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ZV1 1 BC/ZV1 3 Fr T U BR B S i AL R SCR A5, 5458 BC/ZVT S b & R BR A AR Lk 2:prict
2, IS AR L A AT AR RISCIR A T S il Pl A Bt SR R A R ¢ & A AR A
1 #MR5E%
1.1 #REIE

DI A ERRT 40 HIF, fEESEFET (120 mL-min™") THEZ 500 °C, #4# 2 h FA5FIAAH15
1.0 g lEAAEY RS 100 mL 1 M HCLIFWIR S, #Fk 24 h J5, HEEFKEE 2~3 8, HESRHITHE,
filfi 7K pH (EAE] 6.0 2247 TRV R 28 THRAA T 24 h, JRASEES 2 SOl BC, Bt 100 mL
KRS (3:7, viv) , HES 15 min, ¥ 8.0 g i FeSO, 7TH,O & T H EE/KIR AW h, En@A <
5min, %E, WETE N, S50 RN 0.5 M i) NaOH, (A pH 153 6.1, %4 100 mL 7 7.6 g NaBH,
HERCREIMERR S, ERAGAFE THEE 1 h, FHPEE 2~3 Ik, TES TR, REMEERE
SR ZVI, #% 8.0 g FeSO, 7TH,0 ¥ THIEKIRAW, HAR 5 min, %E, HHEL2EM. ZEMA32e
BC, i#HAR 10 min, #EN 6 h, JFEHRIER ZVI $il&a 8, Pk TE IS e S BC/ZVI,
1.2 MRIFE

RH X Lot TRERE (XPS) 4 THE R 4L, R BET Jriille e i iy e FLIRRURIFLE
I3, KA FTIR P5E R EREAIALAL, FHETEREN 4 000~400 cm™' . RFTEMMAZEH: (CV) Fidfk2#RHdT
T (BIS) XAPRMYRALA T A 00T, DAAE 1TO AR Ll as bt TAE M, SRS
W, DR EAR K AR AR 1 — FE 2% RGN B TR
1.3 EMRIEGELSRE

R BIBREE Paracoccus denitrifican Wi3E H AL FI LR, A5 A BNCC336866, Hf3CiasH
FILB ¥FRFET 121 °C &M N KA 15 min, KRRREEFPEGHTEER LB #5553, 7E 30 °C. 150 rrmin”' #EIK
Kigt 24 h 1R8I . BB MR 2 50 mL #0488, 7000 rmin”' 254 F &0 15 min, KR LS
W, VIEREIARFCE KRR L, EE 3R IMAGE R EEACKHITER E AR 0Dy, 4 0.7 AR B
%o
1.4 #ORSCHRE

&4 50 mL RS 3R (pH=7.0) (9 £ %1 100 mL L3 HEHEITHER S200 o 4 SRS Ak 1 35 57
121 °C FEKHE 15 min, AHIEFEREMHH. S5t P RIES 285 72 R i NEA S v o K 7R,
DA A B3 gt B3 43 B R R AR B A RO . BRI TROTINA. 50 mmol- L™ HEPES 28 AT,
G AR IS 2R pH A1k

TERAEAEA B B AR R &85 BC. ZVI & BC/ZVI, [ 0.1 mol-L ™' NaOH &5, HC1 $44 ili i3
() pH I 155 7.0, FH4E Ar BREUS, K DO MREAERFAE 0.5 mg L™ LR, SRFFIREACIRA . K5 A LI
HERT P.denitrificans, FHEEM R ANMECHE BE (ODgy) FEHI7E 0.02, LA CRAHIT A LG AN B (2x107 41
f-mL™") , BEGETHER (150 rrmin™', 30 °C) HFmAbRESR, RINHEZ BRI, N5 1 s, 7eds

Fz1 WATHRE
Table 1 Setting up of batch experiments

YIRS, TEICHES A BC-REINE BC-EisnE ZVIMEAIE ZVEI-Edne BC/ZVI-REInE BC/ZVI-Eisa

A= /0DIH 0 0 0 0 0 0 0
KR (217 0 0.2 0.4 0.1 0.2 0.3 0.6
HAREL/ (mg L™ 30

PIRASIE S A4 BCAREINEE: BC-EF NG ZVIRRME ZVI@ it BC/ZVIRREME: BO/ZVI-i Tt

A= #1/0DME 0.02 0.02 0.02 0.02 0.02 0.02 0.02
e (gL 0 0.2 0.4 0.1 0.2 0.3 0.6
HRER/ (mg L™ 30
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FIHIE 0. 6. 12, 18 F1 24 h [ HTCETEST &8 M AR 4 2 mL K, FHLAER 0.22 pm JERE
XA TIE0E, JERAETATE 4 C 5T, SRR AR iR
1.5 REMIREL FREIEHIFN LC-MS/MS 4347

FEFRFICH (LC-MS) BRI HIXHAAS A B2 A BC/ZVI Eds R4 . ZVI-S a3 ingiAl BC/ZVI-
FANIR A . BC-E AN IR0 BC/ZVI-E a2 g A T AR A2 249 o T B KR AR (4+ 1,
v/v) FFHREEA R R, 81 mL BEARTFERTALRAT, IAMREEN 100 pL W EBEKIAER. Tils, iR
ey, vKIBTEE 5Smin, 764 °C FLL 15000 g B0 15 min 5, B—E R0 LERINBER sk s
S S N 53%., FRREL, W B, #E7 LC-MS 23871, K UPLCHSST3 4 (2.1 mm=100 mm
1.8 um) . Q Exactive TR (ZHEEH ARG AT 1290, ) XFEFHEIT LC-MS/MS M5E . Velish i
ZEH 0min, 1% B; 1 min, 1% B; 8 min, 99% B; 10 min, 99% B; 10.1 min, 1% B; 12 min, 1% B,
UGHEREAT 2 uL. Q Exactive It {AE Xcalibur A F A T—2% . —HITEEHERE

2 HR5TH

2.1 PIRAIERFR L BRARAT

MRHZADGESEER BC A1 BC/ZVI R H 35 19 & S B REHIZAL. 2 825 ecm™ BT AY55 04 53-5]
K H BTG ERER] (-CH, .\ -CH,-) FIAXIFRFIGFRAIA, 78 1 581 om™" PRI AYd R BH L Hu R AR PRIt It
MIFFEAE, ERRRERIENG, BC7E 1581 em™' AbMyMRISss . WFsv R, R fiR IS A [Fn 2 5 45 f 7
2L TSR, TERBRER S A A A S E T . 1155 em ™! ZeA7 R iaie AR Bl C-O-C ARBhIR
e, BC/ZVI (1) C-O-C MR FEE ST BC, RATBEZERAT LIS rh iy s+ & AR RN, g inAE ¥
R EREA R A

Kl 1(a) M ZVI B EAEA % L, C 1s s (B 1(b)) 11 284.8 eV [ FWEXTR T sp Z2fbfik (C-
C/C=C) , T sp® Zefbhk 285.6~286.2 eV Fl 289.0~289.4 eV [T (1 I&AE 73 %)@ T C-O #1 0-C=0"", O

Cls Ols Fe 2p Cls /\
/
| BC —_ BC A
i b
o oy
= £
B = | zZvI P~/
/N
BC/ZVI &L P = BC/ZVI A
0 200 400 600 800 1000 294 292 290 288 286 284 282 280
it fgleV Hiatig/eV
(a) EFHEXPSIEE (b) C 1s XPSi%&l
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i - i
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Bl 1 BC. ZVIF BC/ZVI #1185 XPS &
Fig. 1 XPS spectra of BC, ZVI and BC/ZVI
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1s 1% & (E 1(c)) HREE N[ 532.6~532.7 eV M W Al 43 5|9 [ F O-C=0, 533.7 eV Ktix I )E T
C=0. BC %K, 7 531.96 eV MHTMELE] C-O IFFELE, TMAE BC/ZVI H C-O JH%%, HI7E 531.08 eV AW
g5 T Fe-OH MYFEAE. % BC/ZVI (B 1(d)) B Fe 2p A THIE, 707 eV AbAYSRIGIESE T Fe 84
Ao R, 7E 709.3 eV (2p1/2) Al 722.9 eV (2p1/2) AbAYRUE R RIAF7E Fe (I1) , Fe 2p3/2 (726.4 eV) Al
Fe 2p3/2 (711.8 €V) MTEIEFR T Fe () IR, XS RIMFEHH, BC/ZVI FHWELZER 700 2 28,
Bl Fe,0,/FeO. Fe,0,/FeOOH.
2.2 MRS RARNT

Kl 2(a) Bon 3 FbbRY CV ik, Hh BC/ZVI iR, HKE BC. ZVI, XIESEEMERA 73
RN TAEH RS . 7E-0.5V MHEEATEIER AL, 3R BC/ZVI Lk ZVI Fl BC 774 T Z A kit
SR, Y] BC 8 ZVIVE R TAERML . KC1(0.1mol-L™") VE R HufIT, 1531 CV fhZkrh s
S0 BAEGR RIS, HIR, 1E BC/ZVI R B ASE LRI, XEM ZVI nTRERCN R RV H
Lo SR H EIS MHZ A1 B B PEAG A R FNA W 2 (B B3 TR R e 2 BT, 5 BC A ZVI M,
BC/ZVI M EHEAT/NAPERI B, FB BC/ZVI A AR H AR L (Ret) FER B TR RE T .
2t Zview BAHUA, BC. ZVI il BC/ZVI B9 Ret 730524 19.4. 15.8 1 14.2 Q, UiH] BC/ZVI HA HARKIH
Y. TEMAX, BC/ZVI By Nyquist FHZRAPRIIE KT BC A1 ZVI, HHEL TR, et BC/ZVI 1)
ZMEEAR, P HEAA T s AL RE S0

0.004 40 -
v
=BC
o 7ZVI v
0r 30 YBC/ZVI
v
< g v
§ —0.004 - :\g ol v .
S ) T
—BC Y o Lt
—0.008 — VI 7 .‘0 . "
n
— BC/ZVI 10 . v" ’.,0 "
al 'Ona. [}
. . . . . . ) 0 . . . )
-1.5 -10 -05 00 05 1.0 1.5 0 10 20 30 40
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(a) MHEICVI (b) FHELEISI

2 BC. ZVI # BC/ZVI MR LF I RERRAT
Fig. 2 Electrochemical performance analysis of BC, ZVI and BC/ZVI

2.3 YRGB FENEEUR T REIPREERRIEEREL

AT NI Z AR R ALA AR R RS R SR 2R AR STER EL . XFd%m BC AR, 5
YSHEAT 24 h SRR IS A= T L SRR I B0 501°R 3.09%040.2% 1 5.1%+0.3% (5] 3(a)) o WFFTIESE
JEI AR ARLIE] % SO T A E WIS R T2, iAok il LA RO b S iR A ML, IRty
B R . ld CBMRASI: ZVI 4R AN ZVI A2 T LUK B ZVI A SR o] sk s s ig
R BRI 5.3%+0.8% F1 15.6%+0.7% (€] 3(a)) , XFMEEHAREIAERIARRE S AT LUEFET ZVI BTk

SRIG A TR SE S 2 SEIR PR VRSN, 73 3IFE ODy=0.02, 0.03. 0.04, 0.05 F1 0.1 AYZHEEHIIN
N AE TR R A R R LB R (K 3(b)) o AR EI Y 0D, =0.02 i, 24 h N AR 1Y LB RN
70%+3.79% . T @BINE T, 20 h NAEEREL LBRFIITE 100% ML, BT MR AxS s 5, B
ODy=0.02 A fe S T PRI L

mE 3(c) iR, BC+RASLHIRR . ZVIHAEILRIA R & BC/ZVI+ AR ZR rh i JBRaicr
WIS A AL AR R . MBI R T, BSRRER LR N BC/ZVIHUHIL R Z>Z VI ik
FIRZ>BCHAS LR RS UL IR R . BT S, 700 LR RS, O EEHITE 4 h (95
SEMETFLG, 24 h I AIBRZR R 70.09%43.8% [WAHIREL . SAiAp b BIR RA L, BSIMTaeR AL (BC.
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Fig. 3 Removal efficiency of nitrate in variable treatment systems

ZV1 Fl BC/ZVI) BIR R HERREh 8 A A s o, JL PR 0. SE0ifAT 24 h 5, B Taliisez
AB IS B R TP RSRRER KRR T LT T TURIAEYI RS0, SCHHET 24 h B, ARG A
I BC 4 PR Eh LM al gt — T & 73.4%+1.7% F 77.9%+1.4%. X Al REREH T YR e N
R R ER PSR — e B AR H S A It A A E AR (K 1)

Wi zV1 )5, KEPAEAEREIR RN Fe"—Fe?' »Fe* 2t it RGulnl L T4 2, sk R AR
IR FERE, R 16 h EARA IR AR A ZVI 4 NO, EBRHRM 43.3% 53] 77.7%+2.2% F
65.4%+2.2% (16 h) , XAJRERHT ZVI PR BC AR BT A L & 4mae (K 2) o Bmil
Bk B C R UE A O] DR R e A0, SRS TR YNGR R R AL R A SR DU B A R A R, A
BC/ZVIH AR RS, IR A AL 24 h SEBL 100% F1 92.7%=+3.3% (ORSRRERRIR, mite
HEIN BC/ZVI EAEAIR R T, ARB IS FE BNtk 2 b B 21.5%+1.5% F1 42.2%+1.4% WIRHRRERE 5
Bio BFFERIR, TEAIN Fe (0) MIIRRF, DEAABIE M= A4 1) Fe (1) P]REVEMIHIRER AT FHMA, UER T
] nZ VI HAE A AEYISERER A 5 R IR AT Al R
2.4 AFERERIFBF I

D) A2 KA SE gl e B 0GR e (22 2RI a5 B T 268 t, A2 tean
Kl 4 prR . ARERMERIEY XS R A S AT A9 (alkaloids and derivatives, 0.29%) . RKIfFHY
(benzenoids, 6.17%) . BEZSFIZEAEZESF (lipids and lopid-like molecules, 16.89%) . ¥ . BR M Hk
%) (nucleosides, nucleotides, and analogues, 7.34%) . LR K HAT4H) (organic acids and derivatives,
14.54%) . FHHLEAEY) (organic nitrogen compounds, 1.76%) . AHIEALAY) (organic oxygen compounds,
3.52%) . A HLA M 1k & ¥ (organoheterocyclic compounds, 8.66%) . 4 HL &L L & ¥ (organosulfur
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6.17% 0.29% 6.17%

Metabo Class
16.89% Alkaloids and derivatives
Benzenoids
34.51% Lipids and lipid-like molecules

Nucleosides, nucleotides, and analogues
Organic acids and derivatives
Organic nitrogen compounds

7.34%

Organic oxygen compounds
Organoheterocyclic compounds
Organosulfur compounds

Other

14.54% Phenylpropanoids and polyketides

0.15%

8.66% 3,500 1.76%

T BN EERR— MU, RASEMSYI LI Other R .
10 R T IRz B A o AT S B A (9 11 20 H

4 FREREINEEEEHE

Fig. 4 Pie chart of metabolite classification

compounds, 0.15%) . KFNZEHIEEZE (phenylpropanoids and polyketides, 6.17%) 5.

2) AR AN 22 ARSI R Tt S AT . Gt R B R B, ] CD3.1 b iR, WA
R EN 0 e A TR . P R MR R AR S — M A e B L, RIS blank AEAS KBR
T BT, I AR R R G A R TR . SRS IR QC FEA 78 57 R4 (coefficient of
variance, CV)/NT 30% MfCHIY), BZASRIHPINSE AR 2 fEah R . M4l OPLS-DA #id, 135I{
IR RPGE RS VIP, PRkt VIP>1 A922 55 R F45 & 58 i o3 22 A5 4UE (fold change)
e SRR . A BRI E A BC/ZVI-E AR . ZVI-E IR BC/ZVI-E T
TNl BC-Es il BC/ZVI-miis i it b B, @i kil (volcano plot) Xf 22 5 ib it
G

H1FE 5(a) AIRISEGR RS 93 FEATGEF - BRI . SIGRIMECEMAMEL, BC/ZVI-mEsn
TR YE T YA 19 FMCIIEE T, 74 AMCEIEGE B, N BC/ZVL R, FEERE FE
A TR B T AR, Rl PRI BC/ZVI BB InR GAE G R e i
o HilEl 5(b) AIAEGESR] 60 FEA G- N 2 S, 5 ZVI-mIRIEAXT I, BC/ZVI-S i
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Fig. 5 Volcanic plots of differentially expressed metabolites in variable treatments
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H PR E T 1 RN N, 59 AR B, SXATRERAN BC/ZVI MR E
WAL AROED T nZVI R AR, 8T T MRS A A R R, SR ik T AR Sk YR A B
YER . BC/ZVI-masinid] 55 W Fym iy = 45 B2 MR EGE, R Xt
FEIN BC 51 ZVI AR BA e gt EH . IR 5(c) RIAILASILRE 136 M A Giilm 52
SRt . 5 BC-miNiEdIMLl, BC/ZVI-Sdsinsd it waoiy=2ra 102 Y ~#, 34 Ff
R LVE . TR AR nZVI AWt e —E R LA e, (ALt 2t FEr2E S
PRI AR & B m T o

3) BiAZESEYIN KEGG SEmME T, K 6(a) U], BC/ZVI ISR ARIBKEE =4+ i
IR S 2K TIRe A ¢, 4G ABC #5zEH . FrEmigss —Rmygss . SaEm, SammmmiE g
VIR A A R, BRERRICET . NER, REERMASEARRICH . SRS, wEEASEE AT A R
mEREACI . TRl IR Easts . RINEIRICH . FHBNE T A k. AR RIS AE Y
VIR E A . RIS . 90 M B moK AL SR (SRGAAOC, WN—FRIRIERN) . REEA
W (SRR A K, WEZAYNEBEE) DS KA (g Fa B . K 6b) &
B, _EiE2e S s 2 SRS | M IREIY —IRRIEER . U TE AR RS R AR, IR
. AR, REARMAEIRE . ARG, W R, e, B, &
MR, HEFRARRRTT A A I A G ARG . [ 6(c) A, iRzl i 2 S5 lhk
7. MAEYTEARISE TR AR AEY AN, DA, R AR E A A
B RN EPIRIAED AR BRI RGN . A H IR .

BT YRGS, FEYIRA A RS ECEEAWER . BRERE A L YR (5 & T
TR EIEESRR, (DA AGE IR NG e R A R EEEN, EReIE bt
SR BB IRINLT, ARG EE . IRz Al RN ) SNy e B X R i | RS A 2 P
DIREMANMIEASARERY, B, e LRI N, S R & USRI ] RES OCEE T . 1t
Ah, SRR L 5 R IR M A R 1) —SRRIEIAAA . TNERIE AR (1 R AT B P SR () B
B Ny, KRR R RS A P IR AOR A BB R AMARY, L EARE = r F2 5 iR,
BC/ZVI G 7 Wi A RIER G M B st .

ABC 588 TEAE DA R IEE Z R RS IEE Ve . — 5T, 1T RASCERZERE 24 o S e 4
ML iz, (R Ar AR —, R AR TR SN s HE A, AR RN
AR A B MR B AE R AR BT, DR 7, A B TR AR S5 AE KDY, kbt
KILGIN BC/ZVI i35 ABC #i2pFEMEHEA LR, XU BC/ZVI BT IEE T 1 U ER T ) 5

Nucleotide metabolism -Log, Q-value

Microbial metabolism in diverse environments . ':1_4
ABC transporters

Biosynthesis of cofactors

Purine metabolism

Biosynthesis of secondary metabolites #

Two-component system [ ]

1:2
-1
-0.8
-0.6
Pyrimidine metabolism (04

Tyrosine metabolism I:O'Z

Biosynthesis of alkaloids derived from ornithine, lysine and nicotinic acid [ ) 0
Biosynthesis of alkaloids derived from shikimate pathway ® Couiit
Degradation of aromatic compounds [ )

Biosynthesis of phenylpropanoids [ ]
Biosynthesis of terpenoids and steroids
Citrate cycle (TCA cycle)
Carbon fixation pathways in prokaryotes
Phenylalanine metabolism
Alanine, aspartate and glutamate metabolism
Biosynthesis of alkaloids derived from histidine and purine
Carbon metabolism °
Nicotinate and nicotinamide metabolism (]
Aminobenzoate degradation L[]

Biosynthesis of plant secondary metabolites | ®

N o o~ 0N

N N N
POEEN RN SRS RN IR N R N

Rich factor

(a) (IR E YA S BC/ZVI-R R4l
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Fig. 6 KEGG pathway analysis of up-regulated differentially expressed metabolites in variable treatments
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nZVI materials loaded on biochar enhance the nitrate removal by denitrifying
bacteria and the microbial metabolic characteristics
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Abstract The coupling of nano-sized zero valent iron (nZVI) with microbes such as denitrifying bacteria has
application potential in the field of nitrate remediation. However, several problems still remained during the
applications, including the biological toxicity to microbes and easy aggregation of nZVI particles. Loading nZVI
onto carrier materials can effectively alleviate these problems. Among various loading materials, nZVI materials
loaded on biochar exhibit superior performance in promoting denitrification efficiency. However, the
mechanism by which biochar loaded nZVI enhances denitrification by denitrifying bacteria is still unclear. This
study synthesized representative nZVI materials loaded on biochar (BC/ZVI). Paracoccus denitrifican
BNCC336866 was used as a model denitrification mode strain and a series of batch experiments was conducted
to investigate the nitrate removal process in the presence of BC/ZVI. The results indicated that the reduction
effect of ZVI can contribute 5.3% to 15.6% of the total nitrate removal. Compared to the control group that only
dosed with denitrifying bacteria, the addition of BC, ZVI and BC/ZVI could enhance the denitrification
efficiency to varying degrees. The untargeted metabolomics analysis confirmed that BC/ZVI predominantly
enhanced the growth and proliferation of denitrifying bacteria cells by promoting transmembrane transport,
substance metabolism and energy supply, protein and cell wall synthesis, etc., thereby strengthening the overall
denitrification capacity.

Keywords nZVI materials loaded on biochar; denitrification; Paracoccus denitrifican; untargeted
metabolomics
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