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Abstract ; Constructed wetlands (CWs) are considered as the efficient technology for the nano-materials (NMs) re-
moval. However, the responses of wetland plants under carbon nano-materials (CNMs) stress have been unclear.
Here, we investigated the differential impacts of common CNMs (SWCNTs, MWCNTs and nCy,) on wetland plants
under 5-day and 180-day exposure to low (10 wg-L™") and high (1 000 pg-L™") concentrations. After two exposure
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phases, as the invading substance, CNMs induced the variation of antioxidant enzyme activities (e.g., superoxide dis-

mutase (SOD), peroxidase (POD) and catalase (CAT) activities) as well as the overproduction of malondialdehyde
(MDA). Additionally, SWCNTs and MWCNTs obviously inhibited photosynthesis rate and root activity. Differently,
nC,, had no obvious effects on photosynthesis rate and root activity under 180-day exposure. As responses the bio-

mass and major elements (C, N and P) content of plants had a corresponding fluctuation towards CNMs stress.

Keywords ; carbon nanomaterials; plants activity; constructed wetlands; antioxidant enzyme activity; photosynthetic

rate; biomass

Bk 44 K #4 £} (carbon nanomaterials, CNMs) [A] H:
MRFY) 725V BE I A b A e g T 2
N HFARZ 8, v R 2 SR A4
REELD S MiE A CNMs R S B RE R &
AR A AL B CNMs AN 1] 3k G g B8 il 31 34 5%
r X AR AR TR RN A (gt B i R VK AL 3R
GiAE R CNMs HE AFREE W 0 280545, A7 52 ) 47 1l
v A

N TR HIAE R A A A R K b B R 458, B
SER TR IRREAE  4E4 Oy (8 A0 A, B 4Bk RS
FIKALFRATA N AT A8 F A W R R 11
B RE ST MK R R LR T AR, AR N TR
X8 R ABE TS G WA R A L BRASCR (R A
R AR ITORL 5 Y ) 1 EE B R AR X A
YIVE R N T8 b 0 20 03 47, B AT RE B 42 k1]
2 Hb 2 BT b K A b s G g an Wl R AR R
o, BEEER B FTA LR K A PLE G
Yt AN TR HAE YA vT LIRS pH {E, BERUA HL
UM AR, DA SERAR R TS B X5 T G ) 0 B i
FIEALD! . FEY 0 500 ) BE 0 e L TV b R 52 1)
A, SR, CNMs X HUAE 0 17 A 9 55 P LA
e PR I X L 53 15 50 ) 5 ) I I AT S
A

I 7 8T RescHE” | B AR S A I AL
SRR BUR P RS 5, N TR e B H 2
BRSO T b 2R 4 B G b R 55 3l U 7K
ACFR A R RO B s il A RO T
CNMs X 7K AEAB Y B BEPESE R o3 B R Z i
C A & T CNMs X 9 iy A= Ml (0 R 24k
CNMs (45 B2 WIS R TE -3 stk 5 45 81— 4b S
fith b, SR PR v 391 X A VR sl U P A T 5
AEFE UL CNMs 7F 1 M % 7K Ak B SCHE Y &2 4% 4
BRGHX KUK AP R, HIEARR
S EET 3 R UL CNMs £ 45 B RE i 9 K 5
(SWCNTs) , ZBEk 44 K & (MWCNTs) FT 40 K & 1)

(nC J1E N TR LR A KOS

1 ##57 % (Materials and methods)
1.1 SZ5GAF R (Experimental materials)

3 Bhfik 409 K A1 kE(CNMs) I 9T 95 48 >k 5 =
(XFNANO)M BFBF 42 47 FR A W, 525, SWCNTs
I MWCNTs # i B 7E 12 mol - L™ Eh AR IR L 11
h KBREE R 4@ AR, 2 J5 FH 25 88 /K0 vk 12
HPERY ) nCy, AAEIHI 281,150 r-min™' 48 % 2 h,
SRIG I 4 REURFRY K B 1k dk 2 ik v , 3 1R
YR 5e 4 B St 0.22 wm 8K (ANPEL, |
W, P ), B eI i CNMs 7E 60 °C LA T
PR AR B R

ASLH; CNMs MR E 0 10 pg- L7 FT 1 000
pg- L7 DI IR B e 8 AN T HE RO . HAAR A
PO 1.2 g 1) CNMs | 7 (25°C ,250 W 40
kHz,0.5 h)& 3] 100 mL 258 77K, FA3 B 1
pL F1 10 mL N3 12 L A THEKF, 3 5 4
(TEM) (JEM-1400, JEOL, Tokyo, Japan)ill 5& At 7k
CNMs IS Koo 4 (BT 1), 25 R 3R], A 5280
TELTFRR I, IAE S0 & H ) CNMs AT 44 K
& H R HAW B TT R S 4% W SO0 4 AR A T
BEAh B AKASEHLTS 7K b R k7K 2 A% fb 2 75 A
(COD)YZJ A 200 mg-L™", B&(TN) K 35 mg-L™", &
Z(NH; -N)} 20 mg-L™", BB (TP) 5 mg-L™', H
PR 72 F 100 L A T-BC/K A2 264 mL filk I
R 72.6 mL BRI 7.64 g AALEZ 091 g iR
B2 mL TR, BRIRA IR 12.89 g- L7 R
P 4 g- L7 BERHE IR 34 g-L7' MgCl, -6H,0 20
g-L™' MgSO0, -7H,0 f19 g-L™" CaCl, -2H,0 4K,
WEIAWH 33 g-L7' K,HPO, 129 g-L™' KH,PO, 41
W, fEICE M 150 gL' FeCl,-6H,0.0.03 g-L™'
CuSO,-5H,0.0.12 g-L™' MnCl, -4H,0.0.06 g-L
Na,MoO, -2H,0.0.12 g-L™" ZnSO, -7H,0.0.15 g~
L™ CoClL,-6H,0.0.18 g-L™' KI.0.15 g-L™" H,BO,
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1 ATIEKPRERRGKAHH CNMs) B93E ST IR ( TEM) BlRH0 X 5Tk 8E1% (EDS)
AMER (L RERKBAMBNTES M)
TE: SWCNTs g FUEEGRIY AT , MWCNTS 2 ZBERRAUKAT ,nCyy N BRI KM EL

Fig. 1 Transmission electron microscopy (TEM) images of different carbon nanomaterials (CNMs) in artificial wastewater

and energy-dispersive X-ray spectroscopy (EDS) analysis results (the area indicated by the red rectangle in TEM images)

Note: SWCNTs mean single-wall carbon nanotubes; MWCNTs mean multi-wall carbon nanotubes; nCy, means fullerene.

110 g-L™" EDTA 4%,
1.2 ¥ (Design of experiment)
ARAFGEHESE T 21 AP AR A T8 i (SSF
CWs), /K S35 BE BRI (HRT) N 5 d, N8 Hb G AR FR
40045 m*(£: 03 m . $E 0.3 m. =5 0.5 m), ALY
FHBRAT(EAE 5 ~8 mm, fLIRE 0.4) 78 40 cm =,
FEFFH (29 20 em &, FIAE IR FEZY 15 om, % 20K
267 Fkem™?), FLERIRBUN 12 L, 21 4S5 hy a5 3E %
B AAMER, H 3 ANEH A ZS 4, SWCNTs 41 |
MWCNTSs 21 fl nCy, 4145 6 N3 41~ 10 pg-L™
WePERE AL 3 S 1 000 pg- L7 ML BEZ), AT A
BHEETQ5£1) CHEHBEHBEN, RES
PRI TE] S I EE 4 18 h/6 h 28 C 22 °C, i ZAIXG
HE BE R 4351 0 160 pumol-m™ -5 F1 60% , SE5
FEUAHT, M HE AN T ECKSEAT 4 S H B HER S 30
R DV AR E A I IE R AR R . AN TLREK

IR THFR A A LA MRS SE T S HE S 45 B I
25 d, IERSEE AE aEREE G )R
181k BA(180 d)2 KL,
1.3 HUFE(Sampling)

FEAE il < R DR 2R A T 2 36 T B 2 — LK
(5 d)BIRJF— DR (180 d)Z5 5 HEATHURE , fie K
PEE MR R E RO AR 28 5 g, U 5 R AT g 5
PE R FR IS ) S HAR I H A

KA it s N T Ml 52 17 s 7 S 360 i J — St
THARTTFNZS S5 J3 591 O K RN s K MR 4 A2
S AN A (L % R AR 7)) (GB 11914 —89) 1A T /K 5t
W, AT H S COD TN \NH, -N F1 TP,
1.4 MR ACHT IS AN ZE 53 M (Analysis of
antioxidant enzyme activity and malondialdehyde in

root system)

U1 g SEARE T B OF ek, i — S A ik
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LG KIS WT S ERb 4R, INAF 5 mL 50 mmol -
L' W2 2% th i (pH=7.0,1 mmol-L™" EDTA F12%
PVP)RA], BHJE, ¥ A1 KE T 10 mL .08 1,4
°C .10 000 r-min"' B.0> 15 min, 4385 VSR EATHL
FALEEE TR BTE

38 3 0 8 Ak 1 A B (SOD) 411 i i 55 3
ME(NBT)IA J5LBE J7, B & SOD 3% 1 ; AR 48 i E Ak &
3 it R R R 3 A S (CAT) 6k 5 38 2o 0 52 A )
AR ) SR R B 1 A AL P i (POD) 143 4 ; 3
I 00 A A L Ll 2 1 0 40 5T (TBARS) B MR E, #ff
FET ZE(MDAWKEE . I W ok B2 352k F 43t
FEi1(DR6000 , HACH, H A1 TH & .
1.5 SUEEH MRERNE T AWaFITE 5081 (Photo-
synthesis, root activity, biomass and elemental analysis)

SCES TIPS 5 d A1180 d, FR4F 10:00—11:00 11
[E) , 76 BN 4 e KR S B[] v B (R /)N
PR 3 7 it #1164 HIA (LI-COR 6400
XT, Licor, USA) & ¥ 64 % il 22 i 78 v PRIk
CO, ¥ 400 wmol-mol ' FIYE AR FF 450 wmol-m > -
s™' o AR 0N SR AL = 2R U A (TTC) iR iR
B, AR S5 0 B S % (Y B S R 4R
SR R A S B TR T 3 (ICP-MS)
(iCAP-6300-Duo, Thermo Fisher Scientific, USA)#ffi &
FEYIR A S, 180 d 5 R TR HIAR 4, W5 BEAR B
I Bt AR PR e W M (75 °C L3 d)
Je i i BET IS AR I BT S 2o 5 (60 B
JEHEAT N A T AR 15 % SCk[13], RIHTER 4

Hr{¥¢(Vario EL Cube, Elementar, Germany )X} fif 4 1
C N Fa#E il
1.6 i #r 5 Ak 3 (Statistical analysis)

JiT A AL 415 3 AP AT, A5 R DL S 8+
Frifi 22 (Mean+SD)# 7 . K J7 253 HT(ANOVA) K
REER M B E M, P<0.05 NESRHRITHEE X
(SPSS 22.0, IBM).

2 ZR 51118 (Results and discussion)
2.1 MFRIEJHYAE (Changes of root activity)
MR T3 AT DA B3 I WA AR R AR,
K2 Wis, SCR IR S d e S AR RIGE 1A
20,15 180 d J5,10 wg+L™' 11 000 wg-L™
CNMs XM R TG Sy 7= A 17 W E 52w, 43 A B T
14.6% #11 36.8% (P<0.05, SWCNTs 41).7.1% A
42 4% (P<0.05, MWCNTs 2H).9.9% £l 11.5% (P<
0.05,nCq, ), A5 H/R T CNMs XK A FEYAR
FRIE SR EIVE T, S me A ) AR R AR A STk
RIE, = NIGR A % I SWCNTSs % 82 1l DL i 35 %
TR FEAR A i 1 48 2, R B SB AR K 18 , FH I,
Caiias 251 % B SWCNTs 16K 15 44 F 7T AR o7
2R AR A K s B B e SF1 B I nCyy AETETT LA
G AR X KRR 2R A B VR L, XA AR R
WAMRHEN, 5T MWCNTs XHEPIAR R 15 1110
S SREAEN R KRR 4 B AR R TG T B MWCNTs
e T T R BRI XSS IE S AR S A IR, MR AR
TG 12 LAz 2 BN AR R A0 LG PR ek s

35
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2§ 20 A

. 1
W = 4 Control W =5 40 Control - { B =54 Control
SWCNTs-10 pg-L-! MWCNTSs-10 pg+-! x nC, 10 gL
15 SWCNTs-1 000 pg-L™! M}VCNTS-I 000 1:lg~L’1 nC,-1 000 pg-L*

5d 180d 5d 180d 5d 180d

2 CNMs 432 5 d #0180 d /EiR MR RiE HEL
TE * FORFE AL A B 522 57 (P<0.05),,
Fig. 2 Root activity of wetland plants under 5 d and 180 d exposure to CNMs

Note: * indicates values significantly different from the control over the same exposure period (P<0.05).
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T UL A T R B A AN ST R AR AR Tl
PEFEAT 1A
2.2 HRERMHE R ZE 1k (Changes of enzyme activity
in root system)

FEAL T A 25 AR (0 1 5~ WK 4 J e
SE A 2 A i PESA(ROS), A 4 ) Hy
(03 ) id AL & (H,0,) 5%, AT it 1 3
FI i 55 8 o A AR i SR SO e 287 ) BAT 2 2
M, MDA AAUA] IR~ ROS AR B, 78 AT LAFE 7R 4
JEBER A, FEADITE T SERRTTIR 5 d 5, 25 H
AL LH R R AN MDA & 1A 3%
A5k, M7 180 d J5, MDA & & i & ¥ 13.3% ~
54.1% (P<0.05, SWCNTs #1).27.3% ~ 38.9% (P<
0.05, MWCNTs 41).9.3% ~ 15.2% (P<0.05,nC,, #1)
(#13), 45RUiH], CNMs FEAR R AN N A i
PR, R T HRBT A R RO BRI R T L i 3R

= H & SOD i ¥, #E 1k A 3 (o5 ) Eefk ol
H,0,%", Aff5E 1,180 d J5,SWCNTs Fl MWCNTs
M A M SOD W M4y Sl s il S 4 1.6% ~
13.1% F16.2% ~16.5% , 1fi nC,, 41 H 7281 A K (A
3), H,0, #£ CAT Al POD iX 2 Fhf b /E R,
AT LAAS SRR B G 0 40 i 8 2 1 Ak W Y Rk
PECY ) HdE DR, LR IR S d 5, B SWCNTs 41
Ah, HABSS HAEYIRR R P CAT AR A K, 180
d JG#E CNMs /i AL BEZH rp | CAT 36 Pt 2 4
T 19.8% ~ 43.6% (SWCNTs 41),.12.2% ~ 34.4%
(MWCNTs 2H) .11.7% ~33.3% (nC,, 4), M4, 23
flt CNMs AbFE 5 d J5, POD i 3% A 5427, H
£ 180 d IKINRER S , % AL F4H POD ¥ PE 4 2 3
B, MR RN 2 0 N E B CNMs X9
R R 5 T 2 S 35 A A 1, (R BE A g M A e T AR
ESEDAlIUEN
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73 148 | |mve
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-1 500

-1 000

-500

Superoxide dismutase (SOD)/(U-g™")

A LR(SOD)(U-g ™)

(d)

300

-200

Peroxidase (POD)/(U-g™")

WA LWEPOD)/(U-g)

-100

251 |G |k
Control | Low | High

EE{BE: fI73 [ 2
Control | Low | High

251 AR L [k
Control | Low | High

MWCNTs nCy,

SWCNTSs

nC

SWCNTs MWCNTs

60

B sd
B3

Bl 130d

HEYWIREWZE (MDA) SERMEBLEFTEEFRRREN CNMs R AERERE (5 dF1180 d) THZEK

L FOR 5 X IR ALA F , Ab B T B 22 S (n=3 . P<0.05),
Fig. 3 The changes of malondialdehyde (MDA) and antioxidant enzyme activities in roots under different concentrations
of CNMs stress after 5 d and 180 d exposure
Note: * indicates statistically significant differences (n=3, P<0.05) from the control.
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TE CNMs AT, W AE P 0 N 8 Be S0P it 1 1 1
5, — 7 T T LA SR G AR BT, 53— 5 T T LA
SEALY O A ) A5 05 . [RIRE LATE RGOS0
HIE T CNMs 77 7E 2 T EUEY)H MDA 5 4 14
I, IE S A YR N BB, 0, N
5% B SWCNTs i T, K Fi Al bk 23 7 A K i
ROS , Jf: 5| i 1A A 47T 4 L i (SOD il CAT) {7 #: Al
MDA & (T 5 . Hao 552 (Y AF 52 11 A 7K 5 Al bk
7 MWCNTs 1 nC,, 430 d 138 F , # &+ SOD #iI
POD (i M 3G iZ 4518 5 A SCHITE] . SR K
SR EAMIE (R RO CA TEAGE PR 4
R4 CNMs (OGP T 1, R I AF7EAR 22 1 1
B A 7 AR fil 3 R I 706 IR A
SRR R T A g B B S o T AT AR R AR
O, -P, O - By A FIFTE 2 U5 S A ) 1A P 4 L 1
AR SN, BT S A 7 RN 3 T 0
R B0 i 1 5 A AR s R AL TP, Lin A
Xing® WEZFLE 10 ~ 30 nm # MWCNTs i T, 4=
SR A A0 23 A A TR B4 ; Shen S0P % LAY
TE25 mg-L7" ¥ 1 ~2 nm ) SWCNTs 1537 & 1F
T, FAE R AR M TR S, XSRS
() —AJE R 24518 & CNMs W A7 78 23 175 51 ) 41 Jif
iR ROS, R B = T,

2.3 A VEH# % 2 AE (Changes of photosynthesis
rate)

JCEERIBO A Y R BRI —, &

SR G A AE AT E A J R T TR, a0
K 4 Fits FESCE TR 5 d i, & 4 OB 1
FH,BR T SWCNTs 4 A BRI 3.6% ~7.0%),
34k 2 41 CNMs Ab B IAT 1 2284k, 7E 180 d /Y
THGZE R G, 10 wg- L7 F 1 000 pg-L7' A9 3 A
CNMs ZLFEXTE G A A B i e, 4
IR 17.5% ~523% (SWCNTs 41).1.0% ~47.7%
(MWCNTs 2H) 3.6% ~17.3% (nC,, #4), HIHZ T,
SWCNTSs (12 Z X AH ynt 7idet & 1E FH f o 3,
& MWCNTs, nCy, MIFZIMEL/N

— R, YE IR R A SRR 2R LA KA A
i T (NADPH) & Rubisco (1,5 - i R A% B 32 1k
it/ o S Ve R 5 PR IR R R s i O A RO PY
TEAMESE 1, MDA FAFTE R W], A 5% 20 Jf 55 FT e B
I EAL YIRS AN MDA 7= Az o 3, 23 4
ARG TR CH T e 72, [W 4+, Huang
AEPNE | il Tt A9 ROS E7E, K AR A Y T R B
2% ¥ (Skeletonema costatum)' 4 E & B NG E R 5
(PS I1)ZiRe G PEAR S T %, %85| ROS MIFTE,
H, % 128 R A8 B 0 T 5 B P B R, G
F CNMs XY AE R, E2R PR T
MWCNTs X 7425 15 WA B 19 52 1 | & 30 %6 B (1] (24
h)%Z % T MWCNTs A] DM AR e A 7E T, ik
BFEN(72 h) 2 E8 G AR I 252 24 BT 5 fid
B dLE, Xt nCy, R KAUK MY EAAE
FHEIBFZE A2 {H S Tao 2552 F Santos %5 P %t 4

4.0

(a) [ %5 H 4l Control (b) % A4 Control © [ %5 F141 Control
B SWCNTs-10 pg-L! B MWCNTs-10 pg-L-! B nC_-10 pg-L!
Bl SWCNTs-1 000 pg-L-! ! o0 !
5-1 000 pg B MWCNTs-1 000 pg-L- I C, -1 000 pg'L-
o 32t
%
{3
B3 24t
5 S
£
%‘\,@; 2
M2 16}
o =
R g
® 2
= osf
z
0.0

5d 180d

5d
B4 CNMs 4325 d 70180 d [FiB MBI i &R AT
T8 * FOR 53 IR LE , A B A B 3 1k 22 5 (n =3 . P<0.05),,
Fig. 4 Net photosynthetic rate of wetland plants under 5 d and 180 d exposure to CNMs

180d 5d 180d

Note: * indicates values significantly different from the control over the same exposure period (n=3, P<0.05).
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BRI  nCy, SRR E W It S 2 1 &
i AT M R T PR AR AZ B, PR, X T
ST A RS e X (I A DN N R
SWCNTs>MWCNTs >nC,,, 5 5L % 1 CNMs 5 5
MDA 7= A= F2 B A — 2, DLIE AT LAHED CNMs 5 5
H = Az it i MDA & 380 gt A e T R
2.4 W72 fk(Changes of biomass)

XFF CNMs 25 5% , AE P AR i 1) i 3 e 24 R 3k
YR, 20t 180 d MR ZF IR )E , FH Ak
MY ARG, N 1 PR, hk 1, b
KB Ry i bn & AR T8 A, U AR
EYR, 4 SWCNTs il MWCNTs b3 180 d JiF , #if
MRS SRR T2 H4 1% ~ 6% , X FERHI 55
P B E R AR T B M s B Gy,
PR A Y A KB IS . FEARSLE T, X
HYIAN EZILE C N P B& BT TIE,
[ T S TR r ), 25R BN, 5
24 AIE, 7E SWCNTs 4 #f 180 d J5,C . N il P
(R ET 0 e e AR | e TR B AL PR i) (8 S PRI 8.1%
M 17.1% 17.8% H150.5% .14.5% H1 52.6% ; MWC-
NTs 4b B 41 7143 51 B AR 0.3% F1 10.5% .21.7% £l
32.7% 20.1% £ 45.0% , ANFEHJE, nCy, HEII
TRHR B AL BRER THE AR C N TP S B (43 51T

1 1.7% 8.0% F15.8%), 1M i ¢ B ALk 2L 00) 151 sk 3
TCESEOI I TR 3.5% .10.0% F1 16.6%), A [H
R A ) Y 25 5 FE 3 S T 3 il CNMEs 7
T Ml R G R M A ) A KRB R, 2545 B3
PR AT RIE 7 P AE A0 Bl I P el A DA R
FOUEVE 3 R AL S 45 R, I o 43 3 F
CNMs XFH P 1E FHALER, v A E 7778 TR K h i
CNMs 7ENHZR 48 i 0 R AR 25 b 25 4028 W b A
P R RCRAS . AR R 18l A AT s e ) 2 S
g3, HoR 2 3 WA 58053 F S it A WL X AR PR A 9
A BETE P BRGS0 AR AR T A5 Db ) 422 52 e 158 1,
AbFEALAE ; [RI AR R S K B NP TR IWE SR
ERAE L] DL S e A B RE . B
MR AR AN TR R AP A RS

2.5 W HboK 4b AL fE AR AK 1 &L (Changes of treat-
ment efficiency of wetland system)

180 d CNMs % 55 52 50 v [z I i 7K AL A% RE 119
ARAB BN 2 iR, FEFTA R asH, COD %
FRESSRTE2E  ASre L NONY NN SRR <]
Shy i B0 Hb A P 104 A KT R e 0 L R 58 COD
EBRACR X T RO s WA R RE, AE A H A,
NH, -N ZBRFRE R 72.1% 247, MTE CNMs
AEBREH 180 d 1Y CNMs 4 F g E 520 T NH; -N
FBRE, HIXT TS H 4L, 7F SWONTSs I mivk b 3

F1 BAIES CNMs ALE7K 180 d FiBtEW EMEIRHRTL

Table 1 Changes of plant biomass index in wetland system after treating artificial
wastewater containing CNMs for 180 d
=4 SWCNTs MWCNTs nCq
Control 10 pg-L7! 1000 pg-L™! 10 pg-L7! 1 000 pg-L™! 10 pg-L7! 1 000 pg-L™!
SR /g
565.7+103 559.1+82 5302+124 5639154 5575115 5719498 5723167
Total content/g
IR Y%
) 73.5+03 73.1£04 735+04 73703 748+03 737+0.1 744201
Moisture content/%
ST /g
1499+39 1504+72 1405+12 1483+6.7 1405+28 150.49.1 146.5+8.1
Total dry mass/g
HRFB T it /g
28.1+1.0 26.1+02 23.7+001 26212 29.1+1.6 298+1.0 27.11.0
Root dry mass/g
T Bt /g
121.8+0.1 1243+0.1 116.8+0.1 122.1£02 1114202 120.6+0.1 119.40.1
Leaf dry mass/g
Cl% 40123 36845 * 33228 * 40045 359+3.8 * 40.8+4.1 38729
N/% 54x12 45+02 * 27+0.1 * 42+12 * 36+16 * 59+10 49+10
P/% 1.1x0.1 09=0.1 0.5+0.1 0902 0.6+02 1.1x0.1 09=+0.1

T B P bR HE 22 3R, n=3 5 * R X R A 1L, A BRAR AR S A i 35 2% 57 (P<0.05)

Note: The data presents as the mean=standard deviation, n=3; * indicate statistical differences (P<0.05) from the control.
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R2 FEIRE CNMs 4 176 ~ 180 d KA IEIREBRMETL
Table 2 Changes in removal efficiency of each nutrient at 176 ~ 180 d after treatment
with different concentrations of CNMs
(%)
ZAA SWCNTs MWCNTs nCy,

Control 10 pg-L7! 1000 pg-L™! 10 pg-L7! 1 000 pg-L™! 10 pg-L7! 1000 pg-L™!
COD 765+123 83122 74118 782431 772227 770+4.1 764+2.6
NH; -N 721%17 684+1.1 464425 * 618+14 * 537425 * 733431 632416 *
TN 73.7+2.1 699+1.6 51.1+2.7 * 61.7+£24 * 493+12 * 729+3.1 659+18 *
TP 62+0.1 57+03 51+04 56+0.1 55402 62104 6.0+0.7

T BE LA RS s bR eI 22 2%, n=3 ; * FRBEFhAIA 51k 22 5(P<0.05); COD b2 77 i NH; -N £/R 2 A, TN FR BA, TP F£R

BB,

Note: The data presents as the mean=standard deviation, n=3; * indicate statistical differences (P<0.05) from the control; COD represents chemical oxy-

gen demand, NH; -N represents ammonia, and TP represents total phosphorus.

ZHrf NH,-N KBR300 TR T 5.1% F135.6% ; 78
MWCNTs AbFRZ | 4350 T FE T 14.3% 1 255% 5
M nC, ALFRL I VA R B2 0 F %, TN 25
BRAG LS NH, -N JeAR—2, XF TP Lk, AT
T ML 8 25 ARV T (A HE VR L S 7 2 AR < 31 Ak 1 B
FUIRZS P T X5 K o TP 1 L BRACR AN A
TEARBFIE R, a4 TP LB RIRFFIE 6.0% &£
A, AR AT 22 31 CNMs Y3 BB 532 i 17 8 3
L

AAEAE Y N T3 b AN ] i 1 21 B 4
S B 100t B R N TR o SR AR A 5B
CNMs e FEAR T AL AR P B B 3 Fh K i T &=
oo R 1), XA CNMs 3330 TR
W U 5 0 W R Ak BE ) A BEAEG, I TAT 158 T
IR REST .

AR A T AN TR ES A A 3
il CNMs J& 7K 118 26 300 RN K S0 g o B A &5 SR 6T,
Tl A rEG Al CNMs 304 38 0 E B v
A A BAZS s EESE AR PR CNMs %7K 180 d(18 M 52 5%)
J& , AR R A0 52 CNMs JBiRa, i P g 48 AL B 0
PE X MDA & T, FEUR R 1152 2 W& I,
Pk 2 B o 2 55 4K K 8 SWCNTs > MWCNTS >
nCy, ; R MDA 75 38 i LA K 4t S A s 1 T,
UL CNMs 57 iR R K, T8 TR R 400
A FRIEPE  3X R A0 E SWCNTs 20 1 MWCNTSs 4
JUAZEH T nCy, AbHU 575 HAL LRI A Giit
MR [FR AR i AR )
CNMs B4, 7 i L3t B o G/ 3k
B RS, BEE T8 CNMs fE K 180 d Je,

H T 7 3 A BT PR Y el AR AR W T D
SWCNTs £ 1 MWCNTs 41 5 } @ % , nC,, 4bFH 4
TR IR R IR A 45

BIREEEN % —1985—), B L+ B, T2MAH
AN RBENIRS T s AEERE,
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