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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A CSIA method was developed for 
PFHpA, PFOA, and PFDA using GC- 
IRMS.

• Isobutyl derivatization makes PFCAs 
compatible with GC-IRMS analysis.

• The method achieved δ13C precision 
better than ±0.5 ‰ for target 
compounds.

• EA-IRMS revealed isotopic variability 
among PFCA standards from different 
sources.

• The method was successfully applied to 
tap and rainwater using SPME 
extraction.
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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals widely used for their thermal and chemical 
resistance but are now of major environmental concern due to their persistence, bioaccumulation, and adverse 
health effects. Regulatory actions have been implemented globally, yet efforts to identify sources and degra
dation processes remain hindered by analytical limitations. Compound-Specific Isotope Analysis (CSIA) offers a 
promising approach for tracing PFAS sources and assessing their environmental transformation, but its appli
cation has been limited by the lack of suitable methods. This study presents the development and validation of a 
CSIA method for selected perfluorocarboxylic acids (PFCAs) and heptadecafluorooctane sulfonic acid (PFOS) 
using gas chromatography–Isotope Ratio Mass Spectrometry (GC-C-IRMS). An isobutyl-derivatization procedure 
was optimized to enhance compatibility with GC analysis, enabling successful isotope ratio measurements for 
perfluoroheptanoic acid (PFHpA), pentadecafluorooctanoic acid (PFOA), and nonadecafluorodecanoic acid 
(PFDA), with precision below ±0.5 ‰. In contrast, heptadecafluorooctane sulfonic acid (PFOS) could not be 
analyzed. Preliminary Elemental Analysis–IRMS (EA-IRMS) of standards from multiple suppliers revealed sig
nificant isotopic variability (up to 10 ‰), supporting the feasibility of isotopic fingerprinting for source attri
bution. Solid-phase microextraction (SPME) was employed for sample preparation, minimizing chromatographic 
interference. The method was successfully tested on real water samples spiked with PFCAs, demonstrating its 
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potential for tracing PFCAs contamination in real-world contexts. This work lays the foundation for broader 
application of CSIA to PFCAs, providing a novel tool for environmental forensics and improved risk assessment.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic 
chemicals widely used in various industrial applications and consumer 
products due to their unique physicochemical properties, such as ther
mal stability and water repellency (Abunada et al., 2020; Gaines, 2023; 
Panieri et al., 2022). Characterized by strong carbon‑fluorine bonds, 
once released in the environment these compounds are highly stable and 
persistent, to the extent of being often referred to as “forever chemicals” 
(Dickman and Aga, 2022; Lindstrom et al., 2011). Since they do not 
readily degrade at environmental conditions (Abunada et al., 2020; 
Wanninayake, 2021), PFAS are nowadays ubiquitous in water, soil and 
living organisms (Banyoi et al., 2022; Parolini et al., 2022; Valsecchi 
et al., 2013), including humans (Olsen et al., 2017; Skogheim et al., 
2020). Due to their bioaccumulation potential and adverse health effects 
including cancer, liver damage and developmental issues, a serious 
concern about their long-term ecological and health impacts has been 
raised over the years (Brusseau et al., 2020; Cara et al., 2022; Hedge
speth et al., 2023; Panieri et al., 2022; Valsecchi et al., 2013).

In response to these concerns, the European Union (EU) recently 
included PFAS such as PFOA (pentadecafluorooctanoic acid) and PFOS 
(heptadecafluorooctane sulfonic acid) as substances of very high 
concern under the REACH regulation and set a limit for total PFAS in 
drinking water (500 ng/L) through the 2020 Drinking Water Directive. 
EU member states moreover have applied more restrictive limits: in 
Germany for example, a guidance value of 300 ng/L for PFOA and PFOS 
combined was introduced (Wilhelm et al., 2010), while in Italy, after a 
severe contamination case (Veneto Region) was brought to the public 
attention, thresholds of 30 ng/L for PFOS and 500 ng/L for PFOA 
(Mastrantonio et al., 2018) were established. In the United States, the 
Environmental Protection Agency (EPA) has regulated about 191 PFAS 
compounds through orders and guidelines addressing potential health 
risks associated with exposure time (Jian et al., 2019). Health advisories 
were issued with stricter limits, such as 4 ng/L for PFOA and PFOS in 
drinking water, but some US states have adopted more restrictive 
guideline values (Abunada et al., 2020). Still, regulatory approaches 
remain heterogeneous worldwide, influenced by analytical limitations, 
toxicological data availability, and site-specific variability (Cordner 
et al., 2016).

Beyond these regulatory thresholds, monitoring strategies for 
example in the case of chlorinated solvents or hydrocarbons, have 
increasingly incorporated innovative tools such stable isotope analysis. 
Stable Isotope ratios can act as fingerprints to trace the sources of 
contamination in the environment. Furthermore, physical, chemical, 
and biological processes can induce isotopic fractionation, typically in a 
predictable manner. For instance, during biodegradation, compounds 
with lighter isotopes are generally preferentially transformed, leading to 
an enrichment of heavier isotopes in the residual fraction (Aelion et al., 
2009; Kuntze et al., 2019). For PFAS, which are highly persistent and do 
not undergo significant degradation (Wanninayake, 2021), the analysis 
of stable isotope ratios holds particular promise for improving source 
apportionment. This approach can also provide insights into their bio
accumulation behavior and long-term effects on ecosystems and human 
health. However, it remains largely unexplored due to the current lack of 
established and validated analytical methods for isotope analysis spe
cific to PFAS compounds.

Environmental samples usually contain a wide range of organic 
molecules, making a bulk isotopic analysis not suitable if the aim is to 
obtain the isotopic signature of a target compound within the sample. In 
this case a specialized analytical approach known as Compound-Specific 
Isotope Analysis (CSIA) is required. Among PFAS molecules, carbon is 

currently the most practical element for isotope ratio analysis via CSIA. 
While the presence of multiple carbon atoms may dilute isotopic signals 
from transformation at specific sites, this is less relevant when source 
tracking is the focus rather than degradation or substitution processes. 
Fluorine has only one stable isotope, making it unsuitable for 
fractionation-based investigations, while other elements such as oxygen, 
hydrogen, and sulfur are limited by the low atom count in PFAS struc
tures and high analytical detection thresholds. In this context, carbon 
remains the most feasible and informative choice. Currently, PFAS 
concentration is commonly determined using liquid chromatography 
coupled with mass spectrometry (LC-MS) (Li and Sun, 2019; Orata et al., 
2009; Shafique et al., 2017). In principle, carbon CSIA could be per
formed via LC coupled with Isotope Ratio Mass Spectrometry (LC-IRMS), 
but this technique relies on low-temperature oxidation to CO₂, which is 
ineffective for thermally stable PFAS compounds (Li et al., 2023. 
Another recently developed analytical methodology, ESI-Orbitrap, not 
only overcomes the issue of low compound volatility but also has the 
potential to provide more detailed information through Position- 
Specific Isotope Analysis (Kantnerová et al., 2024). Although this tech
nique shows promise for future applications, both the methodology and 
the availability of suitable standards are still at an early stage of 
development. Alternatively, the most established setup for CSIA, Gas 
Chromatography–Isotope Ratio Mass Spectrometry (GC-C-IRMS), which 
relies on high-temperature oxidation, may represent a viable option due 
to its advanced optimization and the extensive expertise already avail
able within the isotope research community. However, GC-C-IRMS re
quires analytes to be in a volatile form, necessitating sample 
pretreatment when analyzing non-volatile, polar substances such as 
PFAS. To address this, a derivatization step is needed to increase vola
tility by converting the polar group into a less polar moiety (Stróżyńska 
and Schuhen, 2021).

A combination of derivatization and extraction methods from 
different procedures presented in the literature (Dufková et al., 2009; 
Monteleone et al., 2012) has been adopted. The majority of PFAS possess 
a perfluoroalkyl chain, that due to its strong electron-withdrawing na
ture, decreases the reactivity of the terminal acidic group, carboxyl in 
PerFluoroCabroxylic Acids (PFCAs) and sulfonic for PerFluoroSulfonic 
Acids (PFSAs), toward nucleophilic substitution. An activation step prior 
the nucleophilic substitution can overcome this limitation (Dufková 
et al., 2009; Li and Sun, 2019; Orata et al., 2009; Shafique et al., 2017) 
for example by the use of 2-methylpropyl carbonochloridate (hereafter 
Isobutyl chloroformate, IBCF) (Fig. 1). IBCF reacts with the deproto
nated terminal acidic group of PFAS molecules ( − COO− in PFCAs and −
SO−

3 in PFSAs), forming a reactive mixed anhydride intermediate (R-CO- 
O-CO-iBu), highly susceptible to nucleophilic attack.

2-Methylpropan-1-ol (hereafter Isobutanol, iBuOH) acts as the 
nucleophile, attacking the carbonyl carbon of the mixed anhydride and 
leading to the formation of the corresponding isobutyl ester (R-COO- 
iBu). Since this step is accompanied by a release of CO₂ and HCl a 
neutralization agent is required. To this end, Pyridine is added in order 
to neutralize the HCl formed during the reaction, hence preventing the 
acidification of the medium that could lead to degradation of the esters 
and reverse backward the reaction. In addition, pyridine stabilizes 
reactive intermediates and facilitates the deprotonation of the carbox
ylic acid at the initial step, enhancing the overall reaction kinetics 
(Jankech et al., 2024; Stróżyńska and Schuhen, 2021). Finally, as sup
ported by previous studies (e.g., Jurado-Sánchez et al., 2013), adding N, 
N-dicyclohexylcarbodiimide (DCC) to the isobutyl esterification is rec
ommended as enhancer.

Among the various derivatization strategies, esterification was 
selected for this study due to its compatibility with CSIA, the simplicity 
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and availability of reagents, and its established use in the literature 
(Wang et al., 1994; Dufková et al., 2009; Goto et al., 2011; Jurado- 
Sánchez et al., 2013). Unlike other methods (e.g., amidation, diphenyl 
esterification) that require organic solvents such as acetonitrile or ethyl 
acetate (Li and Sun, 2019; Ye et al., 2023), esterification can be per
formed directly in aqueous matrices (Monteleone et al., 2012), reducing 
the risk of chromatogram oversaturation in IRMS analysis. This satura
tion appears as an exceeding of the maximum signal detection limit (50 
V), which leads to a strong increase in background noise. In addition, a 
Solid-Phase Microextraction (SPME)-based protocol, adapted from 
Monteleone et al. (2012), was selected for sample preparation instead of 
traditional solvent extraction, further enhancing method compatibility 
with GC-C-IRMS.

The objective of this study was to develop and validate a GC-C-IRMS- 
based CSIA method for selected PFAS compounds. Among the various 
PFAS, long-chain perfluorinated carboxylic and sulfonic acids, specif
ically pentadecafluorooctanoic acid (PFOA), heptadecafluorooctane 
sulfonic acid (PFOS), perfluoroheptanoic acid (PFHpA), and non
adecafluorodecanoic acid (PFDA), were selected as target analytes due 
to their widespread occurrence and environmental relevance (Gaines, 
2023; Nguyen et al., 2017). Pure analytical standards from multiple 
suppliers were first analyzed using Elemental Analyzer–Isotope Ratio 
Mass Spectrometry (EA-IRMS) to assess the intrinsic variability of car
bon isotope ratios. This preliminary step was intended to evaluate the 
feasibility of applying CSIA for source apportionment, as previously 
demonstrated for other classes of organic contaminants (Shouakar-Stash 
et al., 2006; Hunkeler et al., 2008). Derivatization and extraction pro
cedures were subsequently optimized using both GC–MS (more specif
ically, gas chromatography-electron ionization-quadrupole mass 
spectrometer; GC-EI-qMS) and GC-C-IRMS systems. Taking into account 
from the outset the inherent limitations of the IRMS methodology, a 
GC–MS system was used initially to more rapidly test derivatization and 
analytical parameters, while also allowing for the identification and 
quantification of both the derivatized target compounds and any 
derivatization by-products while concurrent tests conducted on the GC- 
C-IRMS enabled the identification of optimal conditions specifically for 
CSIA. Following this optimization phase, a complete GC-C-IRMS 
analytical protocol was established for the compound-specific isotope 
analysis of PFOA, PFHpA, and PFDA. The method was further validated 
using real water matrices, including tap water and rainwater, thereby 
demonstrating its applicability for environmental monitoring and 
source-tracking purposes.

2. Experimental section

More than 300 analyses were conducted to optimize and validate the 
analytical procedure. Key factors impacting the derivatization methods 
included the solvent type (i), the quantity and ratio of reagents (ii), re
action (iii) and SPME extraction (iv) conditions. With regard to solvents 
type for both dissolving the target PFAS compounds and enabling their 
derivatization, the following have been tested; acetonitrile, since a 
widely used polar solvent in previous studies for dissolving PFAS 
(Dufková et al., 2009; Jurado-Sánchez et al., 2013), buffered aqueous 
solution at pH 2 prepared with orthophosphoric acid and disodium 
phosphate, as suggested by Dufková et al. (2009) and Monteleone et al. 
(2012) and water (DI water). Other parameters, such as the amount and 
ratio of derivatization reagents were identified as critical for the 

efficiency of the reaction and consequently tested in different volumes of 
samples and different proportion between them. Moreover, various re
action conditions were investigated, including temperature treatments 
such conventional heating, ultrasonic bath (Dufková et al., 2009), and 
microwave-assisted derivatization (MAD) (Shrestha et al., 2018). 
Finally, with regards to extraction conditions by solid-phase micro
extraction (SPME), different duration and temperature of the extraction, 
were tested. The experimental is further discussed in Supplementary S.1.

Upon completion of the optimization process, the CSIA method was 
developed and systematically evaluated in terms of reproducibility, 
method detection limits, and potential isotope fractionation associated 
with the analytical pre-treatment steps, including derivatization and 
extraction. Method performance was subsequently validated using real 
aqueous matrices, specifically tap water and rainwater.

2.1. Standards and reagents

Standards of PFHpA (perfluoroheptanoic acid), PFOA (pentadeca
fluorooctanoic acid), PFOS (heptadecafluorooctane sulfonic acid), and 
PFDA (nonadecafluorodecanoic acid), all with a purity >99 % and in 
solid form (see Table 1), were procured from Sigma-Aldrich, Supelco, 
Synquest Laboratories, and Alfa Aesar. To assess potential isotopic 
variability, multiple standards of PFOA (n = 5) and PFOS (n = 3) from 
different suppliers (Table 1) were analyzed. For the derivatization pro
cedure, the following reagents were used: 2-methylpropyl carbon
ochloridate (IBCF), 2-Methylpropan-1-ol (IBuOH), pyridine (Pyr), N,N- 
dicyclohexylcarbodiimide (DCC), orthophosphoric acid (85 %), and 
disodium phosphate (granular), all obtained from Sigma-Aldrich.

The tap (Waterloo, served by the Regional Municipality of Waterloo) 
and rain water were collected at Isotope Tracer Technologies Inc., Wa
terloo, Canada; the rain water was collected by using a rain-water col
lector installed over the laboratory (Palmex Rain Sampler RS1). The 
rainwater and tap water physio-chemical parameters have been 
collected (Table 5).

2.2. Derivatization and extraction procedures

The derivatization was conducted in 240 mL glass bottles filled with 
200 mL of water (DI water, tap water or rainwater), capped by PTFE 
septa and provided by stir bar. Calculated volumes of high concentration 
PFAS standard solutions (200 mg/L, in water) were added by using glass 
syringes to obtain target PFAS concentrations from 10 to 1000 μg/L 
each. The derivatization was achieved by sequentially adding 300 μL of 
iBuOH, 140 μL DCC in Pyridine (10 % v/v of DCC in Pyrdine solution) 
and 320 μL of IBCF. Subsequently, the solution was microwaved at 600 
W for 75 s. The extraction was carried out by headspace SPME (CAR- 
PDMS, coating thickness 85 μm, Supelco) for 30 min at approximately 
25 ◦C while stirring at (400 rpm). These conditions resulted the best in 
terms of sensibility and low background, as explained in the supple
mentary information (see Supplementary S.1). Total sample preparation 
time is approximately 25 min. Finally to test the matrix effect, an 
extraction of target PFAS spiked in rain water and tap water (Waterloo, 
Ontario, Canada) were performed. The analytical procedure was the 
same, with in addition for rainwater samples a filtration step with a 0.45 
μm PTFE filter before derivatization.

Fig. 1. Isobuthyl esterification reaction.
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2.3. Analytical equipment and conditions

Bulk carbon isotope analyses of pure standards were performed by 
Elemental Analyzer (EA)-Isotope Ratio Mass Spectrometer (IRMS) using 
an EA1108 CHNS/O (Carlo Erba) coupled to a DeltaV Advantage 
(ThermoFisher). Approximately 0.3 mg of standards were weighed into 
tin capsules and introduced into the EA system using a MAS 200R 
autosampler. Combustion was carried out at 940 ◦C, and the resulting 
gases were transported by a helium flow (100 mL/min) through a 
chromium oxide catalyst, a reduced copper bed, and a layer of silver- 
coated cobaltous‑cobaltic oxide. The remaining gases were then car
ried by the helium stream to a GC column for separation and finally 
directed to the ConFlo IV interface (Thermo Fisher), where their isotopic 
composition was measured using isotope ratio mass spectrometry 
(IRMS). Isotope ratios were expressed as parts per thousands (‰) from a 
standard reference material (1): 

δ13C (‰) =
[(( 13C

/12C
)

sample

/( 13C
/12C

)

VPDB

)
− 1

]
×1000 (1) 

The standard reference used for carbon was Vienna Pee Dee 
Belemnite (VPDB).

CSIA analyses were carried out on a GC-C-IRMS system composed by 
an Agilent 6890 gas chromatograph linked to a Combustion III unit 
(Thermo Fisher Scientific) and a Thermo Finnigan Delta Plus XL 
(Thermo Fisher Scientific) in a Continuous Flow mode (CONFLO IV; 
Thermo Fisher Scientific). Combustion unit was equipped with a 
ceramic reactor filled with oxidized Cu wires and the oven was at 
940 ◦C. Stable isotopes values are expressed with the same notation 
explained above. Data were corrected for linearity drift using regression 
analysis based on peak area and Δ(δEA-δCSIA) (the difference between 
standard values, obtained from EA, and CSIA values) (Shouakar-Stash 
et al., 2006). The cumulative Error was estimated using the mean 
squared Error, combining it with EA errors (Table 3) according to ISO 
guidelines (ISO, 2024). More details about linearity correction are in 
Supplementary S.3.

To ensure reliable isotopic measurements, a conservative lower 
threshold of 400 mV was imposed on the signal intensity of mass 46 
while the moving mean approach as described by Jochmann et al. 
(2006) was applied to define the lower limit for precise isotope analysis. 
The method was employed to obtain the limit in terms of peak intensity 
(Peak area or mass 46 Amplitude) that consistently yield δ13C values 
with a standard deviation below the commonly accepted threshold of 
0.5 ‰. See Supplementary S.1.6 for more details.

For the method development, GC–MS analysis were also performed 
using an Agilent 6890 gas chromatograph coupled with a Mass-selective 

Detector (Agilent MSD 5973). Qualitative analysis for compound 
determination was conducted in Full Scan mode with a low-mass cut at 
20 m/z, miming the raw background that an IRMS shows. LOD and LOQ 
calculations were analyzed in SIM mode with selected masses from 364 
(perfluoroheptanoic acid) to 538 (heptadecafluorooctanesulfonic acid). 
See Supplementary S.1.5 for LOD and LOQ.

Both the GC systems were equipped with a double column setup 
composed by a HP5-MS UI ((5 %-Phenyl)-methylpolysiloxane, 30 m ×
250 mm × 0.25 mm) and a DB-XLB (60 m × 250 mm × 0.25 mm) in 
series. The SPME fiber was a Supelco carboxen/polydimethylsiloxane 
(CAR/PDMS, coating thickness 85 μm) and the desorption time (corre
sponding also to the cleaning time) was 30 min at room temperature. 
The GC conditions were set as initial temperature 45 ◦C for 7 min, fol
lowed by 6 ◦C/min (ramp#1), 70 ◦C for 1 min, 3 ◦C/min (ramp#2), 
95 ◦C for 7 min, 45 ◦C/min (ramp#3), 300 ◦C for 4 min. Helium flow was 
at 1.7 mL/min. Total run time was 29 min.

3. Results and discussion

This section presents the results obtained using GC-C-IRMS. The 
outcomes of the initial development and optimization phase, conducted 
exclusively on the GC–MS, are reported in detail in Supplementary In
formation S.1. That stage was carried out with the known limitations of 
subsequent GC-C-IRMS application in mind; consequently, conditions 
were not always optimized for MS-only analyses (e.g., the use of SPME 
extraction, minimal solvent volumes, or a low cut-off m/z > 20). A 
second optimization phase was performed in parallel on both MS and 
IRMS systems, with the primary goal of lowering detection limits 
through refinement of derivatization, extraction, and chromatographic 
separation. This process accounted for the inherent constraints of GC-C- 
IRMS, including reduced sensitivity relative to MS, greater susceptibility 
to background noise, and lower chromatographic resolution. Particular 
emphasis was placed on ensuring the transferability of the 
GC–MS–based method to GC-C-IRMS. This required a revision of the 
GC–MS protocol to render it compatible with the IRMS system (see 
Supplementary S.1.2 and S.1.3). The adapted method proved repro
ducible in terms of peak separation and compound identification, 
although, as expected, a loss of sensitivity was observed when tran
sitioning from GC–MS to GC-C-IRMS (see Section 3.3 and Supplemen
tary S.1.5).

3.1. Derivatization procedure optimization

All target PFCAs were successfully derivatized and analyzed using 
both GC–MS and GC-C-IRMS. In contrast, PFOS returned inconclusive 

Table 1 
Specifics of all the compounds purchased.

Chain 
Length

Label Product name Compound names (IUPAC) Brand Product 
number

CAS 
number

Mass Formula

C6 D- 
118

Perfluoroheptanoic acid ≥97.0 % Perfluoroheptanoic acid (PFHpA) Sigma-Aldrich 342,041 375–85-9 364.1 C6F13COOH

C7 D- 
102

Perfluorooctanoic Acid, 96 % Pentadecafluorooctanoic acid 
(PFOA)

Sigma-Aldrich 171,468 335–67-1 414.1 C7F15COOH

C7 D- 
106

Pentadecafluorooctanoic acid solution, 
>98 %

Pentadecafluorooctanoic acid 
(PFOA)

Supelco 33,824 335–67-1 414.1 C7F15COOH

C7 D- 
113

Pentadecafluorooctanoic acid 
ammonium salt, >98 %

Pentadecafluorooctanoic acid 
(PFOA)

Sigma-Aldrich 77,262 3825-26- 
1

431.1 C7F15COONH4

C7 D- 
115

Perfluorooctanoic Acid (PFOA), 95 % Pentadecafluorooctanoic acid 
(PFOA)

Alfa Aesar L08862 335–67-1 414.1 C7F15COOH

C8 D- 
114

Heptadecafluorooctane sulfonic acid 
Potassium salt

Heptadecafluorooctane sulfonic 
acid (PFOS)

Supelco 33,829 2795-39- 
3

538.2 C8F17SO3K

C8 D- 
116

Perfluorooctanesulfonic Acid, 100 % Heptadecafluorooctane sulfonic 
acid (PFOS)

Synquest 
Laboratories

1,557,463 1763-23- 
1

500.1 C8F17SO3H

C8 D- 
117

Heptadecafluorooctane sulfonic acid 
potassium salt, >98.0 %

Heptadecafluorooctane sulfonic 
acid (PFOS)

Sigma-Aldrich 77,282 2795-39- 
3

538.2 C8F17SO3K

C9 D- 
112

Perfluorodecanoic Acid (PFDA) Nonadecafluorodecanoic acid 
(PFDA)

Sigma-Aldrich 177,741 335–76-2 514.1 C9F19COOH
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results, with peaks that were either very low or undetectable, and often 
exhibited poor peak shape. These issues suggest that the isobutyl 
derivatization method is not suitable for CSIA of PFOS. In general, 
several aspects significantly influenced the derivatization process, 
including: (i) solvent type, (ii) the amount and ratio of reagents, and (iii) 
reaction conditions such as temperature and the use of microwave or 
ultrasound assistance. Among all tested solvents, deionized (DI) water 
yielded the highest relative response (see Supplementary Section S.1.1). 
The reagent ratio was identified as the most critical factor affecting the 
method efficiency. Pyridine, in particular, played a key role in shifting 
the reaction equilibrium (see Supplementary Section S.1.1 and S.1.3). 
However, excessive pyridine led to oversaturation, resulting in long- 
tailed peaks and elevated baselines in chromatograms (see Supplemen
tary Section S.1.3). The optimal reagent ratio was found to be approx
imately 1:0.5:1 (IBuOH:DCC in Pyridine:IBCF), closely matching the 
ratio reported by Jurado-Sánchez et al. (2013), i.e., ≈ 1:0.5:0.75. 
Microwave-assisted derivatization was the most effective method for 
enhancing the reaction, increasing signal intensity by approximately 50 
% compared to conventional heating and by 30 % compared to ultra
sound treatment. Solid-phase microextraction (SPME) was evaluated 
across extraction times ranging from 10 to 60 min and from room 
temperature to 60 ◦C (Supplementary S.1.1). Optimal performance was 
achieved with 30 min of headspace extraction combined with vortexing. 
No significant improvements were observed with increased extraction 
temperatures.

3.2. EA-IRMS results

All compounds were analyzed in 6 to 12 replicates (Table 2), yielding 
standard deviations ranging from ±0.1 to 0.5 ‰. These values are below 
or comparable to the generally accepted threshold of ±0.5 ‰ for carbon 
stable isotope analysis. The absolute δ13C values measured by EA-IRMS 
were used as reference values for the measurements obtained with the 
developed GC-C-IRMS method.

The results, shown in Fig. 2, ranged from − 27.9 ± 0.3 ‰ to − 38.7 ±
0.2 ‰ for PFOA and PFHpA, respectively, indicating notable isotopic 
variability among the investigated compounds. Most importantly, sig
nificant variability was observed for PFOA and PFOS when analyzed 
from different suppliers. For PFOA, δ13C values ranged from − 27.9 ±
0.3 ‰ to − 38.5 ± 0.3 ‰ across five samples, while PFOS values ranged 
from − 31.6 ± 0.2 ‰ to − 34.3 ± 0.5 ‰ across three samples. These 
differences, up to 10.6 ± 0.4 ‰ for PFOA and 2.7 ± 0.5 ‰ for PFOS, are 
substantially greater than the standard deviation of the analytical 
method (0.1–0.5 ‰) and exceed the generally accepted threshold of 
±0.5 ‰ for carbon isotope measurements. Even under a more conser
vative interpretation, the observed differences surpass the ±2 ‰ 
threshold defined by the EPA protocol (Hunkeler et al., 2008), which is 
often used as a rule of thumb to confidently distinguish between field 
samples originating from different sources. Considering that PFAS 
degradation processes in the environment are generally limited, the 
observed isotopic differences are even more significant for forensic 
purposes. This suggests that the carbon isotope ratio behaves in a 
potentially conservative manner and is not easily altered by natural 

attenuation processes.

3.3. GC-C-IRMS results

Fig. 3 presents the results of parallel analyses conducted using 
GC–MS and GC-C-IRMS, applying the finalized method described in the 
Experimental Section. GC–MS chromatographic peaks were narrower 
compared to GC-C-IRMS, for which the additional combustion step 
resulted in broader peaks and longer analysis times. These instrumental 
differences necessitated distinct ramping parameters for each system 
and introduced challenges for CSIA.

Retention times in CSIA analysis were determined through blank 
analyses containing only derivatization reagents and target PFAS one at 
a time.

To determine the Method Detection Limits (MDL), we applied a 
moving mean analysis following the approach of Jochmann et al. 
(2006). The minimum peak area was identified as the point at which the 
±0.5 ‰ tolerance interval around the mean continued to encompass all 
values within the moving mean window (Fig. 4). This process led to the 
following minimum peak’s and amplitude 46, respectively: PFHpA = 7.7 
Vs, PFOA D102 = 5.2 Vs, PFOA D114 = 4.4 Vs and PFDA = 1.4 Vs, and 
the minimum mass 46 amplitude, PFHpA = 808 mV, PFOA D102 = 871 
mV, PFOA D113 = 711 mV and PFDA = 581 mV. Detailed explanation 
for the methodology is included in Supplementary Section S.1.6.

After the MDLs were calculated, data falling within the valuable 
ranges have been corrected in terms of isotopic linearity, considering the 
deviation of δ13C from the standard value (EA value) as a function of 
peak area (for details on the correction procedure, see Supplementary 
Section S.1.6). After correction the results yielded Cumulative Error 
(procedure for calculation in Supplementary S.3) of ±0.2 ‰ for PFHpA, 
± 0.3 ‰ for PFOA D102, ± 0.4 ‰ for PFOA D113 and ± 0.3 ‰ for PFDA 
(DI Water column in Table 3). These values are consistent with the 
analytical precision typically accepted for CSIA (0.5 ‰), confirming the 
reliability of the developed method.

Under these conditions LOQs, expressed as the lowest concentration 
yielding precise results above MDL were estimated at 0.26 × 10− 7, 1.59 
× 10− 7 and 1.59 × 10− 7 mol, corresponding to respectively 50 μg/L for 
PFHpA (137 μmol/L), 300 μg/L for PFOA (724 μmol/L), and 100 μg/L 
for PFDA (194 μmol/L) (Table 3).

3.4. Analytical fractionation

Non-corrected δ13C values measured by GC-C-IRMS were found as 
more depleted than those obtained via EA-IRMS, indicating isotopic 
fractionation because of the analytical process. Differences ranged from 
− 2.8 ± 0.2 ‰ (PFHpA), − 2.4 ± 0.3 ‰ (PFOA D102) to − 6.2 ± 0.4 ‰ 
(PFOA D113), and − 3.3 ± 0.3 ‰ (PFDA), with variability between 
PFOA standards (D102 vs. D113) suggesting different mechanisms 
beyond their fractionation. To this end, the δ13C values of the deriva
tizing agents, IBCF and IBuOH, were measured by EA-IRMS, yielding 
− 34.1 ‰ and − 29.8 ‰ (± 0.3 ‰), respectively, with the IBCF consid
ered as the main source of the added carbon atoms (Hušek, 1998). These 
data suggest that the larger compared to others EA–GC offset observed 

Table 2 
δ13C results from EA analysis with ± Error (St.Dev.) and the number of repetition (n).

Lab ID Standard/Compound δ13C ‰ St.Dev. ‰ n. repetition

D-118 Perfluoroheptanoic Acid, 97 % (PFHpA) − 38.7 0.2 10
D-102 Perfluorooctanoic Acid, 96 % (PFOA) − 38.5 0,3 6
D-106 Pentadecafluorooctanoic acid solution, >98 % (PFOA) − 29.0 0,2 12
D-113 Pentadecafluorooctanoic acid ammonium salt, >98 % (PFOA) − 27.9 0,3 12
D-115 Perfluorooctanoic Acid (PFOA), 95 % − 28.3 0,3 6
D-114 Heptadecafluorooctanesulfonic acid Potassium salt (PFOS) − 31.7 0,1 6
D-116 Perfluorooctanesulfonic Acid, 100 % (PFOS) − 34.3 0,5 6
D-117 Perfluorooctanesulfonic acid potassium salt, >98.0 % (PFOS) − 31.6 0,2 6
D-112 Perfluorodecanoic Acid (PFDA) − 30.3 0,2 6
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for PFOA D113 (− 6.2 ± 0.4 ‰), can be primarily attributed to isotopic 
dilution resulting from the incorporation of carbon atoms from IBCF 
during derivatization. Notably, PFOA D113 is the only standard whose 
original δ13C value (− 27.9 ± 0.4 ‰) is more positive than that of IBCF. 
As a result, the addition of isotopically lighter carbon atoms from the 
derivatizing agent shifted the overall δ13C of the derivatized molecule 
toward more negative values.

In order to evaluate the specific mechanisms potentially contributing 
to the fractionation, theoretical δ13C values were calculated assuming 
complete derivatization with no fractionation, using an isotopic mass 
balance (Eq. 2) based on the EA-derived PFCA values and the δ13C of the 
four added isobutyl carbons. 

δ13Cderivatized ×Nderivatized = δ13CEA ×NPFCA + δ13CIBCF ×NIBCF (2) 

Where δ13Cderivatized is the isotopic ratio of the theoretical values of the 
final derivatized PFCA, Nderivatized is the number of carbon in the final 
Isobutyl-PFCA molecule, δ13CEA is the EA values of the non-derivatized 
PFCA (see Table 3), NPFCA is the number of carbon in the original PFCA’s 
molecule, δ13CIBCF is the isotopic ratio of the Isobutyl Chloroformate and 
NIBCF is the number of carbon atoms in the IBCF molecule.

By subtracting the measured GC-C-IRMS values from these theoret
ical values, we obtained the net fractionation induced by the method, 
encompassing all procedural steps, primarily the derivatization reaction 
itself, which may not go to completion due to limited reaction efficiency.

Overall, net fractionation ranged from − 4.7 ± 0.5 ‰ for PFHpA, 
− 4.0 ± 0.5 ‰ on average for PFOA, to − 2.1 ± 0.5 ‰ for PFDA (see 
Table 4) have been calculated, reflecting the cumulative effect of mul
tiple procedural steps i) derivatization, ii) SPME extraction, and ii) 
combustion in the oxidation reactor. Among these, SPME, according to 
several studies, likely plays a minimal role (≈ < 1 ‰) (Dias and 
Freeman, 1997; Zwank et al., 2003). Regarding combustion in the 
oxidation reactor, several studies have reported incomplete combustion 
yields for fluorinated compounds in IRMS oxidation reactors, with 

efficiencies as low as 50 %, affecting not only the performance but also 
reporting a fractionation toward lighter isotopes (Meier-Augenstein, 
1999; Dunn et al., 2011; Nash et al., 2024). Accordingly on this previ
ously reported evidences, background levels and peak tailing were 
observed to increase after approximately 10–12 injections, likely due to 
incomplete oxidation within the combustion reactor. This effect was 
associated with slightly more depleted δ-values. A 20-min oxidation 
cycle was found to be necessary to reactivate the reactor and restore 
optimal performance. Additional analytical details are provided in 
Supplementary Section S.2. Potential optimizations include increasing 
reactor temperature and adding catalysts such as NiO and PtO to the 
reactor packing.

Although incomplete combustion may contribute to isotopic frac
tionation, PFDA, the compound with the highest molecular weight and 
the largest number of fluorine atoms, shows the smallest isotopic shift 
(− 2.1 ± 0.5 ‰). Its δ13C values remain closer to the original, suggesting 
that the primary source of fractionation likely lies in a different process. 
Therefore, the derivatization reaction emerges as the most probable 
stage where significant isotopic fractionation is introduced (see Sup
plementary S.1.5 for further discussion). This interpretation is further 
supported by the observed trend of decreasing fractionation with 
increasing carbon chain length, which could be consistent with frac
tionation patterns reported for reaction mechanisms in previous litera
ture when compared to number of atoms involved (e.g., Elsner et al., 
2005).

In conclusion, the difference between δ13C values obtained via CSIA 
and EA-IRMS is most plausibly attributed to isotopic fractionation dur
ing the derivatization step, with HS-SPME and combustion efficiency 
contributing secondarily. Despite the contribution of each individual 
step to the overall fractionation, the method shows consistent and 
reproducible results across replicates, ensuring the reliability of the 
procedure regardless of the magnitude of the fractionation.

Fig. 2. Pointed carbon isotope values obtained from pure standards and their relative error bar.
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3.5. Real water spiked samples

Environmental water samples could pose derivatization and/or 
chromatographic challenges due to matrix effects, which can elevate 
background signals, cause peak coelution and, in the case of CSIA, lead 
to differential isotopic fractionation due to the interactions with the 
sample matrix. To evaluate the robustness of the developed method 
under more realistic conditions, two water types, tap water and rain
water, were spiked with standard solutions.

Both matrices exhibited slightly higher cumulative error (for tap 
water, PFHpA = + 0.1, PFOA D101 = + 0.2, PFOA D113 = + 0.03 ‰, 
PFDA = + 0.2 ‰; for rainwater, PFHpA = − 0.3 ‰, PFOA D102 = + 0.3 
‰, PFDA = + 0.2 ‰; see Table 3) compared to those obtained using 
deionized (DI) water; however, these values remained within the typical 
variability range accepted for CSIA (± 0.5 ‰), thus confirming the 
method’s suitability for environmental samples (Table 3). pH variations 
could also potentially affect the solubility of PFAS in water and shift 
reaction equilibria. However, both preliminary tests with buffer solu
tions and the present analyses on environmental samples confirmed that 
the reaction is not influenced by pH (between 2 and 7.5). Less influ
encing parameters (see Table 5) such conductivity (from 20 to 910 μS/ 
cm) and specifically different contents in Chloride (from 0,2 to 110 mg/ 
L) and Sulphate (from 1,2 to 65 mg/L) had also no influence on the 
derivatization efficiency and the overall fractionation of the method. 
Other water parameters, particularly the dissolved organic carbon 
(DOC), typically increase analytical background and may lead to the 

appearance of ghost peaks. Although the range considered by these 
water type tested was limited (DOC concentrations from 1.1 to 1.6 mg/ 
L), no matrix effects or chromatographic resolution or peak clarity 
reduction was observed compared to the DI water.

Significantly, the results obtained from real water matrices, after 
applying a correction based on the calibration curve derived from DI 
water (used as analytical standard), were consistent with those from DI 
water in terms of isotopic ratio drift. As shown in Fig. 5, the variability 
shown by the boxplot of the different types of water, always falls within 
the CSIA error bar (± 0.5 ‰).

For compound PFOA D113, results in rainwater could not be ob
tained due to the limited sample volume, which allowed analysis of only 
three out of the four standards. Priority was given to the three chemi
cally distinct compounds.

3.6. Applicability to environmental samples

Although minimum useful concentrations (50–300 μg/L) and 
amount (0.26–1.59 × 10− 7 mol) for the developed method are higher 
than those typically obtained from PFAS concentrations in most 
contaminated sites (generally in the ng/L range, and only rarely at the 
μg/L level), several preconcentration strategies are available that can be 
employed to overcome this limitation. Recent studies have demon
strated the feasibility of preconcentration methods for large water vol
umes to meet CSIA detection limits (Melsbach et al., 2021; Torrentó 
et al., 2019). Partial evaporation but also solid-phase extraction (SPE) 

Fig. 3. GC–MS chromatogram above and GC-C-IRMS chromatogram below, of the same sample. The comparison shows a good correlation between the two results 
with no evident interference caused by the Oxidation-Combustion process before the IRMS. The three target PFAS are highlighted.

E. Di Marcantonio et al.                                                                                                                                                                                                                       Science of the Total Environment 1001 (2025) 180564 

7 



Fig. 4. δ13C values from the GC-C-IRMS analyses are plotted against peak’s area. Raw data, not yet corrected through linearity correction, are shown in the graphs, 
for a) PFHpA (light blue square), b) PFOA D102 (light green point), c) PFOA D113 (dark green point) and d) PFDA (red rhombus). The dark grey vertical line 
represents the Method Detection Limit, calculated according to Jochmann et al. (2006), for each compound and the light grey area the range for acceptable values. 
The two horizontal lines delimit the tolerance interval of 0.5 ‰ around the moving mean (dashed line). Error bars are reported according to Cumulative Error.

Table 3 
Results of the CSIA analyses performed on the three matrices. The Cumulative Error (C.E.) is the average value of the root mean square of each sample plus the 
analytical Error from the EA-analyses for the standards. “Raw values” refer to uncorrected δ13C data directly obtained from the GC-IRMS. “Corrected values” 
correspond to the raw δ13C values of Tap and Rain water, corrected using the second-order calibration curve derived from DI Water standards. The number of replicates 
is indicated in the “n” column. Corrected values for DI Water are not shown, as its average δ13C corresponds to the EA-IRMS reference value; however, the C.E. for DI 
Water is reported based on the corrected values. Last column (Δ(EA-GCC)) shows the difference between EA value and the GCC mean value of DI water samples for each 
compound.

EA 
values 
‰

DI Water Tap Water Rain Water Δ(EA- 
GCC) ‰

δ13C 
mean ‰ 
(raw)

LOQ 
(ug/L)

C.E. 
±

δ13C 
mean ‰ 
(raw)

δ13C mean 
‰ (correct)

LOQ 
(ug/L)

C.E. 
±

n δ13C 
mean ‰ 
(raw)

δ13C mean 
‰ (correct)

LOQ 
(ug/L)

C.E. 
±

n

PFHpA − 38.7 − 41.5 50 0.2 − 42.2 − 38.8 50 0.3 5 − 42.5 − 39.3 50 0.5 5 2.8
PFOA 

D102
− 38.5 − 41.0 300 0.3 − 41.9 − 39.3 500 0.5 4 − 42.3 − 38.7 300 0.6 4 2.4

PFOA 
D113

− 27.9 − 34.1 300 0.4 − 33.4 − 27.2 500 0.4 5 – – – – – 6.2

PFDA − 30.3 − 33.6 100 0.3 − 35.4 − 30.6 200 0.5 10 − 35.3 − 30.4 200 0.5 9 3.3
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using weak anion exchange (WAX) cartridges has proven suitable for 
PFAS preconcentration, effectively reducing sample volume needs while 
preserving analyte recovery (Jurado-Sánchez et al., 2013; Li and Sun, 
2019; Ye et al., 2023). Given the low volatility of PFAS and the high ion- 
exchange capacity of WAX cartridges (> 0.1 meq g− 1), this workflow 
enables efficient retention and elution with minimal breakthrough. For 
example, collecting 20 L of water and after reducing it to 10 L via 
evaporation at 60 ◦C, the use of SPE using WAX cartridges allows the 
recovery of sufficient analyte amounts from concentrations as low as 
250 ng/L for PFHpA and 1500 ng/L for PFOA. Caution is warranted 

when applying preconcentration techniques, particularly Solid-Phase 
Extraction (SPE), as they may introduce matrix effects or cause incom
plete recovery of analytes. When processes such as evaporation and 
anion selection are involved, isotopic fractionation can indeed occur, 
potentially biasing isotopic signatures and inducing isotope effects. Such 
issues must be carefully evaluated and controlled through appropriate 
method validation and quality assurance steps before routine applica
tion to complex environmental matrices.

These findings highlight the potential applicability of CSIA to envi
ronmental samples, especially considering that several PFAS contami
nation events have been reported with concentrations in the μg/L range, 
not only in proximity to the source area. In Italy, for instance, a long- 
term PFAS contamination in the Veneto region currently affects an 
area of over 200 km2, with concentrations in the order of tens of μg/L 
even at distances of several tens of kilometers from the source (ARPAV, 
2013; CNR-IRSA, 2013; Bertanza et al., 2020; Schiavo et al., 2025). The 
potential to extend CSIA applications to PFCAs, and eventually to other 
PFAS following the development of compound-specific analytical 
methods, such as those presented here for PFHpA, PFOA, and PFDA, 
could substantially advance our understanding of the environmental 
behavior of these contaminants. From the perspective of source 

Table 4 
Table shows the EA values of the four PFCAs analyzed by EA, CSIA and the calculated values through Eq. 2. The last column displays the difference between the 
calculated values and the measured values.

#N of Carbon δ13CEA δ13CCSIA δ13Cderivatized Δ
(
δ13CCSIA − δ13Cderivatized

)

PFHpA 6 − 38.7 − 41.5 − 36.8 − 4.7
PFOA D102 7 − 38.5 − 41.0 − 40.6 − 4.1
PFOA D113 7 − 27.9 − 34.1 − 33.2 − 4.0
PFDA 9 − 30.3 − 33.6 − 40.9 − 2.1

Table 5 
Physicochemical parameters of rain and tap water used for analysis, collected in 
Waterloo, Ontario, Canada.

Rainwater Tapwater

pH 5.2 7.5
EC μS/cm 20 910
Cl mg/L 0.2 110
SO4 mg/L 1.5 65
DOC mg/L 1.6 1.1

Fig. 5. Boxplot of the four target compounds spiked in three different types of water. The dotted line is the EA value, which is the point used for the correction of the 
DI Water samples. Samples from Tap and rain water have been treated as environmental samples and for this reason corrected using the equation from DI Water, 
simulating a classic standard calibration curve. The orange error bar is referred to the conventional CSIA error (0.5 ‰).
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apportionment, current forensic approaches typically rely on molecular 
fingerprints and statistical tools, including quantitative concentration 
profiles, isomer ratio analysis, multivariate statistics, and HRMS-based 
pattern recognition (Charbonnet et al., 2021; Giglioli et al., 2023). 
Within this framework, compound-specific stable isotope analysis 
(CSIA) provides an intrinsic molecular tracer capable of discriminating 
the origin of individual PFAS or specific groups of PFAS, thereby 
improving the attribution of contamination to well-defined sources. This 
capability also enables the distinction between co-occurring PFAS 
sources with higher specificity, representing a valuable forensic tool that 
complements existing methodologies. From a fate and transformation 
perspective, particularly in relation to removal via degradation pro
cesses, a major advantage of CSIA lies in its ability to distinguish be
tween original parent compounds and those formed through 
transformation, as shown already for other persistent organic pollutants 
(Bashir et al., 2015; Huang et al., 2020; De Vera et al., 2022). Despite the 
apparent persistence of PFAS, stemming from the exceptional stability of 
the C–F bond, both abiotic and biotic degradation pathways have been 
increasingly reported (Zhang et al., 2022). Among these, anaerobic and 
aerobic bacterial taxa have demonstrated the ability to transform telo
meric or aminated PFAS (e.g., FTOHs and PFOAAmS) into shorter-chain 
products such as PFOA and PFOS (Kim et al., 2014; Mejia-Avendaño 
et al., 2016). In this context, CSIA could help identify the occurrence of 
degradation processes, as demonstrated for other organic contaminants 
such as hydrocarbons and chlorinated solvents, where degradation re
actions are often accompanied by measurable isotope fractionation. 
When combined with known fractionation factors, this information can 
also be used to estimate the extent of degradation. Furthermore, CSIA 
has the capability to differentiate between primary PFOA and 
transformation-derived PFOA, representing a powerful tool for assessing 
natural attenuation processes and evaluating treatment performance. It 
is also plausible that CSIA could prove valuable for investigating bio
accumulation, given the strong affinity of PFAS for organic matrices and 
their associated risk of hazardous biomagnification pathways (Miranda 
et al., 2022). Stable isotope approaches have been successfully applied 
to trace persistent organic pollutants (e.g., PCBs, PAHs) in biological 
tissues, enabling both source identification and the detection of isotopic 
fractionation across trophic levels (Zeng et al., 2013; Tang et al., 2021). 
Applying similar methodologies to PFAS, following appropriate 
analytical adaptations, could significantly improve our understanding of 
their bioaccumulation potential and overall environmental behavior.

4. Conclusions

In this study, a GC-C-IRMS setup was developed to enable the use of 
Compound-Specific Isotope Analysis (CSIA), not been available to date, 
for potential applications such as source identification, environmental 
monitoring, and remediation assessment of PFCAs. Key methodological 
and instrumental challenges were addressed, leading to the develop
ment and optimization of a GC-C-IRMS method based on derivatization 
combined with Solid-Phase Microextraction (SPME). This approach 
enabled sufficient chromatographic separation and provided satisfac
tory reproducibility and linearity of carbon isotope ratios. The CSIA 
method was successfully developed and validated for selected per
fluoroalkyl carboxylic acids (PFCAs), specifically PFOA, PFHpA, and 
PFDA. Conversely, the same method was not effective for PFOS, 
belonging to the group of perfluoroalkyl sulfonic acids (PFSAs), for 
which derivatization with isobutyl reagents proved inadequate, high
lighting the need for alternative derivatization strategies for this com
pound class. The method allowed for the determination of stable carbon 
isotope ratios in water samples at detection limits ranging from 50 to 
300 μg/L, without any preconcentration step. The method, as a whole, 
induces isotope fractionation due to the combined effects of derivati
zation, extraction, and combustion steps. However, the fractionation is 
compound-specific, consistent, and reproducible, thus ensuring the 
applicability and reliability of the developed approach. Matrix effects 

were evaluated using spiked tap and rainwater samples and found to be 
negligible, indicating the method’s suitability for real-world water 
matrices. Lastly, carbon isotope ratio analysis of PFAS from different 
manufacturers revealed significant isotopic variability, with δ13C dif
ferences exceeding 10 ‰ in some cases. This finding supports the po
tential of CSIA at least as a tool for forensic source identification and 
differentiation of PFAS sources in the environment. As the isotope 
measurements are mass-dependent rather than concentration- 
dependent, the method can be applied to pre-concentrated environ
mental samples (e.g., via evaporation, Solid-Phase Extraction, or other 
enrichment techniques) after appropriate method validation, offering 
promising prospects for extending its applicability to samples with 
environmentally relevant concentrations. Finally, emerging analytical 
techniques such as ESI-Orbitrap may in the future offer the possibility to 
perform isotope analysis on compounds like PFCAs, thereby expanding 
the applicability of CSIA. These advancements could complement the 
approach developed in the present study using GC-C-IRMS systems.
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