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Abstract

Per- and polyfluoroalkyl substances (PFAS) are persistent environmental contaminants
that tend to accumulate in solid matrices such as sewage sludge, raising concerns regard-
ing their fate and potential ecological risks. This study aimed to develop and validate a
robust analytical method for the accurate determination of PFAS in dehydrated sludge.
A liquid chromatography–tandem mass spectrometry (LC–MS/MS) method was opti-
mized for 28 PFAS, including perfluoroalkyl carboxylic acids (PFCAs) and sulfonic acids
(PFSAs). Solid–liquid extraction with basic methanol was followed by cleanup using a
cartridge packed with ferrite and sodium sulfate to remove moisture and particulate in-
terferences. Chromatographic separation was performed with an Avantor® ACE® PFAS
Delay column coupled to an Agilent triple quadrupole MS operating in negative electro-
spray ionization mode. The method achieved excellent sensitivity (MDL < 0.02 µg/g dry
weight for most compounds), satisfactory precision (RSD < 15%), and recoveries between
80–118%. Optimization of mobile phase additives, gradient conditions, and MS parameters
enhanced chromatographic resolution and signal-to-noise ratio. The validated method
demonstrates high reliability for PFAS determination in complex solid matrices and can
be applied as a valuable tool for environmental monitoring and risk assessment of sludge
management practices.

Keywords: PFAS; sewage sludge; solid–liquid extraction; LC–MS/MS; method validation;
environmental monitoring; chromatographic separation

1. Introduction
Per- and polyfluoroalkyl substances (PFAS) are a large class of synthetic organofluorine

compounds used since the 1940s in products such as non-stick coatings, textiles, firefighting
foams, and food packaging. Their strong carbon–fluorine bonds confer high chemical and
thermal stability, leading to persistence and bioaccumulation in the environment, and are
associated with toxicological effects such as carcinogenicity and endocrine disruption [1,2].
Over 12,000 PFAS have been registered to date [3], with global markets exceeding USD
28 billion and remediation costs reaching hundreds of billions of USD [4]. In response,
regulatory initiatives from the U.S. Environmental Protection Agency (EPA)—including the
draft Method 1633 for biosolids—and the European Chemicals Agency (ECHA) through
the REACH PFAS restriction proposal are intensifying efforts to control PFAS contamina-
tion [5,6].
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Analytical monitoring of PFAS relies primarily on liquid chromatography–tandem
mass spectrometry (LC–MS/MS) for its sensitivity and selectivity in complex matrices [7,8].
However, quantification in solid matrices such as sewage sludge remains challenging
due to strong adsorption to organic matter, background contamination, and trace-level
concentrations [9,10]. Several international studies (e.g., U.S., Germany, Australia, Nordic
countries) have reported PFAS in WWTP sludge at concentrations up to 7000 ng/g dw [11],
underscoring the potential environmental risks linked to sludge reuse and PFAS transfer to
soils and crops [12,13].

In Romania, the absence of a standardized analytical protocol for PFAS in sludge and
the lack of a systematic national monitoring program represent major gaps in assessing
environmental exposure. Although recent studies have reported low-to-moderate levels
of PFOS, PFOA, and PFHxS in wastewater influents and effluents [14,15], no data is
currently available for sewage sludge, despite its frequent use in agriculture under Directive
86/278/EEC [16]. To address this deficiency, the present study focuses on the development
and validation of a simplified, high-sensitivity LC–MS/MS method for the determination
of 28 PFAS in dehydrated sewage sludge. The approach adapts international best practices
(EPA 1633, ISO 21675 [5,17]) to Romania’s analytical infrastructure, providing a practical
tool to support future national PFAS monitoring and regulatory initiatives.

Although comprehensive protocols such as the United States Environmental Protec-
tion Agency’s Method 1633 and ISO 21675:2019 provide detailed procedures for PFAS
determination in solid matrices, their implementation typically requires automated pres-
surized extraction systems, multi-sorbent cleanup (WAX/C18/ENVI-Carb), and advanced
laboratory infrastructure, which are not always available in routine analytical laboratories.
In this study, our objective was not to replace existing standardized methods but to develop
and validate a simplified, robust LC–MS/MS approach that ensures comparable analytical
performance while improving operational accessibility and efficiency.

The proposed method introduces several key advancements:

• A ferrite/sodium sulfate cleanup replacing multi-sorbent SPE, reducing analyte
losses—particularly for short-chain PFAS—while maintaining recoveries of 70–130%;

• Ultrasound-assisted extraction (UAE) as a low-solvent, energy-efficient alternative to
pressurized liquid extraction, improving sustainability and turnaround time;

• Validation on real Romanian sewage sludge, extending PFAS analytical capability to a
matrix and regional context where standard protocols have not yet been fully implemented.

Its modular design, low resource demand, and reproducibility make this method a
practical complement to EPA 1633 and ISO 21675, offering laboratories a cost-effective
solution for routine PFAS monitoring in complex solid matrices while ensuring compliance
with international analytical performance standards.

2. Materials and Methods
2.1. Standards and Reagents

Analytical-grade standards and reagents were used throughout the study to ensure
high-precision quantification of PFAS compounds in environmental matrices. The native
PFAS standards consisted of a certified analytical solution—EPA Method 533 Native Ana-
lyte PDS—containing 25 compounds at a concentration of 1000 ng/mL, purchased from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). To expand the range of
analyzed substances beyond those covered in EPA 533, the following additional native
compounds were included: perfluorononanoic acid (PFNA), perfluorononanesulfonic acid
(PFNS), perfluorodecanesulfonic acid (PFDS), and perfluorooctanesulfonamide (PFOSA),
also acquired from Cambridge Isotope Laboratories, Inc., each with certified purity be-
tween 98 and 99%. For accurate quantification using isotope dilution, 13C-labeled internal
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standards were employed. Specifically, 2,3,4-13C3-sodium perfluoro-n-butyrate—(2,3,4-
13C3)PFBA and 13C8-perfluorooctanoic acid (13C8-PFOA) were purchased from Cambridge
Isotope Laboratories, Inc. and used to correct for matrix effects and instrumental variability.
Working solutions of both native and labeled standards were prepared in methanol and
stored at −20 ◦C in polypropylene containers to avoid contamination and degradation.
The physicochemical properties of the analytes are given in Table S1.

All solvents used in sample preparation and chromatographic analysis were PFAS-free
and of LC–MS-grade purity. Methanol was purchased from Merck (Darmstadt, Germany),
while acetic acid, formic acid, and ammonium acetate, used for mobile phase preparation
and pH control, along with anhydrous sodium sulfate and ferrite powder, were sourced
from Sigma-Aldrich (Darmstadt, Germany). All reagents were used directly as supplied,
without additional filtration, to avoid potential cross-contamination from filter membranes,
following best practices for PFAS analysis as recommended in EPA Method 1633 and ISO
21675 [5,17]. All solvents were handled and stored under clean laboratory conditions to
minimize background contamination during trace-level determinations.

2.2. Sample Preparation

Before conducting instrumental analysis, an efficient pretreatment protocol was de-
veloped and applied for extracting PFAS compounds from sewage sludge. This aims to
maximize analyte recovery and ensure analytical reproducibility. The method utilized
ultrasound-assisted extraction (UAE), a widely used technique in environmental analysis
known for its simplicity, low solvent consumption, and high efficiency in extraction.

Municipal sewage sludge samples were collected by the authors from wastewater
treatment plants in Bucharest (Romania), lyophilized, homogenized, and stored under clean
laboratory conditions prior to use. The material was screened for PFAS using LC–MS/MS,
and no target analytes were detected above the instrumental limits of detection, confirming
its suitability as a blank matrix for method development and validation.

An aliquot of 0.5 g of dry sludge was spiked with a mixed PFAS standard solution
at a concentration of 100 µg/L, equivalent to 0.2 µg/g dry weight. In addition, isotopi-
cally labeled internal standards were added to the matrix at a concentration of 150 µg/L
(0.3 µg/g). The spiked material was allowed to impregnate and equilibrate with the added
standards to simulate environmental contamination under controlled laboratory conditions.
Following the spiking step, 10 mL of methanol was added to the sample, which was then
vortexed for 5 min to ensure uniform dispersion of analytes.

The sample was subsequently subjected to ultrasonic treatment for 30 min at 30 ◦C,
conditions optimized in-house based on a previously validated procedure for wastewater
and sludge matrices [7]. After sonication, the mixture was centrifuged at 4000 rpm for
5 min. During the method optimization phase, solid-phase extraction (SPE) using multi-
sorbent cartridges (WAX, C18, ENVI-Carb, PSA) was evaluated for potential matrix cleanup;
however, this approach led to notable losses of highly polar, short-chain PFAS due to non-
specific retention. Consequently, the simpler ferrite/sodium sulfate filtration procedure
was selected as the final cleanup step, providing adequate matrix removal while preserving
analyte recovery and method reproducibility. The cleanup was performed using glass
cartridges (6 mL) packed with 1 g anhydrous sodium sulfate and 0.5 g ferrite powder, pre-
rinsed with methanol to remove potential contaminants. PFAS-free blank tests confirmed no
detectable background or analyte loss, demonstrating that the sorbents do not adsorb target
PFAS or introduce contamination. To enhance extraction efficiency, the solid sludge residue
was re-extracted by repeating the entire process with a fresh 10 mL aliquot of methanol.
The two organic extracts were combined and subjected to evaporation to dryness under
a gentle nitrogen stream at 40 ◦C. The dried residue was then reconstituted in 1 mL of a
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water/methanol mixture (20:80, v/v), ensuring compatibility with subsequent LC–MS/MS
analysis. The reconstituted solutions were filtered through polypropylene syringe filters
(0.45 µm) to remove particulates before injection. PTFE filters were deliberately avoided to
prevent potential PFAS contamination, in line with recommendations from EPA Method
1633 and ISO 21675 [5,17].

2.3. Instrumentation

The chromatographic and mass spectrometric analysis of the target PFAS compounds
was performed using an Agilent 1260 Infinity II LC system coupled to an Agilent 6410B
triple quadrupole mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). The
LC configuration comprised a G1312C binary pump with integrated degasser, a G1329B
autosampler, a G1316A thermostatted column compartment, and a G1330B sample cooler,
enabling precise temperature and injection control for high reproducibility in complex
environmental matrices. The system was optimized for high-sensitivity detection through
the combination of an electrospray ionization (ESI) source in negative mode, scheduled
MRM acquisition, and short dwell times, which together enhanced signal-to-noise ratios
for trace-level PFAS quantification. Chromatographic separation was achieved using an
Avantor® ACE® HTP-MS analytical column (50 × 2.1 mm, 2.0 µm particle size) (Avantor,
Radnor, PA, USA), preceded by an Avantor® ACE® PFAS Delay column (10 × 2.1 mm,
2.0 µm) installed upstream of the injector to trap background PFAS originating from the LC
system. The analytical column was responsible for compound separation, while the delay
column served exclusively to prevent system-derived PFAS interference. Both columns
incorporate ultra-clean hardware, metal-free PEEK-lined fittings, and PFAS-inert stationary
phases, designed by the manufacturer to minimize background fluorinated contaminants
and reduce adsorption of highly polar PFAS [18]. The analytical column was maintained at
40 ◦C, while the delay column operated at ambient temperature within the LC system flow
path. Detection was achieved using the Agilent 6410B triple quadrupole MS equipped with
a Jet Stream ESI source operating in negative ionization mode, with compound-specific
MRM transitions optimized for all 28 PFAS and their isotopically labeled internal standards.

2.4. LC Conditions

The optimization of chromatographic and mass spectrometric parameters was a critical
step in adapting the LC–MS/MS method for the simultaneous determination of 28 per-
fluoroalkyl substances (PFAS), along with two isotopically labeled internal standards, in
complex sludge matrices. Compared to a previous method developed in our laboratory,
which focused exclusively on nine perfluorosulfonic acids (PFSAs), this advanced approach
required a comprehensive reconfiguration of the chromatographic setup to achieve baseline
separation and improved analytical performance for a broader PFAS spectrum [14]. Two
chromatographic columns were evaluated for their retention and resolution capabilities. A
Zorbax Eclipse XDB-C18 column (2.1 × 100 mm, 3.5 µm particle size) (Agilent Technologies,
Santa Clara, CA, USA) was initially employed to evaluate the chromatographic behavior
and separation efficiency of perfluoroalkyl carboxylic acids (PFCAs) and sulfonic acids
(PFSAs), both individually and in mixed solutions. However, improved resolution and
reduced background contamination were obtained using a PFAS-dedicated configuration,
consisting of an Avantor® ACE® PFAS Delay column (10 × 2.1 mm, 2.0 µm) positioned
upstream of the injector to trap system-derived PFAS, and an Avantor® ACE® HTP-MS
analytical column (50 × 2.1 mm, 2.0 µm) responsible for compound separation. This setup
provided enhanced peak symmetry and retention stability, particularly for early-eluting
short-chain PFAS.
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2.5. MS Conditions and Optimization

The optimization of mass spectrometric detection parameters was essential for achiev-
ing low detection and quantification limits, required for the reliable determination of trace
concentrations of perfluoroalkyl substances (PFAS). A systematic approach was employed
to optimize the critical settings of the Agilent 6410B triple quadrupole mass spectrometer,
with the goal of enhancing sensitivity, selectivity, and signal-to-noise ratios across all 30 an-
alytes under investigation. Initially, the optimization involved testing the detector response
for a standard PFAS mixture at 50 µg/L. Parameters such as fragmentor voltage, collision
energy (CE), electron multiplier voltage (∆EMV), resolution on quadrupoles Q1 and Q3,
and dwell time per MRM transition were individually tuned. The objective was to identify
the settings that produced the highest peak areas and the strongest signal-to-noise (S/N)
values, while preserving ion stability and minimizing matrix-induced suppression.

2.6. Method Validation

The method validation followed the recommendations of the International Council
for Harmonisation (ICH Q2(R2), 2022) and the U.S. Environmental Protection Agency
(EPA, 2023, Method 1633) guidelines, evaluating linearity, MDL, MQL, accuracy, precision,
matrix effects, and recovery [5,6,19]. All validation experiments were performed using a
lyophilized sewage sludge matrix previously confirmed to be PFAS-free by LC–MS/MS
screening performed in our laboratory before spiking. This approach is consistent with
current EPA and ISO practices when certified blank sludge materials are not commercially
available. Each parameter was evaluated through specific experimental protocols, as
described below.

2.6.1. Linearity

Linearity was assessed by preparing matrix-matched calibration curves using seven
concentration levels (0.02–0.6 µg/g). Each level was analyzed in triplicate, and the corre-
lation coefficient (R2) was calculated for each analyte. A value of R2 > 0.995 was consid-
ered acceptable.

2.6.2. Method Detection (MDL) and Quantitation (MQL) Limits

MDL and MQL were determined empirically by serially diluting standards in extracted
blank sewage sludge until the signal-to-noise (S/N) ratio reached approximately 3:1 (MDL)
and 10:1 (MQL). These values were confirmed by injecting replicates at the threshold levels.

2.6.3. Accuracy

Accuracy was tested by analyzing pre-spiked sewage sludge samples (n = 3) at three
concentration levels (e.g., 0.05, 0.25, and 0.5 µg/g) before extraction. The measured con-
centrations were compared with the nominal spiked values, and the percent accuracy was
expressed as the ratio between the determined and theoretical concentrations. Acceptable
accuracy was defined as recovery within 80–120% for most analytes, consistent with ICH
Q2(R2) and EPA 1633 guidelines [5,19].

2.6.4. Method Precision

Precision, including repeatability (intra-day) and intermediate precision (inter-day),
was assessed by analyzing spiked samples (n = 6) at a mid-range concentration (50 µg/L)
on the same day and across three separate days by different analysts. Relative standard
deviation (RSD%) values were calculated and compared to acceptance thresholds (<15%).
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2.6.5. Matrix Effects

Matrix effects (ME) were assessed using a method called post-extraction addition.
After extracting blank sewage sludge, we added analytes and compared their peak areas to
those of equal concentrations in pure solvents. We expressed matrix effects as a percentage
ratio. Values near 100% indicated little suppression or enhancement of the signal.

To calculate the matrix effect, we used a formula that compares the signal produced
by the analytes in the extracted sample to the signal from a standard solution. The result
is shown as a percentage (% ME) according to Equation (1). Additionally, we extracted
three sludge samples using ultrasound-assisted extraction (UAE) and spiked the resulting
extracts with per- and polyfluoroalkyl substances (PFAS) at a concentration of 0.2 µg/g.

Matrix Effect (%) = (Peak area in the sample/Peak area in the standard solution) × 100 (1)

2.6.6. Method Recovery

Recovery was assessed independently from accuracy to evaluate analyte losses during
extraction and cleanup. Recovery was calculated by comparing the peak areas of pre-spiked
samples (spiked before extraction) with those of post-spiked samples (spiked after extrac-
tion but before instrumental analysis) at the same nominal concentrations. This approach
isolates the efficiency of the extraction step from matrix and instrumental variability. Three
replicates were analyzed at each concentration level, and recoveries ranged between 60%
and 127%, depending on analyte polarity. These results demonstrate that the developed
extraction procedure effectively recovers both short- and long-chain PFAS from complex
sludge matrices.

2.6.7. Method Robustness

Robustness was assessed by varying critical method parameters slightly (e.g., flow
rate ±0.02 mL/min, column temperature ±2 ◦C, injection volume ±1 µL) and observing
the impact on retention time, peak area, and resolution. The method was considered robust
if performance metrics remained within acceptable ranges.

2.7. Quality Assurance and Quality Control (QA/QC)

To ensure the reliability, reproducibility, and integrity of analytical results, a com-
prehensive quality assurance and quality control (QA/QC) protocol was implemented
throughout all stages of sample preparation and LC–MS/MS analysis [5,17]. All reagents
and solvents used were PFAS-free and of LC-MS-grade purity.

Glassware and polypropylene labware were pre-cleaned with methanol and ultra-
pure water to minimize background contamination. Procedural blanks (PFAS-free sludge),
matrix spikes, quality control samples, and replicates were included in each batch to moni-
tor contamination, recovery, and analytical variability. Two isotopically labeled internal
standards (13C3–PFBA and 13C8–PFOA) were added to each sample before extraction to
correct for recovery and matrix effects. The selection was based on commercial availability
in Romania, where isotope-labeled PFAS standards remain limited.

Instrumental calibration was performed daily using matrix-matched calibration stan-
dards (0.02–0.6 µg/g). Calibration curves were accepted only if the correlation coefficient
(R2) was ≥0.995, and the response factor variation between calibration levels was ≤20%.
Recoveries from matrix spikes were required to fall within 70–130%, and relative standard
deviations (RSDs) among replicates were ≤15% for intra-day precision. Matrix effects (ME),
evaluated by comparing post-extraction spiked samples with solvent-based standards,
were considered acceptable when within ±20%. Method blanks were analyzed after every
ten samples and between analytical batches to verify the absence of target PFAS above 1/3
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of the method detection limit (MDL). Retention times were accepted within ±0.1 min of the
calibration standard, and quantification was based on the primary MRM transition with a
confirmatory ion meeting a signal ratio tolerance of ±30%. All sample preparations and
instrument runs were conducted under PFAS-controlled laboratory conditions, meaning
that materials known to leach fluorinated compounds (PTFE-coated vessels, fluoropoly-
mer tubing, etc.) were avoided. Only polypropylene 0.45 µm filters were used before
LC–MS/MS injection to remove particulates.

3. Results
3.1. Chromatographic Behavior and Column Performance

The chromatographic analysis of perfluoroalkyl substances (PFAS) presents unique
analytical challenges due to the physicochemical diversity of these compounds, including
high polarity, amphiphilicity, and the presence of multiple isomeric forms. Additionally,
PFAS compounds tend to adsorb onto metallic components and fluoropolymer tubing
commonly used in LC systems, leading to peak broadening, tailing, low recovery, and
irreproducible retention, particularly for short-chain analytes [20]. Therefore, optimizing
the chromatographic configuration and materials was essential for reliable detection at
trace levels.

Two reversed-phase columns were evaluated to determine the most effective stationary
phase for separating a mixture of 28 native PFAS compounds. The Zorbax Eclipse XDB-
C18 column (2.1 × 100 mm, 1.8 µm), a conventional C18 phase, demonstrated moderate
retention for long-chain PFAS but failed to resolve critical isobaric and isomeric analyte pairs
fully. Substantial co-elution was observed for short-chain species such as PFBA, PFPeA, and
PFHxA, often accompanied by broad and asymmetric peak shapes. Furthermore, significant
retention drift and signal suppression were observed under high-aqueous mobile phase
conditions, likely due to nonspecific interactions with residual silanols or metal surfaces.

To minimize these effects, a PFAS-compatible LC configuration was employed, com-
prising an Avantor® ACE® PFAS Delay column (10 × 2.1 mm, 2.0 µm) installed between
the pump and injector to trap background PFAS originating from the LC system, a guard
column (ACE® UltraCore 5 SuperC18, 10 × 2.1 mm) to protect the analytical column from
matrix residues, and an ACE® HTP-MS analytical column (50 × 2.1 mm, 2.0 µm) responsi-
ble for the chromatographic separation of all 28 target PFAS. As illustrated in Figure 1, the
PFAS-specific column system produced sharper peaks, excellent peak symmetry, and base-
line resolution for all 28 analytes across both carboxylic and sulfonic acid subclasses. Even
structurally similar isomers, such as PFHpA vs. PFHpS or PFHxA vs. PFHxS, were fully
resolved under the optimized gradient. Retention time reproducibility was outstanding,
with RSDs <0.1% over 150 consecutive injections, and no evidence of carryover or memory
effects was detected. Improved baseline stability, sharper peak resolution, and significantly
enhanced signal intensity—up to 105 counts for short-chain PFAS (PFBA–PFPeA) compared
to approximately 103 counts using the Zorbax Eclipse column—are evident in (b) following
implementation of the PFAS Delay column. These results confirm the column’s suitability
for high-throughput, trace-level analysis of environmental PFAS.

Chromatographic retention behavior correlated strongly with chain length and analyte
hydrophobicity. Short-chain perfluorocarboxylic acids (e.g., PFBA, PFPeA) eluted early,
within 3.2–4.5 min, while longer-chain species such as PFDA, PFUnA, and PFDoA were
retained beyond 7.5 min. A similar elution trend was observed for sulfonic acids, with
PFBS eluting earliest and PFDS eluting last. This separation profile enabled an efficient
time-segmented MRM acquisition strategy, minimizing transition overlaps and maximizing
dwell time during mass spectrometric detection.
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Figure 1. Comparison of chromatographic separation of 28 PFAS obtained using (a) Zorbax Eclipse
XDB-C18 column (2.1 × 100 mm, 3.5 µm) and (b) Avantor® ACE® PFAS-dedicated configuration
consisting of a PFAS Delay column (10 × 2.1 mm, 2.0 µm) and an HTP-MS analytical column
(50 × 2.1 mm, 2.0 µm). Y-axis: signal intensity (counts or peak area); X-axis: acquisition time (min).

To reduce system contamination and PFAS memory effects, stainless steel tubing in the
LC system was replaced with PEEK where feasible. The PFAS Delay column also functioned
as an efficient trap for residual background PFAS leaching from valve components or
autosampler needles. Baseline noise in the early elution window was significantly reduced,
and re-equilibration was reliably achieved within a 7 min post-run phase. These features
collectively ensured high system robustness and analytical reproducibility.

3.2. Effect of Mobile Phase Composition

The mobile phase composition plays a pivotal role in determining both chromato-
graphic separation efficiency and electrospray ionization (ESI) performance for PFAS
analysis by LC–MS/MS. Because PFAS compounds ionize predominantly in negative
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mode, the selection of suitable mobile phase modifiers directly impacts ion generation,
spray stability, and analyte signal intensity.

Initially, aqueous mobile phases containing 0.5% acetic acid were evaluated in combi-
nation with methanol. Although acetic acid slightly improved peak shapes by promoting
better elution of ionic species, the buffering capacity was insufficient to support stable and
efficient ionization. Under these conditions, the MS signals for low-mass PFAS (e.g., PFBA,
PFPeA) were weak and inconsistent, while sulfonic acids exhibited reduced peak symmetry
and increased baseline noise.

To address these limitations, ammonium acetate was evaluated as a mobile phase
modifier at concentrations of 2, 5, 10, and 20 mM. The use of 2 mM ammonium acetate in
the aqueous phase significantly improved ESI performance, with an average 2–3× increase
in signal intensity for most PFAS compared to acetic acid (Figure 2). Peak areas were
notably enhanced for mid- and long-chain PFAS such as PFOA, PFNA, PFOS, and PFDS,
all of which require stable deprotonation for effective detection (Figure 2).

Figure 2. Total ion chromatograms (TICs) acquired in MRM mode showing PFAS separation obtained
with different aqueous mobile phases: (a) 0.1% acetic acid and (b) 2 mM ammonium acetate. Y-
axis: signal intensity (counts or peak area); X-axis: acquisition time (min).

Interestingly, a lower concentration of 2 mM ammonium acetate further enhanced
signal intensity for many analytes (Figure 3), particularly for early-eluting compounds.
The reduced ionic strength likely minimized ion suppression in the electrospray plume,
facilitating more efficient droplet desolvation and ion transfer into the MS.

In addition to aqueous-phase optimization, the addition of 2 mM ammonium acetate
to the methanol organic phase resulted in enhanced analytical signal and peak shape
stability for all compounds (Figure 4), especially those eluting late in the gradient, such as
PFUnA, PFDoA, and PFDS.

The final optimized mobile phase consisted of 2 mM ammonium acetate in both water
(A) and methanol (B), providing an ideal compromise between buffering capacity and
ionization efficiency. Gradient conditions were also systematically optimized to provide
baseline separation for all 30 PFAS. The selected program (Table S2) featured a progres-
sive increase in methanol from 5% to 80% over 8.5 min, followed by a 7 min column
re-equilibration. This approach ensured efficient elution of highly retained analytes while
minimizing carryover and maintaining robust retention time reproducibility.
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Figure 3. Total ion chromatograms (TICs) acquired in MRM mode, showing PFAS separation using
different ammonium acetate concentrations in the aqueous mobile phase: black, 2 mM; blue, 5 mM;
green, 10 mM; black, 20 mM. Y-axis: signal intensity (counts or peak area); X-axis: acquisition
time (min).

Figure 4. Total ion chromatograms (TICs) acquired in MRM mode showing PFAS separation using
2 mM ammonium acetate in the aqueous phase, (a) methanol, (b) methanol containing 2 mM ammo-
nium acetate as the organic modifier. Y-axis: signal intensity (counts or peak area); X-axis: acquisition
time (min).

To exploit the chromatographic resolution achieved, time-segmented MRM acquisition
was implemented using 11 acquisition windows (Table S3). This strategy allowed selective
detection of PFAS within their respective retention time intervals, improving dwell time
allocation and reducing signal suppression. A switching valve was used to divert early elut-
ing solvents and late-gradient impurities to waste, protecting the MS source and enhancing
long-term stability. Together, the optimized mobile phase composition and gradient pro-
file enabled excellent analytical performance across all PFAS classes, demonstrating high
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reproducibility, low noise, and reliable quantification. These findings confirm the critical
importance of tailored mobile phase strategies when developing sensitive, multi-residue
LC–MS/MS methods for PFAS determination in complex environmental samples.

3.3. MS/MS Detection Optimization

The optimization of tandem mass spectrometry (MS/MS) parameters was crucial
for achieving sensitive and accurate detection of perfluoroalkyl substances (PFAS) in
complex environmental matrices such as sewage sludge. Given the wide variability in
chain lengths, polarities, and ionization efficiencies of PFAS, method development focused
on fine-tuning each aspect of MS performance, ranging from precursor ion selection to ion
source conditions.

The analytical strategy employed negative electrospray ionization (ESI−) coupled
with multiple reaction monitoring (MRM), providing high sensitivity and selectivity across
28 PFAS analytes and two isotopically labeled internal standards (Table 1). Total ion
chromatograms (TICs) acquired in MRM mode were used to assess ionization behav-
ior and tuning efficiency (Figures 5 and 6). Each compound was monitored using spe-
cific precursor-to-product ion transitions optimized through product-ion scans (50 µg/L
standard). In accordance with the European Commission Decision 2002/657/EC, two
transitions—quantifier (Q) and qualifier (q)—were used whenever possible to ensure both
quantification and confirmation. However, for PFBA-13C3, PFBA, PFMPA, PFPeA, 9Cl-
PF3ONS, and PFOSA, only a single quantifier transition was monitored due to the lack of
secondary fragment ions with sufficient signal-to-noise (S/N > 10). Identification for these
compounds was verified by retention time and isotopic pattern consistency.

Table 1. Multiple reaction monitoring (MRM) transitions for target PFAS compounds, including
quantifier (Q) and qualifier (q) ions, and optimized MS operating conditions.

Nume Compus rT IS Prec
Ion

MS1
Res

Prod
Ion Q/q MS2

Res Dwell Frag
(V)

CE
(V)

Cell
Acc (V) Polarity

PFBA-13C3 (IS1) 3.47 - 216 Unit 172 Q Unit 250 80 2 5 Negativ

PFBA 3.47 IS1 213 Unit 168.7 Q Unit 250 60 4 1 Negativ

PFMPA 4.44 IS1 229 Unit 85 Q Unit 250 60 12 4 Negativ

PFPeA 4.97 IS1 263 Unit 219 Q Unit 30 71 3 5 Negativ

4:2 FTSA 5.58 IS1 327 Unit 307 Q Unit 30 30 15 4 Negativ

4:2 FTSA 5.58 IS1 327 Unit 80.9 q Wide 30 90 45 6 Negativ

PFBS 5.11 IS1 299 Unit 98.9 q Wide 30 110 22 6 Negativ

PFBS 5.11 IS1 299 Unit 80 Q Unit 30 90 45 6 Negativ

PFMBA 5.15 IS1 279 Unit 235 q Wide 30 80 2 4 Negativ

PFMBA 5.15 IS1 279 Unit 85 Q Unit 30 70 12 4 Negativ

PFEESA 5.35 IS1 315 Unit 135 Q Unit 30 110 24 4 Negativ

PFEESA 5.35 IS1 315 Unit 69 q Wide 30 103 56 4 Negativ

NFDHA 5.51 IS1 295 Unit 201 Q Unit 30 75 10 4 Negativ

NFDHA 5.51 IS1 295 Unit 85 q Wide 30 83 40 4 Negativ

PFHxA 5.62 IS1 313 Unit 269 Q Unit 30 80 3 6 Negativ

PFHxA 5.62 IS1 313 Unit 119 q Wide 30 70 18 6 Negativ

HFPO-DA 5.84 IS1 285 Unit 185 q Wide 30 80 4 4 Negativ

HFPO-DA 5.84 IS1 285 Unit 169 Q Unit 30 75 4 4 Negativ

PFHpA 6.39 IS1 363 Unit 319 Q Unit 80 75 1 4 Negativ

PFHpA 6.39 IS1 363 Unit 169 q Wide 80 75 12 4 Negativ

PFHxS 6.45 IS1 398.9 Unit 99 q Wide 80 100 50 4 Negativ
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Table 1. Cont.

Nume Compus rT IS Prec
Ion

MS1
Res

Prod
Ion Q/q MS2

Res Dwell Frag
(V)

CE
(V)

Cell
Acc (V) Polarity

PFHxS 6.45 IS1 398.9 Unit 80 Q Unit 80 120 50 4 Negativ

DONA 6.50 IS1 377 Unit 251 Q Unit 80 90 5 4 Negativ

DONA 6.50 IS1 377 Unit 85 q Unit 80 90 35 4 Negativ

6:2 FTSA 7.19 IS1 427 Unit 406.8 q Unit 60 60 10 4 Negativ

6:2 FTSA 7.19 IS1 427 Unit 80.9 Q Wide 60 60 20 4 Negativ

PFOA 13C8 (IS2) 7.23 - 421 Unit 376 Q Unit 60 83 4 3 Negativ

PFOA 13C8 (IS2) 7.23 - 421 Unit 172 q Wide 60 83 8 3 Negativ

PFOA 7.24 IS2 413 Unit 369 Q Unit 60 90 1 2 Negativ

PFOA 7.24 IS2 413 Unit 169 q Unit 60 90 10 2 Negativ

PFHpS 7.27 IS2 449 Unit 99 q Wide 60 135 50 4 Negativ

PFHpS 7.27 IS2 449 Unit 80 Q Unit 60 135 50 4 Negativ

PFOS 8.15 IS2 499 Unit 99 Q Wide 120 140 30 5 Negativ

PFOS 8.15 IS2 499 Unit 80 q Unit 120 140 30 5 Negativ

PFNA 8.13 IS2 462.9 Unit 418.9 Q Unit 120 75 2 1 Negativ

PFNA 8.13 IS2 462.9 Unit 169 q Wide 120 75 15 1 Negativ

9Cl-PF3ONS 8.61 IS2 531 Unit 351 Q Unit 250 150 10 4 Negativ

8:2 FTSA 8.93 IS2 527 Unit 506.8 Q Wide 80 173 40 5 Negativ

8:2 FTSA 8.93 IS2 527 Unit 81 q Unit 80 90 40 5 Negativ

PFNS 8.94 IS2 549 Unit 99 q Wide 80 135 60 6 Negativ

PFNS 8.94 IS2 549 Unit 80 Q Unit 80 135 60 6 Negativ

PFDA 8.94 IS2 513 Unit 468.6 Q Unit 80 90 10 1 Negativ

PFDA 8.94 IS2 513 Unit 218.7 q Wide 80 80 10 4 Negativ

PFOSA 9.49 IS2 498 Unit 78 Q Unit 70 135 45 5 Negativ

PFDS 9.56 IS2 599 Unit 99 q Wide 70 135 60 6 Negativ

PFDS 9.56 IS2 599 Unit 80 Q Unit 70 135 60 6 Negativ

PFUnDA 9.57 IS2 563 Unit 519 Q Unit 70 80 10 1 Negativ

PFUnDA 9.57 IS2 563 Unit 269 q Unit 70 80 20 4 Negativ

11Cl-PF3OUdS 9.84 IS2 631 Unit 451 Q Unit 70 60 20 4 Negativ

11Cl-PF3OUdS 9.84 IS2 631 Unit 83 q Wide 70 60 20 4 Negativ

PFDoDA 10.13 IS2 613 Unit 568.9 Q Unit 70 30 10 4 Negativ

PFDoDA 10.13 IS2 613 Unit 268.9 q Wide 70 135 1 4 Negativ

Fragmentor voltages and collision energies (CE) were systematically optimized to
generate the most abundant product ion. Short-chain PFAS such as PFBA and PFPeA
responded well to low CE values (5–10 eV), while long-chain PFAS like PFDA and PFUnA
required higher CE values (15–25 eV) to yield the appropriate product ions. These effects
are illustrated in Figure 5, which presents TIC-MRM chromatograms comparing responses
at different collision energies.

To further improve ionization efficiency, the electrospray source parameters were
optimized. The drying gas flow was tested at 8 and 9 L/min, with 9 L/min yielding a more
stable and intense ion spray. Nebulizer pressure was examined at 15, 30, 45, and 50 psi,
with 30 psi providing the best compromise between droplet formation and spray stability.
Capillary voltage, an important factor for desolvation and ion release, varied from 1000 V
to 2500 V in 500 V steps. The optimal value was determined to be 1500 V, as it resulted in
enhanced signal intensity without compromising stability. The resulting improvements are
shown in Figure 6.
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Figure 5. Total ion chromatograms (TICs) acquired in MRM mode during MS detector optimization,
showing the effect of (a) fragmentor voltage, (b) collision energy (CE), and (c) electron multiplier
voltage (∆EMV) on PFAS signal intensity and ionization efficiency. Y-axis: signal intensity (counts or
peak area); X-axis: acquisition time (min).
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Figure 6. Total ion chromatograms (TICs) acquired in MRM mode during ESI source optimization for
PFAS detection, showing the influence of (a) drying gas flow, (b) nebulizer pressure, and (c) capillary
voltage on signal intensity and spray stability. Y-axis: signal intensity (counts or peak area); X-axis:
acquisition time (min).
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Quantification was performed using an Extracted Internal Standard (EIS) approach, in
which target PFAS were quantified relative to the isotopically labeled compound with the
closest chemical similarity and retention behavior. Specifically, 13C3-PFBA was used as the
internal standard for short-chain PFAS (C4–C6), while 13C8-PFOA was used for medium-
and long-chain PFAS (C7–C14). Because isotopically labeled analogs were not available
for all 28 analytes, the method does not constitute true isotope dilution (ID) as defined
in EPA Method 1633. Instead, the quantification strategy corresponds to the EIS-based
procedure described in Section 10.3 of EPA 1633 and is consistent with the surrogate-
based calibration approach permitted by ISO 21675. The correspondence between analytes
and their assigned internal standards is summarized in Supplementary Table S1. Time-
segmented MRM acquisition (11 retention-time windows; Table S3) was used to increase
dwell times and enhance sensitivity for late-eluting compounds.

3.4. Extraction and Cleanup Performance

The extraction of per- and polyfluoroalkyl substances (PFAS) from complex solid
matrices, such as dehydrated sewage sludge, presents substantial analytical challenges.
These arise primarily from the strong adsorption of PFAS to organic and particulate matter,
the complex matrix composition, and the risk of co-extracted interferents affecting ion-
ization during LC–MS/MS analysis. To overcome these limitations and enable accurate
quantification of a broad spectrum of PFAS, a robust and efficient sample preparation
protocol was developed and optimized.

The selected approach employed ultrasound-assisted extraction (UAE) on 0.5 g of
freeze-dried and finely homogenized sludge. Samples were spiked with a mixture of
28 native PFAS at a concentration of 0.2 µg/g and two isotopically labeled internal standards
at 0.3 µg/g. After an equilibration period, 10 mL of methanol was added to each sample.
The mixture was vortexed and subjected to 30 min of sonication at 30 ◦C to promote analyte
desorption and release from solid binding sites. To enhance extraction efficiency, a two-
step protocol was implemented. Following centrifugation, the supernatant was collected,
and the residue was re-extracted under the same conditions with an additional 10 mL of
methanol. The combined extracts were purified using a ferrite/sodium sulfate column to
remove particulates and residual moisture. The eluates were evaporated to dryness under
a gentle nitrogen stream and then reconstituted in 1 mL of a 20:80 (v/v) water/methanol
solution. Final extracts were filtered through 0.45 µm PTFE membranes and transferred to
LC vials for instrumental analysis. This protocol proved highly effective for a wide range
of PFAS, including both short-chain and long-chain compounds. Methanol, combined with
ultrasonic agitation, facilitated the disruption of hydrophobic and electrostatic interactions,
as previously reported in the literature [20,21]. Moreover, the moderate solvent-to-solid
ratio (10 mL:0.5 g) provided efficient extraction while limiting dilution effects.

Although solid-phase extraction (SPE) using multi-sorbent cartridges (e.g., WAX,
C18, ENVI-Carb, PSA) was preliminarily evaluated during method development, it was
ultimately excluded from the final protocol due to significant analyte losses—particularly
for short-chain PFAS—resulting from non-specific retention. Therefore, a simpler and more
reproducible cleanup approach based on ferrite and sodium sulfate filtration was adopted,
ensuring minimal matrix interference while maintaining high recovery rates across all PFAS
classes. The overall method demonstrated good reproducibility, with relative standard
deviations (RSDs) below 10% across three independent replicates. Slightly higher variability
was observed for early-eluting, short-chain PFAS. Matrix effects, assessed by comparing
the response of post-extraction spiked samples to neat standards, remained within ±15%
for most compounds, aligning with regulatory performance thresholds [22–24].
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3.5. Method Validation Parameters

The developed LC–MS/MS method for determining per- and polyfluoroalkyl sub-
stances (PFAS) in dehydrated sewage sludge was thoroughly validated against interna-
tionally recognized analytical standards. Key performance parameters—including linear-
ity, precision, selectivity, matrix effects, recovery, and sensitivity (limits of detection and
quantification)—were systematically evaluated. The results demonstrate the method’s ro-
bustness, accuracy, and suitability for trace-level PFAS analysis in complex environmental
matrices, ensuring reliable data for environmental monitoring, regulatory compliance, and
risk assessment purposes.

3.5.1. Linearity Assessment

Linearity is a fundamental criterion for quantitative analytical methods, ensuring
that the detector response is directly proportional to the analyte concentration within a
defined working range. In this study, the linearity of the LC–MS/MS method was evaluated
for all 28 PFAS compounds over a concentration range of 0.02–0.6 µg/g (equivalent to
10–300 µg/L in the final extract), using seven calibration levels: 0.02, 0.05, 0.1, 0.2, 0.3, 0.4,
and 0.6 µg/g, All calibration standards were prepared in PFAS-free sludge matrix and
processed through the whole extraction and clean-up procedure. A fixed concentration
of internal standard (IS) at 0.3 µg/g was used to normalize instrumental variability and
correct for potential signal drift. Calibration curves were constructed using ordinary least
squares (OLS) regression. The homoscedasticity of residuals across the working range
(10–300 µg/L) was verified, and no significant variance heteroscedasticity was observed;
therefore, unweighted regression was applied for all analytes. Calibration linearity was
assessed according to ISO 17025:2017 and ICH Q2(R2) (2022), using the following accep-
tance criteria: coefficient of determination (R2) ≥ 0.995 (Table S4), residuals ≤ 20% of
the predicted response, and consistent slope and intercept values across independent
calibration curves.

All analytes fulfilled these criteria, confirming strong proportionality between con-
centration and detector response. Compounds such as PFEESA and DONA exhibited the
steepest slopes (0.021 and 0.033, respectively), indicating a higher detector response per
unit concentration and suggesting superior ionization efficiency or favorable fragmentation
behavior in MS/MS conditions. In contrast, compounds with shallower slopes may require
careful optimization to maintain sufficient sensitivity at lower concentration levels.

The consistency of slope values across multiple replicates and calibration sets also
confirmed the stability of the detector response. In contrast, the low intercept values
(<0.001) indicated minimal baseline signal or background interference in the sludge matrix.
These findings collectively support the method’s suitability for quantitative applications,
such as environmental contamination surveys, regulatory compliance, or risk assessment
studies targeting PFAS in complex solid matrices.

3.5.2. Precision

Precision is a key performance criterion in analytical method validation, as it re-
flects the method’s reproducibility under both repeatability and intermediate precision
conditions. In this study, the precision of the LC–MS/MS method was assessed at two con-
centration levels, 0.02 µg/g and 0.1 µg/g, representative of trace-level PFAS contamination
in environmental sludge. Repeatability (intra-day precision) was evaluated by six replicate
injections of a single extract for each concentration level. Intermediate precision (inter-day)
was assessed by analyzing six subsamples prepared on different days by different ana-
lysts, following the whole sample preparation procedure. The results (Table 2) show that
relative standard deviations (RSDr) were generally below 5% for most PFAS compounds
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across both concentration levels, indicating excellent method reproducibility. For example,
PFOA, PFDA, and PFOSA exhibited RSDr values consistently below 2% at both tested
levels, demonstrating outstanding stability of the method under controlled conditions.
Compounds such as PFNA, PFPeA, and PFHpS also showed low variability, with RSDr
values under 3%. Slightly higher RSDs (up to ~5%) were observed for more complex or
less stable analytes such as PFOS, DONA, and PFHxS, which may be attributed to matrix
interactions or minor fluctuations in ionization efficiency during electrospray operation. At
the lower concentration level (0.02 µg/g), variability increased for a few compounds (e.g.,
PFMPA, PFHxA, PFDS) yet remained within acceptable thresholds (<15%) according to
ECHA and EPA guidelines [5,6].

Table 2. Repeatability and intermediate precision for 28 PFAS at two spiking levels (0.02 and 0.1 µg/g).
Average and sr are expressed in µg/g; RSDr (intra-day repeatability) and RSDR (intermediate
precision) are expressed in %RSD. sr = repeatability standard deviation; RSDr = relative standard
deviation under repeatability conditions; RSDR = relative standard deviation under intermediate
precision conditions.

Analyte
0.02 µg/g 0.1 µg/g 0.02 µg/g 0.1 µg/g

Average sr RSDr Average sr RSDr Average sr RSDR Average sr RSDR

PFBA 0.022 0.0009 4.09 0.1 0.0030 3.03 0.021 0.0021 9.84 0.1 0.0097 9.71

PFMPA 0.019 0.0009 4.92 0.1 0.0011 1.06 0.018 0.0012 6.55 0.09 0.0084 9.37

4:2 FTSA 0.023 0.0006 2.82 0.1 0.0012 1.23 0.023 0.0019 8.1 0.09 0.0075 8.32

HFPO-DA 0.02 0.0006 2.76 0.1 0.0019 1.88 0.019 0.0020 10.4 0.09 0.0079 8.83

NFDHA 0.018 0.0008 4.6 0.11 0.0039 3.53 0.017 0.0018 10.3 0.1 0.0092 9.17

PFBS 0.016 0.0007 4.63 0.11 0.0015 1.33 0.016 0.0014 8.57 0.1 0.0078 7.78

PFEESA 0.017 0.0005 3.12 0.1 0.0015 1.49 0.018 0.0018 10.2 0.09 0.0089 9.94

PFHxA 0.018 0.0007 3.66 0.11 0.0015 1.32 0.018 0.0015 8.15 0.1 0.0080 8.01

PFMBA 0.019 0.0008 4.36 0.11 0.0012 1.08 0.018 0.0020 10.9 0.1 0.0092 9.2

PFPeA 0.018 0.0002 1.29 0.11 0.0019 1.76 0.017 0.0017 10.2 0.1 0.0100 10

DONA 0.018 0.0007 4.16 0.1 0.0005 0.51 0.018 0.0014 7.61 0.09 0.0066 7.28

PFHpA 0.017 0.0004 2.34 0.1 0.0008 0.77 0.018 0.0017 9.54 0.1 0.0092 9.15

PFHxS 0.021 0.0008 3.65 0.11 0.0035 3.2 0.022 0.0022 10.1 0.1 0.0096 9.55

6:2 FTSA 0.022 0.0011 4.89 0.1 0.0032 3.16 0.022 0.0023 10.4 0.09 0.0088 9.74

PFHpS 0.017 0.0004 2.58 0.1 0.0013 1.3 0.02 0.0021 10.6 0.09 0.0091 10.1

PFOA 0.023 0.0003 1.36 0.1 0.0009 0.93 0.023 0.0024 10.6 0.1 0.0096 9.59

PFNA 0.018 0.0007 3.74 0.11 0.0009 0.85 0.016 0.0016 9.69 0.1 0.0083 8.26

PFOS 0.02 0.0008 4.17 0.11 0.0054 4.88 0.018 0.0018 10.2 0.1 0.0091 9.08
9Cl-PF3ONS 0.021 0.0005 2.17 0.1 0.0005 0.46 0.019 0.0018 9.55 0.09 0.0082 9.14

8:2 FTSA 0.021 0.0004 2.06 0.12 0.0035 2.94 0.022 0.0022 10.1 0.12 0.0111 9.21

PFDA 0.022 0.0007 3.05 0.12 0.0040 3.3 0.017 0.0016 9.42 0.12 0.0110 9.17

PFNS 0.018 0.0003 1.76 0.1 0.0010 1.03 0.016 0.0015 9.36 0.09 0.0094 10.4
11Cl-PF3OUdS 0.02 0.0004 1.79 0.09 0.0013 1.47 0.018 0.0019 10.6 0.09 0.0092 10.2

PFDoDA 0.021 0.0006 2.91 0.11 0.0014 1.28 0.018 0.0015 8.23 0.1 0.0082 8.15

PFDS 0.024 0.0005 2.17 0.11 0.0013 1.17 0.021 0.0020 9.36 0.1 0.0095 9.51

PFOSA 0.022 0.0003 1.31 0.1 0.0011 1.12 0.02 0.0019 9.37 0.09 0.0082 9.09

PFUnDA 0.019 0.0006 2.99 0.1 0.0011 1.08 0.017 0.0016 9.23 0.11 0.0099 8.97

Notably, a moderate increase in RSDs was seen for inter-day precision across all
analytes, as expected when multiple analysts and time points are involved. Despite this,
values remained well within acceptable limits, confirming the method’s robustness and
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suitability for routine application in environmental monitoring programs. These precision
results support the method’s reliability for the quantification of PFAS in complex matrices
such as sewage sludge, even at ultra-trace concentrations. Combined with the method’s
accuracy and low detection limits, the high precision achieved underscores its applicability
for regulatory compliance and risk assessment purposes in environmental studies.

3.5.3. Selectivity

Selectivity is a critical performance parameter for analytical methods, especially in
complex environmental matrices such as sewage sludge, which may contain a multitude
of interfering compounds. To assess the selectivity of the developed LC–MS/MS method
for the determination of target per- and polyfluoroalkyl substances (PFAS), the complete
sample preparation protocol—including extraction and concentration steps—was applied
to three independent PFAS-free sludge blanks (n = 3). The analysis of these blanks revealed
no detectable peaks at the retention times corresponding to the target analytes. Furthermore,
any background signals present in the chromatograms exhibited signal-to-noise (S/N) ratios
below 3, which is below the established detection threshold. These results confirmed that
no significant co-eluting compounds interfered with the quantification or confirmation
transitions of the PFAS analytes.

To illustrate the method’s specificity, Figure 7 presents a comparison between a chro-
matogram obtained from a blank sludge extract and that from a standard solution contain-
ing 10 µg/L of the PFAS mixture. The absence of interfering peaks in the blank sample
further validates the method’s capacity to distinguish the target compounds from potential
matrix interferences.

Figure 7. Comparative total ion chromatograms (TICs) acquired in MRM mode: 10 µg/L PFAS
standard vs. blank extract. Y-axis: signal intensity (counts or peak area); X-axis: acquisition time (min).

This method’s high selectivity is vital for trace-level environmental monitoring, where
false positives or overlapping signals can distort contamination levels. The findings demon-
strate the method’s reliability in analyzing complex solid matrices, like wastewater treat-
ment sludge. This supports its use in regulatory monitoring and risk assessment of PFAS
pollutants, ensuring accurate data for environmental safety.

3.5.4. Matrix Effects Evaluation

Matrix effects (MEs) represent a significant challenge in LC–MS/MS analysis, particu-
larly when analyzing complex environmental samples such as sewage sludge. These effects
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arise from co-eluting matrix components that can suppress or enhance the ionization of
target analytes in the electrospray ionization (ESI) source, ultimately affecting the accu-
racy, sensitivity, and reproducibility of the method. Therefore, evaluating and quantifying
matrix effects is essential to ensure the reliability of quantitative results, especially when
analytes are present at trace levels. In this study, matrix effects were assessed using the
post-extraction addition method and expressed as a percentage (% ME), as described in
Equation (1).

Analyzing the data, significant variations in matrix effects were observed among
different compounds. For instance, PFMBA (150%), PFHxA (142%), and PFEESA (136%)
exhibited the highest matrix effect values, suggesting that the sludge matrix may enhance
the ionization of these compounds in the ESI source or that specific interactions within the
matrix contribute to more efficient detection. Other compounds, such as PFHpA (129%),
PFNS (131%), and PFBS (122%), were also positively affected by matrix effects, confirming
that certain matrix conditions can facilitate analyte ionization (Table 3). Conversely, com-
pounds like NFDHA (77%) and PFDS (80%) showed significantly lower matrix effect values,
indicating ion suppression that could negatively impact their detection. This suggests that
the matrix exerts an adverse influence on these analytes, requiring further optimization of
extraction procedures or analytical conditions.

Table 3. Instrumental detection limit (IDL), method detection limits (MDL), and quantitation (MQL)
recovery and matrix effects (ME) for the 28 PFAS analytes.

Analytes IDL (µg/g) MQL (µg/g) MDL (µg/g) Recovery (%) ME (%)

PFBA

0.02

0.0018 0.0007 106 103

PFMPA 0.0017 0.0006 98 118

4:2 FTSA 0.0014 0.0005 115 121

HFPO-DA 0.0013 0.0005 121 124

NFDHA 0.0035 0.0013 74 77

PFBS 0.0014 0.0005 113 122

PFEESA 0.0012 0.0004 127 136

PFHxA 0.0014 0.0005 103 142

PFMBA 0.0011 0.0004 125 150

PFPeA 0.0019 0.0007 98 106

DONA 0.0015 0.0005 110 121

PFHpA 0.0019 0.0007 82 129

PFHxS 0.0015 0.0005 125 109

6:2 FTSA 0.0026 0.0009 97 82

PFHpS 0.0014 0.0005 127 116

PFOA 0.0015 0.0005 112 117

PFNA 0.0019 0.0007 100 107

PFOS 0.0017 0.0006 117 102

9Cl-PF3ONS 0.0015 0.0005 120 112

8:2 FTSA 0.0019 0.0007 99 106

PFDA 0.0022 0.0008 95 97

PFNS 0.0013 0.0005 119 131

11Cl-PF3OUdS 0.0015 0.0006 118 110

PFDoDA 0.0021 0.0008 89 106

PFDS 0.0034 0.0012 74 80

PFOSA 0.0027 0.0010 75 97

PFUnDA 0.0037 0.0013 60 90

Evaluating matrix effects is crucial for optimizing analytical methodologies. Identi-
fying compounds that are more susceptible to matrix influence can guide the refinement
of analytical protocols and support method validation in complex environmental ma-
trices [22,23]. These observations are particularly relevant in the context of monitoring
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environmental pollutants in water, with direct implications for risk assessment and envi-
ronmental regulation.

3.5.5. Recovery

Recovery performance is an important parameter for method validation, particularly
when analyzing trace-level contaminants in complex matrices like sewage sludge. In
this study, absolute recoveries for the 28 PFAS analytes were determined to evaluate the
efficiency of the developed UAE-based extraction protocol. Recoveries were calculated by
comparing the peak areas of post-extraction spiked samples (corrected for any background
signal in blanks) to those of equivalent concentration calibration standards prepared in
pure solvent. The results, presented in Table 3, demonstrated high extraction efficiency for
both short- and long-chain PFAS compounds.

Short-chain PFAS, such as PFBA and PFPeA, which are typically challenging to extract
due to their high polarity and low retention on sorbents, showed favorable recovery values.
This underscores the method’s capability to extract even more mobile and hydrophilic
compounds efficiently. At the same time, long-chain PFAS like PFOS, PFUnDA, and PFDA—
known for their strong affinity to organic matter—also exhibited consistent recoveries,
indicating that the method effectively disrupts analyte–matrix interactions. These findings
validate the use of methanol as an extraction solvent and support the effectiveness of
sonication in enhancing analyte release from complex solid phases. The combination of
physical (UAE) and chemical (solvent) actions proved essential for achieving quantitative
extraction across a structurally diverse group of PFAS.

The recovery results confirm that the method satisfies the accuracy and extraction
efficiency criteria required for quantitative LC–MS/MS methods, as defined by current
international standards and regulatory frameworks such as US EPA Method 1633 and EN
ISO 21675:2021 [5,16]. Furthermore, the methodology demonstrates sufficient flexibility to
accommodate emerging PFAS classes and future monitoring needs.

3.5.6. Sensitivity—Limits of Detection and Quantification

The sensitivity of the developed LC–MS/MS method was assessed by determining
the method detection limits (MDL) and method quantification limits (MQL) for all 28 target
PFAS compounds in dehydrated sewage sludge. MDLs and MQLs were calculated based
on signal-to-noise (S/N) ratios of 3 and 10, respectively, using serial dilutions of PFAS
standards spiked into matrix extracts to simulate real analytical conditions. The final values
reported account for the entire analytical workflow, including sample preparation, extrac-
tion, and concentration, thereby reflecting the actual method sensitivity in the presence
of matrix interferences. The method demonstrated excellent sensitivity across a broad
range of PFAS, with MDLs ranging from 0.0004 to 0.0013 µg/g, and MQLs from 0.0012
to 0.0037 µg/g (Table 3). These values confirm the method’s capability to detect PFAS
at ultra-trace levels in complex solid waste matrices. Notably, the compound PFEESA
exhibited the lowest MQL value, highlighting the high efficiency of ionization and low
background interference for these analytes. In contrast, slightly higher MQLs were ob-
served for long-chain or highly functionalized PFAS, such as PFUnDA and PFDS, likely
due to reduced ionization efficiency or more substantial matrix effects. The low MDL and
MQL values achieved for the full suite of PFAS analytes confirm the method’s suitability
for monitoring trace-level contamination in sludge, supporting environmental surveillance,
regulatory compliance, and risk assessment efforts.

3.5.7. Robustness

Robustness testing is essential to confirm the stability and reliability of an analytical
method when subject to minor, intentional variations in experimental conditions. In this
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study, the robustness of the LC–MS/MS method for PFAS quantification in dehydrated
sewage sludge was evaluated by slightly modifying key instrumental parameters during
chromatographic separation and injection.

The tested variations included changes in flow rate (±0.02 mL/min from the nominal
0.3 mL/min), column temperature (±2 ◦C from the optimized 40 ◦C), and injection volume
(±1 µL around the standard 10 µL) (Figure 8). These conditions were selected to simulate
minor fluctuations that may occur during routine laboratory operation due to instrument
drift or operator variability. Each modified condition was applied independently to samples
spiked with a PFAS mixture at 0.1 µg/g, and the impact on retention time, peak area,
and chromatographic resolution was monitored for all analytes. Across all experiments,
retention time shifts remained below ±3%, and no significant changes in peak symmetry
or baseline separation were observed. Similarly, peak areas varied within ±10%, and no
loss of analytical signal or co-elution issues were detected. The method was considered
robust under all tested conditions, as performance metrics remained within generally
accepted thresholds for LC–MS/MS quantitative analysis. In addition, broader robustness—
reflecting real-laboratory variability—was demonstrated through the intermediate precision
tests (Section 3.5.2), which involved independently prepared subsamples analyzed on
different days by different analysts. The consistent recoveries (70–130%) and inter-day
RSDR values ≤ 15% confirm that the method maintains reliability across variations in
operators, days, and sludge matrices.

Figure 8. Cont.
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Figure 8. Total ion chromatograms recorded in MRM mode during on robustness assessment. Effect
of minor changes in flow rate (a), temperature (b), and injection volume (c) on LC–MS/MS method
performance. Y-axis: signal intensity (counts or peak area); X-axis: acquisition time (min).

Overall, the robustness of the developed method ensures reliable performance during
extended monitoring campaigns and across different operators or instrumentation. This char-
acteristic is particularly important in the context of environmental PFAS surveillance, where
reproducibility and data comparability are critical for regulatory and scientific reporting.

3.6. Comparative Performance of Analytical Methods

A comparative analysis of published methods for PFAS determination in solid envi-
ronmental matrices, particularly sewage sludge and soil, reveals significant variability in
analytical strategies, influenced by regional standards, instrumentation, and targeted PFAS
classes [5,25–40]. Table 4 consolidates relevant data from 2020–2024 studies, providing
insight into differences in extraction techniques, cleanup procedures, instrumentation, and
detection performance.

Extraction of PFAS from sludge remains a critical step due to the matrix’s complexity
and heterogeneity. Our method, which uses a two-step ultrasound-assisted extraction
(UAE) in methanol followed by ferrite/sodium sulfate cleanup, offers a robust and re-
producible protocol, with minimal matrix interferences and high recovery across a broad
range of PFAS. Compared to more aggressive techniques such as alkaline digestion com-
bined with ion-pair extraction [28], our method avoids the use of caustic reagents while
achieving comparable or superior recovery for both short- and long-chain PFAS. Other
studies employed oxidative strategies to quantify precursors, including heat-activated
persulfate oxidation [29,30], often integrated into Total Oxidizable Precursor (TOP) assays.
While these methods offer valuable information on the total PFAS burden, including un-
known precursors, they add considerable complexity, increase analysis time, and can lead
to overestimation or degradation of thermally unstable PFAS.

A key differentiator across methods lies in the sample cleanup stage. SPE-WAX and
graphitized carbon black (GCB) sorbents [32] are commonly used to remove co-extracted
organics but have been associated with analyte losses, particularly for ultra-short-chain PFAS.
Our use of a ferrite/sodium sulfate combination provides efficient matrix removal without
compromising recovery for polar or volatile compounds. Some studies apply sequential SPE
strategies or dispersive solid-phase extraction (dSPE) with ENVI-Carb [32,34]. While effective,
these methods require additional manual steps and conditioning, increasing the risk of
variability and analyte loss, particularly in field applications or inter-laboratory comparisons.
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Table 4. PFAS analysis methods in sludge: sample preparation and detection limits.

Country Matrix Sample
Year

Compound
no. Sample Preparation Instrumentation Detection

Limits (MDL)
Detection

Limits (MQL) Ref.

Nordic
countries Sludge 2017 73

0.25 g sample, alkaline
digestion, ion-pair

extraction (IPE)
UPLC–MS/MS 0.0001–

0.05 µg/g 123–200 ngF/L [28]

Austria Sludge - 35 0.5 g sludge + 4× UAE with
MeOH and 1% acetic acid LC–MS/MS - - 680 ng

F/g [31]

Germany,
Switzerland,

Canada

Sewage
sludge - 10 1 g sludge, NH3/MeOH

(0.1 M), UAE, SPE-WAX/GCB LC–MS/MS 0.06 µg/g - - [32]

Sweden Sludge SRM
2781 2019 14 ~0.5 g sludge, MeOH

extraction, EnviCarb. cleanup LC–MS/MS [33]

Sweden Sludge 2020 12
-~0.5 g sludge, MeOH

extraction, concentrated,
EnviCarb. cleanup.

LC–MS/MS 151, 124,
13 ng/L - - [34]

Sweden

Sewage
Sludge

2019 16

5 mg sample, combustion
(1100 ◦C, 5 min), gases

trapped in Milli-Q water;
no IS

LC–MS/MS - - - - [38]
Sludge SRM

2781

Australia Biosolid
from WWTP 28 digestion LC–MS/MS 0.00024–

0.0092 µg/g 0.0012–
0.0047 µg/g [39]

United
States Sludges 2020 42 - LC–MS/MS 0.1–0.2 µg/g - - [40]

EPA
Method

1633 (U.S.
EPA, 2023)

biosolids 2023 40
SPE (WAX cartridge), MeOH

elution, isotope dilution
correction

LC–MS/MS 0.00005–
0.0004 µg/g 0.00016–

0.0016 µg/g [5]

Romania Sludges 2025 28

00.5 g sludge, 2× MeOH UAE,
ferrite/sodium sulfate
cleanup, evaporation,

reconstitution, filtration
(0.45 µm PTFE).

LC–MS/MS 0.0004–
0.0013 µg/g 0.0012–

0.0037 µg/g This
study

Most reviewed studies applied LC–MS/MS, LC–QTOF/MS, or CIC techniques, cover-
ing between 10 and 73 PFAS depending on analytical scope. The EPA Method 1633, the
current international benchmark, quantifies 40 PFAS with MDLs of 0.00005–0.0004 µg/g.
In comparison, the method developed in this study achieved MDLs of 0.0004–0.0013 µg/g
and MQLs of 0.0012–0.0037 µg/g, comparable to or lower than those reported for sludge
analyses in other regions (e.g., Germany, Canada). These results demonstrate high ana-
lytical sensitivity and confirm the method’s suitability for trace-level PFAS monitoring in
sewage sludge.

Several published methods prioritize either targeted PFAS analysis or nontarget screen-
ing via high-resolution mass spectrometry (HRMS). While these strategies are valuable for
discovery studies, they may lack the quantification precision and reproducibility required
for regulatory compliance. Our method aligns with international validation protocols [5,17],
offering a practical balance between analytical depth and operational feasibility. Moreover,
although methods based on combustion ion chromatography (CIC) enable estimation
of total organic fluorine, they do not provide compound-specific data necessary for risk
assessment or regulatory reporting. Our method, by contrast, is designed to fulfill these
specific requirements, offering both quantitative accuracy and compound-level resolution.

3.7. Application of the LC–MS/MS Method to Real Sludge Samples

To evaluate the practical applicability of the developed LC–MS/MS method, six
dehydrated sewage sludge samples were collected from municipal wastewater treatment
plants (WWTPs) in Romania during the spring of 2024. Each sample underwent triplicate
analysis to ensure consistency, reproducibility, and robustness of the results under routine
conditions. The samples were processed following the optimized ultrasound-assisted
extraction (UAE) protocol, which was previously demonstrated to provide effective release
of both short- and long-chain PFAS compounds from solid matrices. The extracts were
subjected to solid-phase cleanup and subsequently analyzed using the validated LC–
MS/MS method targeting 28 perfluoroalkyl substances.
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The analytical results revealed that all six samples exhibited PFAS concentrations
below the established limits of quantification (MQLs) for the method. These MQLs ranged
between 0.005 and 0.037 µg/g, as previously determined during method validation. The
absence of PFAS signals above the MQL does not necessarily indicate that the analytes were
present below the method detection limits (MDLs). Instead, concentrations may also fall
within the interval between MDL and MQL (MDL < X < MQL), where PFAS are detectable
but cannot be quantified with the validated accuracy and precision. Therefore, the non-
quantifiable findings in this study reflect concentrations below the validated quantification
capability of the method (MQL), while the method’s analytical sensitivity remains defined
by the established MDL values (0.004–0.018 µg/g). This interpretation is further supported
by the satisfactory recoveries (70–130%) and precision (RSD ≤ 15%) obtained during
method validation, confirming that the analytical protocol provides adequate sensitivity
for trace-level quantification in solid matrices. Thus, the non-detects observed are most
plausibly attributed to genuinely low PFAS burdens in the analyzed sludge rather than
method-related limitations.

These findings reflect the effectiveness of the wastewater treatment technologies
employed at the source WWTPs, which potentially removed or degraded PFAS compounds
before sludge dewatering. Additionally, the nature of the influent wastewater, which may
vary depending on industrial, domestic, or seasonal contributions, could significantly
influence the occurrence and concentration of PFAS in biosolids. Furthermore, the type and
efficiency of the treatment processes—such as biological activated sludge, tertiary filtration,
or chemical oxidation—may play a decisive role in PFAS fate during wastewater processing.
Another possible explanation is that the selected WWTPs were relatively small facilities
serving limited populations and with low industrial inputs, which may have resulted
in reduced PFAS loading to both influent and sludge. This contrasts with our previous
study [7], which investigated nine PFAS in samples from five large Romanian WWTPs,
including sludge, and where quantifiable levels of target compounds were detected. The
discrepancy likely reflects differences in plant scale, influent composition, and treatment
efficiency rather than methodological sensitivity. The current findings are consistent with
recent European studies reports showing minimal or non-detectable PFAS in sludge from
advanced treatment systems operating under optimized conditions [11,28,29].

Despite the non-detectable levels in the current dataset, it is important to emphasize
that this outcome does not imply the absence of PFAS in the tested samples but rather
reflects concentrations below the quantifiable range of the applied analytical protocol.
To further improve detection capability, future applications may consider implementing
additional sample concentration steps, employing selective preconcentration methods, or
enhancing signal response through increased injection volumes. Such strategies could
reveal trace-level contamination and further delineate PFAS occurrence patterns in environ-
mental solids. In addition, further monitoring across different seasons is recommended to
capture possible temporal variations. In future work, selected samples will also be submit-
ted to an accredited laboratory for independent verification. These additional optimizations,
combined with continuous monitoring programs, would enable more comprehensive eval-
uation of PFAS fate and persistence in Romanian sewage sludge and contribute to aligning
national datasets with European and international monitoring frameworks.

In summary, the developed LC–MS/MS method proved to be robust, reproducible,
and sensitive, demonstrating reliable quantification capability in complex matrices. Its ap-
plication to real-world samples confirms its analytical performance, while acknowledging
that broader validation through external proficiency testing would be beneficial. These
results underline the method’s potential for integration into routine PFAS surveillance
programs in Romania, where data on PFAS in biosolids remain scarce.
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3.8. Analytical Figures of Merit

The optimized analytical method presented in this study offers a robust, high-
throughput platform for the determination of 28 PFAS compounds in dehydrated sewage
sludge, combining efficient chromatographic separation, sensitive MS/MS detection, and
effective sample preparation. The key analytical figures of merit demonstrate the method’s
applicability for both regulatory monitoring and environmental research purposes. The
total chromatographic runtime was 15.5 min per sample, including column re-equilibration.
Within this window, all analytes were successfully separated with baseline resolution,
including structural isomers and compounds with closely related retention behavior such
as PFHxA/PFHxS and PFHpA/PFHpS. The use of a PFAS-specific stationary phase and
gradient optimization ensured narrow peak widths and high chromatographic efficiency,
even for short-chain acids eluting early in the gradient.

Reproducibility of retention times was excellent across over 150 sequential injections,
with relative standard deviations below 0.1% for all analytes. No significant drift or
carryover was observed, confirming the method’s stability and suitability for batch analysis.
This level of performance is critical when analyzing large sets of environmental samples
with low expected PFAS concentrations and potential matrix complexity. Sensitivity was a
core advantage of the method. Limits of detection (MDL) were typically below 0.015 µg/g
dw, and limits of quantification (MQL) ranged between 0.013 and 0.037 µg/g dw, depending
on analyte structure and ionization behavior. These values are well below proposed
regulatory thresholds for PFAS in biosolids, such as those discussed in the EU Strategy
for Sustainable Chemicals and the U.S. EPA’s risk assessments on PFAS in wastewater
residuals [5,34]. The inclusion of isotopically labeled internal standards allowed for accurate
quantification by correcting for analyte losses during extraction and cleanup, as well as for
ion suppression during ESI. The precision of the method was further supported by low
intra-day and inter-day variability (RSD <10% and <15%, respectively), even when applied
to sludge samples with diverse organic and inorganic content. No significant deterioration
in column performance or loss of analyte recovery was observed after repeated analysis,
confirming the method’s robustness over time. This was achieved without additional
rinsing cycles or frequent hardware maintenance, underscoring the method’s applicability
for high-throughput laboratories.

The method combines high resolution, speed, sensitivity, and reliability, making it
well-suited for monitoring PFAS in solid environmental matrices. Its compatibility with
existing regulatory standards and its potential scalability to automated workflows further
support its use in routine analytical laboratories.

3.9. Strengths and Limitations of the Method

The analytical method developed in this study demonstrates several notable strengths,
particularly in addressing the complex analytical challenges associated with the quantifica-
tion of PFAS in solid matrices such as dehydrated sewage sludge collected from Romanian
wastewater treatment plants. Unlike multi-sorbent SPE-based protocols, the method in-
tegrates a simplified ferrite/sodium sulfate cleanup step, which provides reproducible
recoveries and reduces matrix interference while remaining cost-effective and compatible
with local laboratory resources. First, the use of a PFAS-specific chromatographic column,
in combination with a carefully optimized gradient and mobile phase composition, en-
abled complete baseline separation of 28 target analytes, including short- and long-chain
perfluorinated acids and sulfonates. This level of resolution is critical for avoiding quan-
tification errors arising from co-elution or isomeric interference, especially in complex
environmental samples.
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Another major strength is the method’s sensitivity and broad dynamic range. Detec-
tion limits below 0.015 µg/g dw were achieved for most analytes without the need for pre-
concentration or derivatization, and quantification was possible below the limits proposed
by current and upcoming regulatory frameworks. The method’s use of isotopically labeled
internal standards further enhanced its quantitative accuracy and corrected for variations in
recovery, matrix effects, and instrument response drift. In addition, the sample preparation
protocol, involving mild alkaline extraction followed by optimized ferrite/sodium sulfate
cleanup, provided acceptable recoveries for all PFAS classes with minimal matrix inter-
ference and no significant analyte degradation. This simplified and reproducible cleanup
strategy represents a practical alternative to multi-sorbent SPE procedures, particularly for
regional laboratories that may lack advanced automated extraction systems.

The method also demonstrated excellent robustness over time. More than 150 consecu-
tive injections were carried out without column fouling, retention time shifts, or significant
signal loss, confirming the method’s suitability for high-throughput applications in envi-
ronmental monitoring.

Despite these strengths, several limitations should be acknowledged. Short-chain
PFAS, such as PFBA and PFPeA, exhibited slightly elevated recoveries, likely due to
mild matrix-induced ionization enhancement or incomplete sorbent-analyte interactions
during cleanup. While these effects were mitigated using internal standard correction, they
may limit the method’s suitability for analyte profiling in matrices with highly variable
composition, such as compost, sludge from industrial wastewater treatment plants, or
samples with extreme pH or organic content.

Another limitation is the method’s dependence on high-quality LC–MS/MS instru-
mentation with negative electrospray capability and sufficient dwell time control to handle
scheduled MRM acquisition. Laboratories without access to triple quadrupole systems or
those using older instrumentation may not achieve the same sensitivity and reproducibility,
particularly for low-abundance PFAS in complex solids. Lastly, while the method covers
28 common PFAS, it does not include ultra-short chain PFAS (e.g., trifluoroacetic acid) or
emerging replacement compounds such as GenX and ADONA, which may require different
extraction or chromatographic conditions. Expansion of the method to include these com-
pounds would require further validation and likely adjustments to the chromatographic
and mass spectrometric parameters.

The method offers a practical, sensitive, and reproducible platform for PFAS analysis
in sewage sludge and similar matrices, while recognizing the need for careful calibration
and potential method adaptation depending on sample type and analytical scope.

4. Conclusions
This study presents a validated LC–MS/MS method for the determination of 28 per-

and polyfluoroalkyl substances (PFAS) in dehydrated sewage sludge. The method combines
ultrasound-assisted methanolic extraction with a simplified ferrite/sodium sulfate cleanup,
achieving recoveries between 70–130% and precision (RSD) below 15% across all tested
analytes. The optimized chromatographic setup—using an Avantor® ACE® PFAS Delay
column coupled to an HTP-MS analytical column—provided complete separation of short-
and long-chain PFAS with stable retention times and excellent reproducibility over 150 in-
jections. The method achieved method detection limits (MDLs) of 0.0004–0.0013 µg/g and
quantification limits (MQLs) of 0.0011–0.0037 µg/g, enabling trace-level analysis compliant
with current international performance requirements. Application to six Romanian WWTP
sludge samples yielded PFAS concentrations below LOQs, suggesting low environmental
burdens rather than analytical limitations.
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This outcome supports the effectiveness of current wastewater treatment technologies
and highlights the need for continued national monitoring to track PFAS fate in biosolids.
The method’s robustness, cost-efficiency, and compatibility with standard LC–MS/MS
platforms make it suitable for regulatory and research laboratories, and it can be further
adapted to other solid matrices such as soils and sediments.

Future work should extend validation to emerging PFAS analogs (e.g., GenX, ADONA,
ultra-short chains) and include inter-laboratory testing and seasonal sampling to strengthen
representativeness and comparability across monitoring programs.
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https://www.mdpi.com/article/10.3390/analytica6040049/s1, Table S1: Physicochemical prop-
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Table S3: Acquisition windows set for the most sensitive detection of the investigated analytes;
Table S4: Calibration curve parameters for the 28 PFAS compounds (slope, intercept, R2).
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