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Rapid and Sensitive Analysis of 17
Per—and Polyﬂuoroalkyl Substances Introduction

. . . . . Per- and polyfluoroalkyl
m Water by Dlrect In] ection W]th substances (PFAS) represent

. a diverse group of synthetic
QSlght 420 UHPLC / MS / MS fluorinated organic compounds
that have been produced
and widely used in industrial
applications and consumer products since the late 1940s and early 1950s. Common applications
of PFAS include their use as additives in fluoropolymer production, surfactants in numerous
consumer products, fire-fighting foams, stain resistant coatings for furniture and carpeting,
nonstick cookware coatings, lubricants, breathable waterproof fabrics, paints, shampoos,
coatings for food packaging (fast food wrappers and boxes) and other materials. The
unique physical and chemical properties of these compounds (highly stable and resistant to
degradation), along with their ubiquitous use, have led to the accumulation of PFAS in the
environment, with growing concern over human exposure to these chemicals.’

Among PFASs, perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) have been the
most prevalent in the environment, and have thus attracted the most attention. Various PFASs
have been found around the world in different water resources including drinking water, surface
water, ground water and waste water.'¢ High concentrations of PFAS were reported in water
near crash and fire training military bases, likely owing to the use of aqueous film forming foam
(AFFF) utilized as a fire suppressant.” As PFAS production shifted from Western to Asian countries,
such as China, increased amounts of PFAS were detected in water samples collected from rivers

and coastal drain outlets around the Bohai Sea, China.®
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To aid in the monitoring of PFAS in environmental matrices,
several health advisory guidelines and recommended methods
have been established. The United States Environmental Protection
Agency (U.S. EPA) issued a health advisory limit of 70 parts per
trillion (ppt) for PFOA and PFOS in drinking water.® The latest
European Commission adopted proposal for PFAS outlines limits
of 100 ng/L (ppt) for individual PFAS compounds, and 500 ng/L
for total PFAS concentrations.’® Some States in the USA have
set even more stringent limits.'" For example, New Jersey has
proposed health-based drinking water maximum contaminant
levels (MCL) of 13 ppt for perfluorononanoate (PFNA), 14 ppt
for PFOA and 13 ppt for PFOS."? The Minnesota Department
of Health recently lowered the health-based advisory values
for PFOS to 15 ppt, down from the previous level of 27 ppt
set in 2017. Further, in 2019, the Minnesota Department

of Health set for the first time a health-based value for
perfluorohexylsulfonate (PFHxS) at 47 ppt.'>'4

The development of an efficient strategy for identification and
quantification of PFAS is essential for risk assessment. The
most widely used analytical technique for PFAS monitoring is
LC/MS/MS due to its high sensitivity, selectivity and robustness.
Several organizations and regulators have developed methods
for the analysis of PFAS in environmental matrices, including:

e United States Environmental Protection Agency
(U.S. EPA): In 2009, EPA published Method 537 for the
determination of 14 PFASs in drinking water. An update,
Method 537.1, was released in 2018 and increased the
scope of the method to include four new compounds.'>'®
An additional method, developed to measure a group of
24 PFAS compounds in non-drinking water aqueous
matrices, is being developed by EPA. Method 8327 is
expected to be promulgated by EPA in 2020, and will utilize
an LC/MS/MS method with external calibration for the
analysis of 24 PFAS compounds.

International Organization for Standardization (ISO):
Developed in 2009, ISO 25101 is utilized for the determination
of PFOS and PFOA in unfiltered samples of drinking, ground
and surface water (fresh water and sea water) by coupling solid
phase extraction (SPE) with LC/MS/MS.™8

The American Society for Testing and Materials (ASTM):
Two methods, ASTM D7979-17 for environmental waters,'®
and ASTM D7968-17a for sludges and soils,?® were developed
by ASTM for the determination of PFAS using multiple
reaction monitoring (MRM) mass spectrometry.

The determination of low levels of PFAS typically requires either
a highly sensitive mass spectrometer, or a sample preparation
technique that includes a concentration step. Coupling SPE

with LC/MS/MS has been one of the most popular approaches
to PFAS analysis in aqueous samples, and has been employed

in EPA Method 537, 537.1, and ISO 25101. Recently, with

the advancement and availability of highly sensitive mass
spectrometers, a trend towards developing a high throughput
analytical method for the determination of PFAS by direct
injection, without SPE, has been appreciated, as reflected in the
aforementioned ASTM methods'*?° and various publications.*>21-22
The direct injection approach can not only aid in achieving the
highest sample throughput, save time and reduce cost, but also

minimizes potential analyte loss and contamination resulting from
SPE sample preparation. The following study demonstrates a direct
injection approach to PFAS analysis, utilizing a PerkinElmer QSight®
420 mass spectrometer coupled with UHPLC for the analysis of trace
amounts of PFAS in drinking water and surface water samples.

Experimental

Hardware/Software

Chromatographic separation was conducted utilizing a PerkinElmer
QSight LX50 ultra-high-performance liquid chromatography (UHPLC)
system, and detection was achieved using a PerkinElmer QSight 420
triple quadrupole mass spectrometer with a dual ionization source
(ESI and APCI). All instrument control, data acquisition and data
processing were performed using Simplicity™ 3Q software.

Method

Standard and Sample Preparation

Primary PFAS standards were obtained from Wellington Laboratories
(Guelph, Ontario). LC/MS grade methanol (MeOH) and water were
obtained from Fisher Scientific. A mixed intermediate standard
solution was prepared in methanol by dilution of the primary
standard solutions. The mixed intermediate standard solution was
diluted with 50% methanol to make calibration standards ranging
from 0.5 to 2000 ng/L (ppt).

A variety of drinking water and surface water samples were analyzed
in this study: bottled drinking water purchased from a local store
(Woodbridge, Ontario); tap water obtained from two different cities
in Ontario (Toronto and Kitchener); rain water collected from
Kitchener, Ontario; river water samples from Japan and Ontario,
Canada; and lake water samples from Lake Ontario, Canada.

The issue of contamination is of major concern for PFAS analysis.
Contamination is more common as the number of manual steps in
the sample preparation method increases. In this study, to
minimize potential contamination, water samples were extracted
with methanol (1:1 in v/v) and then analyzed directly, without
further pretreatment. Further, all glassware and containers were
rinsed with methanol, and then LC/MS grade water before use.

LC Conditions and MS Parameters

The LC method and MS source parameters are shown in Table 1.
Two C18 columns (Brownlee, SPP C18, 50 x 3mm, 2.7um) were
used in this study: one was used as a delay column to separate
possible interferent PFAS compounds coming from the LC system;
the other was used as the analytical column to separate PFAS
compounds and any interfering components.

The applied LC gradient program is shown in Table 2. MS source
parameters, including gas flows, temperatures and position settings,
were each optimized to achieve maximum sensitivity. Compound-
dependent parameters, such as collision energies (CE), entrance
voltages (EV), and lens voltages (CCL2), were optimized for the target
compounds, as shown in Table 3. During method development, the
retention times for each PFAS compound were determined. Potential
interfering PFAS components from the LC system and mobile phases
were identified and separated from analyte peaks using a delay
column.2™22Finally, the MS acquisition method was generated using
Simplicity software in the time-managed-MRM module with the
retention times and corresponding retention time windows for all
PFAS compounds analyzed.



Table 1. LC Method and MS Source Conditions. Table 2. LC Gradient Program.

Injection Volume 50 pL
Needle Wash 1 50% methanol in water
Needle Wash 2 95% methanol in water

Brownlee, SPP C18, 50 x 3 mm, 2.7 m (PN: N9308408) Phase A (%) | Phase B (%)
Brownlee, SPP C18, 50 x 3mm, 2.7 um (PN: N9308408) 0.00 95 5

5 mM ammonium acetate in water 1.00 95 5
LC/MS grade methanol 1.50 55 45

| Injection Volume |

| NeedleWash1 |

| NeedleWash2 |

MS Source Conditions
ESI Voltage (Negative) -2500 V
Drying Gas

—
o

Nebulizer Gas

Source Temperature 350°C

HSID Temperature 280°C

Detection Mode Time managed MRM

o
(=)
o

Table 3. Optimized MRM Parameters for the 17 PFASs.

Compound Name Q1 (amu) Q2 (amu) RT (min) CCL2
-14

erfiuonoh PFBAI 213.1 169.1 202 12 124
erfluorobutanoate PFBA2 213.1 69.1 202 90 14 124
bt PFPeAT 262.9 2189 263 12 11 %
erfiuoropentanoate PFPeA2 262.9 69.1 263 65 12 88
eruorchutlst PFBS1 299.1 98.9 274 4 21 104
erfluorobutylsulfonate PFBS2 299.1 80.1 274 50 36 100
beriuoroheranonte PFHXAT 3133 269.2 3.16 12 10 12
PFHXA2 3133 119 3.16 3 410 12
N PFHPAT 363.1 319.1 371 13 14 15
PFHpA2 363.1 169.1 371 25 14 15
N PFHXS 399.1 99.0 377 48 20 128
ertiuorohexylsulfonate PFHXS2 399.1 79.9 375 59 20 128
ot PFOAT 4132 369.1 422 14 14 124
erfluorooctanoate PFOA2 4132 168.9 422 25 14 124
ot PENAT 463.1 419.1 467 15 42 168
erfiuorononanoate PENA2 463.1 219.1 467 2% 12 164
peruoroactancadfonate PO 499.1 80.0 468 90 63 179
PFOS2 499.1 99.0 468 60 56 161
periuorod PFDAI 513.1 469.1 557 16 14 170
erfiuorodecanoate PFDA2 513.1 219.1 557 25 14 170
eruorodecisul PFDS 599.1 80.1 59 110 14 230
erfluorodecylsulfonate PFDS2 599.1 99.0 59 57 14 240
eriuoround PFUNDA 563.2 519.1 593 16 14 185
erfiuoroundecanoate PFUNDA2 563.2 219.1 593 27 14 185
erluorodod PFDODAI 613.1 569.1 6.24 15 14 200
erfluorododecanoate PFDODA2 613.1 169.1 6.24 45 14 200
periuorotid PFTHDAT 663.1 169.1 6.51 41 14 220
erfiuorotricecanoate PFTFiDA2 663.1 619.1 6.51 16 14 220
ot . PFTeDAI 713.1 169.1 6.74 46 14 240
erfluorotetradecanoate  peropa2 713.1 219.1 6.74 35 14 240
eriuorohenad PFHXDAT 813.1 169.1 7.12 49 20 240
erluorohexadecanoate ooy pa2 813.1 219.1 7.12 39 20 240
PFODAI 913.1 169.1 7.41 52 14 245
Perfluorooctadecanoate

PFODA2 913.1 2191 7.41 35 -14 245



Quality Control (QC) Sample Preparation

To test for possible interference or contamination from the
reagents and glassware used, or from the sample preparation
processes, a laboratory reagent blank (LRB) was prepared either
each day or per each work shift. The values of the LRB should be
close to zero, or at least less than the LOQ (limit of quantification)
of the method. Otherwise, an investigation into the source of the
contamination must be carried out. The LRB sample was prepared
by following the same sample procedures undertaken for an actual
water sample, but with LC/MS grade water/methanol (1:1 by v/v)
as the sample matrix.

To study possible analyte loss or contamination during sample
preparations, a laboratory fortified blank (LFB) sample was prepared
either per day or per work shift. The LFB sample was prepared by
following the same sample preparation procedures undertaken for
real water samples, using LC/MS grade water/methanol (1:1 by vA),
spiked with a known amount of analyte solution. During method
validation, LFB samples were prepared by spiking the analyte at
three concentration levels (10, 100 and 1000 ng/L), respectively.

To evaluate sample matrix effects and analyte recovery from a real
water sample matrix, a laboratory fortified matrix sample (LFIM) was
prepared either per day or per work shift. The LFM sample was
prepared by following the same sample preparation procedures for
real water samples, using a real water sample/methanol (1:1 by v/Av)
mix, spiked with a known amount of analyte. The percent recovery
is calculated by comparing the difference between the spiked (LFM
sample) and non-spiked water sample results, and the expected
(spiked) value. During method validation, the LFM samples were
prepared using a river water sample matrix spiked at three
concentration levels (10, 100, and 1000 ng/L), respectively.

Results and Discussion

Contamination, Sample Matrix Effects and Carryover Effect
As previously discussed, system contamination is a major concern
for the analysis of PFAS by LC/MS/MS. The contamination could
be introduced through the mobile phases, containers, tubing,
filters, fittings, pumps or pump seals used in the LC system. To
overcome this potential contamination issue, a delay column, as
described earlier in the experimental section, was inserted
between the mixing valve of the pump and the autosampler to
trap and isolate PFAS compounds from the LC system. As shown
in Figure 1 and Figure 3 of a previous PerkinElmer publication,?'-2?
the analyte peaks can be well separated from the system
contamination peaks by the delay column. Internal standard
solutions could be another source of contamination, as identified
in our previous study.?? Such contamination can lead to errors in
quantification, especially at low concentration levels. Thus,
internal standards were not used in this study.

Sample matrix effects (MEs) are one of the main challenges in
LC/MS/MS method development, validation, and applications,
especially for complex sample matrices. In this study, sample MEs
were evaluated by comparing the slopes of calibration curves
obtained from standards prepared in a river water sample matrix/
methanol (1:1 by v/A) solution to slopes obtained from standards
prepared in an LC/MS grade water/methanol (1:1 by v/Av) solution.

Sample ME (%) for each analyte was calculated by the percentage
difference between the slopes. When the percentage difference is
positive, there is a signal enhancement effect, whereas a negative
value indicates a signal suppression effect. For example, the river
water sample matrix had a signal enhancement effect for PFOA (ME
= 11%), while for PFUNDA, a signal suppression effect was observed
(ME = -15%). The results obtained in this study are in line with
other studies published on drinking and surface water analysis in
that the sample matrix effects are less than 20%. Further, an
external calibration method can be applied for quantification
without significant error,** as the studied drinking and surface water
matrices are relatively clean compared to industrial waste water.

The carryover effect was investigated by injecting the highest
concentration calibration standard (2000 ng/L in this case) followed
by a blank injection. The results showed that the carryover effect
was less than the LOQ of the method.

Effects of Methanol in Analytical Solution on the Analyte
Response/Recovery

Owing to the lower solubility of long chain carbon analytes in
aqueous solutions (in this study, those longer than C9), poor
linearity and analyte responses or recoveries were observed when
standards and QC samples were prepared in agueous solutions
containing less organic solvent, such as in a solution containing
less than 50% of methanol. To compare the relative responses and
recoveries of the 17 PFAS compounds in solutions containing
different amounts of methanol, three LFB sample solutions were
prepared by spiking 1000 ng/L of each analyte in three agueous
solutions containing methanol at concentrations of 5%, 50% and
100%, respectively.

The results showed that the responses and recoveries were good
and consistent among the three solutions studied for the first nine
analytes listed in Table 3 (from PFBA to PFOS). However, lower
responses were obtained for the remaining eight analytes in the
solution containing 5% methanol, as illustrated in Figure 1, with
lower recoveries for these analytes from 80% for PFDA to less
than 15% for PFTriDA and PFTeDA. The responses of these
analytes were improved with recoveries close to 100% for all
analytes when the methanol content in the sample was increased
to 50%, and no significant differences were observed with a
further increase in methanol content to 100% in the solution, as
shown in Figure 1. Similar results were also obtained by other
researchers,'” and therefore, extra care should be taken to ensure
that the composition of the stock, intermediate standards,
calibration standards and samples maintain enough organic solvent
to keep longer chain PFAS compounds in the analytical solution.

However, for a large volume direct injection method, a higher
organic component in samples will lead to broad or splitting analyte
peaks, especially for the earlier eluting analyte peaks, such as PFBA,
PFPeA and PFBS. Thus, the optimal strategy involves the preparation
of two solutions that are injected separately; one solution prepared
with 5% methanol for the first nine PFAS compounds analyzed, and
the second solution prepared with at least 50% methanol for the
remaining longer chain PFAS compounds. Figure 2 illustrates the
chromatograms of all 17 PFAS compounds analyzed.



Linearity, Limit of Quantification (LOQ), QC Sample Results
and Analyte Recovery

Method linearity was studied by external calibration method. As

o shown in Table 4 and Figure 3, good linearity was obtained for

L each analyte from low ng/L levels up to 2000 ng/L, with regression

F coefficients (R?) greater than 0.99. The linear calibration ranges

F for all analytes are much wider than the suggested ranges (10 -

3 400 ng/L) in the latest version of proposed U.S. EPA Method 8327."

PFDA PFDS PFUnDA PFDoDA PFTriDA  PFTeDA  PFHxDA

Relative Responses

The LOQ of the method was estimated based on the signal to
noise ratio (S/N = 10) of each analyte’s quantifier ion. As shown
in Table 4, the estimated LOQs ranged from 0.5 ng/L for PFOS to
40 ng/L for PFHXDA, which are all less than or equal to the lower
limit of quantification (LLOQ) suggested in the latest version of
the proposed U.S. EPA Method 8327."7

- 56 59 6 59 6 62 63 65 66 67 63 71 72

Retention time

Figure 1. Comparison of the analyte responses in three LFB sample solutions
containing 1000 ng/L of each analyte (red color, sample prepared in $% methanol
solution; green color, sample prepared in 50% methanol solution and blue color,

sample prepared in 100% methanol). For QC sample analysis, after isolation of the LC system contaminants

with a delay column, no other interference or contamination from

reagents and glassware was observed, as demonstrated by the LRB
3 6 427 12 sample results (LRB < LOQ). Good recoveries (close to 100%) were
76405 | L2 375 obtained for LFB samples, indicating no analyte loss or contamination
6E+05 |- ch 10 during sample preparations (LRB and LFB data were not shown, but
B seeos | are available upon request). Analyte recoveries from the spiked river
-g 405 | Al 15 14 water samples (LFM samples) are between 70.2 to 119% as shown
E sk 5 15 in Table 4, demonstrating good accuracy of the method.
26405 | ;B o T s 16 The method's selectivity and analyte confirmation from samples
16405 | [L 36 ‘ ‘T’ Jt 17 were evaluated by comparing the analyte retention time and MS
0 4 L JIL I L At 6 . ! information between reference standard and tested samples.
Time (min) According to the regulatory guidance on analytical method
validation,?® at least two MS/MS transition ion pairs were used in

Figure 2. MRM chromatograms of the 17 PFASs. the method, and the product ion ratios (qualifier vs. quantifier)

were within 20% tolerance windows of the expected values.
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Figure 3. Example calibration curves with concentrations up to 2000 ng/L (ppt).




Sample Analysis
The developed LC/MS/MS method was applied for the analysis of
PFAS in 15 water samples including drinking water, rain water, river
water and lake water samples. As shown in Table 5, among the
seventeen PFAS compounds, six of them were found in river water,

Table 4. The Method’s LOQ, Linear Range and Recovery Results.

LOQ Linear Range Linearity

PFBA
PFPeA
PFBS
PFHXA
PFHpA
PFHXS
PFOA
PFNA
PFOS
PFDA

PFUNDA
PFDoDA

PFDS

PFTriDA
PFTeDA
PFHXDA
PFODA

lake water and some tap water samples, although their amounts
are much lower than any of the drinking water health advisory
limits.>'* The concentration of all analytes from a commercially
available bottled drinking water sample (S1) are very low and not
guantifiable (NQ), and thus are not listed in Table 5.

4 - 2000 0.998
4-2000 0.995
1-2000 0.995
4 - 2000 0.997
4 - 2000 0.999
1-2000 0.997
1-2000 0.999
10 - 2000 0.998
0.5-2000 0.999
10 - 2000 0.996
10 - 2000 0.997
10 - 2000 0.998
1-2000 0.998
20 - 2000 0.998
10 - 2000 0.996
40 - 2000 0.990
4 - 2000 0.996

Table S. The Measured PFASs Results from the Tested Water Samples in ng/L (ppt).

el S s LSt s Lt st Lss L st LSt iz st s L sts

Recovery (%)
(Spiked 10 ng/L)

101
108
105
116
108
90.0
72.0
97.0
99.2
82.1
77.5
98.2

70.2

78.3

Recovery (%) Recovery (%)
(Splked 100 ng/L) |(Spiked 1000 ng/L)

99.3
‘I 17 100
102 101
104 113
m 104
103 99.1
102 101
98.0 93.2
98.0 99.8
88.9 104
93.9 107
79.3 101
814 102
72.3 m
76.6 94.1
93.1 87.4
82.5 99.8

PFBS

PFHXA NQ NQ NQ NQ 5.2 NQ 2.8 NQ 3.2 NQ 2.0 NQ 2.0 2.4

PFHpA NQ NQ NQ NQ 2.9 NQ 1.7 NQ 2.0 NQ NQ NQ NQ NQ

PFHXS NQ NQ 0.7 NQ 6.2 0.8 0.6 NQ 0.7 NQ 0.5 NQ NQ NQ

PFOA 0.8 1.4 1.8 NQ 4.7 0.9 2.3 NQ 2.4 1.3 1.8 1.0 NQ 1.4

PFOS NQ 1.1 1.6 NQ 44 1.0 1.7 0.8 1.6 0.7 1.9 1.9 NQ NQ
ol PFBS (299.1/80.1) ol

lon ratio = 0.35
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6 Figure 4. Chromatograms of PFBS, PFHxS, PFOS and PFOA obtained from sample S6 (Red -

quantifier ion pair; and green, qualifier ion pair).



The identity of the analytes in these samples was confirmed by
comparing the analyte retention time and the ion ratios of the
qualifier ion against the quantifier ion in the samples with those
in the reference standards. For an example, as illustrated in
Figure 4, the ion ratios of the qualifier ions against quantifier
ions in a local river water sample (S6) for PFBS, PFHxS, PFOS and
PFOA are consistent with those obtained from their reference
standards, positively confirming the existence of these analytes
in the water sample. These results demonstrated the superior
sensitivity and selectivity of the QSight 420 LC/MS/MS system
for analysis of PFAS in water.

Conclusions

A simple, rapid, sensitive and cost-effective LC/MS/MS method
has been developed and validated for the analysis of 17 PFASs in
drinking and surface water samples at sub to low ng/L (ppt)
levels by coupling a LX50 UHPLC system to a QSight 420 triple
quadrupole mass spectrometer. In addition to its high sensitivity,
the method showed a wide linear dynamic range and eliminated
the SPE sample preparation procedures, and therefore not only
reduced the cost and saved time for sample analysis, but also
prevented potential contamination from SPE sample preparation
steps. The method has been applied for real water sample
analysis with good accuracy.
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