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Research progress and perspectives on the application, occurrence, and
treatment of per- and polyfluoroalkyl substances in petrochemical industries

CHE Shun', LIU Jiaxuan', WANG Jiaxi, SUI Lihua', LIU Jingru', ZHNAG Shucai'"* & SUI Qian*""
'State Key Laboratory of Chemical Safety, Sinopec Research Institute of Safety Engineering Co., Ltd., Qingdao 266104, China;

“State Environmental Protection Key Laboratory of Environmental Risk Assessment and Control on Chemical Process, School of
Resources and Environmental Engineering, East China University of Science and Technology, Shanghai 200237, China

Abstract Per- and polyfluoroalkyl substances (PFASs) have superior surfactant properties and stability and
are broadly utilized as additives in petrochemical agents, including oil recovery agents and firefighting foams.
This inevitably leads to their release into the environment during exploration and extraction processes; this, in
turn, poses notable ecological and health risks. This review provides an overview of the applications of PFASs
in petroleum exploration, oil recovery, and oil transportation in petrochemical industries. The occurrence of
PFASs in environmental samples from oil extraction and refining areas was reviewed, highlighting the risks
associated with PFAS emissions from these industries. The highest concentration of sodium p-perfluorous
nonenoxybenzenesulfonate detected in surface water in the Daging oilfield is 3 200 ng/L. Further, high PFAS
concentrations were detected in several refineries in European countries and America. Considering the
increasingly stringent regulatory trends for emerging pollutants, this review summarizes and analyzes the recent
domestic and international regulations and laws concerning the management of PFASs in the petrochemical
industry. Following the “screening, evaluation, and control” strategy for managing emerging pollutants, this
review summarizes the current progress in PFAS risk assessment methods and highlights the inefficiency in
PFAS risk assessment methods in petrochemical industries. Research progress on physical, chemical, and
biological treatment technologies for PFASs and challenges associated with the use of these technologies in
petrochemical industries are also discussed. Through literature review, it was found that currently, physical
adsorption is the most economical and practical disposal method, but the complex organic components of
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petrochemical wastewater may result in reduced adsorption efficiency. Chemical treatment, which has the
advantage of efficient degradation, is still in the laboratory research stage. Biological treatment is known for
its low cost and easy operation; however, the lack of PFAS-degrading microorganisms hinders its application.
Combined with the characteristics of the petrochemical industry, the focus of future PFAS-related research is
put forth: first, develop low-cost and high-sensitivity PFAS-detection and -analysis methods; second, promote
the ecological and health risk assessment of PFASs in the petrochemical industry and perform hierarchical
management; third, screen and design green alternatives with low toxicity by combining experiments and
simulation calculations; fourth, develop low-cost co-processing technologies for co-existing pollutants, such
as petroleum hydrocarbons; fifth, actively participate in the formulation of policies and standards to ensure a
balance between energy security, industry development, and environmental protection.

Keywords per- and polyfluoroalkyl substances; occurrence and fate; treatment technology; risk management;

green alternative
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1 ARITIIA M RPFASHI S S HRE (o/ng L™
Table 1 The highest concentrations (p/ng L") of PFAS detected in environmental and crude oil samples from
petrochemical industry areas

¥ Concentration (o/ng L") #J¥ Concentration (p/ng L, dw)
R N 7 121 R R BT FATRXE L REREETE Y B T X
%g?ﬁf Dagqing oilfield Dagang oilfield A chemical park %g?jﬁf Dagang oilfield A refinery A chemical park
type Ha % 7k WAk R H % 7K type ~ UIEUW  LEE 15
Surface water Surface water Crude oil  Surface water Sediment Soil Soil Soil
PFOS 150 2381 185 34 PFOS 52 16 244 )
PFOA 28 1594 359 85 PFOA 7 29 4 7
PFBS 19 34 100 117 PFBS 12 11 0.2 0.1
PFBA 240 1752 74 7 PFBA 2 7 4 0.5
PFPeA 180 1729 13 10 PFPeA 0.9 1 2 0.2
PFHXA 42 3224 44 3 PFHxA 1 1 3 0.1
PFHpA 23 2021 15 4 PFHpA 1 B 1 0.1
PFHxS N.A. 186 23 1 PFHxS 0.9 0.8 0.4 N.D.
OBS 3200 193 634 13 OBS 19 3 1 14
6:2 FTAB N.A. 2680 141 N.A. 6:2 FTAB 14 13 140 N.A.
6:2 FTSA N.A. N.D. 31 N.A. 6:2 FTSA 6 2 0.7 N.A.

PFOS: &% ¥Fil#e; PFOA: &% FH: PFBS: &% T ie: PFBA: &% THR; PFPeA: &% KM PFHXA: &5 CHE;

PFHpA: % Ji2; PFHXS: 24 CffiR: OBS: % LM A FE RN 6:2 FTAB: 6: 25U IZ M€ : 6:2 FTSA: 6:2%
PRMEIR. NLA.: K3 N.D.: KA.

PFOS: Perfluorooctane sulphonate; PFOA: Perfluorooctanoic acid; PFBS: Perfluorobutanesulfonic acid; PFBA:
Perfluorobutanoic acid; PFPeA: Perfluoropentanoic acid; PFHxA: Perfluorohexanoic acid; PFHpA: Perfluoroheptanoic
acid; PFHxS: Perfluorohexanesulfonic acid; OBS: Sodium p-perfluorous nonenoxybenzenesulfonate; 6:2 FTAB: 6:2
Fluorotelomer sulfonamide alkylbetaine; 6:2 FTSA: 6:2 Fluorotelomer sulfonic acid. N.A.: Not available; N.D.: Not detected.

F1RY % o % ) 84 g 4 1,
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T LR A F R KA TR, P8 MG 250 2 E
B R Z M Suncorkk) FUEAKFE R 2 Pl
PFAS, HEA E1E281-1 378 ng/L, 20214E7E i 2
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765 000 ng/LIIPFOS, & %3k 175 By i 1 o i 2
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TR HEARE S RS Y TRk P RE i 200 ng/LIJPFOAF
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13267 ““F113383 “IHIE A7 44 I T AE & PFAS
11780 A7 i 5 A Al 3% B 06 20 % 7% PFASH L
JERE I T HEECE Ol SEE RN B2 0 A I HB22-
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4 PFASKF TS ERAMRIAR

41 PFASKBE TG FE
1 43 55 LA TC T 1R s W s 06, A i

%2 REERPFASIERIESE

FERT A, HXT Wi il KA. 35 e R 2R TEAE AR
W HEAT AE B 7 1L ) B BRI 9T, JFiE I ToxCast# 4
J e RE ACHYZ 845 4 5h 37 1 28 5 15O E S A AT 1
NH, Bl g EA RS & (quantitative structure-
activity relationship, QSAR) Tl il {k 2 5 1) 78 £ 7
P, 256 PRI L S5 DR R 0 e O S 4 il Ak 2 i, T
R FE A4 it S 4T P 2R 3R AT A o0 2 1k 3R s 2 S )
RN AL Bh A 8 SR AR (N R R R AR A E
&R NAMIE Cin vitro to in vivo extrapolation, IVIVE)
B T HE SR N 2 B S0 50 1 L.
4.1.1 PFASHEER X ITM5GE f& & 5 H

(hazard index, HD & H—i5 %) fa 375 (hazard
quotient, HQ) "y B, HQR] I i 745 H 7
& (average daily dose, ADD) Fl18 4% %5 &

(reference dose, RfD) f# i F ARt

ADD = (C x IR x EF x ED) / (BW x AT)
HQ = ADD / RfD
HI =Y HQ,
X, CHNPFASHKE, IRNIENE, EF AR EF
%, EDANEEFAM, BWRNIKE, AT 5 5K
). Ludwickis fifi FTHQXT BR 1 A FE 1137 H PFOAF
PFOSHEAT 1 U FAili, AIAE 2 == 5 53V 1L I5 A b
HHPFOSHK LA — 5 [ e XU
PFASf 5E XKt m7 38 3 & H iAh 48\ &=
(estimated daily intake, EDD) 5% [ 45 H! () PFAS i
FRIE S (R2) LA AT EAY.
EDI=C x IR x Fa/BW
X, Fash 4 D AIRUSCR3 ER 7. Dong %556 gt T
[re] X B 3 Jr B 4 i ot BE Tk R R IR EDIEAT 1 VP A, &
B4 -2-H A L 2R IMEDIN114 ng kg™ d7, 4R
% INPFAS SR S5 14, I 5 tH 80 %) 42 6 -2- H 4 ik
LRA MBI,
MR i A RE R A PFASTR &Y

e AR PPl B EERER, HatE AW,

Table 2 PFAS health-based reference values in the U.S. and European countries

PFAS{& #5516 PFAS health-based reference values (w/ng kg™ d”™)

(ETPLES EEHIMR R PR =) BRHH Br 22 42 Jmd
Sample type U.S. Environmental Danish Environmental European Food Safety
Protection Agency ' Protection Agency”” Authority *”
PFOA 20 100 N.A.
PFOS 20 30 N.A.
PFBA N.A. N.A. N.A.
PFOA + PFOS + PFNA + PFHxS N.A. N.A. 8

PFOA: & F%; PFOS: A5 rhiffils: PFBA: 229 T FL: PFNA: 2% 2 PFHXS: 2RO, N.A: RIE K.
PFOA: Perfluorooctanoic acid; PFOS: Perfluorooctane sulphonate; PFBA: Perfluorobutanoic acid; PFNA:
Perfluorononanoic acid; PFHxS: Perfluorohexanesulfonic acid. N.A.: Not available.
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RPF, = POD / POD,
A, PODRFRRWA Wk H R & i 55 14 45 55
., RPFICN B RRALE ik X T 48 7m0 & W) 2L RE
K+ HAPODE#ARME BA FAEHM &G
(no observed adverse effect level, NOAEL) &%
7 (benchmark dose, BMD) . fii 2 [EH 5 AL T
" e SRS 5T 5 Zeilmaker 2 7 2018 4F £ Hi % &2 fh
AR FN RS I PFASTR A PR AE F RPF 77 16 34T KU vF
1&[52]-
JUE H AT 2R 77 1565 PEAS I A Bl XU 3E4T 17
i, (BT B = 52 B E bR VZ AT R4S 7 &, TR R
W B2 BVE Al 7 v 2 H BT PFASHIF 7T 4508 i 21 B
.
4.1.2 PFASHEZESMNEEITFMH A R Crisk
quotient, RQ) #%J72 i H 7E PFAS A= 25 XK PF-Aiki 4
00, RQATE S R A L
RQ = MEC / PNEC
PNEC = LCs, (ECs,) / AF
A, MEC R ZA Yl 72 #F s K EE, PNEC
(predicted no-effect concentrations) “A1Z4)ii Y]
TR TE RN R . PNECTH FR 85 12 1 25 4l (-2
FACHRELC o F-EURUBLIK FEEC 5055 FIVF Al K 2
(AF) BLAQUATOX ERA 745 451 739 47 - 5545 H1.
Zeng“% A FIRQJT £ 7~ T BRI 8 H R 7K PFASHY
N ARAE e XU, BF 70 25 48t AE B A kil 20 (1 PFAS
H, FAE T HEBU PFOA R A 5 v ) 4 B UG ). 1t
G, 18I S5 BRI T 1 R1G  RE AE S A ) R AR
KHE R TP AE PRAS A 25 XU A B B 45 500
I AE R, AT N B I 8 T ) 4 A (effect-
directed analysis, EDA) A= N vE A 516245
B AH &5 G S0 PR 858 vh 2 T W 5 R v B0 R AT
15 % RS PPk 4 4% R H.
H AT A A A7 Ml 5 1 [X 38 PFAS 11 73 B A I i 5
i A TS 0 B B, ANCE D B 5T AR G RS I S i 1
M R W] R iR 55 PFASTIIRAE O, it s HAE S
e SR RIS DT A7 FRIAE O A7 A8 2 25 T, iR R LA
A S i R RS I PFASHEAT IR A1, A AT IEPFASHK
R I o e B AR AR AT,
4.2 PFASRERARARIHR
4.21 4IBLLTE PP AL R H AT PFASAL P i
S5 I AR 7Y, 32 Bl i GACHL B . ROJS
I EN A A I PFASIHEAT LBk, BAES1H)
GAC kb 3 J7 V2 8 47 e PFAS 119 W B 280 SR A 101, T
T8 I MR v 5 7 Sk — 20 hn s A A PFAS Yk
PRI B, ROX FEBEPFASH) LB AR T GAC 2, {H
S tEPFASIR AR IR /K, T5 it — B Ab L. Glover%s Lt
BT R A R —RLRTE Mk T2 KRO-UViE

A T E X PFASIIAL B R, KBIRO-UV E A
1 T2 A e S IR S FL AT T 25 o AR AS I PR
PURIREE, {E7E SR —LE e P R —hnR vt Rk T2
KA B T 2 R BEPFAS O A4 JE A HLHE 42
SRR M B A PFAS AL BB (L T 5 ik %1%, (1
FLRHUAR B F R 2805 B B R ATAT A Ry it — DA 7.

F BN 4y EARIA K B (Yorba Linda
Water District, YLWD) % FlLi% s [X (1105 Hb R 7K 7k H:
PFASIK #4178 1 N s 7 e (PFOA 10 ng/L,
PFOS 40 ng/L, PFBS 5 000 ng/L) , &k 5
TR A RABA T, 2 700773 0 R4
LI KHIPFAS/KAHE 255, f KHALFERE J189.5 7
m®, HFr{EROrange County it %Il 7 A S w4 1
18 344 b B it T PFAS AL 2.

JUE W BRI B AR AE RROAR B 45 4 M 55 T B
BB, HPFASKLE IX— b Bt #2 iR F% i 1L,
T 75 2% F& 0T A R S TR PFAS TR 48 W b 18, B 5 oAt
AL FR B AR B SEEUW -5 B A ] 25 Sz B, A 4
HEIY B 5 VRS A TS KA T Ak B, B e IR T fR AT
PFASTE 3 K A IR AT IR A B A 2 75 78 3E /K 1 5
AR 3 W e B A S AL B T 1. ATs
IKE AR B R A LY R TR 5 PFAS
S5 LB AL FRARPFASIT 23R, Bh A, M 3@ Wt
PR A BE PFASITII I B %55, 5 228 i otk #r
PRI R 2577 S PFAST 41 255
4.2.2 hETE PFASIAL AR AR B 3300 K
P ZE AL AL IR S A S A AR B T vk T B I R
H ) ph L AR R AR [ ph 2 S5 L A o A S )
A B R PFAS, BEAMRALSZBHR ALt ] X PFAS
HEAT A R AR 0. Mitchell 281 72 & BV $2 358 F i
TR 5 T B R PFOA, B BB 12 1R 5% 1 A 4 e
S FTOH. FOSA% R A% 17 PFOA & PFOS
AR BRR AR 1 i 3 6 PFAS LA 5 50 1) 4 fiR it
Lee %5 )l i /K #0535 b I B IR &k 7= A= 1Y) 1 R AR
HEE, /660 CHIMEL 1 M8 hig, Sl %i253.8
umol/L PFOA)5E 4= 4 fi#°%). Bruton5 il i 51k
T R 25 SR AL AL ER R OK R IPFAS, M hfE 58
HIPFAS A SR AL N T R 4= UL TR, HHHPFPeA.
PFHXAFIPFHpA ¥ 24 hj5 4R, Rl &b &
PFBAYE A I ZT=4)1%%, HPFASTS Jeiz b 5 715 5 42
BET RS, RS R A A B RE S X 2 A PFAS
(IR Ak, E L RE FE S A B v, X B AR =R i
PFASKAL B [ 55, B Ja 77 A X LAk — 2D %
R EEPFAS, BA IS RS, 7 Hed Rk AT
HE— 25 Ak ASEZE KA 97 F.

PFAS I J5 % ff 3 Bl i K& L7 BN L
SEHL. KA HETEA B EEAL, HUVEEIRS ;A
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A RIKE TR RE S Il &/ A8 e S5 %R K
fir 25 e N VOIS B N PFASHIN L B iR, SRR IR IR S
A T TR 1) 30 Jir 0 M o 36 R O i 26 5 L 4 B K L
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R M o 2R I B i . iR FE IR B T IR IR
IR A o P T PR 5 B K R TR T U V' BE 25 26 BR
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T AR UV R 3-IAAF A KA B A4S
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%10 hi] S 6 PFOARI i s 28 13 90% ). Chens
FFR T —Fng| e /PFASH) It I NAK R, INSEEL T 7E
IBIRAE T 4 PFOAR 2 b A i 57, N PFAS[ fig
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SRR, 1 2FI8 5 TJ7 14 R SE P X 2 M PFASHY
WALALBE, R AR 258 B, (5 H R AR R AT 75 5256
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BE fEA AL SR H 7% RS L2 e e A
REK, TR H AR E KR, FRARREFE. T miEF
DL B b S R EESR. seAbh, 5 B e A ) g

ERSAREZ IS E e N
4.2.3 HPRIE  EVEEPHARMA, B ZOR

b AR SRR/ R RO AE TS KA EE K 3
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X PEAS [ fif ok SR 2217, T B0 ik i i 31 75 PFAS
1 R fR B PR T AR A B T2, BRCS AL A A
HAL A LSZ B PFAS I 52 1 k. 4 Sk R AR &
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Ab 3 T2t b N 78 7 18 L B A B AT S W ) R
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1. TR SR « A o o ik I fre 5 W 47 465 ) A I Sk
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MR SRR, MELIL I — B R0 IREKETR, A
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P I 70% 0 B M Bt 30 Ligs R AR A= 2 o
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W BILBE AL RGBT, AR AL BRI T 2
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& HOA AL R ERIPFAS, FE6E S A
FEIE SR A B R S BT PFASTR B, Ak AT
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22 3] 7 TR i o K B AL S R v R,
SETRIAE S, BT E A PRASH Bk, I8 o e A4k 2k 4k
P AR St B, XU Ay F0 v ff ek A0 T 5
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5.3 PFASE K miFit &%

X M B 5 AR B B v KUK PFAS TR
S H B AR HEAT 0 0 580, AR AR TSR
[ EF, DA Sk o ARG JHL A 265 fi R XU IR i F3 FPFAS
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%, SR B RBUD. G RE AR I 25 AT I i 5 %
it A SRR 57 VAR B B FH A #6T-4 PFAS
YIAC R BRI A BRI 2 MR S5 M i R 2
KARMERfR, NAEFXAAT LT FHPFASHEAT R Gt
Fo. Ak, ARSI B RE 3 AR I B
WS B SR JE 1, 75 2 ad s B A S 7 Ja ot
WA & XS PFASHEAT #4X.

B HT T 90 R B0 AT 30 e R T 2 S A R AR s gk
BV LE BRI R PFAS %, b6 %5 PFASH G
FEHE A R, N TR Al i 37 it 70 204 s 28
RAPFASH T HITH L 5K, WPFASSEE (& U4 it
BRI 1. BAR e N R N BE T 4x i FE A
Al B UG PAi, 38 S5 ) N B R XU TS e .

5.4 SBRAF.L

FWATILPFASAL B K A8 5 FARWE LRI Bk 2T
Xt PFAS Je A7 4k S 95 Je ) (1 iy [ 4k B, A e e 250
G IR AZ G N T PEASKL PR (0 B, 78 S2fp kb B
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