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Adsorption characteristics of perfluorinated compounds from colloids in the river-lake sys-
tem of the plain and their ecological risk *
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Abstract; In the aquatic environment, colloids are ubiquitous and have small particle size, large specific surface areas and multi-
ple adsorption sites. Colloids can adsorb the organic contaminants, and change and control their environmental behavior. Perfluori-
nated compounds (PFCs) may be associated with the colloids in surface water to form effects of combined pollution due to non-hy-
drophilic and non-lipophilic properties and persistence of PFCs. In this paper, river-lake system of a national ecological demonstra-
tion area was selected as the study area, spatial distribution characteristics and colloidal adsorption potential for 4 typical PFCs in-
cluding pentadecafluorooctanoic acid ( PFOA ), perfluorononanoic acid ( PFNA), perfluorooctane sulfonate ( PFOS) , perfluo-

rooctanoic acid (PFDA) were investigated in the traditionally dissolved phase to assess their ecological risk level. The main results
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were as follows; (1) All four PFCs were detected in the traditionally dissolved phase and colloidal phase, with the detection rate of
78.8% —100% and the total concentrations of 12.5-92.1 ng/L and 5.4-49.9 ng/L, respectively. In the traditional dissolved phase
and colloidal phase, PFOA are the main PFCs. The contribution rates of PFOA to PFCs were more than 65% , followed by PFOS,
PFNA, PFDA. (2) From the medium distribution, colloids are an important " sink" of PFCs, average adsorption contribution rates
of colloids to PFCs are between 42.6% and 66.1% . PFDA showed the greatest adsorption potential, with an average absorption con-
tribution rate of 66.1% , followed by PFNA (53.5% ), PFOA (47.0% ) and PFOS (42.6% ). The adsorption contribution rate of
colloids to PFCs was significantly positive correlation with the 1gKy of PFCs. (3) In terms of spatial distribution, residential areas
have the highest pollution levels, with an average concentration of 71.2 ng/L, followed by Qinhu Wetland Park (43.3 ng/L). In
industrial , agricultural and urban areas, PFCs have comparable pollution levels, with average concentrations between 30 ng/L and
40 ng/L. Aquaculture area showed the lowest pollution levels. (4) Using risk quotient (RQ) and water quality benchmark to as-
sess the water environment risk, we found that the aquatic organisms in 58% of sampling sites were in low-risk state caused by
PFOS, mainly located in industrial areas and residential areas. And PFOS pollution levels in all the sampling sites were higher than
the annual average environmental quality standard (0.65 ng/L) setting by the European Commission for PFOS in freshwater envi-
ronments, which is lower than the maximum acceptable concentration environmental quality standard of 36 pg/L. Chronic ecologi-
cal risks caused by long-term occurrence of PFOS in aquatic environment should not be ignored.

Keywords : Perfluorinated compounds; river-lake system; occurrence; colloids; ecological risk; Qinhu Wetland Park

2 AL A ) (Perfluorinated compounds, PFCs) J2—28 A LA MHI AR AMA LIS I, BAA —E 14
YRR IREERE AR BE B A 1, HAE AL T BT G2 I 2 TS | T I 1A R A T R R
i, PFCs BEf538 10 2 MR R HE A BREL, fE 2K UUB T B A s B AR
EWRAT , P2 A AR B TR 0 2T S BRIl A 252 4 B NS R L VR BT AR EBL00 PRCs, R
Ytk 2 ( perfluorooctane sulfonate, PFOS) FlI4= 932 ( perfluorooctanoic acid, PFOA ) A= = Fllfifi FH & fc K,
B H B R A, e S5 B AT BT SR B A 24 1 5 FE B A BR A A P s L O T A A R
AT EFE N B 24 KR E FAE R, §30 PFCs BN & F 3R A SR 0 E 25 4e ), U HJE7E
AT =AU DX RV = A P X b3 Tll XA FR VTR BRAL Tl & 36 |, 32 D30T 1A DL oK
e PFCs ¥4 = A i K 1, 6 i vk B — AR pg/L oK. Biln, KV EE R BE 16 Ff PFCs 1) S0 vk B2 7
1.54~61.93 ng/L( {8 23.94 ng/L) ") K ITIVTE: 11 Fff PFCs (1) 584k B R 0.16 ~23.04 ng/L™ | KT i
L BE I 2 ) L B0 B3 0 4 X, SR A B T 22.53 ng/L LB KV R i s vk R, 14
Filt PFCs ¢ J3 B3k 5 596.2 ng/LOFHIH Y 226.3 ng/L) 7. B A KL PFOS #5244 PFCs, T i
KRTS YA R  T_E. AOE H R KT PRCs Y5 Y4k TR MR ™ BRV IR F iy
PR, FEEE Y PP I K T PRCs e BE R 2. I BURIFSE K £ B vh 7E R IE R K
A Sl AN [R) 32 94K A4 H PRCs (975 G AR i A W .

H AT PFCs FE/K FREE A AP (14 3 2 32 50 4 vh 744 0 AR FNTURRNE , 6 T JBe A4 A 50 %) W o 2 e 7F 9 38 AR
MEZ . RN ARV  HCERTEARK WF 5 22 SE R A BB SO K A AR S, X T
B Sl WA RO S EREEAT R e R Y L KR AR A AR S A BT G 0 £ 0 R BT R R
AT Ik 42.3% W BRAE P IR VAR AR AR A L FELE (SIS A 50 25 DR 22 A 06 2. 2 T 2 X 3t 5 K 0 = 1
HUREPER, BN BNA AR Z K= T\ KRR R 248, & 55t a 5 ISR bR L, 2R E
R E M ERBESRIEX. T LA LTS5, AT LA HE X R 58 858 X8, e ARk X, Tk X 3R 4E
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B RGBS P28 AR B L RS LRI A S 4.
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KT Sigma-Aldrich W AR s IEC b8 Z & W S8 . 25 L BE IR 34 4 66,35 20507, W T 38 [/ Merck A w5
Waters Oasis WAX FEAHZE B/ (200 mg, 6 mL) , T3 E Waters /A7 5 3256 H K 4 Milli-Q 4li K.
1.2 RESMIE

TEFRINTTZ IR IVE T 33 A RAE AL, RAENTE S 2018 4 8 H SRAFI T kM, KA R4,
JKIAAE 25.0~28.6°C Z 1], AN s RAIKKE 2 L, PATHES: 2 A SRAE R EZ A0 AL 7 KL, 43 51 g ok 7™
FRAIX (ST 1 S2) IR AR (83~ 85) Ak X (S6~S10) Aflk/ERIEEG X (S11~S19) JEREEKX
(520~524) Tl IX (525~ S29) FT X (S30~S33) , HAR LA 1.

P 1 LT3 AR M T 2 DORAE A B &

Fig.1 Distribution of sampling sites in Jiangyan District, Taizhou City, Jiangsu Province

1.3 HRRESRHLE

FEIKTAT AR 0.3~0.5 m i3 i P9 HE 5 47 A9 R IR R RE R B2 7K R 2 L B a2 K R S 8, R TG 17k
Bt 1.0 wm A BEFRLT Ak SN, K13 08 5 (0 /K RE I 1) 8 5 4 8 AN FLAR A 1000 Da SR Fk AN I8 M54 17 4%
B, LIRS B AARAH (1000 Da~ 1 pm) FIE 3§ 7K AH (<1000 Da) . JE AR FI1HE B8 K AR N B R A 2= pH= 2.5, F [ 4
A EAEI. 5 mL FIEE .5 mL 0.1% (V/V) Z-FEEE R 5 mL @ 4li/K G b WAX /A, DL 2~2.5 mL/
min BRI, 2 10 mL BBAK I TIHYE. 85 H 5 mL B EEH S5 mL 0.1% (V/V) &-F B s A e i, Uk
IR AR B RS T AR EIE T, P EERE 1 mL, SRE 4L 0.22 wm JERE, 5 T RN b TR
IRV TR .

# 1 sk AL
Tab.1 Gradient change of mobile phase

1.4 UBFDMEREEH

7 TR RICURUR €035 - — B DU AT 3 BB %48 (TR A HRL T
FEEFIH) , Waters ACQUITY UPLC Xevo TQ, 3% [E Waters
JAFACQUITY BEH C18 234 (2.1 mmx 100 mm, 1.7

i a]/min Wit A% HLEhAH B/%

0 %0 10 wm, S [H Waters 24 5]) . WA A 2 5 mmol/L {1 iR £
0:20 % 0 WA B 100% 2 90 3 A BB B R A i 1
4.00 5 95 o
5.00 5 95 e o - )
<ol o 0 SRAIE S B T 00 05 (S 15 T L B £ R
6.00 90 10 N AR (MRM) ZE 42301 H AR5 4o 4. B A 1

BANE )R 3.0 KV, REE AR 0.16 L/min, 85I



) AL T RITH A G P SR A AL A4 09 IR AR B B AR AR B S R R4 1717
JE 150°C 5 LR RS Tt & 50 L/h Il SRR 400°C ; A FI A& 900 L/h BARTGTS Y iy B g i =X |
BT T BT RS RS AR L 2.

%2 BB E S5

Tab.2 Mass spectrum parameters of the target compounds

&Y 9 ESI BT/ (m/z) FEF/(m/z) HEFLHB RV i AR/ eV
X e PFOA ESI+ 413 219/369 16 17/10
ST PFNA ESI+ 463 169/219 16 19/17
BB R PFOS ESI+ 499 80/99 60 39/38
SRS TR PFDA ESI+ 513 219/469 16 17/10

FE AR AR Al A 3R SR i A 4 A e AR AT A B0 B B R . R R B AN L A . B
ARSI I — TR IR S RS IR R AT SE AR IE. 25 AL AR N L8 1K e B = H
J7 23 AR 25 1 4 Bl PRCs HARYISAAS: Y S T H BR. Aofis i e iR BE Y L 0.1 ~200 pg/L, 26
PEAH 2B R*>0.99, L) 3 A5 EMe I (S/N) B 5 7 B A i FR (LOD) ,4 # PFCs 1Y LODs 7 8.3~30.0 ng/L
], 76 100 ng/L ¥ BT B JAR TSRS LRy 68.9% ~ 108.5% | if fE 34 2K .

1.5 HiRS AL

PG AR PECs XK AR AR 520, SR H XU K5 62 (RQ) X PFOA [PFNA [PFOS 1 PFDA JE47 2k
BB , RO BT TTER «

RQ=MEC/PNEC (1)
U MEC F1 PNEC 53 51| 9 BRI A J57 v S0 e 82 0 F0000 DG 200 10 o . AR A0 T 2 25 1 i A e A 5 3R 4
AR, PNEC 5 ISR PP 7 (AF) TR AR SR SRR RO ECs 50 LG, T2 T, AF HUE > 1000;
2 IS AR PTG T LB AR ¥k 2 (NOEC) I, AR 48 A 1) 1478 37 GOK - 23 Bl e U AF {24 100,50 Al 10.
P48 PR P RO St R A BR 19 P2 BRSO , £ 45 25 S 7 P 6 P s v R A 7 PR 2R I SR, PNEC
RV RT3 L T W R U A O SE 1 MIEIL AT, PFOA [PFNA (PFOS \PFDA X T8 82K 2k
(19355 23 BE B WL 315 SR AL RQ IR/ IS Y I E 2SR K F-53 S 4 A0, > 1 i KU, 0.1~ 1
Z [ Ry A UK ,0.01 ~ 0.1 2 [8] A IR KUK , <0.01 S e XU

2% 3 4 B PFCs X 7K A4 A= Wy i 7 PRI

Tab.3 Toxicological data of four PFCs for aquatic organisms

x| ECsy g/ (pg/L) ECsyip/ (png/L) ECsy 3/ (pg/L) AF
PFOA 748098 207000 260820 1000
PFNA 481632 92800 120640 1000
PFOS 23640 37360 3640 1000
PFDA 437414 77100 35980 1000

2 HR5H

2.1 PFCs 7E1&£ 4t /k 8 Hh 9 5 TR 451

TEG G RAH T 4 B PRCs 1975 YK R 25 [8) 53 A A AE DL IR 2 N 4. SE S TT 50,4 Bl PFCs 1, PFOA |
PFNA 1 PFOS F# I 28 5 155 , & 100% , 1] PFDA | 78.8% . 4 Fft PFCs () Sk BE4F 12.5~92.1 ng/L 22 [i],
SERIU R 41.6 ng/L. PFOA YRRy iR RTS8, HOMk BE Y 11.5~69.3 ng/L, FI4U EE R 28.7 ng/L.
PFOS F PFNA B AH >4 , f5 5 vk BE 4 BI3A B 21.0 1 20.1 ng/L, SE-349¥R BE4Y 5K 7.7 1 3.6 ng/L. PFDA VR JE
AR, PR 1.6 ng/L, e mik#) 13.0 ng/L. AR TTHR A oK F , PFOA YR 5 T A5 PFCs A6 i Sk 2
) 70% L) |, iR 2 PROS(SEX STl R K 18.5% ) PFNA (7.8% ) Fil PFDA (2.8% ). MBIAY 4 BAEFKE T 5
WFZK RN S R 2K Bl R B, TE X P A~ DX 3 PROA S AR 22 PFCs Hifar I 451 25 i Aar Hh vk J3E o5 i 1)



1718 J. Lake Sci. (#:a#%),2021,33(6)

15 H2 0T 100% , 75 J5M 95 g K o PFCs (9 B AE 1,71 ~ 48.27 ng/L Z [H], PFOA - 33 ¥ & Oy
16.41 ng/L, BUATIRRFEAE 29.2% ~95.6% 2 [] 7", 3 5 PFCs 1T FH i Afil i 42 B BeAF G, PFOA il
PFOS )z B TAAA Tl T FUBE G5 A7 BRI FL AR Tl b 2 A i B2 | AR T Ak TS A
A A2, 1T PENA R PFDA S BT 4 SORM A 7 o B2 A HET , o e R P g A A X i .

4 LR PFCs (9 B2 08 FEAE 0 ()

Tab.4 Concentration ranges and mean (median) values of PFCs in surface water from Jiangyan Districty

LSRR JRe A
&Y - -
e/ (ng/L) K AR R/ % W/ (ng/L) K AR R/ %
PFOA 11.5~69.3 100 2.4~28.0 100
28.7(25.7) 11.7(10.9)
PFNA 0.3~20.1 100 0~20.1 97.0
3.6(2.6) 2.2(2.1)
PFOS 0.6~21.0 100 0.2~10.2 100
7.7(7.3) 3.5(3.0)
PFDA 0~13.0 78.8 0~8.9 78.8
1.6(0.4) 1.0(0.2)
= PFOA [ PFNA =3 PFOS =3 PFDA
RS
S31 BRI
S30
Talkx
93
JRREERX S22
S21
S20
, S19
iz S18
H S17
B A/ R g%g
REX S14
SI3
S12
SI1
Ak X
S /N
IKPEFRAE X S%

0 20 40 60 80 100 0 20 40 60 80 100
EHALA Y/ (ng/L) FAPRZ 53 TR %

P 2 PFCs 1 e DXt K AL G A AR P I o B2 S 2H 70 Tk 3
Fig.2 Concentrations and compositions of PFCs in traditionally dissolved phase

of surface water from Jiangyan District

MEE T 73R i IR IX (820~ S24) 15 YL K- fie iy, 5 SR AF R PFCs B ESEH J 51.9~92.1
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ng/ L F-EUEE D 71.2 ng/L. 48 AR (S21) R P AT RAE s R H R BE 555 (92.1 ng/L) , PFOA ¢ J3E 3K %)
69.3 ng/L, FURTTHRA N 75.2% . Z8 AR T2 2 HE DX i S 80 2 TR, AR B IR b , P4 2 i 4 18 1T, T I+
Ji R AR, STRIE A AR , S22 i A b T 5042 U R B A 45 35 7K 1) 2 2 9K 1k, 3 T B2 5 L PFCs
R RE g 119 BN BRI M 2 B - e B 43.3 ng/ L, S AR T BRI W i T A LA S X
Sl PRWRE M PEl 5 28 AT K A T, TR K AR S 78 vh 28 ZR T /K (A T i) PRCs E A S 0 [, 7T RE 2 1%
DX 3, PFCs AR i i A9 B DAL HAUAE S DX (AL 3T XL Tl DX A X K7 IR IX A5 ) e B A, PFCs SF-
YU EAE 30~40 ng/L Z [, Horfr PFCs ¢ B8 fi 5 19 2 Tll X (39.8 ng/L) , 15 Befk & i {92 /K 7™ FR A IX
(30.4 ng/L). PENA [PFOS FI PFDA 3 fft S04 f) fiz s e B2 347 3 BT o R SR AR IX e R/ RO IR X 207 7
AT X 4 Fh PFCs SRR, R BRI T A SR AR U 4 i PFCs BTk o Ho A 350 i A 5G4 (0.999>
R*>0.942, P<0.01) 3 i B 48 XTI 7K 2 b PFCs (975 Yo I ELAT AHLLYE . AR IS HE B 3% X PFCs SR U5 5 1
I ERE A RAE IR PROS/PROA (HE/IN T 1, 33 2 Y122 DX SR e A A S 2 B2 19 75 e i 42, 42% )
fif PROA/PFNA {575 7~15 22 [, 36% [ 503 PFOA/PFNA {5 K T 15,3 ZWIBFSE X I8 PFCs 15 432 Tll Hk
ORI XA S A 1) ULV, 7 ™ SR B DX PR b 3R 17 X PRCs (94 58 ol TSI A 5 2 e 2, LA IXC
B B2 T PR R R R A B S B R SRR DA X T i s IR R AR IXOR L, PFCs {5 YL B 0y 7 o,
R TR S BIX R T5 KR AR ERRE T (i 55, /N T RO T3 A0 AR Bl S AR R AR IXUK
ZH PFOA/PENA ¥k 7.6, F W% X 5 IR HEUE PFCs V5 YL 3= S 2, M8 b 28 il PFCs I35 Y 1 % il
AT B K B O

TR 3 T 5 4 ) [l R A R A ) L4 Bl PFCs Az R AR FEIT 100% , 4G Y BREAE 29.4~50.6 ng/L
Z 8], Hrft PFOA Fil PFOS Jf 3201075 Yedy , Wk BV 70 551 4 25.0~ 38.8 ng/L(SF-39 K 29.8 ng/L) Hil 3.5~
9.6 ng/L(-FH4HREE 6.3 ng/L). LI PFOA F1 PFOS Jy Hbr, 38 5 %5 T w2 el 5 HAB IR K0 rh s
RERT5 oK. RS ATLUA Y, PFOA FEBE 10 v 19 75 Qe KCF 25 T B PR GE (2010) (iCBUAY AR )
(2009) FizEbi1 (2011) , 5 5L (2015) WAL IR (2009) 15 G2 /KA, 25 T T 85 18 (2017) RIINIK
(2012) VEJTKJE(2008) HBFHHI(2011) AAH Maggiore Lake (2006) #57/K3. PFOS {5 4L /K- R E T F7EE
(2010) \ECBUARII(2009) A1z i) (2011) KW (2009) FRZE[RIVPIK 2 (2017) Filsfi[E Shihwa Lake (2004) , 5 i
#1(2015) FE KA Maggiore Lake(2006) FISE[E ) Great Lake(2019) y5 5 /KP-AH 4 , 3% w5 T #EFHIM (2011) (Y
JTOKFE(2008) Ak SR BRI el PFOA 1 PFOS (975 e BE AL T 454 T /K-

2 5 VEWIILHL A 1 55 4 BRI 5 HBIK HOK N PROA 7l PROS ¥ i Hode
Tab.5 Comparison of the concentration of PFOA and PFOS between Qinhu Wetland Park

and freshwater lakes around the world

FREK R PFOA/(ng/L) PFOS/(ng/L) SR AL ] EE DTN
R 25.0~38.8(29.8) 3.5~9.6(6.3) 2018 4 W5

T-50 0.52~3.61(1.47) ND 2017 4F [27]
Kb 10.6~36.7(21.7) 3.6~394(26.5) 2009 4 [29]
BITKE 0.55~2.3 ND~0.52 2008 4F [30]
7 PH T 0.30~1.89(1.10) ND~0.71(0.35) 2011 4F [31]
P TE 13.6~441(147) 0.58~51.2(15.2) 2010 4 [32]
IR 15.8~158(55.0) 9.06~132(60.4) 2009 4F [33]
BRIk 70.5~1390(372) 73.4~1650(357) 2011 4F [34]
GEINIK PERE ND~7.2(2.4) ND~6.3(1.4) 2012 4F [35]
TREEFVPIK 2.15~26.70(12.90) ND~44.85(14.63) 2017 4 [36]
bR 17.1~33.3(21.6) 2.37~6.81(4.29) 2015 4E [37]
Shihwa Lake (# [ ) 0.9~62 2.24~651(17.4) 2004 4 [38]
Maggiore Lake (& K F]) 1.8~2.9(2.4) 7.2~8.6(7.8) 2006 4 [39]
Great Lake( 3E[H) <21 <5.8 2019 4 [40]

# 155 AN TS Y 4 E, ND R oA i
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2.2 PFCs 7ER {448 5 i 43 7 4 1iE

JEHR S AFAE T e Bk FR v | R 2 R A WIS e g EE 3 | Rl R 5 e My e K 3R 85 P )5
B AL LR BRI ZRIRBAT N, FEXK AR A W A K™ A TE B Y 4 B PFCs 7R IR R 1 Tk
RO ILIE 3 F3k 4. FECARAH 1,4 i PFCs g giefis K6 H SR Ry 78.8% ~ 100% , Hirft PFOA i1 PFOS 4 i
% 100% ,PFNA K2 (97% ). JeAAHE T PFCs [ S0k BESE IR R 5.4~49.9 ng/L. 5 PFCs 7E4L55 i i AR v (1 2
A AL, PFOA 735K R de R ¥5 YL i), vk i 90 [ 2.4~ 28.0 ng/L, ik J& PFOS (0.2~10.2 ng/L) |
PFNA (0~20.1 ng/L) PFDA (0~8.9 ng/L) ,SEHue BE43 510 11.7 3.5 2.2 Fl 1.0 ng/L. s fA i i 5, 76
Ak, PFOA B3 15 He ol 66.6% , Fok & PFOS(19.6% ) \PFNA(9.9% ) Fil PFDA (4.0% ). 75 A itk
LXK B R PFOA PFOS .PFNA il PFDA (97 ¥ i 43 B3k 8] 113.07 .47.41 ,15.72 F1 40.25 ng/L, 15
FLEHEIX PFCs e B A 1 MAF KT, A B 2H B i He 5 A SO L

3 PFOA [ PFNA [ PFOS [J PFDA

ST X

TalkIX

R 22

AN/ R
HAX

el X
PR /N |
IKFEFRAH X
0 20 40 0 20 40 60 30 100
AL AP/ (ng/L) BAPREH Sy FOkR 1%

P 3 24X 33 A i AL AT PFCs W5 A

Fig.3 Concentrations and composition of 33 PFCs in colloidal phase of Jiangyan District

NZS [ A AR, o R B AR X gk AR of PFCs MR A /K P fi s , AR BE A F) 35.1 ng/L, HoAb X sk fA&
o PFCs R BEARZE R K, e BEJ B A 13.3 ~ 17.0 ng/L, 5 i e BE 4K SR 1 BT 25 38 X149 3= 9T 3 28 AR Tl
(822) L TAEGEUE fift AR PFCs 15 ek - e i 450 (S21) LI, it B VR 9V 28 [ 5 ¥ gt AR AR LE 3% 0562
(S22) e A A H () 222 PFCs 4143 /& PFNA 1 PFOA ¥ B 4371 5 31 20.1 1 14.8 ng/L, BL{R BTk 24351
40.3% 1 29.6% , Hk & PFDA (17.9% ) Fl PFOS(12.2% ) , i B 44 v ¥ YLy 1 20 15 9 S ARG A5 DX 1), 3K v
B2 595 YA PE TR SEAR . A 7 AN KIS 7K B th PRCs BYZERK R ,4 Fh PRCs B TTRA 5 L0 ELA AR,
W T BB X AT X PFCs 4143 15 FOMISGHERS R4 (R® <0.88) , oAt IX 341 43 BTk A SCHE ) KT 0.9,
IR 5T XU AR AT P 4 B PFCs 5154508 AR EA F B A7 R | 1T PRCs 2002 57 R 38 7 3 1 Rk
Tof IR R SR IX 7K 2R R AR m R S A 53 52 AL i A et — 2B R 55
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