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Abstract: In recent years, with the rapid development of nanotechnology, the increasing production and application of
titanium dioxide nanoparticles (TiO,NPs) will lead to their release and accumulation in the environment. Owing to that the
wetland is located in a relatively lower water catchment environment, TiO,NPs may enter the wetland ecosystem through
multiple pathways, once it enters the wetland ecosystem, it will affect environment and the function of wetland ecosystem
and change the process of soil nitrogen transformation inevitably. However, little is known about the effects and mechanism

of TiO,NPs input on the denitrification and nitrous oxide (N,0) emissions of marsh soil. In this study, in order to explore
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the effects and its mechanism of TiO,NPs input on soil denitrification and N,O emissions, marsh soils were collected from
typical field and an indoor cultivated experiment with different addition of TiO,NPs was conducted, exposure experiments
were conducted to investigate the eff'ects of TiO,NPs (0 mg/kg(CK), 10 mg/kg (A10), 100 mg/kg (A100) , 250 mg/kg
(A250), and 1000 mg/kg (A1000) ) on soil physical and chemical properties, denitrifying enzyme activity, denitrification
rate and N,O emissions of marsh soil. The results showed that (1) all the addition of TiO,NPs significantly reduced soil pH
(P<0.05), the treatments of A10 significantly reduced the content of soil total organic carbon (TOC) (P<0.01), the
treatments of A1000 significantly reduced the content of soil nitrate nitrogen ( NO;-N) and nitrite nitrogen (NO,-N) (P<
0.05). (2) The addition of TiO,NPs inhibited the activity of nitrate reductase (NAR) and promoted the activity of nitric
oxide (NOR) and nitrous oxide (NOS) (P<0.01), the treatments of A1000 promoted the activity of nitrite reductase
(NIR) in initial stage of inhibition, then the trend was opposite ( P<0.05) , but with the extension of the culture time, the
inhibitory effect of TiO,NPs gradually weakened. (3) The addition of TiO,NPs significantly inhibited denitrification rate
(DNR) and promoted N,O emissions. (4) DNR was positively correlated with the activity of NIR(P<0.01), N,O was
positively correlated with the activity of NOR ( P<0.01). The addition of TiO,NPs reduced the DNR of marsh soil by
inhibiting the activity of NIR, addition of TiO,NPs improved the N,O emissions of marsh soil by promoting the activity of
NIR. Overall, addition of TiO,NPs interfered the denitrification process of marsh soil by affecting denitrification reductase
activity, resulting in increased N,O emissions, thus the function of nitrogen source or sink in wetland and global climate
will be changed. This study provides a theoretical basis for the assessment of environmental risks of TiO, NPs input in

wetland.
Key Words: titanium dioxide nanoparticles; denitrification; N,O emissions; enzyme activity ; marsh
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H NO,-N,—F A (NO) N0 MIAS(N,) M A2 HAE R EU0E 20 F B4 43, H NAR \NIR \NOR Al
NOS AL A A= Wik R B4R SRl fbad B rp B N, 0 Sk R EE R = Ak —0 HasRAs g %
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Bt 4 K F AR R P & R TIO,NPs 872 AR /K A BRI feHe & 5 T 0K AS AT 3k 4 b
SELAEABT P RCRMALR T i TR A T SR AT KRBT, TiO, NPs B/ TR i AR b, JF 7618
bR A FETR VT BT RV A T A9 TR R A I F) TIO,NPs! Y TiO, NPs £V M + B 3
S NS ol 2R 27 TR A 1) A 25 R R XU v = ) -t 2 5 i = 398 135 A 40 R0t 3% v | DTG e R B i
PR L USRI IR R AT, 25 mg/LTi0, NPs &b 3 230 i 5z il AL A5 2 i 7 & , T 50 mg/LTi0,
NPs b B0 F2 2F S A AL A BB IR . Yang S5 B9 R0, K W2 88 T TiO,NPs, 2 BRI QT 4% R e A
AR 2 o ) B B IR RN A 35 PR B A = B, P B A R A . A T T O ST L B, 0.5 ¢/kgTiO,
NPs Ab B 06 A R ER 10 5L 15 P, 520 T NOS-N 8 J5h NOS-N fad#2, HET TiOo,NPs [ 4: ¥ 5 B2~ 5% 3%
FJZ TR, T TiO, NPs Hiy A G b, - 458 UG Aok 72 04 5% e A 0 6 DL, DRt , AR S 496 vy i AV
B AFSE TiO,NPs XVEPE - BRI T | S AL S P \DNR F1 N, O HERBU 520, #R15F Tio,NPs X {EE +
B R A ARAE FHAN N, O HERC AR 0 K NAEAIL , LAYIA TiO,NPs i A B0 b 3858 KU DAk F 2 S (L B 3Rl

1 #R57FE®

1.1 TiO,NPs A8k K fiikb B
AWFFE IR TiO,NPs “AELEKH™ ( Anatase) , 23 A 99.8% , Kife Ky 10—25 nm, 357K, W TRl T 500 B
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W SR 1B L SR B AV VR R U5 (200V, 50 kHz) 7% 30 min,
1.2 IR RS Pk 2

2017 4E 7 A, 7E4N i E PrE IR H N (99°37710.6"—99°40720.0"E , 27°48'55.6"—27°54'28.0"N ) N 1+
HFIVHPE 3 B 5 em T ANBENLRAE 0—10 em (19138, S 3 ] W 4 e fsh A Yy sk Ak 5 | 2
EH B T SR = 2T Y B ST 2 mm B TR NSRS
1.3 FiFRi

FREX 100 g T4 T 500 mL EZEBEI = M, 50 H KB S 17 58 5K 2 H KR 1Y) 40% , 55
AR AR IR IE FRAE 25 C T REE TGRSR 5 d, WA FRAS S R [R R TiO, NPs %M (CK
A10,A100 ,A1000) 4 B AT ZF T, R T B 1k TiO, NPs ¥ B4 , U N TiO, NPs ¥ W i F v S 7 FH
FPEPEEERE , fn , VT A KR 2 R KB 70% , B FRLE BORESOA 25 °C 1B TR SR 4 P SRS |
WEOERESR, LI E 3 APAT, 2 36 M, HZEE LA AN K S AR TiO,NPs M8 PERENE 23 BIFE KT
FEE 7 14 35 RIEATREIR PR | H 3R R0 /A7 T 4 CUKF , FH I 25 & (NH;-N) \NO;-N NO,-N
JRAHACEESGPE N, O & F1 DNR ; 53— 80 53 KUTORAE T F B4 1T T0E +3% pH A B &((TN) \TOC,
1.4 FEEIE

3% pH {E2R ] pH i+ ( STARTER 300) I ; + 4 TOC 5% F A HUER T (FEE TR Vario) I E ;
44 TN NH;-N ,NO;-N NO;-N ¥ &, NAR 1 NIR i 14, {8 FH % 22 3 80 53 BT 4% ( SKALAR San ++, Sklar Co,
Netherlands ) #lll % ; 3% NOR F1 NOS & Mt F — 48U Ab AU B I G2 43 W ik ) 6 A A A0 W S0 e g IR 2 43 B
TR A 5E 3 N, O 18 2 fd R 2 N,0/C0 4L (N,0/CO LOS GATOS RESEARCH) il %€ , DNR >R FH Z fL i
Wl RIS T R A 8 T R AR K KRR LS )

2 HEST

SEE R I ] SPSS 25 A GE T o B, SR BRI 3R U7 22 73 A AN [R] 5 & Ti0, NPs &b B VE 9 + 3E #EAL PR
T A AL M . DNR AT N,O HERCARZ (P<0.05) o 2K H Pearson 2347 TiO,NPs Ab B~ VA 1 i + e 3 4k
PRI R AL EREG PE AT DNR N, O HEROH G AR . [ Amos 24 #48 TiO,NPs 4 BEX} DNR A1 N, O HEH i
ZE Ry RS I VE SR ] Origin 2018 #1 4%,

3 ER59M

3.1 TiO,NPs X ¥ 5 -3 B AL 1 o 1) 52

TiO,NPs XA T AL FUE M TR WL 1, 1557 7 d, A1000 23 pH NOZ-N & & W2 K ( P<0.05) .
A10 4B TOC &5 W MK (P<0.01) , 1535 14 d, A[H5FE Tio,NPs 4b# pH 2 g 2 F&1K ( P<0.01) ,A100
ARFR TN & PR 75 9% 35 d, A10 A1 A100 AZbFE TOC 5 i 5 P I (P<0.01) , A1000 ZbFE pH \NO;-N F1 NO, -
N &1 i F K (P<0.05) .

B 55 SR ] A B4 A10 Fl A100 A0 pH SEREARfS HE M ( P<0.01) ; A1000 403 TN Je14 hn 5 B A% ( P<
0.05) ;A10 Zb3 NOS-N & BERFLEREAIN (P<0.01) ;A10 F1 A100 Zb¥E NOS-N it i 219 i ( P<0.01) ;CK ,A100
1 A1000 4bFE NH;-N 75 i i B (P<0.01) .

3.2 TiO,NPs X787 58 5 il A B 1 11 52

TiO,NPs X185 3 S i L FE P2 i DL 1, 3535 14 d,A1000 AbEE NIR 36 M &8 & PR AR ( P<0.05) 5 1%
7535 d,A10 F1 A1000 2P NAR % VE B E AL (P<0.01) , 353 7 d, A1000 &b 3 NIR 1% % & 2 34 hn ( P<
0.05) ; 553% 14 d,A1000 Zb34 NIR 75 8 K (P<0.01) , 7B EWM], TiO,NPs Zb 3 NOR &P i &
BN (P<0.01) , [ 14 d A100 ZbFE Sk TiO,NPs 4bF NOS 75 PEE B Wi ( P<0.01) ,
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&1 TiO,NPs S XA F B E RN
Table 1 The effect of TiO,NPs addition on physicochemical properties of marsh soil
Time/d pH C:‘l’::i/"(rgi‘? Total nitrogen/ nitrogen/ nitrogen/ nitrogen/
abon/(eke) - (ke) (me/ke) (m/ke) (me/ k)
CK 7 7.47£0.04Aa 83.10+1.29Aa 5.93+0.04Aa 57.04+3.68 Aab 9.81+2.57Aa 0.75+0.09Aa
14 7.40+0.05Aa 82.91+4.93Aa 5.26+0.08ABa  48.96+3.37Aa 1.05+0.08Ab 0.55£0.10Aa
35 7.43+0.04ABa  87.23+0.67Aa 4.13£0.01Aa 82.66+4.56Ah 2.91+0.84Ab 0.52+0.05Aa
A10 7 7.44+0.03ABa 67.16+2.30Ba 5.48+0.28Aa 52.91+2.48ABa 16.33+3.68Aa 0.72+£0.04Aa
14 7.28+0.02Bb 72.98+5.97Aa 5.06£0.25ABa  57.06+3.36Aa 1.03+0.17Aa 0.54+0.02Ab
35 7.48+0.06Aa 75.01+2.99Ba 5.08+0.23Aa 78.40+2.51Ab 2.69+0.17Aa 0.33+0.08ABc¢
A100 7 7.41+£0.04ABa  82.12+1.35Aa 5.47£0.05Aa 54.75+3.05Aa 11.41+0.95Aa 0.66+0.08Aa
14 7.31+0.05Bb 81.70+£2.28Aa 4.47+0.36Ba 39.84+4.12Aa 1.11+£0.26Ab 0.43+£0.03Aa
35 7.42£0.02ABa  84.00+1.42Bb 4.14£0.27Aa 75.45+1.45ABb 2.22+0.19Ab 0.49£0.05Aa
A1000 7 7.39+£0.06Ba 81.52+£9.99Aa 4.57+0.15Ab 40.36+5.83Ba 7.04+£1.24Aa 0.51+£0.11Aa
14 7.28+0.02Ba 80.61+2.46Aa 5.81£0.16Aa 45.83+1.55Aa 1.23+0.06Ab 0.47£0.06Aa
35 7.35+£0.03Ba 87.05+£5.03Aa 3.50+0.17Ac 52.49+4.13Ba 2.98+1.07Ab 0.26+0.03Ba

TP B T BE LR EZE (n=3) , [l —Fh , KE FRARER AR AL 2 7 22 5 2 /NG FRAR R B R0 (7] 2 1] 22 5 .25 ( P<0.05) 5
Hiip RIAIFIH CK;0 mg/kg; A10:10 mg/kg; A100:100 mg/kg; A1000; 1000 mg/kg
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Bl 1 TiO,NPs & 34E % 1 1% NAR i 14 NIR i& 14 NOR i&F1£750 NOS & 148 %
Fig.1 The effect of TiO,NPs addition on Nitrate reductase activity, Nitrite reductase activity, Nitric oxide reductase activity and Nitrous
oxide reductase of marsh soil
NAR . il R EL R I Nitrate reductase ; NIR : W AS R 538 J5 i Nitrite reductase ; NOR : — %84k &8 J5L i Nitric oxide reductase ; NOS : Ak WP AUk i
fif Nitrous oxide reductase;CK:0 mg/kg;A10:10 mg/kg; A100:100 mg/kg; A1000;1000 mg/ kg
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Bl BE TR A AE K, A10 A FE NAR 3G PEREAR . AS[E I Tio, NPs Zb PR Y NIR 7f M B K 2 T Bk 34
(P<0.01), A10 F1 A1000 ZL 2 NOR & ¥ 52 T FE B # (P<0.01) . A10 1 A1000 4bBH NOS 3 P4 5514 I K
ik, A100 4bFE NOS i PEFE MK (P<0.01)

3.3 TiO,NPs XJ VA {% 1.4 DNR F1 N,O i 5 19520

TiO,NPs XA 13 DNR Al N, O 38 & LA R UL 2, 1537 14 d, A1000 4b 3 DNR 2 25 P&
(P<0.05) ;355 35 d, A100 Ab 3 DNR i P& (P<0.01) . 35557 d,A10 FI A1000 43 N, O 38 & i Fit 5
(P<0.01) ;3%5% 35 d,A100 Il A1000 4bFE N, O i & 1 2 45 = (P<0.01) . Bl 35 3% 0 [a] A SE K, A100 4b 3
DNR St e AR (P<0.05) . A100 Zb¥ N, O i B A Wi ( P<0.01) .

CICK PZZAA10 RN A100 BX] A1000

055 9
= o
- 0.50 =
50 Aa - Aa  Aa Aa
S ABa =8 NO3% kS
e e
bl 1= 0.45 Aa Aa —I_ ABa E ’:’:’: AB A; ':‘:’:
g WE K 5o BB
BT 040 = 5 oo Aa Ab AR
S2 Ba 2 7 555 Aa 1 PO
= 3K 3 o RS K&
Z < 035 lodeds K3 Ry 28 o oo
- 3 B 2% 3 N
= lo%e R K] 5 Ba K A K
s Lodod Dol K] KX a RXK
S 030 R 239 RS @ $0%%¢ BRXY
b= XX 5 o0 6 K XS
B o 0% S S KE] ’
= oot KR oo E K] ook
£ 0.25 R R Podeds = KL KXY
S Lodo Do X Z bt ot
[a} Lo¥e% R & KX K]
0.20 o 5% 1S 5 ’RS (RS
14 7 14 35

F E] Time/d

El 2 TiO,NPs Ab323$ A% 11 DNR #1 N, O B2 0T
Fig.2 The effect of TiO,NPs addition on DNR and N, O flux of marsh soil

3.4 TiO,NPs 2B T {EEE TS IR 1Y &R

T 3 DNR 5 NIR J57E 5 B2 1IEAHE (P<0.01) ;N,0 HEiZ 5 NOR I M & W 2 IEAH 56 (P<0.01) , 5
TN NO;-N 5 ( P<0.01) F1 NAR %% (P<0.05) 2B EFHAHK(E2),

SER T ARSI R W], TIO,NPs Kb BT + 345 5 I il A0 AE H Z (B AF7E 8K &, NIR & M TN NO;-N % & Al
NOR & HXT DNR A 35 19 EH2 0 ; TN NOR {64 F1 NIR {5 H:XT N,O B9HERCH 838 1 B m (K 3)

%2 TiO,NPs BB B FLERMELERM N,0 HiM 5 LEREHNX R

Table 2 The relationships between nitrogen denitrification, N, O emissions and environmental factors of marsh soil with TiO,NPs addition

g ST A N, O ik - R AT N, O i it
£t e . X E=2 7N e X
Denitrification Nitrous Denitrification Nitrous
Index ) Index )
rate oxide flux rate oxide flux
pH -0.16 -0.01 WA A4 Nitrite nitrogen 0.00 -0.47**
A B Total organic carbon 0.18 -0.13 YR EL 1A JEifF Nitrate reductase 0.26 -0.40*
JBA Total nitrogen 0.31 -0.43"" AR ER I8 JA B Nitrite reductase 0.43*" -0.32
A% Ammonium nitrogen 0.15 -0.10 —EHA AL R Nitric oxide reductase -0.27 0.44**
A& Nitrate nitrogen 0.30 0.05 EAL &AL )R B Nitrous oxide reductase -0.01 0.24

e g
4 iFig
4.1 TiO,NPs X {H 7% 38 S A P 1 32 0 A
A AR A B AP T 22 Rl PR R T TR M 28 f 2 B R i S i Ak i B, AR5, TiO,

NPs ZbBEFEAR T NAR HPE 5200 T NOS-N iR J5 9 NOS-N A3 2, I HLBE B 350 ] 19 3E K | TiO, NPs 4b BEXT
NAR & PRI VE A3 5, X AT RE S TiO,NPs AR B BUE 1 AR IR E VR 4Ln, S BOH SCRUE ) ik I 2 FE R AR
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JNTHIE] T NAR 3P, R Tio, NPs 0] DA7= Az H.
AARBRACZE TG T A A R SR SR 2 X
I B8 5 A LY S0, {7 SRR At B — AR A e ALK T Ak IIEA AN
AR AT BL R R BT TIO, NPs 55 o NN
MR . 26T TiO,NPs X SR M) V4 LR Y o
RN o

WG LB, J5 5% 14d, A1000 AbHE NIR 7% % B 3% R =045 DNR ' R =041
FAIK, XS K TiO,NPs AbBRFEAR T NO,-N & &, ifi

P=0.232, CMIN/DF = 1.312, CFI1=0.95, GFI=0.932,

H NAR {&PEHAZ 2], 530 NOS-N [1] NO,-N #{p AIC=50.49
HREEAR, 5 BON AR, T T NIR W1 @3 1io,Nps 4 53478 3% £ 58 DNR F1 N, 0 HH 80 B HIHLH
X FHA TiO,NPs A FEHIH] NIR 350, B0 T NOJ-N 8 445
JFON NO Ay #E, A3 W H | TiO, NPs A F XS Fig.3  Analysis of the influence mechanism of TiO,NPs addition
NAR /R FH B 2 25 &5 7% NIR 99061 £ A, 5B on DNR and N,O emissions of marsh soil
NO;-N A= 3 R K F NOS-N b JF 3R | Ti0,NPs b FE HAUSHEIR I OS5 (P) R J7 H 13 b (CMIN/DF) | L 5E48)
VTR 1 HEFR 8 rh R e S SBOR IR L beep AHRECCRD LA G MR & LA R (AIC) s
WF9E & B, TiO,NPs Kb 45 1 NOR 1 NOS I 4,
XAl e T Ti0,NPs ZbFEXT NOR F1 NOS HHC &8 & A 7= AL sl e, sOmiii & 17 Had v, 2
NOR F1 NOS {1, ABFFEEY], NAR F1 NOR F2E Hit AJBEPY 1 NIR 1 NOS W 5 B 7345 T, 5 NAR Fl
NOR A H, NIR F1 NOS B9GP 455 2 5052 m 2 | TEARKISE Hh & BH TiO, NPs Ab B GH DU Ff i1 35 7= A T 5%
M, H. NOR F NOS %I TiO, NPs 2b 3 57 8% , 3X W] GBS TiO, NPs X VA3 -+ 3 A W B 9% 21 1 1) 52 i LA 3t
B
4.2 TiO,NPs XF7A % 13 DNR & N, O HERL #9500 434

5T KB, TiO,NPs 4b T DNR 5 NIR i PE 2 0 & EAHSC, SORSAE T #E 45.5% LIRS IR 50
FZAR R ERER e A — AL R L B, 2 B i A b o Y PR A RO TiO, NPs AR FRFFAR T
NO;-N F1 NO;-N i, FHUR Wi /D, NIR 3 P BEAK, 3060 7 S0 6 2 55 o) — 404k 200 3% 1k, DA R A1 1 45
DNR. i TiO,NPs b3 F NIR 75 PES& 5200 DNR M B Z R & |, 1X 5 Tati 2 AR EER—30 N,0 J& il
A R B P )=y, RO A TS M A 28 Ak £ BT HESE R NLO BOHERE > . ASBIFSE & B, TiO,NPs A FRAEHE N, O HE
Ji, NOR i Mz = F LB Wl 6 1, X BB N, O 9 2E 7= 3 6 37 i 1340 JRL i %6, N, O HEJICA 14 v i B 42 32
NOR {3458 52, TiO, NPs Ab P F 2520 T NO i) N,O a2, 9T R0 N, O HERHE 2 i T4l
R S T it STV T 3 ot L R — 4 b s D it 11 7 A R A P T 41 ST s D il 1 7 A A, DT 5 3K
TREA N,O 7= EEEME R N,O HE A R E R R Y e O A S B R S A A f it R,
T PR TG M R T AR AR B A B RE R R | 2 RAH ST 2 o UE 233 b A Ak s R 5 B 52 il 6 ek 4 o, i A S
PR BE L) R ARIFSY S SRAESE T TiO,NPs AR BT NOR 35 P43 25 V8 % 145 N, O ik,

o.2|8*

,0,33**’ I/0.38**

5 #ig

ARG R E N RE IR 526 5T T TiO,NPs B A 1A 3 33 Sl AL 7R F R N, O HERCAG 2, 45 SR R R
[F] 5] 5 TiO,NPs AbH 25 X6 VA 3 145 S AL VE FH AN N, O HEEZ

(1) AR Tio, NPs 4b 5 8078 ¥ £ 38 pH 8 2 FEAIK (P<0.05) ; A10 4b 3 TOC % & 1 3 B (P<
0.01) ;A1000 ZLHH NO;-N FI NO;-N #  # F4AK (P<0.05) ,

(2) TiO,NPs ZLBEAMHI T NAR 51, Hid A10 F1 A1000 4bBH NAR 6 7 i 35 F i ( P<0.01) ; A1000 4b B
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T NIR 361 (P<0.05) , {H Bl R 15 720 B A9 ZE K, Tio, NPs #0417 FH8 5 ; AS A5 5 Tio, NPs 4bFf NOR Al
NOS {5 P i & 485 (P<0.01)

(3)DNR 5 NIR {5 B35 IEAHSE (P<0.01) N, O HEZ5 NOR 7% 1 5% 2. 3% IE#H 5 (P<0.01) , TiO, NPs
iy A GBS A VA L NIR TG MK DNR 5 38 i 2 VA 1 NOR JGMEARHE N, O HERC, 15 M A28 £k 52
T A AR R R T A R R A S R R e h B EEAVE A, TiO,NPs 7ERREE i i K i
TR THCAT BB 7K B35 R X S5 A A B P S
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