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additives. Analyzing PFAS after degradation presents analytical (i;vw yer 9 9 o ot
challenges due to possible chemical and physical interactions, ® L o8°

including ion pairing, micelle formation, and complexation. These CTAB ‘ [PFOS] '
factors can significantly impact the precision and accuracy of PFAS

measurements, yet they are often overlooked in PFAS degradation

studies. In this work, we demonstrate that with the addition of ppb-level cetyltrimethylammonium bromide (CTAB), a cationic
surfactant used in PFAS plasma-based degradation, the PFAS calibration curve linearity, sensitivity, and reproducibility are severely
compromised. Isotopically labeled internal standards cannot fully correct these issues. Furthermore, the standard EPA methods
537.1, 533, and 1633 could not accurately recover PFAS concentrations in the PFAS and CTAB mixtures, with severe matrix effects
observed for longer-chain and nitrogen-containing PFAS. Among these methods, Method 1633 is currently the most suitable option
for postdegradation analysis. Method 1633 showed the lowest CTAB interference because this method used another weak ion pair
additive, formic acid or acetic acid (in commercial lab analysis), to acidify the sample before LC—MS/MS analysis and added an
isotopically labeled internal standard. For future PFAS degradation studies, we recommend systematically evaluating the matrix effect
on the PFAS quantification using a recovery matrix to validate the analytical methods before use.
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Biden-Harris administration proposed the first-ever national
standard to regulate six PFAS in drinking water, marking a
significant advancement in combating PFAS pollution.'’ The
EPA has proposed maximum contaminant levels of 4 ppt for
PFOA and PFOS, which is the current detection limit of
interest for these compounds. For other PFAS such as PENA,
PFHxS, PFBS, and GenX, the EPA suggests using a hazard
index to assess and regulate the cumulative risks from mixtures
of these chemicals."'

The EPA has also developed a few standardized analytical
methods, including 537.1,"* 533," and 1633,"* for quantifying
PFAS in different matrices. Method 537.1 is an update to the
original Method 537 designed to determine the selected PFAS
in drinking water. This method utilizes solid-phase extraction
(SPE) and liquid chromatography-tandem mass spectrometry

Per- and Polyfluoroalkyl Substances (PFAS) are a group of
man-made chemicals widely used in industrial and consumer
products since the 1940s due to their hydrophobicity,
oleophobicity, and thermal/chemical stability." These proper-
ties have made them popular for applications such as nonstick
cookware, water-repellent clothing, stain-resistant fabrics and
carpets, and firefighting foams. However, the characteristics
that made PFAS valuable in these applications also make them
persistent in the environment and human bodies as “forever
chemicals”.® Over the years, it became evident that PFAS
causes potential health risks such as cancer, immuno
suppression, and hormonal disruptions.*”™” By the early
2000s, the environmental and health impacts of PFAS have
gained significant attention, prompting regulatory actions and
voluntary phase-out of certain PFAS compounds.®

The United States Environmental Protection Agency (EPA) November 1, 2024 Measurenent M
has been working on addressing PFAS contamination through January 8, 2025 Qi
guidance, advisories, and regulation. In 2016, the EPA January 9, 2025
established a health advisory level for perfluorooctanoic acid January 22, 2025
(PFOA) and perfluorooctanesulfonate (PFOS) in drinking
water at 70 parts per trillion (ppt) combined.” In 2023, the
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Table 1. Overview of Selected Representative PFAS Degradation Methods with Their Postdegradation PFAS Analysis Method

Potential
Degradation method interfering
species
Case1. CTAB-enhanced CTAB

plasma degradation

Case 2. UV irradiation of
3-Indole-acetic-acid in 12-
Aminolauric-modified
montmorillonite

3-Indole-acetic-acid

Case 3. Micro-sulfidated

zero-valent iron
) Fe?*/Fe%*
Case 4 - Zero-valent iron

coupled with biochar

(LC—MS/MS) to identify and quantify 18 PFAS compounds,
including both perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs). Method 537.1 enhances
the original method by improving detection limits and
expanding the list of target PFAS. It is specifically tailored
for treated and untreated drinking water but has also been used
as a reference point for adapting methods for other
matrices.'”"> Method 533, complement to Method 537.1,
focuses on a different set of PFAS compounds, primarily
shorter-chain PFAS and their precursors. It also uses SPE and
LC—MS/MS but targets 25 PFAS compounds, including 11
PFCAs, 12 PESAs, and 2 GenX chemicals."®> Method 533 uses
isotope dilution and was developed in response to the evolving
understanding of PFAS chemistry and toxicology, recognizing
the need to monitor a broader array of compounds beyond
those included in Method 537.1. Method 1633 represents a
significant expansion in the scope of PFAS analysis by
introducing various sample pretreatment approaches. It is
designed to determine PFAS compounds in nonpotable water,
solids, biosolids, and tissue samples. This method can analyze
40 PFAS compounds, including PFCAs, PFSAs, fluorotelomer
alcohols, and other PFAS-related substances. Similar to the
other two methods, Method 1633 uses SPE coupled with LC—
MS/MS to achieve sensitive and accurate PFAS quantification
in various environmental matrices.'* The key differences in
sample preparation and chromatographic conditions for these
methods will be discussed later.

The scientific community, alongside the EPA, has dedicated
significant efforts to PFAS analysis and degradation research
over the past decade (Figure S1). Advanced PFAS degradation
techniques, such as photocatalysis,"®"” electrochemical oxida-
tion/reduction,'® plasma treatment,'” and the use of potent
chemical reductants such as zerovalent iron,”°~>* have shown
promise in laboratory settings. These methods aim to break the
C—F bonds, among the strongest in organic compounds, to
degrade PFAS into less harmful substances. However, the
postdegradation mixtures of PFAS consist of a complex array
of compounds, including not only remaining PFAS but also
their breakdown products such as F~ and sulfate, catalysts,
electrolyte, and other additives such as indole, surfactants, and
Fenton reagents.”” The complexity of the postdegradation
mixture poses a significant challenge in accurately quantifying
the PFAS due to various possible interferences, which are not
fully considered in the standard EPA methods. To address it,
advanced analytical methods are also being developed for the
quantification of PFAS in complex matrices based on matrix-
assisted laser desorption/ionization mass spectrometry
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Internal standards
(1S)

Solid-phase
extraction (SPE)

v

N/A — Commercial lab analysis

v v

(MALDI-MS),” direct analysis in real-time mass spectrometry
(DART-MS),” and ion mobility spectrometry.”*™>°

However, the PFAS postdegradation analysis in the
literature has rarely followed the standard EPA methods and
varied largely among different laboratories. Table S1
summarizes recent PFAS degradation methods in the
literature, including their corresponding preconcentration,
purification, and extraction techniques utilized before analysis,
the mobile phases employed for LC—MS/MS, and the
potential contaminants affecting analysis in the mixture after
degradation. Table 1 selected a few examples. PFAS may form
interactions through ion pairs, micelles, or complexation with
the additives used in these cases. CTAB, being a cationic
surfactant, can directly form ion pairs or micelles (Case 1)."
Similarly, 3-indoleacetic acid can protonate in acidic medium,
enabling ion-pair interactions with PFAS (Case 2).”” Fe**/Fe?*
ions are known to form complexes with PFAS, which would
affect the mass spectrometric analysis (Cases 3 and 4).”® Cases
1'” and 4 were performed with isotopically labeled internal
standards, while Case 2°° did not. Case 4 used SPE, while
others did not. In Case 3, information about the PFAS
analysis was missing, as it was conducted at a commercial lab.
Considering numerous studies have previously shown that
simple adsorption onto LC—MS/MS vials and adherence to
instrument components cause significant errors in PFAS
analysis,’>** we wanted to find out the data reliability in the
PFAS postdegradation analysis due to interference species
from PFAS degradation and the variation of analytical
procedures.

In this work, we focus on a model system containing a
mixture of ppb-level cetyltrimethylammonium bromide
(CTAB) and PFAS, which simulates a postdegradation mixture
after CTAB-enhanced plasma-based PFAS destruction proc-
ess.'” We chose this model system because CTAB is known to
form ion pairs with negatively charged PFAS,”* which can
change the retention times of PFAS compounds and affect the
ionization efficiency for mass spectrometry quantification. We
evaluated the PFAS quantification accuracy and reproducibility
as a function of PFAS and CTAB concentrations. We observed
that low concentration (S to 125 ppb) of CTAB could severely
compromise the PFAS calibration curve linearity, sensitivity,
and reproducibility. The same irreproducible issue was
observed even using the standard EPA methods 537.1, 533,
and 1633. Adding isotopically labeled internal standards
cannot fully correct these issues. We minimized CTAB
interference by altering the mobile phase composition to
0.1% formic acid in water and acetonitrile mobile phase. Our
results highlight the challenges in PFAS analysis in complex
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postdegradation contexts, and the PFAS quantification method
for analyzing postdegradation mixtures should be properly
validated before use.

Optima LC—MS grade (>99%) acetonitrile, methanol, and ultrapure
water were purchased from Fischer Scientific. Ammonium acetate,
formic acid (>99%), Perfluorooctanesulfonate (PFOS) and cetyl-
trimethylammonium bromide (CTAB) were purchased from Sigma-
Aldrich. Perfluorohexanoic acid (PFHxA) sodium salt, Perfluorohep-
tanoic acid (PFHpA), Perfluorooctanoic acid (PFOA), Perfluorono-
nanoic acid (PFNA), Perfluorodecanoic acid (PFDA), Perfluoroun-
decanoic acid (PFUA) sodium salt, Perfluorododecanoic acid
(PFDoA), Perfluorotridecanoic acid (PFTrDA), Perfluorotetradeca-
noic acid (PFTeDA), Perfluorobutanesulfonate (PFBS) potassium
salt, Potassium perfluorohexanesulfonate (PFHxS) (mixed isomers),
Perfluorooctanesulfonate (PFOS) (mixed isomers), N-Methylper-
fluorooctanesulfonamidoacetic acid (N-MeFOSAA) (mixed isomers),
N-Ethylperfluorooctanesulfonamidoacetic acid (N-EtFOSAA) (mixed
isomers) and isotopically labeled sodium perfluoro-1-octanesulfonate
(PFOS) (*Cg, 99%), perfluoro-n-octanoic acid (PFOA) (**Cg, 99%),
potassium perfluoro-1-hexanesulfonate (PFHxS) (*C,, 99%) were
purchased from Cambridge isotopes (item names: EF-28 native mix
and ES-5648). The LC—MS/MS performance was validated using the
IRMM-428 certified reference material, which includes Perfluorobu-
tanesulfonate (PFBS), Perfluorohexanesulfonate (PFHxS), Linear
perfluorooctanesulfonate (L-PFOS), Perfluoropentanoic acid
(PFPeA), Perfluorohexanoic acid (PFHxA), and Perfluoroheptanoic
acid (PFHpA).

a. LC-MS/MS configurations. Two LC—MS/MS were mainly
used in this study: one was a Shimadzu 8040 LC-Triple
Quadrupole Mass Spectrometer equipped with an Electrospray
Ionization source, and the other was an Agilent 6470B LC—
MS/MS with an Agilent Jet Stream source. Analytical
separation of PFAS and CTAB was achieved using a Waters
ACQUITY UPLC BEH C18 column (130 A, 1.7 yum, 2.1 mm
X 100 mm), complemented by an Agilent InfinityLab
Poroshell 120 guard column. A delay column, specifically the
InfinityLab PFC Delay Column (4.6 X 30 mm) with a pressure
tolerance of up to 1200 bar, was incorporated into the setup.
PFAS are known for their tendency to stick to surfaces,
including those in analytical instrumentation, which can lead to
carry-over effects between samples or even contamination of
the instrument itself, causing false-positive detections. PTFE
tubing was substituted with PEEK tubing throughout the
system to minimize potential cross-contamination.*> Injection
volumes were either 20 or 50 L, with a 0.3 or 0.4 mL/min
flow rate. The ESI capillary voltage was set to 2.5 kV, and the
source temperature was set to 120 °C. The nebulizing gas flow
rate was maintained at 3 L/min, the desolvation line
temperature at 100 °C, the heat block temperature at 150
°C, and the drying gas flow rate at 15 L/min. The data loop
time was set to 6 s. These parameters remained unchanged
except when adjustments were necessary for standard methods.
Multiple reaction monitoring mode was used in the analysis,
and the MS/MS channel for each species was utilized for
quantification. The MS/MS qualifiers and isolation windows
are presented in Table S2. The PFAS sample preparation and
LC gradients are given below.

b. PFOS analysis. An accelerated LC gradient was developed to
analyze the PFOS-CTAB mixtures using a mobile phase of 20
mM ammonium acetate in water and methanol. Initially, the
solvents were at 50% each, and methanol was ramped to 100%
over 3 min, held at 100% for 2 min, then reduced back to 50%,
and held for an additional 2 min. The total chromatography
gradient duration was 7 min. The PFOS and CTAB
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concentrations ranged from S to 125 ppb. For internal
standard experiments, 2.5 ppb of isotopically labeled PFOS
was present in the samples. The same gradient program was
used for the formic acid mobile phase experiments but with
two mobile phase solutions being 0.1% formic acid in water
and 0.1% formic acid in acetonitrile.

. PEAS mixture analysis. The PFAS mixture samples were diluted

from a Cambridge EPA 537 native mixture that contains
PFHxA, PFHpA, PFOA, PENA, PEDA, PFUA, PFDoA,
PFTrDA, PFTeDA, PFBS, PFHxS, PFOS (each at 2 ppm),
N-MeFOSAA and N-EtFOSAA (each at 8 ppm). The standard
series was prepared in a concentration range of 5—125 ppb for
each PFAS compound, with a fixed 100 ppb of isotopically
labeled internal standard mixture of PFOS (*3Cg) and PFOA
("*Cg). The CTAB concentration was maintained at 2 ppm in
the PFAS-CTAB mixture samples. The PFAS mixture samples
were analyzed using the LC gradients in EPA methods 537,
1633, and a literature method that was previously used in the
PFAS-CTAB plasma degradation study,'” as well as by a
commercial analytical laboratory, as specified below.

1. EPA Method 537.1. The gradient began with an initial
mobile phase composition of 60% 20 mM ammonium
acetate and 40% methanol, which was maintained for
the first 1.0 min. From 1.0 to 25.0 min, the gradient
increased the methanol percentage to 90% while
decreasing ammonium acetate to 10%, and this
composition was then held constant from 25.0 to 32.0
min. At 32.1 min, the gradient rapidly returned to the
initial condition of 60% ammonium acetate and 40%
methanol, which was maintained until 37.0 min to allow
for re-equilibration of the column, preparing it for
subsequent analyses.

2. EPA Method 1633. This method used a column
temperature of 40 °C and a maximum pressure of
1100 bar. Before chromatography analysis, the sample
pH was adjusted to 5.9—6.0 using formic acid and
ammonium formate. The gradient started with 2%
eluent A (acetonitrile) and 98% eluent B (2 mM
ammonium acetate in 95:5 water/acetonitrile) at a flow
rate of 0.35 mL/min, held from 0.0 to 0.2 min. By 4.0
min, the mixture changes to 30% eluent A and 70%
eluent B with an increased flow rate of 0.40 mL/min.
The composition shifted to 55% eluent A and 45%
eluent B by 7.0 min, held until 9.0 min when eluent A
reached 75%. At 10.0 min, eluent A reached 95% and
then rapidly returned to 2% at 10.4 min, which was
maintained until 11.8 min. The flow rate was reduced to
0.35 mL/min by 12.0 min for re-equilibration.

3. The literature method. The solvent gradient used eluent
A (5 mM ammonium acetate in water) and eluent B
(acetonitrile). It started at 0.4 mL/min with 20% eluent
A and 80% eluent B, held from 0.0 to 0.5 min. By 3.0
min, the gradient shifted to 80% eluent A and 20%
eluent B. At 5.0 min, eluent A was increased to 100%,
which was held until 5.5 min. At 5.6 min, the gradient
returned to the initial condition of 20% eluent A and
80% eluent B, maintained until 8.0 min for re-
equilibration.

4. Commercial laboratory testing. The commercial sample
analysis was conducted at Battelle following standard
EPA 537.1, 533, and 1633 methods, using a Sciex 6500
(AD) LC—MS/MS. Low concentrations of PFAS (2
ppb for each PFAS except 8 ppb for N-MeFOSAA and
N-EtFOSAA) and CTAB (24 ppb) were used because
solid-phase extraction was used to preconcentrate the
samples by 50—75 folds in these protocols. The
commercial lab testing samples were stored and shipped
in high-density polyethylene containers.

5. Quality control. A blank injection was performed
between PFAS samples to ensure no carryover.

https://doi.org/10.1021/acsmeasuresciau.4c00083
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Chromatograms were monitored for residual PFAS and
CTAB peaks. Injector needle wash was also performed
with 50% H,O and 50% MeOH before and after PFAS
sample injection. Blank runs showing carryover residue
peaks were repeated until the chromatograms returned
to baseline. All samples were prepared in triplicate and
injected twice during the analysis. The final average was
calculated from six replicates, comprising both instru-
ment and standard replicates.

3.1.1. Commercial Laboratory Analysis. In the original
study of plasma degradation of PFAS by Li et al,,'” the total
PFAS concentration was ~100 ppb, and the CTAB
concentration was around 36.4 ppm (~0.1 mM). Excess
CTAB helped PFAS float to the liquid-foam interface, enabling
the preconcentration of PFAS and facilitating plasma
degradation. During plasma degradation, both CTAB and
PFAS underwent decomposition. However, Li’s original study
did not determine the ratio of CTAB and PFAS in
postdegradation mixtures (Figure 1a). To the first proximation,
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PFAS (~100 ppb) PFAS (? ppb)

o T T T T T T T T T T T T T
(b) E 35 Commercial laboratory results [ EPA 537.17

Ss0f [_JEPA533 |
o [_lEPA 1633
< 251 ]
[Ty
o0} -

m

=

5151 ]
E 1.0 t. ............................................................ N
2
Losf ]
L 00

%) K /\
@) s o 7 X
LR LFPILLE LTS FS
Q(( 9 O
X O PR
& &
N

FRFRFEFO & ]
F N
E s \)J\OH

A

FFFFFFFEC
NMeFOSAA: R= methyl, NEtFOSAA: R = ethyl

im=3,5,and 7

n=4to 11

Figure 1. (a) Challenge in analyzing PFAS following plasma-
degradation due to possible CTAB interference. (b) Ratio between
PFAS concentrations with and without CTAB measured by a
commercial laboratory using the standard EPA methods 537.1, 533,
and 1633. PFAS samples contained 2 ppb of each PFAS except 8 ppb
for NMeFOSAA and NEtFOSAA. Additional 24 ppb of CTAB was
present in the CTAB-added PFAS mixture sample. Green zone
highlights the [PFAS], i, cras/[PFAS], /o crap ratio between 0.7 and
1.2.

we assumed the CTAB and PFAS left in the postdegradation
mixture had comparable ppb-level concentrations.'” Therefore,
we prepared a PFAS mixture that contained 13 different PFAS
compounds with equal concentrations of 2 ppb each, except
for the two sulfonamide PFAS, NMeFOSAA and NEtFOSAA,
which were 8 ppb each. The total PFAS concentration is 38

138

ppb. We spiked the PFAS mixture sample with 24 ppb CTAB
to simulate the remaining CTAB in the degradation mixture.

Two PFAS mixture samples, one with CTAB and the other
without CTAB, were submitted to a commercial analytical
laboratory as blind samples to evaluate the CTAB interference
on PFAS analysis. They were independently analyzed following
the complete procedures of three different EPA methods
537.1,"% 533,"° and 1633,"* which included solid-phase
extraction, isotopically labeled internal standards, and
surrogates. The main differences between the three EPA
methods lie in sample preparation and chromatographic
conditions. Briefly, Method 537.1 uses hydrophilic—lipophilic
balanced SPE cartridges to extract PFAS, and its LC—MS/MS
mobile phase consists of water and methanol with a relatively
high concentration of ammonium acetate (20 mM). Method
533 utilizes mixed-mode SPE cartridges incorporating
reversed-phase and weak anion exchange properties, allowing
for better retention and extraction of short-chain PFAS and
those in complex matrices. It uses a lower concentration of
ammonium acetate (2 mM) in its LC—MS/MS mobile phase,
aiming to optimize the detection of a broader array of PFAS. In
contrast, Method 1633 uses a weak-anion exchange carbon
SPE cartridge. Extracts were acidified with acetic acid, fortified
with internal standards, and transferred to LC—MS/MS for
analysis.

Surprisingly, none of the three methods produced
satisfactory PFAS recovery for PFAS-only or PFAS-CTAB
mixture samples (Table S3). For the PFAS-only sample, all
reported PFAS concentrations were approximately ~1/3 of the
true concentrations for Method 533, ~ 1/6 for Method 537.1,
and ~1/2 to 2/3 for Method 1633. We suspected such
systematic underestimation most likely arises from SPE
procedures. Because PFAS-only and PFAS-CTAB mixture
samples were run in parallel in the commercial laboratory,
similar systematic underestimation should be present for both
samples. Thus, we focused on the ratio between the reported
concentrations for PFAS-only or PFAS-CTAB mixture
samples, which provides valuable information about the
CTAB interference on PFAS analysis.

Figure 1b shows that Method 537.1 consistently reported
~3 times higher PFAS concentrations in the presence of
CTAB, while Method 533 reported only ~1/3 of the PFAS
concentration in the presence of CTAB. Among the three
methods, EPA Method 1633 showed the smallest CTAB
interferences with a concentration ratio ([PFAS],n cran/
[PFAS],/o ctas) ranging from 0.65 to 1.11. The long-chain
PFAS (PFDoDecA and PFTrDA) and sulfonamide PFAS
(NMeFOSAA and NEtFOSAA) had relatively more significant
interference than other PFAS. These results clearly show that
CTAB strongly interferes with PFAS analysis, and EPA
Method 1633 is currently the best choice for PFAS analysis
in the presence of CTAB.

3.1.2. LC-MS/MS Analysis of CTAB and PFOS
Mixtures. To understand the CTAB interference and find a
potential solution, we started with a two-component model
system of CTAB and PFOS mixtures with 0 to 125 ppb each.
The simple composition allowed us to focus on the LC—MS/
MS analysis without considering the sample extraction using
SPE. We used the same mobile phase of ammonium acetate in
water and methanol mixture as EPA Method 537.1 and
modified chromatography conditions, as shown in Figure 2a, to
accelerate the separation of PFOS and CTAB. Figure 2b shows
the chromatogram acquired in the Multiple Reaction
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Figure 2. (a) Mobile phase gradient used for the accelerated LC—MS/MS analysis of PFOS and CTAB mixtures. (b) LC—MS/MS chromatogram
for PFOS and CTAB acquired in multiple reactions monitoring mode. Flow rate: 0.3 mL/min. (c) PFOS calibration curves without CTAB and
with [CTAB] = 30 ppb collected on a Shimadzu 8040 LC-Triple Quadrupole Mass Spectrometer at Wayne State University. (d) PFOS calibration
curves collected on an Agilent 6470B LC—MS/MS at the University of Utah. Error bars represent the standard deviation of 3 replicates.

Without CTAB
With CTAB

<0.7 Poor
Peak area (with CTAB) Good

Peak area (without CTAB)

Signal intensity

Recovery =

Poor

(Reproducibility) = standard deviation of Recovery

Retention time

0.25[125
0.2 100
0.15 75 0.38 (0.66)
0.1 50
0.08] 40
0.06| 30
0.04] 20 0.40 (0.20) 0.38 (0.18)

0.03] 10
0.01] 5

[CTAB])/ppb or nM

5 10 20 30 40 50 75 100 125

0.01 0.03 0.05 0.08 0.11 0.14 0.21 0.27 0.34
[PFOS]/ppb or nM

Figure 3. Recovery matrix for PFOS analysis in the presence of S to 125 ppb CTAB. PFOS signal is averaged among three independent samples.
Numbers in the parentheses are the standard deviations of the recovery values. Calibration curves used to generate this matrix are given in Figure
S2.

Monitoring (MRM) mode for PFOS in the negative ion mode source at Wayne State University. Figure 2c shows that the
and CTAB in the positive ion mode. The LC—MS/MS analysis calibration curve for PFAS has an R* of 0.997, with a stable
was performed on a Shimadzu 8040 LC-Triple Quadrupole slope and good reproducibility without CTAB. However, with
Mass Spectrometer equipped with an electrospray ionization the addition of just 30 ppb of CTAB, the curve began to lose
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Figure 4. (a) Comparison between typical chromatograms for a PFAS mixture without and with CTAB using the EPA Method 537.1. Relative

sensitivity and R? values for each PFAS compound in the mixture usin
literature method used in the PFAS-CTAB plasma degradation study,’

the LC—MS/MS protocols in (b) EPA Method 537.1, (c) a previous
and (d) EPA method 1633. Relative sensitivity is defined as the ratio

between the slopes of the calibration curves for each PFAS with and without CTAB. Green shadow highlights the regions with a relative sensitivity
of 0.7 to 1.2. Calibration curves used to calculate relative sensitivity and R” are provided in the Supporting Information, and error bars show the
uncertainty of the relative sensitivity, calculated from the uncertainty of the linear fit slopes of the calibration curves with and without CTAB.

linearity with R* = 0.450. A similar change in calibration curve
linearity and reproducibility was observed for other CTAB
concentrations >20 ppb (Figure S2), confirming the strong
interference of CTAB on the LC—MS/MS analysis.

To confirm that the observed interference from CTAB on
PFOS analysis was not caused by instrument malfunctions, we
performed the same analysis using an Agilent 6470B LC—MS/
MS with an Agilent Jet Stream source at the University of
Utah. We observed a similar linearity loss after adding CTAB
(R* = 0.99 without CTAB vs R* = 0.47 without CTAB in
Figure 2d).

We summarized the data collected on the Shimadzu 8040
LC—-MS/MS for ten different CTAB concentrations ranging
from 0 to 125 ppb in a PFOS recovery matrix (Figure 3). Each
row in the matrix corresponds to a conventional calibration
curve at a fixed CTAB concentration. Recovery is defined as
the ratio between the LC—MS/MS signals of PFOS with and
without CTAB to evaluate the CTAB interference, as
expressed by eq 1.

PFOS signal with CTAB
PFOS signal without CTAB (1)

Recovery =

An acceptable recovery for analytical methods typically
should be between 0.70 and 1.20 when no significant
interference exists.”® However, around 60% of the data points
in the matrix fell outside this range (Figure 3). Most recovery
values were over 1.2, with a maximum value of 2.32, indicating
that CTAB tends to increase the LC—MS/MS signal.
However, there are random cases where the recovery dropped
to 0.38, suggesting the presence of CTAB can also cause a
signal decrease. These random effects were not likely due to
PFOS carryover, as blank runs were conducted before and after
the PFOS analysis, and the signals for the blanks were
comparable. No peaks corresponding to the presence of PFOS
were observed (Figure S3). Inspection of the chromatographic
profiles shows that CTAB and PFOS retention times remain
mostly constant, with occasional early elution and tailing
observed for PFOS (Figure S3). These early elutions could be
attributed to PFOS-CTAB ion pairs or micelles that may exit
the column without extensively partitioning into the analytical
column.

3.1.3. LS—MS/MS Analysis of PFAS Mixtures. Next, we
moved on to study the impact of CTAB on the LC—MS/MS
analysis of standard PFAS mixtures. In this experiment, we
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fixed the CTAB concentration at 2 ppm while varying the
PFAS concentration from S to 125 ppb each, except for the
two sulfonamide PFAS, NMeFOSAA and NEtFOSAA, which
are 4 times high in concentration relative to other PFAS in the
mixture. The maximum mass ratio between total PFAS and
CTAB is ~1, like the sample sent to the commercial
laboratory. This time, we used three chromatographic
conditions for PFAS analysis: EPA 537.1, EPA1633, and a
previous literature method in the PFAS-CTAB plasma
degradation study.'” All three conditions achieved separation
among different PFAS with similar reported retention times by
EPA and PFAS-CTAB plasma degradation method (Figures
4a, S4, and Table S4).

For EPA Method 537.1, the peak position for each PFAS in
the chromatogram did not show a significant shift after adding
CTAB, but noticeable changes in the peak intensity were
observed (Figure 4a). We established the calibration curves for
each PFAS at various PFAS concentrations to evaluate the
calibration curve linearity and signal sensitivity in the presence
of CTAB (Figures S5—S10). We used relative sensitivity,
defined as the ratio between the slopes of the calibration curves
for each PFAS with and without CTAB, to evaluate the impact
of CTAB on the PFAS signal. Figure 4b shows the relative
sensitivity for most PFAS fell in the range of 0.7—1.2, except
for the long-chain PFDoDecA and PFTrDA, which are as low
as ~0.3. Similarly, the linearity was maintained for most PFAS
except PFDoDecA and PFTrDA. The latter two have a much
worse R*-value, as low as 0.78.

Similar results were observed using the literature method
(Figure 4c),"” which used ammonium acetate in acetonitrile
and water as the mobile phase instead of methanol and water
mixture in EPA 537.1. These findings indicate that CTAB
mainly interacts with long-chain PFAS in a PFAS mixture in
acetonitrile/water and methanol/water mobile phases, sup-
pressing their mass spectrometric signals and causing
irreproducible results.

Next, we tested the chromatographic condition of EPA
Method 1633. This method was recently introduced to cover a
broader sample scope, including aqueous, solid, biosolids, and
tissue samples. The major difference between Method 1633
and the above two methods is that the sample pH was adjusted
to 5—6 before chromatographic separation. The result in
Figures 4d, S7, and S8 shows that (1) Method 1633 yielded
poor linearity for two sulfonamide PFAS (NMeFOSAA and
NEtFOSAA) and long-chain PFAS (PFTrDA) even without
CTAB, (2) the presence of CTAB recovered the linearity for
sulfonamide PFAS but increased the errors in each measure-
ment (Figures S7 and S8), and (3) the linearity for two long-
chain PFAS (PFDoDecA and PFTrDA) remained poor as
other two methods. A possible explanation for the behaviors of
sulfonamide PFAS is that their slightly higher pK, values than
other perfluorinated acids led to their protonation in an acidic
medium and lowered the sensitivity.””

The LC—MS/MS studies above clearly show that CTAB
strongly interferes with mass spectrometric analysis of PFAS,
particularly for long-chain PFAS. This causes the poor linearity
of the PFAS calibration curves in the presence of CTAB and,
thus, inaccurate quantification.

3.2.1. Isotopically Labeled Internal Standards. Adding
isotopically labeled internal standards is the most common
strategy for addressing interference issues due to a complex
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matrix. We tested this strategy on the two-component CTAB-
PFOS model system by adding '*Cg-labeled PFOS. Figure Sa
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Figure S. PFOS calibration curves with and without 30 ppb CTAB
(a) in the absence of and (b) in the presence of 2.5 ppb "*Cg-labeled
PFOS internal standard. Error bars represent the standard deviation of
3 replicates.

shows that the LC—MS/MS calibration curve before adding
CTAB has excellent linearity (R* = 0.990), but the R* value
drops to 0.469, with the data points largely scattered after
adding 30 ppb CTAB. After adding 2.5 ppb of *C3—PFOS as
the internal standard, the calibration curve linearity for the
PFOS-only sample was further improved with R* = 0.995
(Figure Sb). In comparison, the linearity was partially restored
for the CTAB-PFOS mixture, but data remained scattered at
the lower PFOS concentration region ([PFOS] < 50 ppb),
leading to a poor R* = 0.641. It is important to point out that
the molar ratio of PFOS and CTAB at [PFOS] = 50 ppb and
[CTAB] = 30 ppb is ~1. This result suggests that when the
PFOS/CTAB molar ratio in the sample is less than 1, *Cg—
PFOS also participates in the interactions with CTAB, causing
irreproducible mass spectrometric signals. This finding also, in
part, explained the CTAB interference observed in commercial
laboratory testing results in Figure 1 even though isotopically
labeled internal standards were used in the analysis (recall the
total [PFAS] = 38 ppb and [CTAB] = 24 ppb, giving a PFAS/
CTAB molar ratio = ~ 1).

3.2.2. Formic Acid Mobile Phase. The dependence of the
LC—MS/MS qualification accuracy on the PFOS/CTAB
molar ratio suggests the presence of stoichiometric interactions
between PFOS and CTAB, most likely the CTAB-PFOS ion
pair formation. To mitigate the CTAB-PFOS ion pair
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Figure 6. Recovery matrix for PFOS analysis in the presence of S to 125 ppb CTAB using 0.1% formic acid in water and acetonitrile as the LC—
MS/MS mobile phase. Calibration curves used to generate this matrix are given in Figure S12.

formation effect, we adjusted the mobile phase from
ammonium acetate in water and methanol (pH ~ 8) to
0.1% formic acid in water and acetonitrile mixture (pH ~ 3)
(Figure S11). Formic acid is a weak jon-pairing agent that can
also form ion pairs with CTAB,*® which could suppress the
formation of the CTAB-PFOS ion pair. Formic acid is also
volatile and does not suppress the MS detector signal.””*’
Figures 6 and S12 clearly show a significantly improved
recovery, with the majority falling between 0.7 and 1.2 using
this acidic mobile phase, even without internal standards.
There were a few exceptions at [CTAB] = 10 and 30 ppb. The
outlier data at 30 ppb was retested on an Agilent 6470B LC—
MS/MS, but we observed similar inconsistent recovery. The
reason is still unclear.

This study highlights the challenges in quantifying PFAS in the
complex mixture after PFAS degradation using a simple PFAS-
CTAB model system. The presence of CTAB significantly
affects the LC—MS/MS signals of PFAS and the linearity of
calibration curves for PFAS. The long PFAS compounds, such
as PFDoDecA and PFTrDA, are more susceptible to CTAB
interference than shorter ones in a PFAS mixture. Among the
three standard EPA methods for PFAS analysis (Method
537.1, 533, and 1633), Method 1633 suffered the least from
CTAB interference. The CTAB interference is most likely due
to the ion pair formation with PFAS because the accuracy of
the LC—MS/MS qualification depends on the PFOS/CTAB
molar ratio. Using isotopically labeled internal standards could
not fully address the interference issue and only improved the
calibration curve linearity when the sample’s PFOS/CTAB
molar ratio was higher than 1. Using a mobile phase composed
of formic acid in acetonitrile and water mixtures more
effectively improved the quantification accuracy because formic
acid is a weak pairing agent that can also form ion pairs with
CTAB, which could suppress the formation of the CTAB-
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PFOS ion pair. Our findings are generally consistent with the
commercial laboratory testing results that Method 1633
showed the lowest CTAB interference because this method
used another weak ion pair reagent, acetic acid, to acidify the
PFAS-CTAB mixture sample before LC—MS/MS analysis and
added isotopically labeled internal standard. For future PFAS
degradation studies, we recommend evaluating the matrix
effect on the PFAS quantification using a recovery matrix to
validate the analytical methods before use.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00083.

Publication information related to the analysis, degra-
dation, and toxicity assessment of PFAS and calibration
curves and chromatograms for outliers for PFOS, CTAB,
and PFAS mixtures for standard methods, mass
spectrometer collision energy, summary of selected
representative methods for PFAS degradation/removal,
LC—MS/MS analysis parameters, commercial laboratory
PFAS analysis results, reported retention times for EPA
537.1, EPA 1633, and literature method (PDF)
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