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WE. O TEHARX AR RELE, R PHRBH (LLZHRBH) QIR FITH O RA LKL
ERHE R, AR AIEFARBIFAFIT AN ELERAE, ARAFRFAREBRR I R—, KW T
R R Tk B R T 5 ARA B EREELE—RTE., HBTRRRTHRBH AR
A B raf AALE], APA 50nm. 100nm. 200nm FE K THi 25 K # 4+ (PS50, PS100. PS200) AAF AT %,
)R 2 A B H AR 5 aF 35 R F pH(3.0 ~ 10.0) & NaCl & & (& 0~ 800mmol/L) ¥ 4 K ##H4Y Zeta &
A (§ W An) Aok Eh ) AR, Pl d 2263t B AT 3] AP AR 4 R A9 16 B IR JE (CCC) Fo BAR ZAE A 46
PS50, PS100 #= PS200 & & F /K ¥ 694145 ¢ #4555 A-352mV., —35.1mV #=-38.2mV, &3 E& & fi & 474
EAEKPEESH, BFREIG 5| A AT ikt T ok B ed BB, PS50, PS100, PS200 &
NaCl /2% F CCC 1A% %] 4 325mmol/L. 296mmol/L. 264mmol/L, &k A#r4s ¢ AL EBIL N, B
PR BAABAE T, B AT PR KA R E A, MoF pH BRI In Zake , 23 R BA R @R E A A
AERTH, AT s, FHRAARFTALEH . % pH=T 8, FPHEEZAEKSETRAET (400mmol/L
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B2, O BRSO AT Se P L7 L Ry
R, RS RN AR ALK B LZ K 3
Bl PN, o, RS/ N T Lpm A SRLHOR: AT HE— 258 X
K AL (Nanoplastics, NPs) D100 gk o v
BHBURLAH L, NPs 5575 4 Wy 0 AH B B, AR
Mg 20 H NP BN RS SRS A
RAAZ Bl DA B e 1 L 3 T R A R B R B
B TR R L L R, R —
A% NPs HERS R 15 T JRAFSE

NPs FE7K A4 H (1) AT SR RN 2 5 i AR IR P i
TR EERE M AR RS E AR
K AR BT, NPs et 2 IR AE KR, BT & A=
PR ESIERS s M, QNS K AR PG AT 2R, NPs TR AR 4L
PN ok, MR A S Uik RKR [ L BT
SIAEHUEHEAR (DLS) SR W58 4K 0 [ 5 8 71 2%
(1) 5 T BE, %4 R AT LSS W I 490 K Bk 7 7K %5
W R S, A5 B R 3h 124281, NI T
A g K R T K BR B R B AR E P 1T A
K, OAAE 2R 0 F DLS BARWFFE pH (H ., & ik
i S PRI R T 0 K R SR s 80 Kim
4 20 o e S ARSIV T, S0nm B Z 4R A Kk
B} (PSNPs) Y 11 5 5 2 il 2 S Ah ke B 3 i 4
IFAE B 58 BE My 220mmol/L i ik ] % Kl . Mao
a L2V IR T A/E S AR P 100nm () PSNPs
RS2 o, EOBEE pHEM 3.5 7 2 9.5,
100nm ) PSNPs Iffi 5 4] & ¥ i (Critical coagulation
concentration, CCC) M\ 180mmol/LIE/IZE 695mmol/L,
R PSNPs Fo ME3am . SR, X LLF 58 IF A % B 3
YKL RUSE 50 R 9 52 M, PR rh 9 40 0K 28 )
RN S, ROST AR SR 20 oK 98 e e o 2 1Y) i 4P W g
o I g W LA R AT R, A0 H AT AR R R
75 Ak % P B AT AT 680 . Liu 45 12 BP9y
KB 50nm A1 500nm [ PSNPs 7E NaCl i ¥ ' 4
CCC1H , 4+ % & 225mmol/L Al 770mmol/L, i\ Hy
500nm [ PSNPs i F 7 Bz s #5555 . R 502>
Bl 458 JL R BAR L5 A BT 22 09 2% 1 B F far, PR UE LG
50nm SR A 24 DR BRI CCC fi. Li % 0
#45 20nm A1 100nm [ PSNPs 75 S Ak 80 7% W h i
CCC {E 435124 311mmol/L F1 36 1mmol/L, 15 B &
KIA2 ) PSNPs B M ASE o SR, 454 LA LI T4E
KT, H) & PR T 67 F g BE D9 /NVRE AR 20nm ROE 2
J YR CCC 1 (311mmol/L) H K72 1) 50nm B8 48
IR CCC 1 (225mmol/L) 5, X S fiT1HY 45
WHAT G . XFAR—EE, 58 7 2 A ST 2 (8]
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SIS AR AR AR 25 ST S B, I SR GOK SDRHE A M
Bt (AIRSE L RIS ) SRR TR . N,
AR e R W ORISR/, B 5 B2 RN pHL {H 55 A 1A
AP PR [R5 0 08 2547 G K SR A SR AT o S
BRI

A 3C AT DLS 4% R 3K B 50nm. 100nm F1
200nm —Fh RF A9 RIR G4 K ¥k (PS50, PS100.
PS200) 7EAN[A] pH 1B K ARk FE S Ak Al (NaCl) Hifif
JO T W () A B By T 2 26 Zeta FLAE (CHRAV )0
MR PS50, PS100., PS200 7 NaCl i## H1 CCC 14,
JE T ) R A [R) RS 90 oK S8R} i B2 e 1k 22 S,
Derjaguin-Landau-Verwey-Overbeek #i2 (DLVO) 43
BT RS 2800 XoF 40 oK S Ft 1A 5 4 A |9 5 eV HIAIL
T PS50, PS100. PS200 fit 1 847 A A TH ¢ HLA7
ARG L, 25 LM M A8, BRUTE & B 55
ANFIRSE NPs BT 1 — o e = AR R AL,
g BRAR AT A [7] K~ NPs 72K 388 1938 . 43
A TE AL Bl

1 LR
1.1 PR 3B

WK (PS) S MR Z Rz — 4
AR SC e BB A 24 388 (PSNPs) 1 M #IF 98 Xt 4, %}
FE AR R SF R/ PSNPs AT 2R 470 . PSNPs JR
(5%, w/V) W [ 10 0 o AR B A R R (R,
), =FP RS (50nm, 100nm AT 200nm) 22K 2K
43 iEAE PS50, PS100 1 PS200.

SEERN (NaCl), S L4 (NaOH) FIERR (HCI):
Yo B A E 2R A 2= A TR AR

SR AfK (H BH R 18.2MQ-em): i AT i
0.22pum 7K AR R R IEAR
1.2 FPRIFIE

S I P 7 S HUEE (JEM2001, H A H 723 7))
FAE PSNPs (4] b5 R R/NS5OWIES . PSNPs
FEARIZK S 7K 80 ) BAR (Dy) A R34
PIKHLE /Zeta AL HTAL (Omni 90 B, SE [ A& 5
WSO ED) M. KEh ) HARR s AL EUHE A
(DLS) M7, BIAE O RS, 1 FH G iAo 0 5 0
S O G B S [R] 7= A= 9 BE ALK, 8 3 1R
Tk V& AR Ak B IS 3 A A G pR BT VE B AR e AR )
CHLOE AN, JEAESMI R IR F T, 38 2 A ) A5
S F A SR SR IR K B BURE 1) FEL VKGR RS R, SRR
i T EE & T Je I B 2 (Smoluchowski) I {15
25,
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1.3 BRI

PSNPs HE s 1120 7E = 25°C T T, RIFl
pH MR8 | AN )y B S fb 80 (NaCl) ¥ bl i o3k
HARAS PS50, PS100 F1 PS200 Fififisf 7] 48 £k (1) 7K 3 7
HAE (D). 5 2Z, FE&HA 1.25mL(20mg/L)PSNPs
BIFRARE T I, A0 A [R]HR BE 5 NaCl HiL it A
W 1.25mL, & THREIR SIS L 1s J5 7 BRRERE i L4
B BN G RRLIE  Zeta LA S AT ACASCRR A A S PN, 300048
PSNPs /K8l ) A% . SCH0R R HLEH A Ry
90°, FAYR S IN IR E] g 15min, 78 A [ B S Ak
Y FRL i T2 ) PSNPs A1 RS2 58 v, SRR AT pH 4]
7, 2, R pH FRUE 7E 5.5+0.3. 7E 400mmol/L
1) AL 7 W 92 AR TR) pH {E (3.0. 7.0, 10.0) X
PSNPs 41 5 19 52 W, %] 4 %5 W pH {E {1 ] 0.1mol/L
FEALERT 0. 1mol/L LR AT . BRI AR
S 2 IR
1.4 Eisr b 5 e
141 RGBS HOTHE

T DLS Wl 515 290 oK koK 31 ) AR, 7T
(D) TR 2 4 HUrEFE £ (Polydispersivity index,
PDI), $57R5 VAW PSNPs Rifs /ity — s 127

0.2

PDI:Z—2 (1)

P o PRI IE 2 ; Z, K81 A

PSNPs 7£ ¥ W H %) AT 5 3 % (Aggregation rate
constant, k) H1 -1 412 B Bt 197K 301 ) B4R (D) Bififs
6] (1) AL R, i AR (2) ki 20,

1 (dD,(®)
k ~ ﬁo ( dt )Ho ( ? )

e N, 1R & PSNPs ) 46 vk B 5 ¢ A% 3% A R it 1)
Dy(t) M t W ZI PSNPs /K 8h J12¢ HAR . FIR B kil
HH =0 B 1 DL0) 2 I & {6 D, 3G #1545
Dy(0) FBRF I Bl S 27

Fft#E %08 (Attachment efficiency, o) F T 8L
TR PSNPs (19 A1 R 3l 1127, ] /A 3K (3) # H Rk
RI—AE AR5 20 BB AEE 0 5 1,

(dDh(t))
Lk a ), (3)

kfasl ( dDh (t) )
dt t—0, fast

2 ke Sy S BIR i B B A AT SR8 ke, SRR A
MRETLEE FNEIE Stk

s 5t P 2R B A P30 A R R A e 1Y
FE SR, M58 2 0IR PSNPs 11943 HIUR 2 1 (19 55 IR

LA MR . — ke, CCC (BB, 26 A 40 K itk
AEGWER . mifoetEEnm, T HARX @) G
Rt B RCR LR (a-Cs), T 152 PSNPs 78 % % H 10
Il A Bk cce g 7

gL (4)

(CCC)ﬁ
1+
C

S

1 oy PSNPs 7 S [R] HL A S5 B8 ZR VR BT 14 [
B C LIRS TR A BE IR R B2 5 B o dlog(a)/dlog

(Cs) HIRPE,
1.4.2 Derjaguin-Landau-Verwey-Overbeek(DLVO)
HEAEH IR

DLVO Hg# 9 R M RER AR iR e 5 AT R 1
WU il IR AR e 4 SR AR AR (Vror) 278
TBAER] 1 (Vypy) FIRUZHLR FT (Vi) Z A1, BHEAF
AN (5) E () ATLATFE A 15—k, Y
LA B HG i, VUSSP — e 3, A
HAERRE N U R T )N, #E R TR
FEAERZ N, R [R]EAE AR B AR A IE A, HEAE
— A B IR B . IR R A B 1 4 K R AT 5
[ HE B BE 42, MM RR L RE 22 H K B Y R, RIS
DLVO Fg Tl CCC {H, I A TRk Fl e K .

Vvow =
A [ 2a; 2a; h(4a,+h) (s5)
6 [h(4a,+h)  (2a,+h)’  (2a,+h)’
VepL =
a, (keT\ zep :
6411808,513 (BT) [tanh(4KB;)] exp(—kh) (6)
2NA621
k= 4 f— 7
co& kg T (7)
Vrorar = Vvow + Ve, (8)

U a, R DLS BRI PSNPs (197K 3 1
5 h A WA~ PSNPs JUkr 22 8] (4 20 BREE 255 4 0
PSNPs () Hamaker % %1 (1.0x102°7) 1307, ¢ oy .23
(A HL 4 (8.85%107°C7T 'm ) &, /K A HL 4K
(78.5); ky ABEIR 252 H A (1.38%10 2 J/K); T R B
(298.15K); e A ICHLfar B (1.60x107°C); z i H
B F A AS; o, 7 B DLS $ A 5 45 21 i) PSNPs
(9 C L FEFE R BE (, nm ") SR 40 KR 3 2 R
JEEABIEE 1 ok LA 0T 5 -5 5 N, R TR A 25
# (6.022x10%mol ).,
— 103 —



HO

14

PUUISF
http: //www. ykcs. ac. cn

2024 4F:

1.4.3 Bl me 1

{#i ] Microsoft Excel 2021 133 PR 3 & AL B
SERE AR EZ . Origin 2021 JE47 7 250 ¥
e K IR I 2 I E R K 3, p<0.05 B FE S 1T
AR NTE N

2 g3

2.1 FRZIRAKIRL (PSNPs) IIFRAE
=AORIERST PSNPs (2338 iF TEM ZRAE AT

UL, 40 1 a~ ¢ fifzR, PS50, PS100 Al PS200 34

BRIEURL, KNS, S BR42 73 51 R 46.3+6.8nm.,

94.4+8 3nm 1 194.4+8.1nm, 5 #E i R P55 BARST

1 H d ~f & DLS il & (1) =FF NPs (7K 8l 11 512,
KN4y 91K 54.3+1.3nm, 101.2+2.70m Fl 196.7+

6.9nm, DLS il TEM &5 51— BP0 DLS fE4%
PR H XK A T PSNPs FRRA2 K/ NI FHERR AT
T DLS 4539 7K ) ) B 28K A2 iR,
DA i 2t DLS 045 (8 40 K B0k 8l ) 2% B AR 25 W 1=
T TEM R 1 o #% DLS &3R5/ K 3h )
B, # AKX ()15 15 = F PSNPs(PS50,
PS100, PS200) £ 43 #1448 % (PDI), 43 %4 0.045.
0.04 LA K 0.007, 1/NTF 0.25, 2 HH X = Fh PSNPs fat
FE TSR, LA = O, AESlK TR S R AR AL B,
S QU I NARE /1 NI €1 R 8

d _— PS50 30 f(e = PS200
30 |9 ~ © 20 D
25 | o
_ — _ 15 N
S 20 | s ) /
i =5 L i =
= 15 = = 10
10 | 10+
5
5t 7 51
0 L= : E 0 0 A
10 20 30 40 50 60 70 80 90 100110 40 60 80 100 120 140 160 180 200 120 160 200 240 280 320 360
HFifE (nm) HFif% (nm) FiA% (nm)
-10 -10 -10
(2 PS50 (h) PS100 @ PS200
20 }? 20 5 ~ 20 4
S S S
£ £ £
& 30 o & =30 = 30 °
Bied 9 = L 2 L 3
o Lo @ o ° s o ¢ °
—40 | ? 5 -40 | ° -40 | ®
é
-50 -50 -50

pH fH
1

34 5 6 7 8 9 10 11

34 5 6 7 8 9 10 11

AFRF PSNPs FIFRAE: a~c 435120 PS50, PS100 Fi1 PS200 ) TEM El{% ;

3 4 5 6 7 8 9 100
pH &
d~f 535385 Z X B DLS & 35K

pH fH

ENEIE; g~i A=F PSNPs [ ¢ FINZERE pH ER (LD

Fig. 1

Characterization of the size-dependent PSNPs: a-c represent the TEM images of PS50, PS100 and PS200, respectively;

d-f are the corresponding intensity-weighted hydrodynamic diameter distribution (D)) of 10mg/L PSNPs determined by DLS;
g-i show the {"potentials as a function of pH in deionized water. The morphology of three PSNPs is all sphericity and has good

dispersity. All the data present a good consistency.
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3 g oK kL BE/Zeta L A7 43 MF A = A
PSNPs 7EAN[A] pH (B /KW i) ¢ HLAL, S5 R an i 1
H g~ fifzR . PS50, PS100 1 PS200 7E 5 B 1 /Kk v
(pH=5.5+0.3) 1y ¥ 4 WL 57 43 5] B —352mV,
—35.1mV H1-38.2mV, F i 4 1= B far B0 & T 1 7E 2%
BTKTHR., AWRE, EROIGERE RN,
TRARER FI PR 2 50K 0 SRR B SRR 5 5 B o A B e
TR R AR LI, & 5B RRER S TR
NS, T H45 PSNPs it i L3 .
WAL pHAE 2 3 ~ 10, & I =FF PSNPs 7£ fif
A pH MG N ¢ fqE, HRE% pH (H3Y
o I B ARG . 9, 24 pH MK 3 3 K 10 A,
PS50 () ¢ HL A—18.3mV [EAIK £ —40.7mV, iX 1] fig
&N Bl R R OH ¥k B2 FH 1, PSNPs 2 18 Y iR
PEE RER % A 22 B Tk, SE g 2 L
2.2 AFERSF YK ERHE NaCl HLU B IE P i

EiESmpIES

FARGEA 7] R ~F PSNPs(PS50. PS100. PS200)
() A R AT R, #8400 S bR K AR R B 0 4 1 T
(200 ~ 800mmol/L NaCl HiLfift Fi i i, pH=5.5£0.3), Jif
JH DLS i AR 4545 —Ff PSNPs 7K 5l 11 B4 i i
6] (A AR (] 2). W IR, =Ff PSNPs (A 58
B S AR L, BEF NaCl e 38, [ 5 R
o, ZERREAA . BARRUL, e/ T
200mmol/L I, [ % I ] 3% /i = F PSNPs 17K 3
HAREILFAEL, BIRHEREZL 0, L PSNPs 7Rt
W AT NG &AW R M5 o EE
200 ~ 400mmol/L i}, =Ff PSNPs 7K 3l /1 EL AR B} ]
MR 18, PR R B K Y R T
400mmol/L i}, = Fft PSNPs 7K 2l 7 i 12 i i 7] 1

HO, PSR R IR B de KA, N F-Bif o F AR O VA B 1Y)
EE T | TP N

R T W2 R AN R R SF PSNPs [ 3 i 2%
5, RIEA K (3) K5 PSNPs 1407 4h A1 558 R 19— 1k,
43 $14593] PS50, PS100 F1 PS200 1Bt 5 0% (a) bl
VA TR HL e o vk B2 ) AR L i (] 3a). NPs ISR i
T2 R WA B Be: i oz RIS o B B3 AN 1B il B B
TS BRI B B, Wil H A Jovike B A 38 K, 4 oK ks
AH FL Al A J P R 45 B A — R SR S 18, BB
ROCRIER GEE/NT 1) 3XE P BEE HL 5T
A, R T B v BRI, 9/l A K PSNPs
JF BT (FELART SRR ), AT PR AR AL =2 1] )
JF 1., bl S ARk N 200mmol/L 34 i &
400mmol/L, 50nm PSNPs % [ ¢ HL {3 ) —29.7mV
J+%E-17.7mV, 100nm PSNPs F [fii ¢ HL {7 A—33.5mV
T+ E-19.4mV, 200nm PSNPs [ ¢ HL{i \—30.6mV
Ft &2 -21.6mV (&l 3b). FEY BRI B, 4Kk
AT LA 8 AW BR A, BN RO C A R KM GEE R
1), AP i fife ook BEXE Mg . ani&l 3b PR, 4
S AN R T 400mmol/L, = Ff' PSNPs (1) ¢ HL v
B H—15 ~ —10mV, R 25 58 5 39 0, F90kE 3¢ 1
CHNEW AL A B AR, b B BRI B B 1k
B HICBR ) B Be A o AP R A B B2, a8 SR i 5 A
RUE (CCC), W hy 5 R ANKITRL 58 42 I A i e
AV HEL i TV AL, )32 T P TA 9 R SOk 43 R
M. AKX @) B kR PS50, PS100 Al
PS200 f CCC {54354 325mmol/L. 296mmol/L F
264mmol/L, =t i K ) PSNPs H: CCC {H i /)N,
TR R 9K BB 25 5 R oo e & A4
ZiE:-38

800

1800 4 O0mmol/L NaCl 1800 # Ommol/L NaCl

1600 2 st @0 1600 1 g
g 1400 | ot v sl | g M0 p v
S e Rk |20 [ LG
i 0o [SI gk = o0g 2 St
..R 800 mol af e <% -R 800 | mmo aCl
600 f e R/ 600 |
® 400 - J,{"““ s, % 400 L

200 | G 200 |

0 0

(b) PS100 (c) PS200

(nm)

600 - 00m

A
o

1

400

KB H

200 | £ e

0 200 400 600 800 1000
) (s)

0 200 400 600 800 1000
GO

0 200 400 600 800 1000
Il (s)

B2 PS50 (a). PS100 (b). PS200 (c) fEANFIHEEE SALTAIA R (0~800mmol/L) KBNS ELTE (D) BN TG
Fig. 2 Hydrodynamic diameter (D,) changes of PS50 (a), PS100 (b) and PS200 (c) over 15min in the presence of NaCl

(0-800mmol/L) at pH=5.5+0.3. The aggregation cannot happen while NaCl concentration below 200mmol/L;

gradually aggregate at 200-400mmol/L; remain the fast aggregation while NaCl concentration above 400mmol/L.
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(@) ;
L PEYOYE T
_r' /'__"' v
S ;, &a
5 PSS
& -*
ﬂ@ Sk
A s :
Yol H
/.'J' o iPS50; CCC=325mmol/L
01 | & 4 1PS100; CCC=296mmol/L
g 4, 1PS200; CCC=264mmol/L
300 450 600 750
NaCl ¥ (mmol/L)

0
(b)
ol il
S 20t ARNES
,\\?‘_
Tul o
o
40 g 4 PS50
% PS100
PS200
-50 L— - filiod’
0 200 400 600 800

NaCl ¥ (mmol/L)

E3 PS50, PS100 fil PS200 TEASI MR EE SALMIA W (0~800mmol/L) RIFFERER (a) K  HLDL (b)
Fig. 3 Attachment efficiency (a) and { potentials (b) as a function of the concentrations of NaCl (0—800mmol/L) for PS50, PS100 and
PS200. The CCC values for PS50, PS100 and PS200 were 325mmol/L, 296mmol/L and 264mmol/L, indicating that larger

PSNPs are easier to aggregate.

SR, X 5 IERTR [FIFSE 222 )il CCC i
5 gk SRR R 2Z 18] ) E R I R — 3K, it
AYMERT HE, % B S0P i A 45 SR 2 DR A A R A 9
JIF i FHE) PSNPs 1Y W1 46 ¢ L AFAEAR R 25 57
40 Li % U2 BF 5 b B 6 B9 100nm B9 PSNPs L
20nm /) PSNPs H A 5 £ (1) % i 71 HE i (—37.4mV
vs. —29.5mV), % 100nm (1) PSNPs Hi 7 [7] i 1 &
FIMRE R, SHINRRE . AHFGE PS50,
PS100 #1 PS200 7£ 25 B F /K (pH=5.5+0.3) Y41 4H
CHL A 22 5l AN K, 43 i i =35.2mV., —35.1mV
—38.2mV, 7 UL RS, BV ZE AR A R T,
AR RSE PSNPs k28 H 2 AN [R5, FRiES LR
RBRIF R T & & A B L2085 /NS PSNPs, &
FOH = R LR, 55 R R . HREARDR
R H R X CCC B R 52 i AN B 2, n] A2
RN AR S5 v F Y PSNIPs ¥ JE4IK (10mg/L). 1)
M, Cai % 0V 7F 10 ~ 50 mg/L WIVRERE T, ok
WEEE IR JEE X PSNP B (RS0, SIESE T 53X — A5
2.3 ARRSFYERBRHEA pH E5E FIIFISR

M

YK SRL 7 22 K R RS gl A e, AN TR 7K
PRI pH (AR 22 51 15200 T pH i 2 M 7k
g K ORI AT R R R E 0 R
PSNPs 7£ AN [R] pH 7K A& o (8 [ B 47 Ry, AR SOk B 7
400mmol/L S ALENFE W, A 9¢ —Fh PSNPs 437l 7E
pH fH>M 3. 7 1 10 2544 T W R 8h 124 Ch i b itb
LI 141 58 47 g B9 78 4k, NaCl ¥ J 4 158 BGHE 1 = Fil
PSNPs ) CCC1H ). Kl 4 a~c4r %] & PS50,
— 106 —

PS100 Al PS200 7£ A ] pH 4514 T 415 3l g 24038
gE AL Y, = PSNPs 75 pH=3 i A 58 3 % fx
P, ZJaREE pH EH N, H R RS, — B,
CHLT 2 BRSO, 7= A8 B e HE R B, 431
PR, & 4 o d~f AT UL, = Ff PSNPs A9 ¢ {7 Fifi
pH 38 0 1w B, 24 pH {E A 3 35 m %) 10, PS50
i) ¢ HL A7 A—14.0mV [ ZE—27.5mV, PS100 (1) ¢ HL 7
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Fig. 4 Effects of pH on aggregation of PS50 (a, d), PS100 (b, e), PS200 (c, f): Hydrodynamic diameter (a-c) and ¢ potentials (d-f)
(PSNPs concentration was 10mg/L; NaCl concentration was 400mmol/L exceeding the CCC values for the three PSNPs; pH=3,

7, and 10). The aggregation rate decreased with the increase of pH due to the deprotonation.
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Fig. 5 Total energy profiles obtained by DLVO theory of PS50(a), PS100(b) and PS200(c) in solutions with varied NaCl
concentrations. The dominant interaction forces between PSNPs was electrostatic repulsion when the total interaction energy
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barrier for limiting PSNPs aggregation vanished when ionic strength was higher than the CCC value.
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Fig. 6 The linear regression models between attachment efficiency and { potential of PS50(a), PS100(b) and PS200(c) under all

experimental conditions. The red line zone and blue zone represent the 95% confidence interval and prediction interval,

respectively. The correlation coefficients (%) of PS50, PS100 and PS200 are 0.88, 0.77 and 0.70, respectively, indicating that

{ potential is more favorable for predicting the aggregation behavior of smaller-size PSNPs.
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HIGHLIGHTS

(1) Smaller NPs have higher CCC value than larger NPs and thus may transport longer distance.

(2) Tonic strength and pH are the key factors to affect the aggregation of NPs.

(3) The aggregation of NPs is controlled by their electrical state of charged interfaces.

D,(t=0) Dy(t=t")

NPs
Aggregation

Nano Brook:
Omni

DLS

1800
~ 1600 |
1400
1200
1000
800 |
600 |
400
200
oL ==

0 200 400 600 800 1000

Time(s)
1

Aggregation kinetics

Hydrodynamic size(nm

4

§gm=§@

.

-
.

’
i

@

’ & 1PS50; CCC=325 mmol/L
L 4 1PS100; CCC=296 mmol/L
&, 1PS200; CCC=264 mmol/L

Attachment efficiency(a)

300 450 600 750
NaCl concentration(mmol/L)

— 109 —



51 ] E=R AR B =.9 2024 2

http: //www. ykes. ac. cn

ABSTRACT: The geochemical behavior of microplastics (MPs) and nanoplastics (NPs) in the environment has
become a global hot topic. Aggregation effect is an important factor controlling the geochemical behavior of NPs,
yet there is conflicting evidence regarding the dependence of aggregation on NPs size. Investigating the general
patterns and dominant mechanisms governing the aggregation behavior of different-sized NPs under various
environmental conditions, will provide help in understanding and predicting the fate of NPs with different sizes. The
study has shown that NPs with the same chemical composition but different sizes have different stability and
mobility under the same conditions. The critical coagulation concentration (CCC) for NPs increases with the
decrease in particle size at a fixed surface { potential (CCC=325mmol/L, 296mmol/L, 264mmol/L for 50nm,
100nm, and 200nm, respectively); indicating smaller NPs may transport longer distances. As the pH increased from
5.5 to 7, the negative surface charge of 100 and 200nm NPs allowed them to remain stable even at higher ionic
strength. However, 50 nm NPs underwent rapid aggregation because of its smaller { potential. Therefore, the effects
of pH, ionic strength and NPs sizes should be considered comprehensively in predicting and evaluating the
geochemical behavior of NPs in the natural environment. The BRIEF REPORT is available for this paper at
http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202305020058.

KEY WORDS: nanoplastics; aggregation; dynamic light scattering; critical coagulation concentrations; size-

dependent effect

BRIEF REPORT

Significance: Microplastics (MPs) are defined as plastic fragments or particles with the size of <5mm!*, which are
directly manufactured by industry or derived from weathering of large-sized plastic'. These tiny plastics are easily
ingested by organisms of various trophic levels and have toxic effects on organisms"”®.. Clarifying the geochemical
transport behavior and fate of MPs is a crucial prerequisite for assessing their environmental impacts throughout the
entire life cycle, making it a hot topic in environmental research!’*). Among all the MPs, those with a size <Ipm are
defined as nanoplastics (NPs)'”. NPs exhibit stronger interactions with other pollutants and more adverse eco-

121 Fyrthermore, the quantitative analysis of NPs is more challenging than that

impacts on living things than MPs!
of MPs. The smaller size, stronger Brownian motion, and higher specific surface area of NPs result in significantly
different environmental behaviors from MPs!"*). Therefore, it is necessary to further study the transport and fate of NPs.

The aggregation behavior of NPs in aquatic environments is an important factor influencing its transport and
fate!'", When the aggregation rate is slow, NPs can remain suspended and transport long distances with river
currents. Conversely, rapid aggregation leads to a substantial increase in the size of NPs aggregates, making them

more prone to settling at the water bottom!"

. In recent years, scholars have investigated the influence of
environmental factors such as pH value and ion strength on NPs aggregation by using dynamic light scattering
(DLS) technique!"™®'”). These studies have not taken into account the effects of NPs size, while the NPs exist as
various sizes in the environment. Size, as a paramount property of NPs is likely to significantly impact their
aggregation behavior. Currently, there is limited research on how changes in NPs size affect aggregation behavior.
Therefore, it is imperative to explore the combined effects of particle size, ion strength, pH value, and other factors
on NPs aggregation behavior and elucidate the primary mechanisms involved.

Investigating the general patterns and dominant mechanisms governing the aggregation behavior of different-
sized NPs under various environmental conditions, will provide help in understanding and predicting the fate of NPs
with different sizes. The study has shown that NPs with the same chemical composition but different sizes have
different stability and mobility under the same chemical solution conditions. The critical coagulation concentration
(CCC) for NPs increases with the decrease in particle size at a fixed surface { potential, thus the smaller NPs may
transport longer distances. Therefore, the effects of solution pH, ionic strength and size of NPs should be considered
comprehensively in predicting and evaluating the geochemical behavior of NPs in the natural environment.
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Methods: The dynamic light scattering (DLS) technique was used to quantitively measure the aggregation kinetics
of three typical polystyrene NPs (PSNPs) with the size of 50nm (PS50), 100nm (PS100) and 200nm (PS200),
respectively, under various environmental conditions. The aggregation kinetics experiments of PSNPs were
conducted at room temperature (25°C). In brief, samples containing 1.25mL of PSNPs suspension (20mg/L) were
prepared in a sample cuvette. Subsequently, 1.25mL of NaCl electrolyte solution was added to the samples. After 1
second of rapid mixing, the sample cuvette was immediately transferred to the sample chamber of a nanoparticle
size/zeta potential analyzer to measure the hydrodynamic diameters (D,) of PSNPs.

To clarify the size-dependent aggregation of NPs, the { potentials and D, of PS50, PS100 and PS200 were

measured in the presence of NaCl (0-800mmol/L). The initial pH value was not adjusted, and the pH of the samples
was finally stabilized at 5.5+0.3 after testing. Furthermore, the { potentials and hydrodynamic diameters of PS50,
PS100, PS200 were obtained at the range of pH (3.0-10.0) in a 400mmol/L NaCl solution. The initial pH of the
solution was adjusted using 0.1mol/L sodium hydroxide and 0.1mol/L hydrochloric acid. For each set of solution
conditions, the experiments were repeated twice. Importantly, the critical coagulation concentration (CCC) and
interaction potential energy were calculated.
Data and Results: (1) DLS technique combined with Derjaguin-Landau—Verwey—Overbeek theory (DLVO) was
used to investigate the mechanism of the size-dependent aggregation of NPs. The morphology of PS50, PS100 and
PS200 were all spherical and had good dispersity in deionized water, as shown in Fig.1. With the increase of NaCl
concentration, the aggregation rate of the three NPs gradually increased at 200-400mmol/L. When the NaCl
concentration was above 400mmol/L, the aggregation rate of NPs reached the maximum and no longer increased, as
shown in Fig.2. To quantify the dispersion stability of different-sized NPs under various solution conditions, the
attachment efficiencies (o) of PS50, PS100, and PS200 as a function of solution electrolyte concentration were
obtained by normalizing the initial aggregation rate of NPs according to equation (3). The CCC values of PS50,
PS100 and PS200 in NaCl solution were 325mmol/L, 296mmol/L and 264mmol/L by fitting the stability profile with
equation (4). The results show that larger PSNPs were more likely to aggregate.

Fig.5 shows that the stability profile was in good agreement with DLVO theoretical calculations. For instance,
the energy barrier among NPs decreased with increasing NaCl concentration resulting in a higher tendency for NPs
to aggregate. As the electrolyte concentration exceeded the CCC, the energy barrier was eliminated, thus the van der
Waals attraction forces dominated the particle interactions. However, the CCC values of PS50, PS100 and PS200
obtained by the aggregation kinetics experiment deviated from DLVO theory. The reason for such a deviation may
be due to the application of the superposition principle in evaluating the electrical interaction energy*!. Taking into
account the case that the thickness of the electrical double layer isn’t necessarily much smaller than the linear size of
the particle, it can be speculated that the smaller NPs had the thicker double electric layer, accordingly, a higher
electrolyte concentration is required to completely compress the double electric layer.

(2) { potential serves as a crucial parameter for quantitative assessment of NPs stability. Under all experimental
conditions, a significant correlation was observed between the attachment efficiency and ¢ potential (+*=0.70-0.88,
p<0.05), as shown in Fig.6. This indicates that environmental factors such as ion strength and pH values affected the
dispersion stability of NPs by altering electrostatic interaction. Data obtained by Lee et al.'”) for PSNPs in natural
river water and seawater, as well as their { potentials, also supported this finding. The PSNPs had { potentials in the
range of —30mV to —24mV in river water at different temperatures, indicating PSNPs exhibited a relatively stable
condition. In seawater, the { potentials of PSNPs were in the range of —15mV to —5mV, and rapid aggregation

occurred. Therefore, { potentials can be used to preliminarily assess the stability of NPs.
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