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Abstract ; Per-and polyfluoroalkyl substances (PFASs) are an emerging kind of persistent organic pollutant current-
ly widely used in industrial and daily life supplies. With high-energy C-F bonds, PFASs have excellent physical,
chemical properties and biological stability and have drawn the attention of researchers all over the world due to
their high persistence, bioaccumulation potential, toxicity and ubiquitous distribution in the environment, biota and
humans. It is of vital importance to look for fluorinated alternatives to long-chain PFASs. This paper summarizes
hot issues about PFASs alternatives, such as environmental distribution and behavior, persistence, human exposure
and toxicity. The emphasis is laid on existing problems and future research perspectives so as to provide evidence
for the investigation of existing problems and future research directions.
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4 JRANZ AL G W) (per-and polyfluoroalkyl sub-
stances, PFASs) /& — 2 151 B2 s Ak 1 BR Wi e o, BB
(R EAZ BN W R N = g S w1 o e o A A
SHHEREFEROANTERANALEDY, BT
PFASs [ FRA 5 VA LR 0k, A 45 Bm Ae e 1k L i
K BRIMPESE B W T HbEE R 2541
% RQRIR BER AT HOARFTEE PR 98 55 Tl AR
P, T EREE TP AF AR Y PFASs 32 B84 4 Jil e
FEIRR(PFCASs) 2= FRUbE S A iR (PFSAs) | 4= 9 Jot S it
Tk (FOSAs) | Uit 1 2R B (FTOHSs) |, 4> # W 2 (JBE 12
N HRAE , Horh 4 955 BE FR R (perfluorooctanoic acid,
PFOA)Fll & 5 Bl iR (perfluorooctane sulfonic acid,
PFOS) & H i 55 52 I TE AN Fl e )2 1 2 b i A0 4
BAVLEGY ., mTEMh A mEERN C-F ik
“FHE(C-F: 4853 kJ » mol ™), KA 5 W) i HATR
e IR E M XE LK il | O At R i A 0 i Rk
VFZ PFASs HAMEERFAME R s A= SRR . K
AL R B PFASs T 75 4% Fh ERIE A0 BRI AR Ak
JUZ R, R Z KD 5 T TR K
AP G A U AR N R Rl i 2 A
PFASs! ™ AT B 5% & B PFASs 1Y A 1K % 6%
5o g A AN A FRAE bR A RS AR AR — 2 B IR A OC,
FLAE B RS2 LR B MR A R I I
JEUS i R 0 R BRALRE DGR P S R4
PRI LA KB 2 AT U B PR P 4
Ak, B B 58t 2 30 PFASs HAT 2 142
28 CNEC R | 72 = 2 AN D s RN @
PER TR D5 AR LA K 4 W T B0 B A
Z R

Hi T PFASs H A #FAM:  BRME KIEETH
DW= e L s R )10 AR S 7 S NC N
fa5RE ,2001 4 brit 2L m & T OCTFREAEA
HLI5 4 ) (Persistent Organic Pollutants , ] #X POPs)f)
W PERFREE AN 20)  JF IR T DR AP IR B A S B £
ALY EFE N 2ERITS, 3M 2 R T 2002
AR5 1A PFOS KHAH ™ i, 2009 45 H 9 H
B E PR AL 2 (E 0K PFOS. R 42 91 HE ik 7 91
(PASF)35 41 A 34 0 5 A VA LTS 3L, IRl i 5t
AR NZE Y T, Bl WO AR 2 A B R
(ECHA) /» fi # &, # BUFF PFOA | 4= 3 3 MR 4%
(APFO)LL K C11~C14 PFCAs 254k 551y e i 56
P

K55 PFASs % 4 [n) i O 48 5| & kbt & 3

OGP A v JBE S T W IR & 70 K B PFASs, AR
> T SR A W AR 7 A P L K BE PFASs (1Y
il T R AR ELATE AR T i OARAS b ik b K B
PFASs FUPREE IR, O 138 W 4= R AL A4 K 8, FR 4
F S5, It DO AE AR W 3 BRAE ARBE R A s P fE
Y EBE AR, SR AL BT PFASs B AU
IR LA KRBT T AR B BT i 2 —, ARSCHE 2
O A R38R By Al RN AR T LA AT AR AR
PFASs BTG 1 B LA AP AR 28 5 e 7 1k
S5 HRTAFAE R R S Ja IR FE T 1) AT 1
WHUREE, LI PEASs AU A BRI 15 e K XU
LRSS

1 1< 5% PFASs & X & 9 2 ( The classification of
long chain PFASs alternatives)

2 5 P55 4 47 3B (USEPA) 42 1 2% Fi] PFOA LU
Jo , HCE N AN S T PFASs AU IS RIS T
SCERE, 24 M1k, 3M R4 FEIS B s T B R
RN 5 BAE PN A R B SR A T A 7= B 2L 28 ] USEPA
4T 50 A PFASs AU ARFIPAL . 40 3M 2
A PFOS UM 498 T AL i2 (PFBS) JC ] i
AR M e ] P AT BE AR R A CIHE A S b
P A R AT R VR 3R s I A 7= 1 4 e Sk C6 Ak
PR TR C8 B4y, A PFOS KA A,
WA= PFOA 3 B8 1) 5 5 J0 4% T P 77 AR
A fE F% fit & C, F,, CH, CH, SO, H (6:2 FTSA) &
C,F,;,CH,CH,COOH(6:2 FTCA), 1fii N & PFOS =%
PFOA , HeBpPE%: C8 /N, FEINAMT T PFASs AL
AT — 0o 2 28 . (DT C4 . Co B4 ) Ji B 4
FBESRL R R B fif R £, 40 PFBA | PFHXA  PFBS,(2)
 YIREE REF Y 4 R Ik (PFPEs) , JUH 2 42 98 SR ik
2 12 i 1% (PFESAs 11 PFECAs), il 6:2 FTCA .
GenX .F-53B.6:2 FTSA ., #AbG Wi 454 Fi 4 Fx an
1R,

2 PFASs #EX MM ESE LKA ( The con-
tent, and application of PFASs alternative in envi-
ronment )

—BBRF S RIALE A C8 H LA C4
LA WAL EE P AW AW T % . Zhou 455
TER D7 AL 27 T BRE I ) 2K A A I 381) ey e
(') PFBA Hl PFBS 454 5 2 AL & W, Hk Z 7303
J93660 ng - L' 4770 ng - L', 6:2 FTSA ¥ &
PFOS f— M AU, I A R AGBOR B2 bl FH R 2
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Table 1 Per- and polyfluoroalkyl substances (PFASs) and PFASs alternatives

fii i %, TR LN
Abbreviation Chemical name Molecular formula Structural formula

PFOA Perfluorooctanoic acid C,F,5COOH
PFNA Perfluorononanoic acid C4F,;COOH
PFHxS Perfluorohexane sulfonic acid CsF3SO;H
PFOS Perfluorooctane sulfonic acid CyF;SO;H
PFBA Perfluorobutanoic acid C;F,COOH

F FRF

F co;™
PFHXA Perfluorohexanoic acid CsF;; COOH
F F
F FoFF
E FR F
PFBS Perfluorobutane sulfonic acid C,F,SO;H FNSO;
F
F FoF
R F E F
2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3- F o\ C//F
GenX C;F,OCF(CF;)COOH N
heptafluoropropoxy)propanoic acid . \ L F
; L cO;
6:2 FTCA 6:2 Fluorotelomer carboxylic acid C¢F;CH,COOH
6:2 Chlorinated polyfluoroalkyl
F-53B CIC4F,,0C,F,SO,H
ether sulfonic acid
6:2 FTSA 6:2 Fluorotelomer sulfonic acid C¢F3CH,SO;H
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P LB Tl R TR KR G AR e A R R
INFEILL 6:2 FTSA 4% T Forafac® 1176, It4h,6:2
FTSA it & Capstone® FS-17 () & 0, ik
FEARARI 240 9 B B U7 a8 i 45 3 SR
B h L LT 6:2 FTSA, 763k [, PFOS
(AR F-53B 1 55 300 )72 s FH 4% T
A, Wang RN — A8 4% Tolk A B K Ab B )
fEK H K ARSI B T = VR ) F-53B, S
IKALFE T ANREME A S BRI IR, 775 K Ab B )
FIE A Hb 2 K Hp s AT ARG B = R B A F-53B,
VT — BB 5% & B 7R V5 U8 A I E1) F-53B, HE 4
3+, F-53B 4E 77 w2 ik 10 20, FLAY B (R 1B AR Fa
RS, BT 2BREE (1] PFOS,F-53B 7&
FARESA R T M A FERRI , PFOA
BACW GenX VN T Bh 32 7 FH T 95 R W A i
Bl AR P R Ik 10~100 WY oAb 78 5 A
FLAEFIA 6:2 FTCA BAX T PFOA, HHITEKIE 15
P LA Frrh B KGN E] PFASs B IITETE(ER 2).,

3 WK ANEKFEFEKFE(The exposure of PFASs
alternatives in the human and organisms)
H 2002 4F- 3M /A R 2 1 F 42 9 e i 95U (POSF)

(4= 7= F1 PFOS 1E0HEA POPs 44 HiLL 3K PFASs 7&
IS R B AR A I NI {HJ2 PFASs B 7
AEYRASBRG H  — A5 2 B, TE AR A B 22 B0l
PEMFLS Y A 5 A RE | PRt R R BT =
F-53B%™ ) Shi S5FY7E/INE 1] A1 {7 38h 5 Hh ) 6 1 37
B R JHIE DL K i A T F-53B [Al B Shi
IR R B b B TN ARG IR
TN LS WAFAE F-53B, 3 —T0%f 6:2 FTSA YK
K ,6:2 FTSA WAFFEFEY LI R AT (R 3),

T R IR AR I SRR IA TS Y MR BRSO 1) —
ANEEFTHE, Shi FPFFE NN K A/A8 R K
FIE YAl e PFASs B U N A BN EZIRE,
Pt f0 B AR I3 P F-53B 9 B rh (B i AR
20 fi5, VIR K fa T 2 AR R BRI H Bk, B
B TN 7 v e i 7 R 1o i3 A, AT e o K
/iR B A S R R R, L — W &
B, 38 B AT AR ) R BRI R BT 6:2
FTSA, Kt &4 FIF I v] RE & S MR 2 58 ik 421

= EE AL PFASs B AU 9 1R S BRI B 2
PREFSE M — A, 588 AR A, — L
FEER ATHE DT B8 TG b3 AR B 5 ol AN R R IE 11
PFASs At it B2 8, X A OO AE A5 g B e, — 0

&2 PFASs BEREBENREHHEHE

Table 2 The detection of PFASs alternatives in the environment

PFASs 48 i

PFASs alternatives

CAS 5 7K

CAS number Water

AR A% 28

Microwave popcorn bags

5

Sewage sludge

F-53B e 7K b 31T A K R H K o B 4y
B 65~112 pg -L!,43~78 pg - L)

F-53B 7E & K 4b #) JLA
SEHIAE 2.15 ng - g 140

F-53B 73606-19-6  F-53B was found in the influent and effluent of elec- F-53B with a geometric
troplating plant wastewater in WenZhou, with the con- mean (GM) value of 2.15
cntration of 65-112 g +L! and 43-78 pg - L) ng -g"! dry weight!®!
FEE PRI GenX WeJE K 73.1 ng - L7 B
GenX 62037-80-3  GenX with a concentration of 73.1 ng * L' in the
Scheur River 5
JRAR AL BT LA 24
P KA FRT S e BE Ry 370 ng - LY {4 0.13 ng - g4
6:2 FTSA 59587-38-1  6:2 FTSA were observed in wastewater at a high level 6:2 FTSA with a geometric
of 370 ng - L'#! mean (GM) value of 0.13
ng -g”! dry weight!*!
K TE €13 4% 3 it
161.6 ng - g2
6:2 FTCA 53826-12-3 6:2 FTCA with a level of

161.6 ng - g in micro-

wave popcorn bags 2
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X i B TN AR A B R R W
Ul G F-53B il PROS e 2 15 1 2 I F 5%
W] NPRXT F-53B 09 LIRS BR 1S, 2k K
HeE W R E 20 0k 15.3 6.7 4F, F-53B Y2
B EK T PFOSH

4 PFASs B mIEER
of PFASs alternatives)
I — e R W B 2 R A A s

il ( The potential impact

TFHAR, FEAR A AW & A B o
FHR RS PFASs AW B AR AN A B
PRV FE A [, Faln R oT & B Le R 1) %
=R BT 2 e, I d T AR (PBSF) Al
6:2 4= I R W) de 45 B ff Ry J 5% PFASs FH A4
Jo, A AR BB BE FU(COF,) Y, [RIIk, PFASs £ 1t

PRy AT A AR S W A SR (A5 G TE . KT PFASs

BRYBREIL 4,

K3 PFASs BERBEEMRANEARAFHRHE

Table 3 The detection of PFASs alternatives in the human and organisms

7]

Organism

A

Human

KW 22 B FL S M A AU RE T 50 R B F-53B Ik
BEAYHIR 027 ng - g1 .0.045 ng - g 0023 ng - g1

F-53B  The F-53B concentrations were 0.27, 0.045 and 0.023 ng
- ¢! in polar bears, ringed seals and killer whales of
Greenland, respectively ©*!
MR 1.67~3.11 pg - g fESY IR 6.3~52
ng + o157
6:2 FTSA £ e

The concentrations in chicken eggs and osprey eggs were

1.67-3.11 pg * g% and 6.3-52 ng - g7

Tt A PR N T ROK O £ £ 3 M3 Pk BE 2 5 93.7 ng -
mL"! 51.5 ng - mL"! 4.78 ng - mL"'®%

The median serum levels of F-53B observed in high fish consumers, metal
plating workers, and people who had a low to medium intake of fish were

93.7, 51.5 and 4.78 ng + mL"! respectively [

M I Pk B 24.78 pg - mL1B8,
S 4 TR O B A AL e ST 4R 0% 13,39 pe - mL
20.99 pg * mL-165%

16581 Another re-

The concentrationin human cord blood was 24.78 pg * mL~
search found that the concentration in paired maternal and cord serum were

13.39 pg + mL*, 20.99 pg * mL' P

=4

554 PFASs f1£& & 5268 ( PFPEs) R 4R

Table 4 The physical and chemical properties of short chain PFASs and perfluoropolyether (PFPEs)

45 %% PFASs 2485

Short chain PFASs and alternatives

TR M
PFPEs

FEA

Persistence (P)

SREEFUA L, SRS
As persistent as the long-chain homologues

o BRY K G U H , BB/

Bioaccumulative (B)

Less bioaccumulative than the long-chain homo-

logues

S
RIEBTE o mmhe, moit

Long-range transport . .
) More mobile than the long-chain homologues
potential (LRTP)

REBENE/N ABTFEE YR 22 7

ik

ARMEK A 2O T 19 I AR | AE VIR

Resistant to hydrolysis, hydroxyl (OH)-radical-mediated reactions, pho-
tolysis, and biodegradation

5K 5k PFASs M 281, SRARIE AT AEAH L

Might be as bioaccumulative as the

predecessors, because of similarity of physicochemical properties

5 K4 PFAAs S50 25M, IER ML FT REARL

Likely to be as mobile as the predecessors, due to similar physicochemi-
cal properties

34> PFPEs & 22 ill 2 n] LI5S R P2, 534k 1 4> PFPEs C 2241 A
REACH 753

Less toxic than the long-chain homologues, but there

Toxicity (T) L . o
are variation 1n species sensitivity

" PR
- TR B KB B iE e T REA N
Summary

P; Less B; LRTP; May be less T

Three PFECAs have been shown to cause liver damage; one PFECA is
under the REACH regulation
Btk
PR s K IE B s i s 2R
P; maybe B; LRTP; T
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4.1 Atk [ AT I VR A PRI H Y F-53B BITEER 30 J12# 0T T

Ji4E PFASs 5 K AE ) BHA ALY 1k 27 25
g, BRI AR AP 5 K B L AR AL i X
PFPEs A #5825 ) A 31 4 e S
TE R 4 SRR B R AL T — > T 67 o5, 4 SRRk 5% AT
fiE T 5 [ gt Ay 4 6 PFASs!, Hori 55958 & 81,6
h J& ,#it 40% 1% C,F,0C,F,SO; f1 C,F,0C,F,S0;
1E 350 °C A F YL Ih S K RS (78 300 C T A
53fi#), 1 C,F, SO; FEAH R 45 14 N AR B R A, 1
SEA B STUE B PFPEs 76 #4 06  HLAK 77, fb 2% 3t
F A FE IR ST IR B GER 5, KT
PFPEs 145 A M0 5 28 2 19 SEIR 0 HIE
4.2 YR

A ERRE M TS YY) e 5 8 T POPs ) —
AR AR 0 2 3 4F 2K PFASs 5 — N
BINA . SKEEEIYA L, R 2w S YA
PR AR A WA A ) R A (B 1Y)
n 2R RSPR 5 LR i T KB, 6:2
FTSA X UiT 6§ 16 1) £ ) 65 4 R4 < 40, [F] A B 5E &
PRAT A0 X 6:2 FTSA MBI ISRCE AR i
DL B T4 51k 0.435 .23.1 F10.295, [H I
T 8 £ X5 6:2 FTSA MR SRPEARAET" . Shi ZF5 X A

53H7, F-53B 1Y I W T B 2F 32 81/ T PFOS 1978 bR
] (R TR R RO E M R 1 A
K Szm 4% R4 5 | 5T PFECAs Hl PFESAs H4E
Y R T Z R,
4.3 KIFEEITH

VF% PFASs HA5 POPs [ B iE B4t 5
KAESIIAH L, BAR Skt AR B 1)
PFASs ¥ 5 fE 355 h i 877!, PFECAs 11 PFESAs
AV PFCAs H1 PFSAs 45#9 250, i H B A 7 A
P BRI K v a8 LA K BE B g T
2 H {74 1k, 4 K T I X & B PFECAs il
PFESAs, Al fig fH F(1)45 £ PFECAs F1 PFESAs i HH
A IR, (5 20 3F B HE 2D 5 (2)PFECAs Al
PFESAs 7] g ARTAIE A7 TE 5 (3) HE AN 1% 21
37 Hb DX T BTG ) Z A0 — 5 R B i) (R B 5 (4) A
TGN T 1% LA KA IR o
4.4 Bk

o AU AR fit B AU BF 5% & PFASs PB4
FEM)— RN A, AR R EEE
YA L, R 2800 4 PFASs B 40 5% AR FIER B
AR A B S RO T X K AR A Y

R 5 PFASs BRRAAFEMBIESIE
Table 5 The degradability of PFASs alternatives

B

Alternatives

Physical degradation

Yy FRREA

Pz R i TP A

Chemical degradation

Microbiological degradation

DIk e 2FS

Mechanochemical destruction

F-53B

6:2 FTSA

GenX

SR 2 h S5 4% UVH,O, /KR, 2 h 5

R
0%

tion!*

TE A BRI T R By B

[40]

Not readily after irradi-

ation

0% [49]

after 2 h irradia-

9]

[40]

< 5% N5 K& A#(OECD 301D)1!

system [

1E UV/H,0, R & 4, 60 min J5
T4 9.6% , 80 min J&i, Fl A
4.2% 1 FERGRAL I TR L
TR A1)

Remaining 9.6% after 60 min
and 4.2% after 80 min in a UV/
H, 0, system 5; Rapid trans-
formation in thermal activation
of sulfates (¢

5d Ja, B fi# % 0% (OECD
e (OECD 301B)!*!

0% after 5 days (OECD 111)®]
’ s { " s0im)

28 d J&, B R 0%

0% after 28 days (OECD

< 5% after 2 h in a UV/H, 0, Not readily (OECD 301D)X]

100 d J&, 7235 £ 15 ¥ 14X
H 7% 1) 6:2 FTSA Ffite7
7% 6:2 FTSA was degradated
after 100 d in the sludge *”!

Y PFOS #f b, F-53B #£ KOH fff
I ) i )

Compared to PFOS, F-53B showed
better treatability by milling with
KOH %%
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LAVERS R E R RIS K I, 6:2 FTSA XK A4
VLA #E, QT il fa 96 h 2B ¥ B (96
h-LCy,)> 107 mg - L, KA 48 h Y1 B0 vk
(48 h-EC,,) > 112 mg - L™ Hoke 2" WF 5% % W
6:2 FTCA Xf/K % 48 h-LC,,> 97.5 mg « L™ V%
72 h-ECy, = 479 mg - L™, #E8L 10 d-LC,, = 752 mg
- L' 7P 7 d-BCyy= 1.3 mg - L7, HH 35 F PR3
TR B TS5 (USEPA TSCA) F K 2 3l ) 35 1 1T
B E, 2ERHEN S HE N 1 mg - L'<
EC/LCy< 100 mg « L, MY, 6:2 FTCA Xf/KA4: o
HESN P35 M I AN K. Mitchell 457 o BfF 58 & B 6:2
FTCA XHR/KITCEMES P EE AR, W 6:2 FTCA
/N ER A K BC,, = 262 mg + L7, X H F i
B A KA EC>53 mg + L™, i % s i i 10 d Y
HET- LC, = 33.1 mg - L, Phillips 27t % Bt 6:2
FTCA # #2104 K ) ECy, = 63 mg - L', Wang
EPIREGY &I F-53B X BE L fa B4 5 PFOS 21,
H: 96 h-LCy, 43 %I~ 15.5 mg - L" A1 17 mg - L',
GenX AR Kz kIR I 38 BRI, 70 AR 0] 62 vk B %
ZRRER(< 10 mg - kg - AR AT AE SR T,
KT PFASs Bk A R MER 75 22 T 2 A SE R 56 00E

5 PFASs B m#IRFHENE®E S RE ( The ex-
isting problems and perspectives of PFASs alterna-
tives)

PFASs B AU ARG SR % 427 it —28
WFFE K IRAE RG2S D0 B9 0 0 AN BE L L i e ] L
FARC 2 B Bl TR Sy 1 i e IX — [ el
PEASs B AU BOf5 B e 7 8 & HEE
LR AT SR, HAT TR 8RS Witk
B TR LA R T 38554 /1, PFASs #5
R BIF AR AN TT, WX PFASs & U5 9
INIEAT N e AR 2SR BN 7 THT T S8 1 R R GETT
J& o A IE ROZIT AN WF5E Sl 28 w2 T A
A5 R, s & 011 2 18 A 38 3 5 T 8 PFASs &K
A TEAS PR 5T LA S A A B J 0, i bR Xk PRASs
BAUMTEA RIS A W A BT B IF S 5 56 38 58T A9
BAUMTERREE A BRI Wb 8 3 7 O k| LA 23 B
Bl BAT T LU s RGO IEAT 2 RO R IR S
Ay G HALFIT T R FR iR AS A WA AR
WE5E , JF 5 PP RS & 5 TFRRARGR i ) 12k
FEME SRRV, G 22 o1 SEH A
IR ST HBEPERL A, 3% LE AT 5 45 3R W A7 1

e E YRR TER e R S P RE AL & W IR BEHOR
X

BITEEE N R RR1965—), B, W+ RN, T 2NFH
ST LG AR EREHR I RAFREL 0 4E,
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