A Z AR R R DT Z 7R, QKBS . HAE
BF-15 f£ it P IR FERN T — DB E S A &M T (R RERED
O R R, K RIS REZE X EE . Proteobacteria |1 HA 5 1)

ZRE, Z25RIES . WA AEY bR d e . HAE BF-15 A1 BF-30
47



TRCTRER A A AR S

B RIS TT RER B 1 B A A IR L e A

100

Phylum

. Bacteroidota
|:| Firmicutes

|:| Proteobacteria
. Chloroflexi
Desulfobacterota
Acidobacteriota
Actinobacteriota
Synergistota
Spirochaetota
Gemmatimonadota
Others

754

50

Relative abundance (%) of dominant Phylum

B 4-4 T 1K AE DI 2 FEE
Fig. 4-4 Microbial community diversity at phylum levels
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Fig. 4-5 Microbial community diversity at (a) class, (b) order, (¢) family levels
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Fig. 4-8 (a) The changes in microbial community by Coordinate analysis (PCoA) based on

Bray-Curtis distances, (b) Relative abundance of predicted functions in the as prepared samples
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