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Abstract: The widespread use, persistence, bioaccumulation, and toxicity of per- and poly-
fluoroalkyl substances (PFAS) have raised global concern. The number of PFAS types continues
to grow, driven by changing industrial demands and regulatory environments. Non-target analysis
using high-resolution mass spectrometry (HRMS) is an effective methodology for identifying novel
and unknown PFAS in environmental matrices. The efficacy of non-target analysis is critically in-

fluenced by the data acquisition mode, peak picking algorithm, and deconvolution strategy. Using
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ultra-high performance liquid chromatography coupled with an Orbitrap mass spectrometer ( UHPLC-
Orbitrap MS), this study aims to systematically evaluate data processing methods for non-targeted
PFAS identification under data-dependent acquisition (DDA) and data-independent acquisition (DIA)
modes. A clean sludge sample was spiked with 34 PFAS standards at three levels to assess method
performance, alongside the analysis of three electroplating sludge samples. To compare the
identification performance between DDA and DIA modes, a multi-step evaluation process was
employed. Firstly, we assessed the peak picking capabilities of two widely used data processing
software packages, MS-DIAL and MZmine. The key parameters for peak picking process are MS'
mass tolerance of 0.002 5 Da, MS® mass tolerance of 0.01 Da, minimum peak height of 1 000, and
retention time alignment tolerance of 0.1 min. Secondly, a comparison was made regarding DIA data
deconvolution, specifically between MS2Dec algorithm and IonDecon algorithm. Finally, Fluoro-
Match was utilized to compare the true positive rate (TPR) and positive predictive value (PPV) of
PFAS identification in both DDA and DIA datasets. In the spiked samples, the [ M-H ]~ precursor
ions for 33 PFAS standards and the [ M—CO,-H ]~ ion for HFPO-DA were successfully detected and
manually verified across all three levels. For peak picking, MS-DIAL demonstrated superior per-
formance, achieving a 100% detection rate in all spiked samples, outperforming MZmine. When
comparing deconvolution performance for DIA data, MS2Dec algorithm and the IonDecon algorithm
showed similar efficacy, although MS2Dec algorithm exhibited slightly better results for low-
concentration samples. In DDA mode, the true positive rate for PFAS identification increased from
80% to 100% with rising analyte concentration, accompanied by a minimal decrease in positive
predictive value. Conversely, in DIA mode, the true positive rate remained at 100% across all
concentrations, but positive predictive value decreased as concentration increased, primarily due
to interferences from in-source fragmentation and adduct ions. The degree of in-source fragmentation
of perfluorocarboxylic acids (PFCAs) decreases with increasing carbon chain length. However, the
proportion of adduct ions remains nearly constant across different PFAS, leading to false positive
identification of hydrogen-substituted PFAS. Based on the evaluation results, the data processing
methods for DDA and DIA modes were optimized. These methods were then applied to three
electroplating sludge samples, leading to the identification of 36 PFAS species belonging to 10
classes, including eight perfluorocarboxylic acids (PFCAs), eight perfluorosulfonic acids (PFSAs),
one hydrogen-substituted perfluorosulfonic acid (H-PFSA), five unsaturated perfluorosulfonic acids
(UPFSAs) , one carbonyl perfluorosulfonic acid (KPFSA), one chlorine-substituted perfluorosulfonic
acid (CI-PFSA) , one n: 2 fluorotelomer sulfonic acid (n:2 FTSA), five chlorinated polyfluoro-
ethersulfonic acids (CI-PFESAs) , two hydrogen-substituted polyfluoroethersulfonic acids (H-
PFESAs), and four polyfluoroethersulfonic acids (PFESAs). Their presence was largely attributed
to the use of chrome mist suppressants in the electroplating process. Combining DDA and DIA data
for FluoroMatch input captured more information on unknown PFAS, possibly because the inclusion
of multiple samples improves peak extraction. Based on the performance of PFAS identification in

spiked and real samples, we developed a processing method that couples DDA and DIA data. This
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method can generate a composite list of identified PFAS while keeping data files independent,

increasing the true positive rate and efficiency of identification. This study systematically evaluated

nontargeted PFAS data processing methods, clarifying the optimal combination of tools for key steps

(acquisition mode, peak picking, and deconvolution), and validating its application potential in

complex environmental matrices.
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Fig.1 Workflow for processing mass spectral data acquired via (a) data-dependent acquisition (DDA) and (b) data-

independent acquisition (DIA) modes in the nontarget identification of per- and polyfluoroalkyl substances (PFAS)
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Table 1 Compound information, retention times, and MS parameters of PFAS in spiked samples
Measured Mass

Theoretical

accurate Retention error/

Compound Abbr. Formula Ion type exact mass . . 6
(m/2) mass time/min 10
(m/z) (ppm)

Perfluorobutanoic acid PFBA C,HF,0, [M-H]™ 212.97920 212.97920 4.88 0.00
Perfluoropentanoic acid PFPeA C,HF,0, [M-H]™ 262.97601 262.97614 5.33 0.49
Perfluorohexanoic acid PFHxA CHF, 0, [M-H]~ 312.97281 312.97294 5.74 0.42
Perfluoroheptanoic acid PFHpA C,HF,0, [M-H]" 362.96962 362.96916 6.19 1.27
Perfluorooctanoic acid PFOA C,HF .0, [M-H]~ 412.96643 412.96620 6.73 0.55
Perfluorononanoic acid PFNA C,HF 0, [M-H]~ 462.96323 462.96325 7.29 0.04
Perfluorodecanoic acid PFDA C, HF ,0, [M-H]~ 512.96004 512.96020  7.84 0.32
Perfluoroundecanoic acid PFUndA C, HF, 0, [M-H]~ 562.95684 562.95696  8.38 0.21
Perfluorododecanoic acid PFDoA C,HF,,0, [M-H]~ 612.95365 612.95374 8.87 0.15
Perfluorotridecanoic acid PFTrDA C,HF,,0, [M-H]™ 662.95046 662.95079 9.32 0.50
Perfluorotetradecanoic acid PFTeDA c HF,,0, [M-H]~ 71294726 712.94746 9.71 0.28
Perfluoro-2-methyl-3-oxahexanoic acid HFPO-DA CHF, 0, [M-H]~ 328.96773 328.96777 5.85 0.12
4,8-Dioxa-3H-perfluorononanoic acid NaDONA C,H,F,0, [M-H]~ 376.96887 376.96847 6.22 1.06
2H ,2H-Perfluorooctanoic acid 6:2 FTCA C,H,F 0, [M-H]~ 376.98527 376.98483 6.38 1.17
2H ,2H-Perfluorodecanoic acid 8:2 FTCA C,H,F 0, [M-H]~ 476.97888 476.97876 7.52 0.25
2H ,2H-Perfluorododecanoic acid 10:2 FTCA C,H,F, 0, [M-H]" 576.97249 576.97272 8.63 0.40
Perfluorobutanesulfonic acid PFBS C,HF,0,S [M-H]™ 298.94299 298.94285 5.38 0.47
Perfluoropentanesulfonic acid PFPeS C,HF, 0,S [M-H]~ 348.93980 348.93918 5.76 1.77
Perfluorohexanesulfonic acid PFHxS C,HF 0,8 [M-H]~ 398.93660 398.93606 6.21 1.36
Perfluoroheptanesulfonic acid PFHpS C,HF ;0,8 [M-H]~ 448.93341 448.93278 6.73 1.41
Perfluorooctanesulfonic acid PFOS C,HF 0,8 [M-H]~ 498.93022 498.92957  7.27 1.30
Perfluorononanesulfonic acid PFNS C,HF 0,8 [M-H]~ 548.92702 548.92683  7.82 0.35
Perfluorodecanesulfonic acid PFDS C,HF, 0.8 [M-H|~ 598.92383 598.92415 8.35 0.53
Perfluoro-4-ethylcyclohexane PFECHS C,HF 0,8 [M-H]~ 460.93341 460.93286 6.64 1.19
1H,1H,2H ,2H-Perfluorohexane sulfonic acid 4:2 FTSA CH,F,0,8 [M-H]~ 326.97429 326.97424 5.70 0.15
1H,1H,2H ,2H-Perfluorooctane sulfonic acid 6:2 FTSA CH,F ;0,8 [M-H]~ 426.96790 426.96759 6.73 0.73
1H,1H,2H ,2H-Perfluorodecane sulfonic acid 8:2 FTSA C,H,F 0,8 [M-H]~ 526.96152 526.96155 7.88 0.06
9-Chlorohexadecafluoro-3-oxanonane-1- 6:2 CI-PFESA C,HF (ClO,S [M-H]~ 530.89558 530.89514 7.47 0.83
sulfonic acid
; 111 ifc;li(:f;’;i;osaﬂuoro'3'Oxaundecane'1' §:2 CLPFESA  C HF,CIO,S [M-H]~ 630.88919 630.88940 849 033
Perfluorobutane sulfonamide FBSA C,H,F,SNO, [M-H]~ 297.95898 297.95868 6.03 1.01
Perfluorohexane sulfonamide FHxSA C,H,F ,SNO, [M-H]~ 397.95259 397.95197 7.23 1.56
Perfluorooctane sulfonamide FOSA C,H,F ,SNO, [M-H]~ 497.94620 497.94577 8.51 0.86
N-Methyl perfluorooctanesulfonamidoacetic N-MeFOSAA C, H,F,,NO,S [M-H]~ 569.96733 569.96753 8.13 0.35
acid
N-Ethyl perfluorooctanesulfonamidoacetic acid N-EtFOSAA C,H,F ,NO,S [M-H]~ 583.98298 583.98309 8.38 0.19
Perfluoro-n-(*C,)butanoic acid C,-PFBA "C,HF,0, [M-H]~ 216.99262 216.99263  4.88 0.05
Perfluoro-n-(1,2-"C,)pentanoic acid "C,-PFHxA “C,”CHF,,0, [M-H]" 31497952 314.97961  5.74 0.29
Perfluoro-n-(1,2,3,4-"C,) octanoic acid C,-PFOA "C,”C,HF,,0, [M-H]~ 416.97984 416.97955  6.73 0.70
Perfluoro-n-(1,2,3,4,5-"C,)nonanoic acid "C,-PFNA “C,*C,HF,,0, [M-H]~ 467.98001 467.97977  7.29 0.51
Perfluoro-n-(1,2-"C,)decanoic acid "C,-PFDA "C,”CHF,0, [M-H]" 514.96675 514.96667  7.84 0.16
Perfluoro-n-(1,2-"°C,)undecanoic acid "C,-PFUnDA  "C,”C,HF, 0, [M-H]" 564.96355 564.96362  8.38 0.12
Perfluoro-n-(1,2-"°C,)dodecanoic acid “C,-PFDoA  "C,”C HF, 0, [M-H]" 614.96036 614.96008  8.87 0.46
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Table 1 (Continued)
M d M
Theoretical casure . ass
accurate Retention error/
Compound Abbr. Formula Ion type exact mass . . 6
(m/2) mass time/min 10
m/z
(m/z) (ppm)
Perfluoro-1-hexane('*0,)sulfonic acid "0,-PFHxS  C/HF,'*0,'°08 [M-H]~ 402.94510 402.94455  6.21 1.36
Perfluoro-1-(1,2,3,4-°C,) octanesulfonic acid C,-PFOS "C,”C,HF,0,S [M-H] 502.94364 502.94348  7.27 0.32
\H, 1H,2H, 2H-Perfluoro (1, 2-”°C,) octane sul- °C,-6:2 FTSA "C,”CH,F,0,S [M-H]  428.97461 42897440  6.73 0.49
fonic acid
LH, 1H,2H, 2H-Perfluoro (1, 2-°C,) decane sul- °C,-8:2 FTSA “C,”CH,F,0,S [M-H]" 528.96823 528.96828  7.88 0.09

fonic acid
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Table 2 Compound information, retention times and MS parameters of identified PFAS in electroplating sludge samples

Theoretical Measured ac-

Retention Mass error/

Compound class Abbr. Formula exact mass curate mass i i 6
time/min  107° (ppm)
(m/z) (m/z)
Perfluorocarboxylic acid PFCA C,HF,0, 162.98240 162.98228 2.88 0.74
C,HF.0, 212.97920 212.97929 4.89 0.42
C,HF,0, 262.97601 262.97597 5.36 0.15
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Table 2 (Continued)
Theoretical Measured ac- .
Compound class Abbr. Formula exact mass curate mass Rfetentl(?n Mais error/
(m/2) (m/2) time/min 107 (ppm)
CHF, O, 312.97281 312.97296 5.74 0.48
C.HF,0, 362.96962 362.96927 6.18 0.96
C,HF O, 412.96643 412.96603 6.73 0.96
C,,HF ,0, 512.96004 512.96021 7.77 0.33
C, HF, 0, 562.95684 562.95728 8.26 0.78
Perfluorosulfonic acid PFSA C,HF,0,S 298.94299 298.94324 5.42 0.84
C,HF,, 0,8 348.93980 348.93918 5.75 1.77
CHF 0,8 398.93660 398.93606 6.18 1.36
C,HF 0,8 448.93341 448.93278 6.73 1.41
C,HF 0,8 498.93022 498.92957 7.22 1.30
C,HF ,0,8 548.92702 548.92683 7.78 0.35
C,,HF,,0,8 598.92383 598.92415 8.26 0.53
C, HF,,0,S 648.92064 648.92060 8.76 0.06
Hydrogen-substituted perfluorosulfonic acid H-PFSA C,H,F SO, 480.93964 480.93940 7.03 0.50
Unsaturated perfluorosulfonic acid UPFSA C,HF,SO, 410.93660 410.93661 6.21 0.02
C,HF SO, 460.93341 460.93301 6.63 0.87
C,HF SO,  510.93022  510.93011 7.11 0.22
C,,HF SO, 560.92702 560.92720 7.59 0.32
C, HF,, S0, 610.92383 610.92384 7.96 0.02
Carbonyl perfluorosulfonic acid KPFSA C,HF SO, 476.92833 476.92812 6.80 0.44
Chlorine-substituted perfluorosulfonic acid Cl-PFSA CHF (CISO;  514.90067 514.90100 7.17 0.64
n:2 fluorotelomer sulfonic acid n:2 FTSA C H,F SO, 426.96790 426.96716 6.62 1.73
Chlorinated polyfluoroethersulfonic acid CIl-PFESA C,HF ,CISO,  480.89878 480.89886 7.01 0.17
CHF (CISO,  530.89558 530.89514 7.47 0.83
C,,HF,,CISO, 630.88919 630.88940 8.49 0.33
C,,HF,,CISO, 680.88600 680.88519 8.84 1.19
C,HF,,CISO, 730.88281 730.88342 9.33 0.83
Hydrogen-substituted polyfluoroethersulfonic acid H-PFESA C,H,F SO, 496.93455 496.93442 6.41 0.26
C, H,F,,SO,  596.92817 596.92828 7.33 0.18
Polyfluoroethersulfonic acid PFESA C,HF SO, 464.92833 464.92822 6.85 0.24
C,HF SO, 514.92513 514.92487 7.31 0.50
C,HF SO, 564.92194 564.92200 7.76 0.11
C, HF,,S0, 664.91555 664.91571 8.55 0.24

3 &g

B TS T IO (3 - 5 0 B R B 1) DDA A
DIA R B, R 50 B T A R g 42 U7 14 K%
fifp 5 FUAVE WO PR RE , 0 7 T e L A AR o %7 Ik
1 DIA #5528 1 ks & & b BT A H A PFAS
4w . BE— 25Tk B, Rl 45 DDA 5 DIA
B s FEAT AR 15 23 A, WA RUR TR KD PFAS 89 %
BURE F7 o AR Ak O 9k X S B R T VR R S AT

A3 M7, R B 10 26 36 F PFAS, £ 45 28 Fififh iz
2% PFAS il 8 i JR iR 2% PFAS. 4tk i, H 3%
R T HL P T2 b B S AR R S L ARG
WA T PFAS B U3 B 4L 1 a) 5 43 7 SR &, A Bl
T IR RS Y iR BT AR

Sk

[1] Gliige J, Scheringer M, Cousins I T, et al. Environ Sci: Pro-
cesses Impacts, 2020, 22(12): 2345
[2] EvichM G, Davis MJ B, McCord J P, et al. Science, 2022,



5 4 1]

SR, A5 - A G M 2 FR e 0y o A A 1) RS v A € - v 0 B R

B 2k B 7L P

. 443 -

(6]
[7]

[8]

375(6580) : eabg9065
Schymanski E L, Zhang J, Thiessen P A, et al. Environ Sci
Technol, 2023, 57(44): 16918
Liu Y, D’ Agostino L A, Qu G, et al. TrAC-Trends Anal
Chem, 2019, 121: 115420
Bugsel B, Zweigle J, Zwiener C. TrAC-Trends Anal Chem,
2023, 40: e00216
Guo J, Huan T. Anal Chem, 2020, 92(12): 8072
Nason S L, Koelmel J, Zuverza-Mena N, et al. J Am Soc
Mass Spectrom, 2021, 32(4): 840
Jacob P, Wang R, Ching C, et al. Environ Sci: Processes
Impacts, 2021, 23(10): 1554
Koelmel J P, Kummer M, Chevallier O, et al. J Am Soc
Mass Spectrom, 2023, 34(11): 2525
Koelmel J P, Paige M K, Aristizabal-Henao J J, et al. Anal
Chem, 2020, 92(16): 11186
Zweigle J, Bugsel B, Zwiener C. Anal Chem, 2022, 94
(30): 10788
Wang X, Yu N, Jiao Z, et al. Sci Adv, 2024, 10(21) :
eadn1039
Schymanski E L, Jeon J, Gulde R, et al. Environ Sci Tech-
nol, 2014, 48(4): 2097
Koelmel J P, Stelben P, McDonough C A, et al. Anal Bio-
anal Chem, 2022, 414(3): 1201
Tsugawa H, Cajka T, Kind T, et al. Nat Methods, 2015,
12(6): 523
Lai G Z, Dai J Y, Sheng N. Chinese Science Bulletin,
2024, 69: 774
Hod e, WM, R . B, 2024, 69(6): 774
Wang K, Wang R, Shan W, et al. Environ Sci Technol,
2024, 58(51): 22766
Yao J, Sheng N, Guo Y, et al. Environ Sci Technol, 2022,

[19]

[20]

[21]

[31]

[32]

[33]

56(12): 7986

Aigensberger M, Bueschl C, Castillo-Lopez E, et al. Anal
Chim Acta, 2025, 1336: 343491

LiL, Gao R, Wang X, et al. SWATH-F: Anal Chem, 2023,
95(39): 14551

Tan X M. Zhang Y W, Jiao Z Y, et al. Chinese Joural of
Chromatography, 2025, 43(1): 33

BRI, SRETAL, SEIER, &5 . (i, 2025, 43(1): 33

JiY, Pan Y, Miao X, et al. Environ Sci Technol, 2025, 59
(1): 869

Jiao Z, Yu N, Mao J, et al. J Hazard Mater, 2023, 458:
131868

Tang C, Liang Y, Wang K, et al. npj Clean Water, 2023, 6
(1):1

Xia X, Zheng Y, Tang X, et al. Environ Sci Technol,
2022, 56(23): 17061

Zweigle J, Bugsel B, Fabregat-Palau J, et al. Anal Bioanal
Chem, 2024, 416(2): 349

Ferland T M, Whitehead H D, Buckley T J, et al. Anal Bio-
anal Chem, 2025, 417(18): 4239

Barzen-Hanson K A, Roberts S C, Choyke S, et al. Envi-
ron Sci Technol, 2017, 51(4): 2047

Cheng X, Liu L, Ge Y, et al. Chemosphere, 2023, 337:
139419

Lin Y, Ruan T, Liu A, et al. Environ Sci Technol, 2017, 51
(20): 11588

Feng X, Yi S, Shan G, et al. J Hazard Mater, 2023, 445:
130473

Jiang X, Zhou Z, Qin Z, et al. Environ Sci Technol, 2024,
58(51): 22744

Liu S, Jin B, Arp H P H, et al. Environ Sci Technol, 2022,
56(5): 3002



