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Occurrence and Possible Source of Legacy and Emerging Perfluoroalkyl Substances in Soil

near a Chemical Industrial Park

DING Da'*?, SONG Xin'", LIU Zhaoyang', XU Chang'*

(1 Key Laboratory of Soil Environment and Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences,
Nanjing 210008, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China; 3 Nanjing Institute of
Environmental Science, Ministry of Ecology and Environment of the People's Republic of China, Nanjing 210042, China)

Abstract: In this study, 15 soil samples were collected near a chemical industrial park. The occurrence and spatial distribution of 12
PFASs were analyzed. Principle component analysis and correlation analysis were used to calculate the relationships between individual
PFAS. In addition, the potential risks to human health resulted from PFASs in the soil were evaluated by the CSOIL model. The results
showed that C4—C7 short chain perfluoroalkyl carboxylic acids (PFCAs) were dominant compounds, especially perfluorobutanoic acid
and perfluoropentanoic acid, which were at levels of tens to hundreds ng/g levels. The PFASs concentrations were relatively high in the
soils near the CIP and those located at the downwind direction of the CIP, which was due to the close distance to the CIP and the
contribution of atmospheric precipitation. It was concluded that short-chain PFCAs may resulted from the industrial activities, while the
local agricultural and domestic activities did not have significant contributions to the PFAS in the soil. The estimated daily intake of
PFASs in soil via ingestion, inhalation, and dermal uptake were much lower than the health-based guidelines issued by several
international regulatory agencies, implying a relatively lower human health risk from the PFASs in the soil.
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FSEK B E BB LA, IR EREA 225, &0
PEFETR B FE 4 HUbEIE R R (PFCAS) Al 4 JRU ot LAk
2 (PFSAs), &Mk #mAEMEE, PFASs XA hK
(> CTMERE(S CT)!"°), PFASs fyJ 2 Lk F= F
FASUEHAE RV F 2 B A b gk th . g
KK EE PFASs HABGRMMFFANME . A9 REUWER
FEPEDT, R A FEALA ST K B PFASs St T 45000 45 4
B, JUHIEXT PRI R G G K4 PFASs 229K
FLERER (PFOS) FI 2 ¥R (PFOA) 5 T Z KB 5
BUER, 92 E LB RIS T 2000 4F 2%} PFOS
H PFOA SCJiti 1 Wk A IR i, JfF 2016 4F 4 A5
TR KAR R S PFOS F1 PFOA &2 FI/NT
70 ng/L" R EUTLEAE WX PFOS Fl1 PFOA 32t T
AL 2014 AR 12 WEKG KA TR
PFOS (BRI 453018, 2015 4R 4 IR FEAI IS HE S
2O S FHARA TR R K ) < AR 4 P ]
PFOS 54Tk Bl S8k 5 e, 2017 454
SIEEERE PFOS Fl PFOA B A T BRI 256 44 %
(2017 AERR)H Y “WiE g | IR RS 7 i H SR

LG4 PFASs ARl T HA W r A4
FERVEE R, — SRR A B e A R e
PFASs. JH%% PFASs #5 iy i aE it 7 e 15 K 5k
PFASs A[EHIPERT, %4E PFASs 760 FH B9 AR
B3 H AW BE PFASs, — B m] 3 o 38 it Fi i ATk
F A EE PFASs MHIFIAYALEE. LAk, JE4%% PFASs 19
IEAT R G T AR A A ) AR R 1 L
§i PFASs 55, HATHRARFAME R RS, SR H
AUXT 4R PFASs MUOGH: . BFFT AV S A 2,
T f#R%E PFASs MIMEIRAFRAIEA BY T ARk M 5
PFASs 454545 1) il 72 P2 LR} 22 4 40

HHATXT PFASs MEEMAF HIBIFST — M e 5K Hh
P 1 B B 1 VIR ] 3 8 DX 3 o 8 K B L F
FEATTER N BE 448 PFASs 7E3EAN M (4 B IR 77
AU PFASs FEH AU IR JE I R B A i P i A
R B A DX TR R X R P ) A S I
ARG KBS B 57, PRIEAFSY PFASs 46 H 0
HER A A AR R i ) WA AR B B e M H R
55 PFASs sUIEAHC R 5T K 2 DL B 442" PFASs 1Y
FAL T RAFE X 2, H O TR T X E 2
PFASs BAFHFIE (A8 AN 2 0L AL T fel X R Eh £
AT Tl A= 7= X3, PFASs 7E4L T-fEl X N 1Y
TV FHBE A% (5 Ak T X R 5k LY PFASs
SR, RBLHESY PFASs 7EAL T bl X JE 1 3R 5E 4 o
A FRAE LA 223

3R A A R G T AR A
(A=A R, (Rt RS e B AR AN Tk
JR SR 5 A s vl LA i LR sl s R
STBUIREESRIEA T, JFResE . T8
FHER SRR AMIZOK . 1 FKFRS), eah, 1
YIRERSSO T BRI fI5 Y,  DITRE A Acfittbsis
RGP0 ARGIX 38139 f PFASs A9 & /KA B
F T ffAE L3 PRASs BIRAAREAE I F0PAl L0 2 b R
AR A . AT RAE T R A TR X Jdin 15 A4
FIHERESL, A0 T R 12 Fh PRASs(tIdE 6 FhjkE
PFASS)WIRAF/AK - 2SR ANE AR, JFPPE T
X 2 b BRI, LI 1% 48 PFASs RO B4
FRAITE Gtk A B A S

1 #REFE

1.1 =i

WS BT T LIRS T 12 Fl PFASs, {24 9
Fl PFCAs fil 3 7 PFSAs: 49 T TR(PFBA). &%%
iR (PFPeA). 4% CH2(PFHXA). 4% IR (PFHpA).
PFOA ., £ THR(PFNA), & 2R (PFDA)., 4#
+—MR(PFUdA). 49t MR (PFDoA). 49 T hifi
fix (PFBS). 4% C. Wil ik (PFHxS) Al PFOS. PFASs
H AR AR R P bR DI &2 R 2 52 0 512 4 28 A A FR
BRI MG A HPLC 269, MR ER /A ml A . HoAt
A 2E RN T e, AR A R WA .
afi 7K 38 i 36 [ Milli-Q REeELaE.
1.2 HmEE

b Ak T DX PR B A ] 1, 24k T DX Py A
BLMIMNETT, naumfe T, k. Fidbk . ik
LR SEEJE . RS, RWTER T HEEUR IR,
O AW & BRI A AF fE &R 2 005 185
Yel2 A, il TR X i A — R ARl A
TG T Bl o ARBIE G A 4980 5 Tt TPl DX 31 1 e 1
XICRAE, DML TR Ry, AR PG 4 b3
T REREZ) 3 ~ 4 km SREE 1 {5 H3ERES, JEIRITTR
bR — B R B R A T LA, RAIRAE 15
IR . RAE AL 1, SREERTR] 2018 4E 5 H

I S IR N R AR | SR S P i vk
ANERE, RIFREE B&ERZ N0 ~ 20 cm),
I FH R B Y I B T B e R ey Sk R A S5 24
KA 1) ERERAFAE RV AR T, UK &L, 73 A1 5K
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Fig. 1 Soil sample locations near the chemical industrial park

1.3 1 1E PFASs $2EX

e PFASs SR A A BULFEE ., FREL 2 g
FIERER E 50 ml BIIEELE LA S ng R R
AR, FINA 2 ml 100 mmol/L Ay S A AN 2 K i
W (2N :7K=8:2), #7H 30 min, [1] FIRERHNA 20 ml
CHE, WRE, BAE 15 min, 250 r/min 5Z7% 30 min,
A 0.1 ml 2 mol/L LR, 5.0 15 min, G
R EHEOE . HE L B 3, HAPnAm
CHERFARE Sy 5 ml o EIEHRA I 2 iR O E
o, DA Sl A CR R ORI AR 2 5 mil,

Hedi 5 B BB FH Supelco ENVI-Carb /ML
PIBRREE . JeH 6 ml FEGf/E, K 5 ml vkSd
WHNA/NE, [EIHH 3 ml B e B ot — I
ANE, BJEIA 3 ml B SR/ME, el R
HUIRZAREE 1 B, WUR R EBOR ATE e,
o AR ORI AR B R 45 2 5 il

W 5 ml R4 5 0942 OB A A 4l KRR B 22 200 ml,
Fitt—2 ] Oasis WAX /MEFEE, SEMKIKINA 5 ml
0.1% M2 /KHEE .S ml RN S mlEB 4l7K 6 fh/VEE
200 ml Fi RS PR EUR A/ NME, BJEIA S ml
25 mmol/L ZFR%%(pH = 4)mhie/ M, HEBUS ¥V
AR, MR 5 ml FIEEAT S ml 0.1% A2 K F
PR 0 KT 5 /N TR BRI, B ORI PR M ok 72
TR LT | B s A/ R AR P PR
Wi E 1 ml, B IRIEREE 1.5 ml BREASEFERL T,
-20 'C fRAFFE EALOMT .

1.4 PFASs 5347

FH A 5 S0RFH (ExionLC™,  AB-ScieX) Bk =
DU AT RS (API 5500, AB-Sciex)/#ft PFASs, 4,
JEHE ] Waters ACQUITY UPLC OST C18(2.1x100 mm,

Kid2 1.7 um), FBHAHH 2 mmol/L ZRER (A Z G
(BYLAL, RABSEESAFUERE, SERAATL 5 pl, Wsh
FHEVA A 0.3 ml/min, FIHHEAE 80% A Fl1 20% B, 4k
¥ 1 min J5 A B HBIFFLRECE, 76 12 min 2224 10%
A, FF—HEEE 15 min, BEJE TR E W16 50,
16 min [FIRIWIUR AT, o 4ERFEE 2 20 min, #E
HEE R 40 C. BrikE H A mIsE s TR, 2EK
RIS, SRR 35 psi, AEFESR 9 psi, B FMIZE
HLE -4 500V, IREE 550 'CUY,
1.5 RERIESEH

FESCRAE FEBCH_EALS BT Y BT AR RS i 2%
A SCHR T 40GE 1 A 0> 2 FERE LR L 4R
TSR AL 3T 3 A v sl G feft FH 2 DU 9 2 0 sl LAt 77
FERG AR S 1 Sels Y . B Al L
b2 LSS USRI (1, T I TR 9 AR
TSP 5 Y, BRI 12 FER I — AT
FE, AXTFRUEIR2ZE/NT 15%, 78 3 AMK o R HERE S
H12 AN 23 FORE S AR 20 ng PFASs H 9845 T3144
FEFR/ZS bR % . PFASs & bRk E i,
EEBBEE N 0.01, 0.05, 0.1, 0.5, 1. 5. 10, 50 Al
100 ng/ml, EAEEIMN S ng Whr. LHLIHTI4
12 ANFE G B 0] 25 1 (P ) BT R 4 (10 ng/mll
PFASs Bt TS FeuE M o 12 Ff PFASs & b7
HEMLE R R H#id 0.99. (U KHMIBR(LOD)AISE it
FRLOQ)/M M EME L 3:1 F1 10:1 5. 12 Fh
PFASs Y LOD. LOQ FIES/45 FHIMAR ISR ILE 1,
1.6 CSOIL #&%!

CSOIL BB Hy iy 2= I 58N 3 TIAE KIMEIFTE e
(RIVM)FF % 14 -39 75 Y A A XU DA R R A R 124231
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F1 IUFEENRLOD). EERLOQFER/Z B IR
B Z (n=5)
Table 1 Instrument limits of quantification (LOQ), limits of method
detection (LOD) and matrix/blank spike recoveries

PFASs LOD LOQ BT 32 (%)
PFBA 0.07 0.17 127.57 + 4.82
PFPcA 0.03 0.11 97.81 +4.30
PFHxA 0.03 0.10 97.13 £ 4.97
PFHpA 0.02 0.08 83.72 £3.53
PFOA 0.02 0.07 96.84 + 3.34
PFNA 0.04 0.07 90.39 + 4.89
PFDA 0.03 0.08 83.08 + 3.90
PFUdA 0.04 0.09 86.26 + 4.98
PFDoA 0.02 0.07 81.71 £3.33
PFBS 0.03 0.09 103.75 £ 7.13
PFHxS 0.03 0.11 85.59 = 4.74
PFOS 0.02 0.07 86.17 £2.99

K6 200 MR AS SCRIFSY PRASs BOPE R (AR & M) IS
2% A FH A 49805 G XURS: PEAL B R S 0 (HI25.3—
2019)%7, R T A R WA ORI
JoEfuh 1398 3 A AR PFASs EEiR1%, 3 CSOIL
BRI E 1158 PFASs B 4F H W% A & (estimated
daily intake, EDD(EAf7: ng/(kg-d)), EURANTF .

EDL psggins = AH);—\C;XFa M
EDIy  psn: = STPx ESWX fxls @
EDI 005 = AEXPx C, x F,, xDAExDAR xTBx F,
BW
(3)
EDIy = EDL x s + EDLy ysiemg + EDLg e
4)

AT RBETAGTS S T 2% RIVM HE
TE, SEGE . BEMANG] T 2. RAEHAE T
ALV, Co v 3547 PFAS 9 i 5 & L
R B AR 528201

Fz2 CSOIL #EEMEZRTIHESH

Table 2 Parameters of CSOIL exposure models

ZH SHE X HE HBAp
AEXP Fe Ik 2 2 R 0.17 m’
AID IR AR 0.05 g/d
BW NSNS 70 kg
C, 11 PFAS & & - ng/g
DAE B Ik - e Ak i 37.5 g/m’
DAR F R i e 0.005 h!
F, W2 i 57 1
Fu B kA fl R 7 0.15
F, it 8 A PR 0.75
ISTP R A S 0.000 833 g/d
TB IR o 2 S R 1.14 h/d

1.7 RS

il LOQ 1Y PFAS & it {EH] LOQ/2 A LUE T-4¢
A SPSS 22.0 HEAT IS0 . ERM AT
(principle component analysis, PCA)Fil Spearman AH G
43¥T BT C9 ~ C12 PFCAs. PFBS il PFHxS %
FE AR, AT . PCA R

2 #®R

2.1 -t 1Erh PFASs B 777K F

&l 2 A4k Tl X JE 30 38 v 12 F PFASs /95 i
(ng/g). TERHEM 15 A~ HIEREAT, 9 Ff PFCAs &
HI3R 100%, %% PECAs(C4 ~ CT) &8 ims, Hil e
PFBA Fll PFPeA , H. & [ 7318 15.9 ~ 117.1 ng/g
H18.9 ~ 86.6 ng/g, fE4iKA4%E PFOA Sk, JEH
0.6 ~ 1.4 ng/g, MHKHE C9~C12 PFCAs & H1R1L,
FEVEHN 0.05 ~ 0.3 ng/g. XT3 F PFSAs, 144
K4 PFOS #1136 100%, 2 EEEE 0.08 ~ 1 ng/g,
1M JE4%E PFBS A PFHxS £ H #5000k 93% 1 7%,
e o 0.1 ng/g.

PEBA | T
PFPeA | 3

LN —
PrHpA | [T
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R
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2 WIRERXEZLTIESD 12 # PFASs B9 A 2 (ng/g)
Fig. 2 12 PFASs concentrations in soil samples near the chemical
industrial park

m E AL, %% PFCAs SN 5% PFASs, 454
J& PFBA il PFPeA & & 2 il 5 12 Ff PFASs & & &1
89.1% ~ 95.3%. PFOA Hil PFOS Wiflf£4; K4k PFASs
SRR, K AE PECAsS(C9 ~ C12)MIJ54# PFBS
F1 PFHxS 9 Rk H AR
2.2 +iErh PFASs I E 4%

Bl 3 Sk T X 81 -4 b PFASs BB as
B oA B st A A BOR I . AT EDAE H, 1. 2,
5.6 F17 5 S0 30 PRASs BE AR, T
Al A 15 A7 DO X A AT
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3 HIEKXELLES PFAS 2R ENTELHREREERNEEREGT X 5 FRSREIE)
Fig.3 Spatial distribution of PFASs concentrations in the soil samples near the chemical industrial park and wind rose diagram in Nanjing based
on the local wind frequency data in the recent 5 years

2.3 11 PFASs Z [E I 1E

BeEg i oM ido& HAT PFASs JERHT 0 H L
Ik Z— MR R B — 281 PFASs AT #i4F
HAMPAWEEY, AWFsext 3 C4 ~ C8 PFCASs
Ml PFOS & i AT AHOCHER PCA 40t , 1A XL
PFASs ZIHMAHE R, VIEF BA ML E R
PFASs. HHCHE T 45 SR K I 5 PFCAs(C4 ~ C7)
Wi 2 ] 35 1E A OG(P<0.01, 3 3), PCA 45R%
Wi Ji5E PFCAs MR —JE (Kl 4). 1Z45 R ARV KL HE
PFCAs A MUK, MiLg K4t PFOA Fil PFOS
25 2 AT F AR IR

%3 LiE PFASs BY Spearman fAXE R

Table 3 Spearman correlation analysis results of individual PFASs

in soil

PFBA PFPeA PFHxA PFHpA PFOA PFOS
PFBA 1 0.86"  0.89"  0.92" -033 -0.27
PFPeA 1 0.98"  0.98" 021 044
PFHxA 1 098" 033 041
PFHpA 1 028 -0.41
PFOA 1 -0.11
PFOS 1

e *RRASEMES P<0.01 B KFE(UR)
2.4 1 1E PFASs BB RS

FAfr 2% CSOIL FERY gt 430 T 38 i & A -3
KL WA S URE R B R ik 3 b 2 BR IR AR Y
EDIPFASa #*ﬂ]?&ﬂj EDIPFBA\ EDIPFOA ﬂ] EDIPFOS
435074 0.094 . 0.001 2 F1 0.000 83 ng/(kg-d).

3 ihie

3.1 ZARTR1IE PFASs SESHMIARXTLL
XS4k PFBA 1 PFPeA ZANFSY X Ik 1 1

K HH 0 25 e A Y PRASs(E 2180 ng/g /K, H
PFOA 1 PFOS J2& T\ A SCHR I i 18 Fis i (%) e S 8Y ()
PiF{E 5. PFASs, PHULK AW 4% PFBA .
PFPeA. PFOA Il PFOS 7t 5 it SLAF T Ath SCHR T4
AP T X (R 4). Cao ZEPUHA T 2017 4E
KA WK (R ZK IR ) J&] i1 - 5 () PFASs &
B, Li P T 2018 E4E 31 MEIXEE R
X EHEF PFASs Ff, MAERI . H# . BHAE
B KA T 120338 Zxd kel B i, A
WF5E 14 rh £ 55 K 5% PEOA 1 PFOS %t S50 E | R
X -4 PFASs Sadiir, RUZHh X %A Z 3]
WH PFOS Fl PFOA 1534%, 1 Tl Fel XA Ry s 5 %)
PFOA F1 PFOS 1) 5Tk A A 2.

1.0
®pFOS
0.5k
e
[*X)
2 °
S oof C4-C7 PFCAs &
<
QO
oy
_05 -
A PFOA
-1.0p | | | | |
-1.0 —0.5 0.0 0.5 1.0

PCAL (67.56%)

(S 53HT I PFHXA Fl PFHpA FIFEBSHER L H G4 — )
B4 ¥ PFASs B9 PCA 45 R
Fig. 4 PCA results of individual PFAS in soil

ABFFEIX B 4335 PFBA Fl PFPeA ST X
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T AR &R AR TRNHEA T MiaEE  REEEWNAZIEEEN. CAFRERIIEE
(3 4), RUARDIIE X AT BE7ETE( I 4E4% PFBA I PFASs M4 2RWERIFEE LK 4E PFASs 55, {HH
PFPeA MY, RAEREABHBEHEMEBCXT A HEBMFEAERERMED, A 2B N8 ke
PFOS #il PFOA 5Zjii T #5045 45, (H /5% PFCAs fUBF  PFCAs X 2B X B AR A5 5 e o

# 4 FHETIED PFBA. PFPeA. PFOA F1 PFOS B4 & LL& (ng/g)
Table 4 Comparison of PFBA, PFPeA, PFOA and PFOS concentrations in the soil in China

i IX RFEAEAD PFBA PFPeA PFOA PFOS SCHik
KEETHKEE 2017 0.03~2.8 0.01~0.2 0.07 ~2.7 0.01~0.3 [31]
SR i 2018 0.004 ~3.2 0.003 ~ 0.3 nd~2.2 nd ~-4.3 [32]
WA 2012 0.01~2.1 0.22 ~ 3.69 0.33~11.1 0.03 ~0.45 [33]
EREX K MW 2014 0.01 ~4.8 <0.03 ~4.9 1.3~623 <0.01~35.5 [15]
KT 2015 0.3~313 <0.05 ~61.2 0.32~21.9 0.06 ~45.8 [26]
FHRAe T 2016 0.23 ~ 130 0.02~2.4 0.05~ 120 02~35 [34]
RRAL Tl X 2018 159~117.1 8.9 ~86.6 0.6~14 0.08 ~ 1 LN

3.2 11iEPFASs SEMZTE T mAdLd, Z RSV A XN
MR8 AL T X JEl 3 3 PFASs G & 1Y 25 [A] oAl B Al Tl X i i 338 s 7 h PFASs L7

SRR 3), 1. 20 50 6 Rl 7 S frmike, ATaE BN B Ak TR X H A A i R A
5E A T X PR AR DA A F 24 1 £ T XUmA T, PFASs 76 TR B H A AR, dnidid
5, AT RN TG SHEL PFASs #EASAIR RIS AMFKE T B A KR AWK + 5
SRR 1 20 5. 6 f1 7S HE PFASs & AU S TR XA EE B X A4S PFASs it #kAT T I
R, FEHTHIGEATREX, HH 1. 2. 6. 30T, KINEIEE PECAS(C4 ~ C7)% T FifiE 55 14 fin
7 S FAE T KA R AR IER) T XU, B 5 3% EIXTECT B #4(P<0.05)(J& 5), 1fii PEOA #1 PFOS
PFASs K/ TULRERYRZ IR, M AL S A TAL TR IX 8 A A R R B SC R . Gao S5 PO T 4

160 100

80+
120+ .

@ Cy * 3 =—18.47In(x) + 70.16
£ . yf —24.2In(x) + 102.84 £ 60k R*=037,P<0.05
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Fig. 5 Regression analysis of the PFASs concentrations in soil versus the distance from the chemical industrial park
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TR R TR IR A S R GRS A TR G W 8 AR B s AR TR 785

PFCAs 7t T3 it AT R A L AL . 4 PFCASs
BRI A ARG B, SRR 285 A T e s o, ey
TSP S BRI, HAG#E PFCAs 27K
[X 8+ 38 1 14 S S PFASs, M T 5 £k T el [X 4537 1) 1
HE 5 v rf PFASs & B
3.3 tiErh PFASs BB TESRIR

ARSI M PCA 45K 5 5E PFCAs(C4 ~
CHEA MM, 1 PFOS i PFOA B A HALA I
FRAE S AF 5T XML LA K. PEASs S0 feft /A i 5 4 981
W, WFFTIXIRN PFASs AYTEFE R IRAL G AL T X Y
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Table 5 Comparison of PFBA, PFPeA, PFOA and PFOS concentrations in the soil in China
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