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Figure 1 (Color online) Structures of several representative PFECA
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Wik AURIE R i . A SR T R gl S 2 R
BERIRATUN . BREAT . A R AR EKF
FAEPERON,  [F158 HAH R PFECALT £ 14 1) K AR
RIS TT I EA T T e R, DI PRASHEAR il B9
WIS Y RN ITA 2 2%, IR IR TTREPFAS Y
PEREIA TSl P Bt S .

1 JETHERRI A PUMBREE ST b it
PFECA

PFASHY R [a] 4347 32 2L T 3 /0 P % (HRMS)
HAFRREI T L s[RI R R A
T, @B ARFE AL e TR, R S PFASE it
FFHEXT, MR SIRAIPFAS. JE4E3E, FIFHHRMSH: R,
S5 RGBT IR TAER, RS AR EAE4 R iR 2y
HEEA T, W Tl AP0 Bk RR Y e
Ry TR T v ok R SR PFECATE
PSRBT RIPEAS. (HARSERFSE i Ak A B, H AT
B HAE. RS R P A 25 R 0y = & B R 4
5 EE KT (Level 1~5)P% LI HIPFA S 57 25 Fl
PGS HLAT et i PRFASIRIVEY) b A 7 IR
PR, Yui NSRS Rt & 11 7R PFAS ]
W), Ho B EK R T3MPFECAIL 13, 2E8 A5
AR BERIEL(CI-PFECA).  Jacob A ErL 7/
K AR B N FIBABEPFECA . 22 AT — SRR/
ZRIRG ZFHIEIPFECA. McCord% N P27E 26 B ik
PO PR B AKEE T & B T — &R FIC1-PFECA Fl HAlh
PFASHITETE. W5 EvichZs AP e 7% et it il
A CI-PFECAIR 24, 4125 & B[RRI 5E 2
AL W{3 35 H-PFPECAs. epox-PFPECAsHIdiOH-
PFPECAs%. ILA, IS AR A 2= T J8 i X 3,
Yao NP ERREE A b 2 11 T 14258 7FIPFAS, £
FE304 % 58 FHA ANFEEMPFECAILN, SC4EH
e AHUCHU RSV, Horp 1280 Bk dikiE. BT
TERREEA B rh 23R JPFECA, WS1.

2 BFIPFECAIMEAEEL 1o e N B FAIE

PAERE, WFFE N G A T A b i R85 A o TP kG
T ZFFBIPFECA, WfiKAE. KA. HERTIH
A SULlRImt, ZEEF A s A R SR AR R R BT
XY AELE. FRPFECA R E /AL R W — 14
BRYVEE, X Az 25 PR B R A i 3 A B R K B T A
JEJ.
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2.1 Kk

BIHIPFECA T 7F 2Bk 45 M K (b iz kg, LA
4,8- "4 AR-3H- 2T T IR # (ADONA) 7SI ARt
(HFPO)[F] & ¥ Fll 4 5-2-H R 3L LR (PFMOAA) %
. 2008 4F, 7EFEE YRR P —ZBAL T Mk K HEL
T L BLADONA, Hovfk & 115 [l 79320~6200 ng/L"7.
Heydebreck: A F20154F 1 R IE T /S EF A bt
T RAR(HFPO-DA)TE R 14 1o S 3% [ /N Tl K A v g 47
TE. MeAh, JoerssE AU TEAC MR 593 K b G 2]
HFPO-DA, HAFHE H 0.03 ng/L, K/RHFPO-DAH
A 5PFOA—BUN K I BT, Gebbink5 A 7E7T
= RE AL T R R K iR I B HFPO-D A MR BE /57 1A
812 ng/L, JEII IRk H /K rfth 3 36 &6 HE HFPO-DA
(0.25~11 ng/L). 20174F, Pan% A"V 4 1 T CO-S IR
Pk = 2RI (CO-HFPO-TA RS,  IFEFR FEl/ NG T ]
JK B UK 1 CO-HFPO-TA, HAERAL T Tk
R BE R IA R 68.5 ug/L, fUKTPFOA. TR IERE
b, = TR E. SEEL SEE. Fud, fEE
fur 2%y whE L7 E 5 SR s R 2R, A
HFPO-DA. C9-HFPO-TAFIADONA 3FPFECA#A
Kith, HAHFPO-DATE 2 H/KAR H A4 H % 1596 %,
2 KR F S 4 9 BE YL 4 0.7 ng/L(KIT)~14 ng/L(K
#). C9-HFPO-TAK: K 83%, -F-Xuk i fil
0.1 ng/L(ZEME1T)~5 ng/LOKHN!"Y. ADONATYAE B
WS, Ak, Sundi AR SE T SRR I AL
TR FORK )T AR R BT HFPO-D AR MR B 1=
75631 ng/L, [RIFHAKMFPFMOAA . 4 91-3,5- A 3
CLAR(PFO2HxA). 4 %-3,5,7- =& LR (PFO30A)Fll
49-3,5,7,9- T A HE 24 R (PFO4DA) 45 B IPFECA, fH
Tz Rt i, RRERG A B, (EAR S 0 1o AX vl 4
I e B B 5 THFPO-DA.  Yao AU il i &5 UM I
PR, EFR R B Tk bl ) DORS v R
1% T C7-HFPO-TA. C8-HFPO-TA. C9-HFPO-TA.
PFMOAA. PFO2HxA. PFO30AZEHMIPFECA, Hrp
C7-HFPO-TAVKEETE] X MK . BB AL 7K 44
(S BOR FE 4> 3670 23F05.6 ng/L, TTE) XI5
JKALIR) K VR BE 5 15447000 ng/L. [FIET, Yao%s AP
b3 T 2016~2021 4[] K1 K AR PFECARY K-, KB
PIHFPO[R £ 4. PEFMOAA%: N{UFKAYPFECAMK B /K
VR E T .
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2.2 ERIBY

PFECABUE A PFAS/KIAE R, BerEiE A 1At
Y. LIHFPO-DA M, FIESEEE-7K /3L R A X4
{8 (logK,,) 29 H94.0™) A2 T, PFOAMlogK, i
4. 81" B 2 A e AL T AR
T Bk . Galloway25 N17E 35 [ 74 96 755 J& M i
TR — KW R Y T 8 43 R R A
HFPO-DA. Sun%g A s 7E At X 30 748 403 (5
BO) IR /NI S B FIVL A KT (B 3%
JE OB G H A v T FE U HF PO-D A (B4 (B9 JEE 43 3]
H22.2. 12.9f12.95 ng/g), HHFPO-DAZVIRY) F
PFASH FE L Bz —.

23 KK

5t ADONA [ T) RSB E S A,
BEJG UL Z T Fih £ 2 8, HUIREERLH
684 ng/(m” )", 20184F, FIEEAFI LRI g4 M 3F
B TR Y HFPO-DA [ RS i HE R K2k
2241 AR, FEJ0A2 % ke A MSCAE A T AKCRE b 2 R
HFPO-DA k2 0.810 pg/L™. i1 TPFECA
LA 3550 o B BE J1(LLHFPO-DA N, 20°C FpK, N
2,849 JEIRBE SN T 2 LU B AAEAE, A
JEHEAS MRS, PEECA R LIFES AR, a5
WoRias &, AR /e ) 28 SO h i 5 ok —
AR, B s 2 Sorp al s MoK i & 8 22 S oh i)
PFECA, HAb2EEFURFRER, o IEa S Z A K iR
BIERS. 2530 PFECA 1922 Bk 52238 R /K 1 bR A
WG TEORE L, SRS TE AT,

2.4 PR

5PFOAZAL, PFECA L A 72 4= Wik AR, {UAT'8
T SCTEARIE T HAEAEY) . IR WA ok
TR EE43 4. Brandsmai AR 22— AL T
T B B AR I eI HHFPO-DA, R 43351
}1~27 ng/g(lHH)F14.3~86 ng/g(WiE). i [ LA A7
H 7 B0 5 7 A ] R 22 S M g e 0 3
ADONAYEJEZ)°40.06~0.16 ng/g, 75T [ kb X 13
LRSI E ADONA(0.209 ng/g)™". GuilletteZs A
A 3 [ 5 E R AT £ L3S Azl I HFPO-DA,  HAF-
U E R1.9 ng/mL. WA, 7E S AEAR ZRMEE . VPRI
FL2EAE W 09 I R A T B — E W E M ADO-

NAP» o I7E L 2R/ M T KRE « BFAE (2 My o
YR 2] C9-HFPO-TA, i ff1 [fiL 375 H C9-HFPO-TA MK J&
LR FPFOA, i $iove B ml &3k 1.5 pg/mL!" 7. C9-
HFPO-TATE il ffr F1 B ek 1A P 9 A5 ) ' 46 25U (BCF)
= TPFOA, i/ HEAT B 5 E B, H.C9-HFPO-TA L
PFOAH 5 T7ENFIEFI B JHerh 8L Ligs A WF5E 71l
ZRAR /NI I — M T I PFAS YA RO, &
MAH-3,5,7,9,11- HEFE+ —BER(PFOSDoDA). C9-
HFPO-TA. 7NHIFE N LU R IR (HFPO-TeA) %5 £ Fh
A R R R 1) B W K R E(TMF) 7342.7~5.6, i
AN BA m BB E S PFOSIITME(L A 1.6, 1
7N X B8 H RIPFEC A X 55 5 SR O v AR ) o B R
JRUES:.

BREF A= ShAEI A, AR AT PFECAKE H, (HAZ R
FEB I PFECARRHE MMELLIRAT,  H AT 758 4R
. 20174F, R RIGEI G T3 i) HFPO-DA
FIHREE R 0.001~0.169 ug/mLP". 2013~20144F 3 [ fg
55 KA R A (NHANES) 124 K UL F& 551
2682 AR IR, 1.2% K 5 il K HHFPO-DA, H
WeBETE0.07~0.3 pg/L2 8] Fromme%s A" 5341 1
2009~20164F [i] Ji A 7E 7 ] pg 4 (4 ik 1l 2 rh i SE 19396
DY MHRAEAR, 2496.5% FAREAS P AN 21 155 T 1 JBR(LOQ
> 0.2 pg/L)IJADONA, fremié N 14.4 pg/L. fiilt, Ho-
gue N UE T 35 /R I T8 300 o B L P G I HH PRO4-
DA(HF B E: 2 ng/mL, 46 HR: 98%)HIPFOSDoDA
(MRFE < 0.5 ng/mL, KR 98%). AN 78 A\ BEIL
WO REEL. PRV ERE B PR ZRPFECA(F£ 1),
MEFEACR B AL T R R, B3 R
IMFEA I 75 R [ 224317 0 1 B R. Hoh, 364k
TR X R AR LT P HFPO-TARUKS 1 %>97.9%,
LB EE 42,93 ng/mL, {URK TPFOA. PFOSHI6:2%
R £ 5 R BERE IR (F-53B) 4 24 3 Ji B 1 v v 3
PFASY —. HRIPFECATEFRES . AEMAR T4 4
IKF- B 32 K (1 2) 2% B AT RE 2 1 Al vk 7 f BR
JRUES:.

3 PIMPFECAMIZEMERM

SERIZEAL AL A W 1A 2 30 AR AL B FE R R
PFECAT] BEZR I H 5 PFOAZS UK FEVERN, 48 3C a4k
T A WS I I PFECA PRI FAR SEHL I (1413,
#S2).
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Figure 2 (Color online) Selected studies on the detection of novel PFECA in environment, organism and human body

F 1 FEPFECAER MR HER IR E AT

Table 1  Concentration of novel PFECA reported in different human samples

PFECA & = 977, ng/mL) HF,(n = 1151, ng/L) PR (n = 80, ng/mL) J5eAi ML (n = 80, ng/mL)
PFMOAA 12.71 + 20.68 (100) 4.816 + 75.34(95.5) 30.88 + 380.2(100) 171.4 + 934.1(98.8)
PMPA NA. N.D. N.D. N.D.
PF40PeA 0.007 % 0.024(17.1) N.D. N.D. N.D.
PF50HXA N.D. N.D. N.D. N.D.
HFPO-DA 0.028 + 0.032(8.4) 3.056 + 10.09(8.5) 1.627 + 5.511(20.0) 25.75 + 6.003(2.5)
PFBOPrA N.D. N.D. N.D. N.D.
PFO2HxA 0.033 + 0.509(70.3) 0.733 + 7.887(18.1) 0.851 + 7.787(16.3) 7.157 £ 59.33(17.5)
PFO2HpA N.D. N.D. N.D. N.D.
PFO20A NA. N.A. NA. NA.
C7-HFPO-TA N.A. N.A. NA. NA.
C8-HFPO-TA N.A. N.A. N.A. N.A.
C9-HFPO-TA 1.805 + 18.18(99.2) 1.783 + 22.52(18.4) 0.955 + 3.280(31.3) 149.2 + 836.2(83.8)
PFO30A 0.039 + 0.261(29.6) 1.275 + 34.27(42.7) 0.777 + 4.335(42.5) 32.04 + 145.3(77.5)
PFO3DA N.A. N.A. NA. NA.
PFO4DA 0.138 + 0.325(95.9) 1.763 + 11.03(29.8) N.D. 73.05 + 291.1(92.5)
PFO5DoDA 0.976 + 2.76(100) 2.380 + 9.002(71.2) N.D. 154.4 + 264.2(98.8)
3:2 H-PFECA NA. NA. NA. NA.

a) N.A., not available, /R AIRIGAHFZEHE; N.D., not detected, FmAK:

3.1 FTHPFECAXG RS HE MW B i AL

FFRE R 2 PFOA B A R 1 3 MR 2 —,
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Figure 3 (Color online) Toxicity and related mechanisms of novel PFECA on mice/rats and zebra fish

By g GE/ANEFRERR S, FFREA 5546 br a5 70 e 2 il
(ALT). A BHAST) 5 &3, i e
JRK kA O A 2 sh i b A A R 5
VI 32 R a(PPAR o) #Z PFOA & FE 5 RN 1
FELE K, PFECAIRFEE S UG PPARE f, JH4% Tjif
FRIBHAR G B R F23k 07 b, Aiazn T BT R T &
AR R ERWEF, CO-HFPO-TAAFIE# M B EH R T
PFOA. C9-HFPO-TAZR#E T80 1b~7 i 3500 18 i A/ sk b
Je R G RE IR R 1 B A AR AR, Wi b A el
HABUERRE. i K ek 2B SLE, PFO4DARI
PFOSDoDA ] 3 2 5 Wi il 21 2 A5 K 721 (Fgf2 1) 55 %
FRVRR R 2RI K, S b ) RS, T
PR AIAS R ACIH ), IR AT ZE3H PPARIFIIE, ik
R T RS2 R (GROTE I, AT ks A . A
P2 O A T MR SRR T AR -2- 1 2E-3,6-
A KPR (PFMO2HpA). PFO30A. 4 9-2- 3k
3,6,8-=F FTF-BR(PFMO3NA)FIPFO4DA%PFECA Y
PFOAMEEEZE S, AIXLEPFASH] 5 /N IR,
M¥EALT ASTTFE, Hh =g (TG)AEAH E FE(TCH)
WA, HEEMA/INN: PEMO3NA > PFOA > HFPO-DA
> PFO4DA/PFMO2HpA > PFO30A.

FRIFHEREMESS, PFECAZZE ] A FH. Conley

i NV SDR BUEIR I 5258  HFPO-DAZ: S EUREA
FFEERE AN, 1055 R AR R R AR, A EbE
AR R, HEEA AR R A5t 4 B PRI, Blakeds
NP PHECD- /NP IS EIARLAY 258, BTHFPO-DA%:
& P EUT IR N, IR IARERAL, FRS S8k
JERP R A B AS, Badh kb, X 5PFOA=E N HE
PR ARl Ak, HFPO-DA. C9-HFPO-TA.
HFPO-TeA % 75 53 30/ BUMLTE H S2 B A REAR, RIS AT
L PR TMA4N I A AT, 1 S 38R 4 8 5 1 -9
(MMP-9)E A /K -THiE, 345 p38 22 24 Rt AL 28 11 i it
(p38 MAPK)i %, MififEiloccluding (1 HREAR, MR
1525 BTB) Y,

WAk, A PTFZERIE T PFECANT /N R aEtE.
XieZ N\ % BHFPO-DA % 52 1] S:80/IN BU45 i %6 e I
Zhin bt BEDIRERERY, BB RE kA AR, HTRE
FIHLHIJE: HFPO-DA % £ 3 B b 98 R K F--a
(TNF-a)/KFTHis, 45 TNF-a. 5553 T-65(p65)-
TollFE3Z1&4(TLR4). FAAZ LML 1(MCP-1)
mRNAFRIRAKET i, #6151 & KA, R0 45 b B
EH2MUC2) IS %1 11 1(ZO-1)mRNAFE KK
FIXF AR K TR, S5 R RE RS Hus A7)
i R FECI-HFPO-TAKL K, C9-HFPO-TAW] ¥k i i ik
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AR M, 25 R RERINS 428 R A2 A, 5 1EEIR
ARSI IR & 8 IR ICHE . ZBERR AN —
BRI C AR L.

3.2 BIRIPFECAX BT, B PESON K i (EDL I

DABE T MR, iF58 T PFECARI & & 2tk I
WEBEPE OB HDIRIR TR0 45, HRTA 65 A
XWFoERkiE. WangZE AU TPFO30A. PFO4-
DA. PFO5DoDALL M PFOAN) % & #lk, & FIPFOARI
PFECAI 2t 2 2 REUS 5 L B S R LR, LAk
T A, b R 58 U fe B I B TR AR .
TR TR 120 hJe 25 Ak B AR 1 B0, e B (EC ) (L2
FHEMEHEY, HRUKEPFO5DODA(22.9 +0.88 mg/L) >
PFO4DA(117.1+133 mg/L) > PFOA(251.5+24.2 mg/L)
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Per- and polyfluoroalkyl substances (PFAS) possess distinct properties, such as hydrophobicity, oleophobicity, and thermal and
chemical stability, resulting in their wide application in various industrial processes, including electroplating, fire protection, and
textile, paper, and leather production. However, due to their propensity for high bioaccumulation, long-distance transport,
resistance to degradation, and potential adverse effects on animal and human health, certain PFAS, including “legacy”
perfluorooctanoic acid (PFOA), were listed in Annex A of the Stockholm Convention in 2019, leading to a global ban on their
production and usage. Consequently, per- and poly-fluoropolyether carboxylic acids (PFECA), containing ether oxygen bonds in
their structure, have emerged as processing-additive substitutes for PFOA in different industries. Recently, with the increasing
concern, more and more PFECA have been identified and detected in various environmental matrix and human samples.
Epidemiological research and toxicity experiments have also found that some PFECA have health hazards comparable to or even
stronger than PFOA.

In the present study, we focus on the classification, environmental impacts, and toxic hazards associated with PFECA and
summarize recent research regarding non-targeted identification, environmental behavior and fate, biological/human exposure
levels, toxic effects, and related molecular mechanisms. The overall aim of this review is to provide a valuable reference for
environmental pollution research and biological risk assessment of PFAS alternatives, thereby supporting the regulation and
reduction of PFAS alternatives in China.

In terms of PFECA recognition, with the rapid development of non-targeted and targeted screening techniques, researchers have
identified a series of PFECA with feature structure in various environmental matrix, such as unsaturated PFECA, chlorinated
PFECA and homologues of hexafluoropropylene oxide trimer acid (HFPO-TA). However, non-targeted and targeted screening
research is still in its infancy, with only 11 reports identifying dozens of PFECA, more and more novel PFECA will definitely be
recognized in the future.

In terms of quantitative detection, PFECA has been detected in various environmental matrix (including surface water, soil,
atmosphere), organisms (including plants, fish and frogs) and even human samples (serum, urine and milk). Among them, there
are many reports on water bodies and population samples. Among the existing reports, the PFECA levels in water and human
samples accounts for a relatively large proportion. It is worth noting that the detection rate of HFPO-TA homologues in the serum
of residents living around fluoride factories exceeds 90%, and the concentration of HFPO-TA ranking the fourth among all the
detected PFAS.

In terms of the toxic effects, it has been confirmed through several animal exposure experiments that PFECA, such as HFPO-
TA, hexafluoropropylene oxide tetramer acids (HFPO-TeA) and perfluoro (3,5,7,9-tetraoxadecanoic) acid (PFO4DA), can cause
liver damage, decreased sex hormone levels, metabolic disorders, and developmental abnormalities by interfering with PPAR
pathways and metabolic pathways. In addition to in vivo experiments, we also noticed that researchers have carried out in-depth in
vitro and in sillico studies on the interaction between PFECA and nuclear receptors or transporters in order to provide a possible
explanation for the bioaccumulation and toxic effects of PFECA.

Our paper also discusses the challenges, potential risks, and future research directions concerning the application of PFECA.
For example, in the development and application of green alternatives, several problems, including unclear information on their
structure, physical and chemical properties, and immature quantitative analysis methods, should be addressed to reduce the
potential environmental and health hazards caused by the new PFECA at the source. At the same time, developing efficient
degradation methods in contaminant treatment is also one of the future research directions. It is also worth paying more attention
to combine regulatory, scientific research, and market aspects to provide guarantees for the rational use of novel PFECA.

PFECA, non-target screening, environmental behavior, human exposure, toxicity
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