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A B S T R A C T

Ultrashort-chain per- and polyfluoroalkyl substances (PFAS) are the most mobile and potentially the most 
persistent PFAS analogues. Although well known for their use in different industries, their environmental 
occurrence and impact still constitute knowledge gaps. This study analyzed sixteen PFAS, with emphasis on five 
ultrashort-chain PFAS, in samples collected from Ohio (rainwater, surface water, drinking water and wastewater 
effluent), Indiana (surface water), and Illinois (surface water). Trifluoroacetic acid (TFA) was found in all the 
samples: 91 ng L− 1 in rainwater, 51–123 ng L− 1 in drinking water, 41–315 ng L− 1 in surface water, and 
89–387 ng L− 1 in wastewater effluent. Trifluoromethanesulfonic acid (TFMS) was quantified in three samples; 
the estimated concentration in wastewater effluent was 179 ng L− 1. Perfluoropropanoic acid (PFPrA) was 
detected in all samples (estimated concentration range 5–144 ng L− 1), except for rainwater. Overall, these three 
quantified ultrashort-chain PFAS are more prevalent and occurred at higher concentrations than longer-chain 
homologues (< 70 ng L− 1). Perfluoroethanesulfonic acid (PFEtS) and perfluoropropanesulfonic acid (PFPrS) 
were below the limit of quantification in all samples. This study contributed to filling the knowledge gap of the 
environmental occurrence of ultrashort-chain PFAS, for which available data are few, particularly in the United 
States. The results set the foundation for expanded analysis of ultrashort-chain PFAS across more extensive 
geographic regions and implied the necessity for environmental and health impact studies.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of more than 
14,000 synthetic compounds widely applied in goods, industry, and 
aqueous film-forming foam (AFFF) [1]. PFAS are persistent and toxic 
chemicals, and their presence in the environment can lead to exposure 
for humans, animals, and plants, either directly or indirectly, through 
pathways such as drinking water, surface water, air, and soil [2–5]. The 
environmental and human health concerns of perfluorooctanoic acid 
(PFOA) and perfluorooctanesulfonic acid (PFOS) drove major manu
facturers to phase out these two PFAS of use/production in the early 

2000’s [6,7]. As a result, the short-chain homologues (4 < #C < 8), 
which are more mobile in the environment than the long-chain species 
(#C ≥ 8) [3], have been used as replacements. Regulatory scrutiny is 
shifting to include shorter-chain species: recently, three short-chain 
PFAS, perfluorohexanesulfonic acid (PFHxS), perfluorobutanesulfonic 
acid (PFBS) and hexafluoropropylene oxide dimer acid (HFPO-DA) were 
included in the United States Environmental Protection Agency’s Na
tional Primary Drinking Water Regulation [8]. Following this trend, 
questions regarding the ultrashort-chain PFAS (#C < 4) emerge [9,10]; 
their occurrence, environmental chemistry, health impact, and treat
ability are poorly understood.
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Ultrashort-chain PFAS are potentially very persistent and very mo
bile (vP/vM) chemicals, with well-known utilizations. They have been 
used in laboratories (e.g., trifluoroacetic acid (TFA) as mobile phase 
modifier of liquid chromatography and for peptide synthesis), and in 
electronic and optical equipment manufacturing [11–13]; moreover, 
they have been reported as the transformation products of longer-chain 
PFAS and other fluorinated structures (e.g., hydrofluorocarbon re
frigerants and CF3-containing pesticides) that cannot further be easily 
degraded [13–15]. The few studies investigating the occurrence of 
ultrashort-chain PFAS reported consistently higher concentrations in 
comparison to short- and long-chain PFAS in water. A study conducted 
in Germany identified three ultrashort-chain PFAS concentrations ac
counting for 98 % of all quantified PFAS in drinking water sources [16]. 
The highest detected TFA concentration was 38 µg L− 1 in rainwater from 
a study based in Munich, Germany [17]. Perfluoropropanesulfonic acid 
(PFPrS) was detected at concentrations as high as 8 µg L− 1 in ground
water in Australia [18]. The flux of trifluoromethanesulfonic acid 
(TFMS) per snow precipitation event in the remote Artic locations in 
Norway was in the range of 1.5–57 ng m− 2 with no seasonal variations 
[19]. Results pertaining to the occurrence of ultrashort-chain PFAS in 
the United States (U.S.) are emerging, but few. Perfluoropropanoic acid 
(PFPrA) was found at 0.45–6.52 ng L− 1 in bottled water in the U.S. [20]. 
PFPrS was detected as high as 63 µg L− 1 in groundwater close to military 
bases where AFFF was used during trainings [21]. Their occurrence in 
environmental water samples, drinking water, and wastewater remains 
a knowledge gap in the U.S. As an essential basis for future environ
mental studies on the ultrashort-chain PFAS, environmental occurrence 
data is urgently needed.

This study aims to provide one of the first datasets for the never- 
before-described occurrence of ultrashort-chain PFAS in water samples 
in the U.S. states of Ohio, Indiana and Illinois. Targeted analytes 
included five ultrashort-chain PFAS (TFA, PFPrA, TFMS, per
fluoroethanesulfonic acid (PFEtS), and PFPrS), six short- and long-chain 
perfluorocarboxylic acids (C4–9) and five short- and long-chain per
fluorosulfonic acids (C4–8). Samples included drinking water, river 
water, lake water, runoff water, rainwater and wastewater treatment 
plant (WWTP) effluent.

2. Experimental

2.1. Chemicals

Analytical standards and reagents used in this study are described in 
Table S1 and S2 of the Support Information (SI).

2.2. Sample collection

Samples from 16 sampling sites including drinking water (grab 
samples), river water, lake water, rainwater, runoff water and WWTP 
effluent (grab samples) were collected directly into 1 L high-density 
polyethylene (HDPE) bottles from June 2024 to December 2024 in the 
U.S. states of Ohio, Indiana and Illinois (Table 1 and Fig. 1). For certain 
locations (OH4–6 and OH7–8), samples were collected on different days 
at the same site to assess potential variations in PFAS concentrations 
over time. OH6 and OH8 were collected during the same rainfall event. 
A low-density polyethylene funnel was placed on top of an uncapped 1 L 
HDPE sampling bottle; they were used to collect rainwater on a balcony 
of a residential area.

2.3. Sample preparation

Each sample was filtered using 0.45 µm polyethersulfone (PES) 
membranes (28147–640; Pall Corporation, Port Washington, NY, U.S.) 
before apportioning two 250 mL aliquots for duplicate solid phase 
extraction (SPE) on a 20-position SPE manifold (WAT200607; Waters 
Corporation, Milford, U.S.). Prior to SPE, each portion was spiked with 

surrogates 13C3-PFBA and 13C4-PFOS, both at 200 ng L− 1. Oasis WAX 
cartridges (186009347, Waters Corporation, Milford, U.S.) were used 
for the SPE of target analytes and 13C-labeled standards. Detailed SPE 
procedures are available in the SI (Text S1). After the final eluates were 
obtained and transferred into polypropylene autosampler vials, the 
samples were dried under nitrogen flow and shipped to the Arizona 
Laboratory of Emerging Contaminants (ALEC) for analysis. Immediately 
before instrumental analysis, samples were reconstituted with a meth
anolic solution containing the injection internal standards (Table S3).

2.4. Sample analysis

An UltiMate 3000 Rapid Separation LC high pressure liquid chro
matograph (Dionex, Sunnyvale, CA, U.S.) coupled to a Q-Exactive Focus 
Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, San 
Jose, CA, U.S.) was used for the analysis; a mixed-mode guard column 
and chromatographic column Obelisc N (SiELC Technologies, Wheeling, 
IL, U.S.) were employed to achieve separation of analytes. The analytical 
methods were previously developed by the authors and details are 
available elsewhere [22,23]. Skyline software 24.1.0.414 (Seattle, WA, 
U.S.) was used to process the data. Only peaks with average m/z error 
< 10 ppm were quantified. The water quality parameters of selected 
samples were analyzed and described in Text S2.

2.5. Method performance

Method performance validation procedures were available in Text 
S3; the results are listed in Tables S3, S4, and Fig. S1.

Table 1 
Acronyms, water types, weather conditions, and locations of samples analyzed.

Sample 
ID

Type of sample Weather during 
sampling

Location

DW1 Drinking water Dry Cincinnati, OH
DW2 Drinking water Dry Cincinnati, OH
RW Rainwater Wet Cincinnati, OH
RF Runoff water Wet Cincinnati, OH
LM1 Lake water Dry Lake Michigan, 

Chicago, IL
LM2 Lake water Dry Lake Michigan, Gary, 

IN
LE Lake water Dry Lake Erie, Cleveland, 

OH
IR River water Dry Illinois River, Utica, IL
WbR River water Dry Wabash River, West 

Lafayette, IN
WR River water Dry White River, 

Indianapolis, IN
CR River water Dry Cuyahoga River, 

Cleveland, OH
OH1 River water Dry Ohio River, Marietta, 

OH
OH2 River water Dry Ohio River, 

Washington, WV
OH3 River water Dry Ohio River, 

Cincinnati, OH
OH4 River water Dry Ohio River, 

Cincinnati, OH
OH5 River water Dry Ohio River, 

Cincinnati, OH
OH6 River water Wet Ohio River, 

Cincinnati, OH
OH7 River water Dry Ohio River, 

Cincinnati, OH
OH8 River water Wet Ohio River, 

Cincinnati, OH
OH9 River water Dry Ohio River, Rabbit 

Hash, KY
WW1 Wastewater treatment 

plant effluent
Dry Cincinnati, OH

WW2 Wastewater treatment 
plant effluent

Dry Cincinnati, OH
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2.6. Quality assurance and quality control (QA/QC)

To avoid cross contamination, sampling bottles were not reused. The 
selection of membranes to filter samples before SPE, syringe filter for the 
SPE extract, and autosampler vial was based on our previous study to 
guarantee accuracy of analysis [23]. Instrumental blanks (methanol) 
and quality control solutions (standard solutions in methanol) were 
injected every 10 sample injections to monitor possible carry-over ef
fects and the stability of the instrumental system. The surrogates were 
used to evaluate the method recoveries for each sample. Laboratory 
Reagent Blank (LRB – ultrapure water) and Laboratory Fortified Blank 
(LFB – spiked ultrapure water) were processed with each batch of SPE. A 
Field Reagent Blank (FRB) was added to the rainwater sampling pro
cedure to ensure no contamination was coming from the funnel used 
during sampling.

3. Results and discussion

3.1. Concentrations of ultrashort-chain PFAS in water samples

Among the five targeted ultrashort-chain PFAS, TFA and PFPrA were 
detected in all the samples above the concentrations found in LRB and 
FRB (except for the rainwater in which PFPrA concentration was below 

the FRB) (Figs. 2 and S2). With yet-unknown sources, previous studies 
have also quantified TFA and PFPrA in procedural blanks [4,24,25]. TFA 
presented the highest concentrations in the majority of the samples, 
varying from 41 ng L− 1 in Cuyahoga River (CR) to 387 ng L− 1 in the 
WWTP effluent (WW2). The concentrations of these ultrashort-chain 
PFAS were significantly higher than the short- and long-chain ana
logues (Figs. 2, 3, S3). The drinking water sample (DW1; 51 ng L− 1) was 
obtained immediately after the last step of treatment, i.e., finished 
water; the treatment plant employed filtration steps (granulated acti
vated carbon, and rapid sand filtration) and UV disinfection. The value is 
similar to the average concentration (79 ng L− 1) previously reported for 
drinking water from Indiana, U.S. [25]. In comparison, Scheurer et al. 
detected TFA along drinking water treatment trains in southwest Ger
many at concentrations higher than 1 µg L− 1 [26]. The high levels of 
TFA in finished water indicate the challenges in the complete removal of 
these smaller molecules in the current drinking water treatment plants. 
The tap water (DW2) had a concentration (123 ng L− 1) that is more than 
double the DW1 concentration, possibly attributed to the difference in 
water sources, difference in water treatment process and/or the date of 
sampling.

TFA was detected in the rainwater sample (RW; 91 ng L− 1), which 
could be ascribed to wet deposition of TFA formed after the degradation 
of hydrofluorocarbons in the atmosphere [17]. This concentration is 

Fig. 1. Locations of water samples collected in this study (figure created with assistance of ArcGIS Pro 3.3.0).
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within the range of values (4–1200 ng L− 1) obtained for TFA in rain
water from another study conducted in Ohio and Indiana [27]. Freeling 
et al. reported even higher TFA concentration in meteoric waters in 
Germany (maximum concentration of 38 µg L− 1) [17]. Non-PFAS water 
quality parameters for runoff water (RF) collected in an urban/
residential area close to the rainwater sampling site during the same 
rainfall event were significantly different from RW, indicating the input 
of different components in the matrix due to the process of runoff 
(Table S5), but TFA concentrations in RW and RF were comparable, 
suggesting insignificant TFA contributions from roads, houses and 
automotive traffic. The Cuyahoga River sample (CR; 41 ng L− 1) 
collected in downtown Cleveland, i.e., before it flows into Lake Erie, 
showed lower TFA concentration than in Lake Erie (LE; 99 ng L− 1). A 
similar trend was reported for some lakes in the Western U.S.; a probable 
explanation is that TFA, existing in its deprotonated form, is stable and 
lacks volatility, which results in accumulation in lakes with no outflow 
[28]. Lake Michigan (LM1, LM2) (51 and 76 ng L− 1) showed lower 
concentrations than Lake Erie. Illinois River (IR; 119 ng L− 1) had similar 
concentrations to upstream Ohio River samples. Wabash River (WbR) 
and White River (WR) in Indiana showed relatively high concentrations 
(193 and 173 ng L− 1). Concentrations along the Ohio River were rela
tively constant (111–167 ng L− 1), except for OH9 (315 ng L− 1). 
Although changes in other water quality parameters (Table S5) between 
OH5 and OH6 and between OH7 and OH8 might indicate the influx of 
rainwater and runoff water to the Ohio River during a rainfall event, the 
concentrations of TFA remained at similar levels (Table S6). This is 
reasonable because TFA concentrations in rainwater, runoff, and river 
water were comparable (Fig. 2). Therefore, the influx of rainwater and 
runoff is not expected to cause substantial changes in TFA levels within 
the river. Notably, TFA concentrations in surface waters of this study 
were much lower than concentrations documented in Germany 
(300–12,400 ng L− 1) [16]. In WWTP effluent (WW1 and WW2), TFA 
concentrations showed discrepancies, varying from 89 to 387 ng L− 1. 
Since the WWTP effluents were grab samples that represented instan
taneous concentrations, this variation may result from the temporal 
variation of influent sources to the WWTP, including possible pulsed 
input of non-domestic wastewater [29]. The presence of PFAS in 
quantifiable levels in drinking water and WWTP effluents agrees with 
studies that demonstrated the challenge of WWTP and potable water 
treatment plant removal of PFAS, especially the shorter and more hy
drophilic homologues [30].

PFPrA presented relatively lower concentrations among all samples 
(5–16 ng L− 1), except in Ohio River samples (6–144 ng L− 1) and in a 
WWTP effluent sample (WW2; 44 ng L− 1). Comparable levels of PFPrA 
were found in German drinking water sources (13–179 ng L− 1), and in 
WWTP samples in the U.S. (6–11 ng L− 1) [16,31]. Unlike TFA that 
presented at relatively constant concentrations along the Ohio River, 
PFPrA levels fluctuated both across different sampling dates at the same 
site and among samples collected from different river locations: 
43–144 ng L− 1 for the same sampling site collected on three different 
days (OH4–6), 133 ng L− 1 in a sample collected in Washington, WV 
(OH2), and the lowest concentration of 6 ng L− 1 in an upstream location 
(OH1).

TFMS was less prevalent than TFA and PFPrA among samples 
analyzed in this study, it was only quantified in Illinois River (IR; 
31 ng L− 1), Ohio River (OH6; 12 ng L− 1) and WWTP effluent (WW2; 
179 ng L− 1). Without commercially available mass-labeled TFMS stan
dard, 13C3-PFBS was used as its internal standard, so TFMS quantifica
tion can be considered an estimate. Like the case for TFA, differences in 
TFMS concentrations in WWTP effluent samples can be explained by 
variation of influent received in the treatment plant. Jacob & Helbling 
also described TFMS in surface water (5 ng L− 1) and WWTP effluents 
(12–175 ng L− 1) [32]. In AFFF-impacted samples, TFMS was found in 
even higher concentrations at up to 3200 ng L− 1 [33].

PFEtS and PFPrS results were below the LOQ in all samples of this 
study. These two sulfonic acids are associated with the use of AFFF and 
some specific industries [21,32]. They were reported at high concen
trations in AFFF samples (PFEtS: 7–13 mg L− 1; PFPrS: 120–270 mg L− 1), 
in groundwater of U.S. military bases (PFEtS: 11–7500 ng L− 1; PFPrS: 
19–63,000 ng L− 1), U.S. Department of Defense sites (PFEtS up to 
25 µg L− 1; PFPrS up to 420 µg L− 1), and in industrial wastewater (PFEtS: 
0.4–33 ng L− 1; PFPrS: 9 ng L− 1) [21,32,33]. To the best of our knowl
edge, no samples in this study had known impacts from AFFF or relevant 
industries.

The short- and long-chain PFAS concentrations were consistently 
lower than TFA, PFPrA and TFMS (Figs. 2, 3, and S3). Our results also 
agree with occurrence studies from other countries that identified con
centrations of ultrashort-chain PFAS being significantly higher than the 
short- and long-chain PFAS [16]. PFBS, one of the replacements for 
long-chain PFAS, was prevalent, being quantified in 64 % of the sam
ples. The highest PFBS concentration was found in WW1 at 70 ng L− 1, 
which was six times lower than the TFA concentration in the same 
sample (Fig. S3). Although the use of PFOA and PFOS was phased out, 
rooted in their persistent nature, they were still prevalently detected. 
PFOA was quantified in all the samples, except in WbR, WR and CR in 
which concentrations were below the respective LRB.

3.2. QA/QC evaluations

The recoveries for the quality control (QC) injections demonstrated 
the stability of the instrumental system throughout the analysis of all the 
samples (Fig. S4). Instrumental blank signals were all below the LOQ 
(except for PFPrS, PFHxS and PFOS), and LRB signal were all below the 
LOQ (except for TFA, PFPrA, and PFOA). TFA, PFPrA, PFOA and PFHxS 
had quantifiable concentrations in LRB and/or FRB (Fig. S2), consistent 
with previous studies also describing the challenges in obtaining 
contamination-free solvents and materials [4,24,25]. The LRB and FRB 
concentrations were not subtracted from the concentrations obtained for 
the samples. Recoveries of surrogates in SPE revealed good method 
accuracy (Fig. S5). A more realistic evaluation considering LRB and 
Laboratory Fortified Matrix (LFM) showed SPE recoveries in ultrapure 
water in the range of 61–164 % and in river water in the range of 
10–96 % (Fig. S6), implying that true concentrations in real water ma
trix reported in this study could be considerably higher. Note that the 
trace-level analysis of ultrashort-chain PFAS has been challenging due to 
the lack of commercially available mass-labeled standards; as a result, 

Fig. 2. Concentrations of ultrashort-chain PFAS in water samples from Ohio, Indiana and Illinois. PFEtS and PFPrS were lower than the limit of quantification in all 
the samples analyzed and therefore are not shown in the graph.
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recent publications proceeded without the use of the respective surro
gates and injection internal standards [16,18,24]. In this study, com
mercial 13C2-TFA was only available after the SPE was performed. 
Despite the recognition that it would have been better used as a surro
gate, its inclusion as an injection internal standard still represented a 
methodological improvement. As mass-labeled standards become 
available in the future, trace-level analysis of ultrashort-chain PFAS will 
be further improved. Although there might be concerns of possible loss 
of TFA owing to the use of heated nitrogen evaporator, other studies 
have already described TFA recoveries varying from 68 % to 95 % 
applying this technique [25,34]. Our LFB also showed excellent TFA 
recovery, suggesting little loss was incurred during the drying process.

4. Implications

As an emerging class of PFAS, it is essential to thoroughly charac
terize the environmental occurrence and distribution of ultrashort-chain 
PFAS prior to advancing research into their fate and transport, toxicity, 
and management. This study provides one of the first comprehensive 
datasets on the environmental occurrences of ultrashort-chain PFAS for 
above-ground water in the U.S. The high concentrations and widespread 
occurrence reported in this study are consistent with their high aqueous 
mobility and persistence. We suspect these PFAS species may occur 
ubiquitously across a broader range of water matrices and geographic 
regions, as reported in studies carried out in other countries [16,18,19]. 
Given the exceptional mobility and persistence of these PFAS species 
[35], if found to be environmentally hazardous, they may be the most 
challenging PFAS to manage. Their potential occurrence in source 
drinking water is especially concerning as existing treatment trains may 
struggle to remove them. Our results thus urge for investigation into 
expanded analysis of ultrashort-chain PFAS across a broader range of 
samples, followed by research into their fate and transport, toxicity, and 
treatability.
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