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Abstract

Humic acid (HA), ubiquitous in natural water, can interact with engineered nanomaterials (ENMs),
but studies on HA affecting on aquatic behavior and ecological toxicity of nano-zirconium oxide
(nZrO0;) are still limited. Herein, we investigated the effects of a HA analogy on the physicochemi-
cal properties of nZr0O; and growth inhibition toxicity to freshwater algae. Results show that in-
creasing the mass concentration of HA decreased the zeta potentials and hydrodynamic diameters,
implying that HA significantly enhanced the dispersion stability of nZrO; in the aquatic media. It
was also found that the mass concentration of HA was higher, the stability extent was greater. This
process was independent on the time of settling. Furthermore, increasing the mass concentration
of HA increased the growth inhibition toxicity of nZrO; at a low concentration to Scenedesmus ob-
liquus, whereas decreased the growth inhibition toxicity of nZrO: at a high concentration. The in-
tensities of the HA effects mainly correlated with the shading of HA and the alleviation of par-
ticle-induced oxidative stress. This paper highlights the important roles of natural organic matters
on the behavior and effect of ENMs in the environment.
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HE

BB R AE B SRR (HA) FT 5 TR K4 KL (ENMs) K A ELAE A, T A SRHAXT 91Kk &AL (nZr0;)
BRI IR BTN RSB EY N MR RE. ACER T —MHARLDI X nZro ALK
AL PR AR K Sk B A AN BRI R . B TR IUAE R HATFAERS, nZrO7E /KA1 - BRI FLAL
A, FE SRR 2 EARD, RFHANFESEMRE T nZro. MKHEM R ek,
5t, HAWRBERE, nZrO ALK BETRE, HiZASAMEBTRFEKER. 55, BEEHARERHE
0, AEIRBERINZrO X Rk A MR ) AR T ) B AR M B A, VI TR AR E BRI Zir O %o A8 A R Y A4 0t 2
B3 FK. HARWInZrO, 33k I 5 HA B B H8 63N B b OB 8 9 B B AL R OB A o6 A
SR T RARA VLR AR ENMs ) SR 8EAT N RS BN 77 T+ R IR .
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1. 5|

BEAE KB AR MR R 2, TREGKATRHENMS) (1) K B A 72 Al J2 M B $8oh 25 N R AN A S 3R 85%
W RIELE IO E 1[1] [2]. 55 5% ENMs B3R5 AT N5 8 BE RS 78 2 52 BIPASERHIE N 572 385 3 5G4 [3] [4] [5].
YRR BEA LA T R 4 S v Re, B2 B T IS AR M E R [6] [7]. 91K (nZrO,)
RAREMER GBS G R6]. REANTFTA, % nZrO, KI/KIAEE AT N &S T 2 H R

TSRV DL (DOM) & K AR /K A5 o B i A7 78 (1) — 2B 03, B2 X ENMs 7ER 85 (13244 [8] [9] [10]+
AR [LL] B AR A Rt [12] [13]#0 23 Fs2ml . 5 A 78R B DOM RT3 i ENMs (51 4n 4>k — S8 Ak 4li[8]
[14]\ 9K AR [14] SR MR [10]) ZE /K R85 H i AR 1, - FTI8AR ENMs (11 4n4h ok — S AL fi[14]
YK EAER[14] [15] GORER[L2) 0 KA AR TR . BRI, TEERTE nZrO, TE /K IR AT S RS 3
PERF, 5 1& DOM (RN RS e 40 B o ASHIEFE B AR I WA 11 0T (1) 2R AE LA S AR AR M s A
YIR A S TR EENNR, 8 7R S B ER (HA)XT nZrO, /K AIAT A 5 A BRI S m e .

2. ¥ E55/%
2.1. SEIEMRL
¥k nzZrO, 9 [ [ PlasmaChem A&, 4liJ% >97.2%, JRi5ki{% K 5~25 nm, ELREF N 130 + 20
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B

m?/g. HA AR FA > 90%)06 1B fr T A= (R B 00 BR A 7 o AR ST B K AH A B R 35
IR, 80T R B B 2 T A 1E 5 R JR 21 23 (OECD) 1T 18 3 A= KA i) S48 v M [16]

2.2. PSR HT

NZrO, fik % AL E T B4 s 2K (98EG Pyrex BEEH, BHEI7EME A (25°C; 150 W, 40 kHz) %Lt
7530 mino A3 FH R SRR 4 A A5 T B L — 8 R I nZrO, BRI BEAE SR HA i, JF
i 0.1 M NaOH 5% HCI ¥ ATl (1 897 pH {E 1A% 7.8 + 0.2, {fHES AL (TEM, FEI-Tecnai
G2F20, Hillsboro, OR, USA)ZEAE nZrO, HIFEM A5t TS Al F 5 /R SCHOGRLIE A (ZetaSizer Nano
ZS90, Malvern Instruments Ltd., Worcestershire, UK)X} nZrO, 74K /1 51 7 (1925 i L3 (ZP) Rk 8 J1 %% H.
12(DR)iEAT RAL . 18I B R & 45 B8 T4 7 15 (ICP-MS, Thermo Fisher iCAP-Q, Germany)#fi i nZrO, il
F A3 P P (R M PR A 1 pg/L) o

2.3. s

RHAE M (Scenedesmus obliquus) i B H R Bt G K A2 AR Wi 5T F o 1 s 20 K I 43 B B A
ik OECD B35k, AR 3 x 10° NHM/mL (1 B X 40 I 2 P (3 oxt B Sy, IRA (M0 22 81 ) 5
5 R MMARY ARG o K 5 S Pk B AR A7 03 R0 HE T 0 FH SR e e P R 7% 96 ho TEAFTE BT 1E =
R FERT HA (1, 10 H1 40 mo/L) I HL T, SR 53 ) B % TR (1 mg/L) FHiEk 2 (50 mg/L) ¥ nZrO, &l
W TE 96 h 5 D AN 45 5, DASR LA M BT 1 B AR A K R (%) - B 10 mL JR3EE3.(96 h), LA 4500
rpm &0 30 min. KUTIEMERBZE T 1 mL BER Eh 2 i (pH = 7.2)%, JEET @SR, e
AR, I AR B0 FL(D3024, Scilogex, Rocky Hill, CT, USA)7E 15,000 rpm &> 15 min J5 & 22
SHARRE Fr, FFERE TSRO T A A0 o A5 W R e R A ) AR AR S BT (v R e ) ) e A
HEAT B A A A (SOD) i 14 I i€

3. &R5118
3.1. HA %t nZrO, FE7K H sk 14 FR B9 52 0R

Kl 1 7R T HEATTE HA FELERS nZrO, £E MR 5T I TESRARFAE « nZrOp RIURL 2 S83KAR . nZrO, I A
WA U™ I REI R (] 1(A), 114G HA FEAER, nZrO, 28R 5 Hh i SR IR AT Pk 22
(¥ 1(B)). TEM Z5 R4t B HA [RIAFLER] /Iy nZrO, £E 7K AH Aot Y SR AR 18

Kl 2 JeoR 1 AEAN A 2 AS [ BE B HA AN [R] B MR B2 1) nZrO, 7E7K AR A1 I o 3 1 FRLA R 2R . |l
E 2(A) AT L, EARIN HA (500 R , 2R 18] PY.(0~96 h), 1 mg/L nZrO, ZE R A5 1) ZP {8 4b7E—18.1
5-20.4 mV Z[f. 54 1 mg/L HA fE7ERS, ZEMK (8] ]9 (0~96 h), nZrO, ) ZP {EAb7E-21.9 5-23.7 mV
ZIl; 44 10 mg/L HA f77ERT, nZrO, [f] ZP {HAbTE-22.2 5235 mV Z[f]; 44 40 mg/L HA fZ1ERT,
nZrO, i¥] ZP {HALE-23.3 5-24.5 mV ZIa]. 8T LWl 5tH, 6 HA FA7ER 1 mg/L nZrO, 7l
M ZP AT HA fAERT ) ZP EEE 1. [FIR, BEE HA R RGN, nZrO, [ ZP {Hilk 1 .

H 1 2B)RI I, EAIT HA RIS BL T, AR 3] 49(0~96 h), 50 mg/L nZrO, fEMHKA BT 1) ZP {H
Ab7E-19.0 5-20.6 mV Z[Al. 4 1 mg/L HA FEZERS, ZEMIKIS (8] 9(0~96 h), nZrO, [¥) ZP {HAL7E-23.0
5-23.8 mV Z[d]; 244 10 mg/L HA f£{ERF, nZrO, ¥] ZP {HAb7£-24.8 5-28.2 mV Z [A]; 24 40 mg/L HA
FFAERT, nZrO, 1) ZP {HALTE-25.9 5-27.9 mV Z[i]. J&@id L/ BT 2 aT 45 H, 754 HA f77ERT 50 mg/L
nZrO, FEMIA A BT (1) ZP H LU T HA AAERT 1) ZP {H 5 67, HLBEE HA WREE IS0, nZrO, (1) ZP {58 47 .
SRS, HA IAAAER N T nZrO, ZEMNA A Birh i & i v er, HINFREE S HA PR G, Ji4h, %
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s MR AR S AN AR T B TR 2B

TERFIRE R HAAFAE R, nZrO, BiFHRZ 96 h 5 RN AL a3 fron. H& 3(A)RTIL, 7E
ASHN HA B BLR , 8003 18] P (0~96 h), 1 mg/L nZrO, ZEMIR A 5 ) Dy M AL 7E 315 5 366 nm 2 [f]
245 1 mg/L HA FEAE R, ZE IR 8] P (0~96 h), nZrO, (1) Dy fEAL7E 246 5 260 nm 2 [7]; 24745 10 mg/L HA
{EAERT, nZrO, 1) Dy {EALTE 237 5 256 nm Z[Al; 445 40 mg/L HA fE1ERT, nZrO, [f] Dy fHALTE 233 5
245 nm 2 [A]. GBI BTG, B HA F77ER 1 mg/L nZrO, ZER A5 1 1) Dy {E LG HA 777E
W Dy E . R, BEE HA WRERIRIN, nZrO, i Dy EEW A /N RE 7 m#sh. dIE 3(B)A K,
FEAIN HA FEBL R, 72 1A] 9 (0~96 h), 50 mg/L nZrO, ZEMIR A5 1 i) Dy fEAL{E 260 5 307 nm
Z 1. 244 1 mg/L HA FE4ERS, ZEIARI 1] P (0~96 h), nZrO, ff) Dy {l4b7E 219 5 238 nm 2 Jd]; 244 10
mg/L HA 1E7ERE, nZrO, i) Dy fEALEE 217 5 235 nm 2 [i]; 2475 40 mg/L HA fE{EI, nZrO, i) Dy fE Ak
£ 217 5 233 nm 2 [A]. 3@ LA TR AT R, 7B HA A77ERS 50 mg/L nZrO, 7EMIR A 53 HH 1) Dy {8 b
Tt HA AFAERT ) Dy AEZ2/N,  [FIRRI HA FEAS [FJHR BE IS X nZrO, 1 Dy AB 500 22 B4/

SRS, HA IAEERVD T nZrO, R SRR R, RS HA BIFFEIER T nZrO,
FEKA PR RERRE, X5 TEM RIEL R 8 H4b, R FEA MR T R K. Qi ik,
HA DU A 1 77 208N T nZrO, 7E /KA A IR THT FELAE, BB HA $2 55 nZrO, 75 /K AH HH 1) 23 HiRs e 1 1

Figure 1. TEM images of nZrO, without (A) and with HA (B) in the algal culture medium
1. EBILBFEBR(HA)FET nZro, AR EEFEPHRER

-30
-25
-20

i

Figure 2. Effects of different concentrations of humic acid (HA, 1, 10 and 40 mg/L) on zeta potential (ZP) of 1 (A) and 50 (B)
mg/L nZrO, at different time points

& 2. EARERZIAREREEHERE(HA, 1, 10 1 40 mg/L)%t 1 (A)F1 50 (B) mg/L nZrO, & S H{iL(ZP)AI 52
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Figure 3. Effects of different concentrations of humic acid (HA, 1, 10 and 40 mg/L) on hydrodynamic diameters (Dy) of 1 (A)
and 50 (B) mg/L nZrO, at different time points

[E 3. EARFRZIAEREREFERS(HA, 1, 10 F1 40 mg/L)% 1 (A)FA 50 (B) mg/L nZrO, /K& 1% EH 12(Dy) IS4

PUEAEF AR . R Hr 45 R 8] HA W DR EZ A 0 75 U S0 1R EE nZrO, R K Hh Rk A2
R, B 2 )2 BE SRR ik 1 HA Bl R0 A7) R 5 P 8 vt e /KR 2 SR e P AR I LEE

3.2. HA 3} nZrO, #4455 K MHI 14 A9 R2 0

K 4 s THERITE HATEAE T nZrOy X R e 09 A KA &1 . @04l 4 Fras, 1 mg/L nZrO, Hill
TEREERIA K, 1M 50 mg/L nZrO, %t £k A KA 221K 2] 45%, i HH nZrO, %t £k 1 A K0 ) F P AR T
FRLPI IR EE o ICP-MS {193 T 45 S 3R B nZrO, £E MR Jot o BRIV AR 43 (iR FE IR TR 26 (L pgl/L),
W B SR A (R A AR 43 FEAS & nZrO, PR AR SR M IR K . 2478 1 mg/L HA F7E7ERT , nZrOy it 438 (1) 26 K 4 il
RERA HA FEAER HIF L RETEM 2 5. 247 10 mg/L HA FE4EIRF, 1 mg/L nZrO, %o 43 38 1) 2 Ko R
BT, 1M1 50 mg/L nZrO, % 43 S il AR M il 26 2 35 I PEAIK,  FLAGEEZH 5 5k 10 mg/L HA A7AE R AH B
A KA R I T R E MM ZE R AT 1 mg/L HA fZ7ER IR, 4F 40 mg/L HA f77ERT, 1 mg/L nZrO,
o 438 () A KA R B BT, 1 50 mg/L nZrO, Fof 438 1 A K1) 22 0 55 3 1) FARAIG

KIS, B HA RN, 1 mg/L nZrO, X 43 i i AL KAk Sl T, B0 HA LUK K
T IR T ZrO, MR EENE . 0T 50 mg/L nZrO, M 5, fEA 10 mg/L HA 1775 I 0k 4 ) 43 5
(AR K AM I FE R B B 2 5 T 40 mo/L HA FEAERI SRR T o AR 23 il 45 SRR B HA B i 1
ZrO, WS EEM R E, HEUMREE S HA FIERA IR E %, Hah, P RAES: R A HA HIf7F
TERTHE R ZrOy FEAKAHA B AR M, (H HA $RERIRE ZrO, X SR A KAHI R 5 HA B BiES1
SNt £ 98 1A A KA ) R T S5 35 P A 22 S (1] 4), T8 B Zr O, 23 ik s Mk B3R i T A2 51 kR 2% B P n 1y S R
IR, BARH HA FIFFTE, mREN ZrO, s ke e et AR, (HAHX RAE HA fE1ER, ZrO,
(231 B PR . IX T RE 2 BT HA 5 ZrO, ORI AR ELAE I RIBG IRt/ b 1 453 35 40 o Rk 470 Fr) 4 B e
ZrO, TE 7K AR AT J5 Hh R THT LA ZRAE &5 SRARUE S HA YR B0 iy, 0470 1 2% THT HL A sl £, 7 ek 26 W 4
PRI /NTZ. Bk, AHENIES HA fAERS, RS S LUF e, dEmEeb T 44
I X SRS 42 ) e

N TS Y] HA X ZrO, BtEREma i/ E FHHLEE, FRATME T SOD (& 44k . SOD nf {4 g
AR (ROS) (R /KT, IR Y %52 ROS IIASFISLIA[17]. W& 5 Fis, SxHEMEL, A&
SCHTIFFCIAS R BE () HA JF R 512 SOD V& A 38 1781k, BERH HA S RMEMHSE 1) #5145 ROS 7~
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Figure 4. Algal growth inhibition rates of S. obliquus exposed to 1 and
50 mg/L nZrO, at the concentration of 1 and 50 mg/L of suspensions,
in the absence and presence of three different humic acid (HA)
concentrations (1, 10, and 40 mg/L). Data within all columns in
each figure with a letter in common are not significantly different
atp <0.05 level

E 4. EAERERBEIERE(HA, 1, 10 #0140 mg/L)7FE T 1150
mg/L nZrO, M FH A MERAE KHIHIZE . HREFEKREIEE T
REWER(EZMKT p<0.05)
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Figure 5. Activities of SOD in S. obliquus after 96 h of exposure
to 1 and 50 mg/L nZrO,at the concentration of 1 and 50 mg/L of
suspensions, in the absence and presence of three different HA
concentrations (1, 10, and 40 mg/L). Statistical significance versus
control group: *p < 0.05 and **p < 0.001

B 5. ZEREIRERMEFAEER(HA, 1, 10, and 40 mg/L)7EET L0
50 mg/L nZrO, ¥k MilsERg SOD 5. AbIRLE 5 xfBRLEFIT
it LM EZEMERF LR (EE MK FE*p < 0.05 Fa**p < 0.001)
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B

A TES . AR, AR R PRI 25 SR R IR A FE (10 1 40 mg/L) ) HA KRB A K AMHIE R, &5
£ SOD 73 Hrah F T3 H HA X 4R 2 5 B B 6208 A5 5% . b Ah, &I 1 mg/L nZrO, % SOD
TP WA MRS, 1T 50 mg/L nZrO, &3 MR R T SOD g (p < 0.05), Wi nZrO, Al i@t i
S 77 ROS 5] EE 4% 5 41 M K B A RIS, 3E T 72 A2 T A KAl 3 4 FH - 24 HA /E7ERT, 1 mg/L nZrO,
X SOD JiMETREA BAE MR, XU HA 325 nZrO, MAE KA S S8 NN Lk, R
HA B 572 £ EE A <. 246 1 mg/L HA f71ERE, 50 mg/L nZrO, {48 5 2 Hidit i 1 SOD v, ifi
2445 10 A1 40 mg/L HA 7E7ERF, 50 mg/L nZrO, %t SOD §& ¥ 3F 1% S35 A 52, Td B =ik HA 77
152 E AR T iR B nZrO, 15 51 SOD ¥ 14 o X B35 B HA W8 IR ik FE nZrO, 5 5 I S8 4
B N O TG AR O (R 4 B 75 M o 25 E, HA AT SB35 200 nZrO, X R AE M 1 254, HoSmi
MUEES HA S 30 6 2508 R0 w8 5 55040175 5 10 S8 AL S A %

4, 4Eip

TR RIL HA LR AR R 7 SRR T nZrO, 2E /KA R R T AL, I HA BFIAFAERR I T B
TFATURLI K B 125 AR KN A I 53 BT R A AN 230 R HA B b3 &1 1 nZrO, /K A AR e 1
F4h, HA BIAELERIIN TRV FE I nZrO, X A A i ) AR KA 5 14, T B AIK 1 v BE IR nZrOg o A Al
FEI AN - HA S2M0 nZrO, S FE MEIALEE 5 HA H S IR 6250 B 40 i) S50 42075 5 1 S8 AL 453403
RN K

E&WE

AR E R { AR 42 (41601519; 21407080). VL7344 H 4R 223 4 (BK20150891; BK20140987)
KRS B TR ANA B 3)4 7% (2015r011) B2 1
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