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A Rapid Derivatization for Quantitation of Perfluorinated Carboxylic
Acids from Aqueous Matrices by Gas Chromatography-Mass Spec-
trometry

RenXi Ye?, Robert A. Di Lorenzobt, Jessica T. Clouthier?, Cora J. Young?, Trevor C. VandenBoera*

aDepartment of Chemistry, 4700 Keele Street, York University, Toronto, Ontario, M3] 1P3, Canada
bDepartment of Chemistry, Memorial University, St. John’s, Newfoundland and Labrador, A1B 3X7, Canada

ABSTRACT: Ultrashort chain perfluorocarboxylic acids (PFCAs) are receiving more attention due to their ever-increasing
presence in the environment. Methods have been established for the analysis of short and long-chain PFCAs, while robust
quantitation of ultrashort chain species are scarce. Here we develop a novel derivatization method using diphenyl diazome-
thane for quantitation of C2-C14 PFCAs in aqueous matrices. The method is highlighted by rapid completion of derivatization
(<1 min), and retention and separation of ultrashort chain (C2/C3) PFCA derivatives using Hz carrier gas (R > 1.5). A weak
anion solid phase extraction procedure for analyte recovery from representative aqueous samples was developed and vali-
dated by spike and recovery from ultrapure water, synthetic ocean water, and simulated denuder extracts used for collecting
gaseous PFCAs. Recoveries for C2-C9 PFCAs ranged from 83-130 % for the majority of analytes and matrices. The instrument
detection limits (IDLs) range from 8-220 fg per injection, and method detection limits (MDLs) range from 0.06-14.6 pg/mL
for 500 mL aqueous samples, which are within an order of magnitude to conventional LC-MS/MS methods. The method was
applied to the analysis of real samples of tap water, rainwater, ocean water, and annular denuder extracts. The overall method
provides a cost-effective alternative to conventional LC-MS/MS methods, overcoming the typical GC-MS drawbacks of high
detection limits and long sample preparation times, while being able to simultaneously analyze the complete spectrum of
environmentally relevant PFCAs.

Introduction 22 melasure lgngilcilain (>C8) andd/or short-chain PFCAs C4
. . . or longer,!3 while recovery and retention issues prevent
Perfluorocarboxylic acids (PFCAS)_ are an Important 57 robust ultrashort chain determinations. Notably, ultra-
subgroup of the large class of chemicals known as poly- 58 short chain PFCAs have been analyzed only by mixed
and perﬂuoroglkyl .substances (PFA,S)' PFCAs are fully 59 mode LC twice. While the initial development of this
fluorinated ahpilatlc compounds with a termlnal car- 60 method demonstrated the ability to simultaneously an-
boxylate sroup. Due.to st.rolng ca.rbon-ﬂuorl.ne bonds, 61 alyze C2-C18 PFCAs,!* its application has been limited
PFCAs persist near indefinitely mn the eneronmgnt. 62 to C2-C8 PFCAs.!5 To expand future PFAS research and
The.r care manly ;ou(rices th? tpclggznbl:e to a? 1ncreda.smg 63 toaddress global contamination and mobility, there is a
env.lr(?nmerrl)tFaCA ur er;l Of, 1d S dpa.rt rorril lrEth 64 need for sensitive, rapid, and easily accessible analytical
emissions, As are t € nal degra ation pro -ucts 0 65 methods that are inclusive of ultrashort chain and tra-
many PFAS.?2 Within this, there is recent recognition that 66 ditionally measured PFCAs in one analysis
some CFC replacements can degrade into ultrashort o o . -
chain PFCAs (C2-C4).23 Exposure to PFCAs has been 67 Within existing methodologies, LC-MS/MS is the most

68 popular choice for PFCA analysis, particularly for aque-
69 ousmatrices because of the option to do direct injection.

mals.* Long chain (C8 and longer) PFCAs are known to 70 If s.ample cleanup and/or p.reconcentration.using wea.k
be bioaccumulative.5 While there appears to be a con- 71 anion exchange (WAX) solid phase extraction (SPE) is
sensus in the PFAS community that short chain (C2-C7) 72 required regardless .of instrumentation, GC-MS meth-
PFCAs do not bioaccumulate,7 there are increasing re- 73 ods have the potential to be as efficient as LC-MS/MS,
ports of apparent accumulation of ultrashort and short- 74 with the addltlone}l benefit of being more.affordable,
chain PFCAs in biota.89 Due to their persistent and mo- 75 and therefore having greater reach. Analysis of PFCAs
bile nature,1 all PFCAs are of environmental concern, 76 by GC-MS requires a derivatization step to functionalize
no matter their carbon chain-length. Given their low 77 thehighly polar carboxylicacid group and the technique

pKa values,® PFCAs in the environment reside mostly in 78 was commonly used before the ad've.nt of LC'MS(MS-
aqueous media, which is targeted by this work. 79 There are two general themes for existing PFCA derivat-

80 izations: alkyl and phenyl. A few examples of alkyl de-

linked to immunotoxicity, growth suppression and de-
velopmental toxicity across species from algae to mam-

Becently, ultrashort. Ché_lin PFCAS, have rece_ived gre_:ater 81 rivatives found in early methods are methyl esters,6.17
Interest due. to t},lelr dlsproiportlonately high environ- 82 propyl esters,8 or butyl esters.!® While liquid injections
mentallloadmgs in comparison to other PFCA h0m9_ 83 are employed for methyl esters of long chain PFCAs,6
logc?es. The lfollc;}wmg analytl(fal chaflle}? gesl rerillam 84 the methyl ester of C2 PFCA is extremely volatile, re-
dand, as a resu t, the concentrations o t eu tras. ort 85 quiring headspace analysis.!” Products of silyl derivati-
chain compounds are scarcely reported in all environ- 86 zation, such as trimethyl silyl,2° are limited by the same
D : ) )
mental matrices.? Current methods by gas chromatog 87 volatility issue. While volatility is less of a concern for
raphy-mass spectrometry (GC-MS) or liquid chromatog- 88 other alkyl derivatives,'819 they still have minimal

raphy-tandem mass spectrometry (LC-MS/MS)
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intermolecular interactions imparted to facilitate selec-
tivity in chromatographic separation. The more recent
approach of phenyl derivatization methods such as ben-
zyl,2! pentafluorobenzyl?? or 2,4 difluoroaniline??® ad-
dress the selectivity issue by introducing potential for
phenyl-phenyl interactions between the derivatives and
stationary phases for the otherwise inert fluoroalkyl
chains. To date, only the 2,4-difluoroaniline derivatiza-
tion has demonstrated the ability to separate and quan-
tify C2 and C3 PFCAs, which requires a complex extrac-
tion process.?*

In this study, we developed a novel derivatization
method for the gas chromatography-electron capture
negative ionization-mass spectrometry (GC-ECNI-MS)
analysis of ultra-short through long chain PFCAs (C2-
C14) in aqueous matrices relevant to a number of envi-
ronmental sample types. The novel derivatization agent
diphenyl diazomethane (DDM) reacts with PFCAs form-
ing diphenyl methyl PFCA esters, which are extensively
optimized for baseline separation and quantification by
GC-MS. The method applicability is expanded through
optimized matrix-matched spike and recovery of the an-
alytes by WAX-SPE, or standard addition, which were
applied to the analysis of real aqueous samples. This
method, paired with mass-labeled surrogate and inter-
nal standards, is timely in light of recent increased in-
terest in environmental measurements of the ultrashort
chain PFCAs.3811

Experimental Section
Reagents and Materials.

For nomenclature simplicity, perfluorocarboxylic acids
(PFCAs) are referred to by their carbon chain length
(Table S1). A detailed description of chemicals and rea-
gents can also be found in Section S1 of the Supporting
Information (SI). Briefly, individual C2-C14 PFCAs were
obtained from several vendors. C13 could not be pur-
chased due to backorder but was in our commercial
mixed standard. Mass labeled 13C2-C2 (>97%) was pur-
chased from Toronto Research Chemicals; 13C3-C4, 13Cz-
C8, and 13C2-C10 were purchased as a mixture in MeOH
(2 pg/mL; MPFAC-C-IS) from Wellington Laboratories.
These compounds were combined into one methanol
(MeOH) solution and used as internal standards (IS).

Gas Chromatograph-Mass Spectrometer

An Agilent 7890A Gas Chromatograph (GC; CA, US) cou-
pled to a 5975c Mass Spectrometer (MS) was used with
a CTC Combi PAL autosampler, along with a hydrogen
(Hz2) generator (Model QL-5004, Shandong Saikesaisi
Hydrogen Energy Co. Ltd, Shandong, China). The gener-
ator produces high purity Hz (>99.999%) by electrolyz-
ing deionized water. The autosampler was equipped
with a 10 pL syringe to make 1 pL pulsed (25 psig) split-
less injections. Three different columns from Agilent
with varying dimensions and degrees of phenyl selectiv-
ity were explored: a DB-5 (5% phenyl methyl-polysilox-
ane, 0.25 pum x 0.25 mm x 15 m), a DB-17 (50% phenyl
methyl-polysiloxane, 0.25 um x 0.25 mm x 15 m), and an
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HP-5MS column (5% phenyl methyl-polysiloxane, 0.18
pm x 0.18 mm x 20 m). Separation temperature pro-
gramming and mobile phase properties were explored
on each column, to reach a final optimized method (see
Separation Optimization). The inlet and MS transfer line
temperatures were 240 °C and 250 °C, respectively. The
MS was operated in ECNI mode with methane as the re-
agent gas, with a measured mass range up to 1050 amu,
and selected ion monitoring (SIM). The source and
quadrupole were operated at 150 °C. The remaining MS
parameters were calibrated by MSD ChemStation (Ver-
sion E.02.00.493) using perfluorotributylamine.

Derivatization

The DDM 0.1 M solution was prepared by dissolving
solid DDM in dichloromethane (DCM). Ten microliters
of the DDM solution were added to each calibration
standard or sample and diluted or reconstituted to 1 mL
with DCM or 1:1 ethyl acetate (EtAc)/DCM. Four sol-
vents (DCM, Toluene, EtAc, MeOH) for dilution/recon-
stitution were investigated for solubility limitations and
to optimize sensitivity. Derivatization completion time
was determined, as well as potential interferents.

Solid Phase Extraction

The pH of aqueous samples (matrix-matched spike and
recovery or real samples) was adjusted to 3-4 with 6 M
HCI. Strata X-AW cartridges (6 mL x 200 mg x 33 pum;
Phenomenex, CA, US) were conditioned with 4 mL of 0.1
M NH4OH in MeOH, MeOH, and Milli-Q water in succes-
sion. The samples were loaded at a rate of 1-2 drops per
second at -10 inHg vacuum. The cartridges were
washed with 4 mL MeOH and vacuum dried for 1 min.
The target PFCAs were eluted with 4 mL 0.1 M NH4OH
in MeOH into a 15 mL round bottom centrifuge tube
(Sarstedt, Niimbrecht, Germany), and 10 ng of IS to ac-
count for evaporative losses was spiked into this eluate.

The eluates were blown down to dryness with a gentle
stream of N2 controlled at 30 °C with a VWR® standard
dry block heater. Immediately, 500 uL each of EtAc and
DCM along with 10 pL of 0.1 M DDM were added to the
tube and vortexed for 10 seconds. The tube was then
sonicated for 15 min at room temperature, and vortexed
again for 10 seconds. The sonication and vortexing were
repeated a second time, and the resulting extract was
decanted into an autosampler vial for analysis.

Matrix Spike and Recovery

Matrix recoveries were assessed for 50 ng spikes of C2-
C14 (excluding C13, see above) into 200 mL Milli-Q wa-
ter, 200 mL synthetic ocean water (35 g of Instant
Ocean® sea salt per 1 L Milli-Q water), and 10 mL simu-
lated denuder extract (0.2 % w/w sodium carbonate,
0.1% w/w glycerol in Milli-Q water).

Real Samples

A detailed description can be found in Section S2.
Briefly, tap water was collected in July 2022, from the
building water supply in our laboratory. Precipitation
was collected from a rooftop in Toronto, ON, Canada
from Dec 2019 to Feb 2020. Annular denuders sampled
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acids in air from the same rooftop lab from Sept to Oct
2021. Denuders were extracted with 10 mL Milli-Q wa-
ter and stored at 4 °C until analysis. Ocean water sam-
ples were collected from the St. Lawrence Estuary in
Aug 2020 at Tadoussac, Les Escoumins, and Forestville,
QC, Canada. Quantitative analysis on tap water, precipi-
tation, and denuders used spike and recovery correc-
tion, while the ocean water utilized standard addition.

Results and Discussion
Derivatization
a. Reaction Pathways

Pentafluorophenyl diazoalkane derivatization for GC-
MS analysis of carboxylic acids has been proposed and
utilized in the past.2526 We have taken inspiration and
built upon this to develop a novel derivatization product
with a diphenyl group for greater selectivity in GC sep-
aration generated with reduced reliance on fluorinated
reagents. The derivatization reaction (Scheme 1) is very
clean, with N2 being the only product. The ionization of
the PFCA derivatives is shown in Scheme 2 with the
fragmentation spectrum of a standard solution of C2/C3
presented in Section S3, Figure S1. Briefly, PFCA diphe-
nyl methyl esters are formed, which then undergo dis-
sociative electron capture ionization in the MS, yielding
the PFCA carboxylate anions (CxF2x+1CO27). In general,
this is the most abundant ion detected for all PFCA de-
rivatives, which is used for quantitation.

F. + IR N
. OH N i o
F F

Scheme 1. Derivatization reaction: esterification of
C2 by DDM

(o}
o ‘ . 0 E S .
})k F})’L F})‘Loi *
E
o 0 E
F F

Scheme 2. Dominant electron capture ionization
pathway of the C2 diphenyl methyl ester, adapted
from Hofmann et al.2¢

Two major side products: benzophenone, and a dimer
of DDM, were identified in derivatized samples (Figure
S2). Benzophenone is formed in the GC inlet via high
temperature oxidation (Scheme S1). The tetraphenyl di-
mer results from the continual degradation of DDM as it
ages, likely due to photodimerization?” (Scheme S2).
This is evident from observing larger peak areas of the
dimer when using an older DDM that had not been well
protected from light (Figure S2a, S2b). The dimer is
strongly retained on all columns, limiting runtime, and
is addressed below in Separation Optimization.
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b. Dilution Solvents and Derivatization Time Trends

The polar head group of PFCAs, with both hydrogen
bond donating and accepting capabilities, means they
dissolve well in many polar organic solvents. When the
polar head is transformed by derivatization, the result-
ing molecule (Scheme 1) becomes highly non-polar.
Therefore, four solvents (DCM, Toluene, EtAc, MeOH)
were tested for the derivatization of ~1000 ng/mL C2-
C14 PFCA solutions. The peak area vs time of the C2
PFCA homologue is shown in Figure 1, which is repre-
sentative of the relative peak area trend for all other
PFCAs homologues.

DCM was determined to be the optimal solvent as the
signal obtained was >20 % higher than observed for tol-
uene, which was the next best solvent option. To use tol-
uene as an environmentally friendly alternative solvent
to DCM, the starting temperature must be raised to
110 °C (Figure S3a) to prevent the condensation of tol-
uene on column, or else it will produce a partial solvent
trapping effect (Figure S3b). Peak tailing of C2-C6 was
observed in addition to reduced resolution of C2/C3
when using toluene, therefore higher detection limits
for C2-C6 would be expected.
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A A

DCM
Toluene
EtAc
MeOH
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T T T T T T 1
0 10 20 30 40 50 60
Time (min)

Figure 1. Peak area response measured for detected
analytes after derivatization in four dilution solvents
at 15-minute intervals during the first hour post-reac-
tion at room temperature. The presented trends are
for C2 PFCA at ~1000 ng/mL with symbols denoting
the peak area observed in each of the dilution sol-
vents (see Figure S4 for other homologues).
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The low response from the use of EtAc suggests poor
solubility of the PFCA derivative. In general, the derivat-
ization reaction was found to reach completion upon
addition of the DDM, four inversions of the container to
mix, followed by injection on the GC. The derivative was
observed to remain stable for at least 2 days in DCM
(Section S3, Figures S4-S5).

This result contrasts with previous findings of Hofmann
et al.?¢ in their derivatization of docosanoic acid with
pentafluorophenyl diazoethane in benzene, which re-
quired 10 hours to complete at room temperature. This
discrepancy may be due to a higher reactivity of PFCAs
from their stronger acidity, or a solubility issue of do-
cosanoic acid in benzene which limits reaction rate. The
chain-length of docosanoic acid may also be a rate re-
ducing factor.
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c. Solid Phase Extraction Considerations

The low response and decreasing trend with increasing
reaction time in MeOH suggests that the derivatives
may degrade over time (Figure 1). This loss creates a
need in the derivatization methodology to mini-
mize/eliminate MeOH prior to reaction in order to
achieve reproducible quantitation. Since MeOH is a very
common solvent for commercial PFCA standards that
primarily target LC-based methodologies, the inclusion
of internal standards (IS; sold as mixtures in methanol)
after SPE to track evaporative losses or for preparation
of IS-normalized calibrations required additional meth-
odological innovations. If surrogates are used, then SPE
would be required to prepare calibration curves.

To include the use of IS for method calibrations, it was
spiked into a representative 0.1 M NH4OH in MeOH SPE
sample extract, which was subsequently evaporated to
dryness and reconstituted in 1:1 EtAc:DCM. Although
this causes the standard preparation to be more labori-
ous, there are significant benefits. The biggest ad-
vantage is correction for losses occurring during the N>
evaporation step (Section S4, Table S2-4), which has
been reported across analytical methodologies even
when the extract is not evaporated to dryness.?? In ad-
dition, allowing the standards to procedurally mirror
more of the sample preparation provides better meth-
odological error control during sample preparation.

Derivatization of the analytes following SPE and N:
evaporation can be compromised by the presence of in-
terfering compounds that may react with DDM. We have
considered the following interferents of concern: MeOH,
ammonium salts, and common organic acids. Measures
were taken to isolate PFCAs from these interferents.
First, MeOH was fully removed during the N2 evapora-
tion, which precipitates a variety of ammonium salts
that vary depending on the sample matrix composition.
Second, the ammonium salts include those of the PFCA
analytes. As a result, 500 puL each EtAc and DCM were
added to the precipitate along with 10 pL DDM to re-
cover and derivatize the PFCAs. The EtAcis necessary to
first bring the PFCAs into solution, which are subse-
quently derivatized, followed by the products partition-
ing to DCM. The inorganic ammonium salts of other an-
ions were observed to remain as opaque precipitates.
No loss of the characteristic pink color of DDM was ob-
served from the derivatized standard or sample for at
least 2 days when in contact with these, indicating that
the inorganic salts remain inert for the 30 minutes of so-
lution contact before decanting. Last, common organic
acids such as formic or acetic acid may be present in the
sample at orders of magnitude greater quantities than
the target PFCAs.?8 Since environmentally prevalent or-
ganic acids are almost entirely weak acids with pKa val-
ues of ~4, by adjusting the sample pH to 3-4, 50-90% of
the weak acids can be converted to their neutral form,
to be subsequently removed by the MeOH wash step
during SPE procedure.
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d. Comparison to Existing Derivatization Methods

A comprehensive summary of derivatization methods
for PFCA analysis is provided in Section S5, Table S5.
Most methods require more than one reagent, as well as
1 hr of derivitization at elevated temperatures. In
comparison, this work requires one reagent (DDM) and
only 30 minutes of sonication to extract PFCAs into
solution from an SPE extract solid residue, where the
derivatization reaction reaches completion rapidly.
Montelone et al.’® and Liu et al.!? utilized solid phase
microextraction and dispersive liquid-liquid
microextraction on small volumes (600 pL and 10 mL)
of river water to derivatize C6-C12 and C7-C10 into
propyl and butyl esters with detection limits of 0.08-6.6
pg/mL and 37-51 pg/mL. However, the application of
the derivatization to shorter chain PFCAs and/or in
more complex aqueous matrices was not explored. The
pentafluorophenyl diazoethane derivatization reported
by Frank et al.2’ is the closest comparison to the method
developed in this work. The derivatization reaction
should in theory also complete immediately for PFCAs,
but was not reported. As a result, the DDM
derivatization used here demonstrates superior speed
and easy sample preparation for C2-C14, making
substantial progress for GC-MS PFCA analysis.

Separation Optimization

A good separation is important to enable reliable quan-
tification when using a non-specific detector. Although
not necessary when using mass spectrometry, good sep-
aration of all analytes can reduce the impact of potential
matrix effects on analyte ionization as much as possible.
The extent of separation of two peaks in a chromato-
gram can be measured by their resolution, which is in-
fluenced by key parameters shown in the following
equation:
1 oa—1 K

R={VR(0) (55) M
which describes the relationship of resolution (R) to
plate number (N), selectivity factor (), and retention
factor (k). A resolution of 1.5 between two gaussian
peaks of the same dimensions corresponds to peak
overlap of 0.15%, which constitutes a +30 or 99.7%
baseline separation.

The primary rational for the use of DDM in this work
was to increase resolving power in the class of phenyl
PFCA derivatizations, which is particularly important to
target ultrashort chain PFCAs. Hu et al.2* demonstrated
the ability to separate C2/C3 using 2,4-difluoroaniline
derivatization with a DB-17 column, indicating the effi-
cacy of phenyl interactions for the two most challenging
analytes in our suite. In the new approach using DDM,
two phenyls are present in each derivative to further ex-
ploit phenyl-phenyl interactions for separation pur-
poses, while not introducing additional fluorine atoms
in consideration of environmental impact.

Initial separations were performed on the DB-5 column
with He carrier gas at 1 mL/min. With a generic temper-
ature program starting at 80 °C, ramped at 15 °C/min to
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125 °C, then 30 °C/min to 260 °C, baseline separation of
C4-C14 derivatives was easily achieved. While the
C2/C3 derivatives were well-retained, they were also
observed to coelute (Figure 2, k' = 7.32). Modifications
to the temperature program were explored, such as
lowering the initial temperature, and reducing the slope
of the temperature ramp. Neither achieved improve-
ment in selectivity (a=1.004-1.008) between this ana-

lyte pair.

5 Tetraphenyl Dimer
1.4x10°

1.2
1.0
0.8+ o

0.4+ o
0.2 %
3

Abundance (Counts)

| : - A
4 6 8 10 12
Retention Time (min)

Figure 2. SIM chromatogram of separation with the
DB-5 column and He carrier gas with a zoomed-in
view of (a) the separations of C2/C3. Program: Begin
80 °C for 0.5 min, 10 °C/min to 120 °C, 30 °C/min to
270 °C, hold 4 min.

From these initial trials, it was apparent that an im-
proved selectivity was needed for C2/C3. In addition, a
large matrix peak was observed that eluted well after
the analytes (t= 11.5 min, 3.5 min after C14 derivative
elutes) that limited the overall separation time for the
method (i.e., the method must be long enough to fully
elute this matrix peak). This matrix peak was identified
to be the tetraphenyl dimer described above (Scheme
S2). This reaction side product requires elution off the
column at a high temperature (270 °C held for 2 min) at
the end of each run to prevent on-column accumulation
and ensure chemical integrity of the stationary phase.

To increase selectivity, the DB-17 with 50% phenyl con-
tent was explored (Section S6, Figure S6) to promote ad-
ditional phenyl-phenyl interactions, similar to the work
from Hu et al.2* However, the retention of the tetra-
phenyl dimer on the column was found to be irreversi-
ble and thus, this stationary phase was not pursued fur-
ther.

Altering the carrier gas to Hz was explored to improve
resolution through improved selectivity using an HP-
5MS column. The narrower diameter (0.18 mm vs 0.25
mm) and thinner film (0.18 pm vs 0.25 pm) of the col-
umn compliments Hz due to its lower viscosity and
higher diffusivity compared to He. It was also antici-
pated to provide a better separation efficiency by reduc-
ing the diffusion and mass transfer induced band broad-
ening of the analytes. The C4-C14 homologues were
baseline separated as expected, while C2/C3 required
further optimization. To achieve this, a series of pseudo-
isothermal holds were employed using a two-variable
template: begin at 65 °C and hold 0.5 min, ramp 30
°C/min to x °C and hold y mins, then ramp 35 °C/min to
270 °C and hold 2.5 mins to complete the run. The H:
flowrate was kept constant at 1 mL/min (Figure 3).
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Each variable was optimized for highest resolution
while keeping the other variable constant. The optimal
temperature x was found to be 130 °C and the optimal
hold time y was found to be 3.5 min, with a maximum
resolution of 1.75 for the C2/C3 analyte pair. Since a vol-
umetric flow of 1 mL/min corresponds to a linear veloc-
ity for Hz of ~66 cm/s, the separation efficiency could
theoretically be improved further by reduction of the
flowrate toward the optimal linear velocity, minimizing
plate height for Hz separations (~45 cm/s). Regardless,
a resolution of 1.5 is sufficient separation for quantita-
tive analysis and we applied a shorter hold time of 2.5
min in the final temperature program to obtain the
shortest total runtime (Figure 4, 11.7 minutes).

1.8+

1.6+

a.
1.44 I//‘\,\

124 ‘ ‘ ‘ ‘
120 125 130 135 140
Temperature (°C)

Resolution

184 b.

1.6+

1.4+

Resolution

1.2+

20 25 30 35 40
Hold Time (min)

Figure 3. Resolution between C2/C3 derivatives at Hz
flow rates of 1 mL/min through the optimization of
(a) holding temperature with a constant hold time of
2 min and (b) hold time at a constant temperature of
130 °C. Error bars are one standard deviation of repli-
cates (n=3).

As a result, the optimized separation conditions for the
PFCA-DDM derivatives are: Hz flowrate of 1 mL/min,
temperature program: begin at 65 °C and hold 0.5 min,
ramp 30 °C/min to 130 °C and hold 2.5 mins, then ramp
35 °C/min to 270 °C and hold 2 mins before returning
to initial conditions. The total run time is 11.7 min, or
~15.5 min from injection to injection with the au-
tosampler used in this work. The SIM chromatograms of
a denuder matrix spike and a real denuder sample in
comparison to a standard (Figure 4) show clean analyte
separations without interference from the sample ma-
trix, showcasing the selectivity of the diphenyl group.
For comparison, separation was also optimized using
He carrier gas with the DB-5 column, which is more
commonly available. The optimal resolution achieved
between C2/C3 was 1.15. A detailed investigation of the
optimization through parameters of temperature, flow
rate, and hold times were systematically explored (Fig-
ure S7), yet baseline separation was not possible.

This work is the second chromatographic method that
demonstrates the baseline separation of ultrashort
chain C2/C3 (derivatives) in under 10 min, and the first
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GC-MS method to simultaneously separate and analyze
the full suite (C2-C14) of PFCAs. The strong retention of
C2/C3 minimizes matrix effects from early eluting com-
ponents, a common issue for even C4 in LC-MS/MS
methods.?° In comparison, a greater separation of
C2/C3 2,4-difluoroanilide derivatives with DB-17 is
possible (R>2.5)%*. However, the derivatization proce-
dure is arduous, and the DB-17 stationary phase may
have a shorter lifetime from the irreversible retention

of phenyl matrix components, such as unexpected side
products like those reported here (Figure S2).
5 c7 —— Standard
4x10°7 | 8 —— Real Denuder Sample
o —— Denuder Matrix Spike
0 s s
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Figure 4. Optimized SIM chromatograms with offset
baselines for the separation of a standard solution
(black, signal x 5), a real denuder sample (red) and a
denuder matrix spike (purple) for C2-C14 PFCA deriv-
atives (no C13). The inset (a) shows the separation
performance for C2 and C3.

We argue that a 30 (R = 1.5) separation of this work is
sufficient for quantitative analysis and has substantial
increase in throughput via the simplified sample prepa-
ration.

Quality Control

A summary of quality control parameters is reported in
Table 1, and a detailed description can be found under
Section S7 in the SI. The instrumental detection limits
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(IDLs) of C2-C14 range from 8-220 fg on column, with
good repeatability of 1.2-4.1%. Method detection limits
(MDL) range from 0.06-0.84 pg/mL for C4-C14, while
MDL for C2/C3 are 14.6 and 1.11 pg/mL respectively.
The higher MDLs of C2/C3 here are a result of high lev-
els of systematic contamination caused by use of these
chemicals for experiments in our laboratory and may be
lower in other laboratories. For comparison, MDLs esti-
mated from the calibration curve for C2/C3 are 0.04 and
0.03 pg/mL. Despite this, C2/C3 MDLs are still well be-
low typical concentrations in aqueous environmental
samples. Good method precision of 1.1-13% was ob-
tained from the spike and recovery of Milli-Q water, ex-
cept C6 whose standard deviation was 21%. The cause
of this is discussed further under matrix spike and re-
covery.

The IDL of 55 fg for TFA is high in comparison to some
exemplary phenyl derivatization GC methods. Martin et
al.3% reported 5.1 fg for TFA using 2,4-difluoroaniline
derivatization with GC-MS/MS detection, while Frank et
al.?5 reported 0.18 fg for TFA using pentafluorophenyl
diazoethane derivatization with GC-ECNI-MS detection.
This was an expected result due to DDM being fluorine
free, therefore sacrificing some of the ECNI-MS detec-
tion sensitivity. Ji et al.?? employed pentafluorobenzyl
derivatization and reported GC-MS MDLs of 0.1-0.28
pg/mL for C6-C12 in 500 mL tap water samples concen-
trated to 1 mL, similar to values reported in this work.
However, their derivatization procedure requires two
reagents, pentafluorobenzyl bromide and K2COs3, and
takes 1 hour of heating at 55 °C to complete. Accounting
for the 2 times greater concentration factor, MDLs in
this work are similar, or within an order of magnitude.
The same is true in comparison to many other LC-
MS/MS methodologies, demonstrating the broad utility
this new method is capable of while being far more ac-
cessible to the global environmental chemistry commu-

nity.

Table 1. Instrument and method performance and quality control.

Instrumental Instrumental Calibration Method Method Detection
Quantitation Ion | Repeatability Detection Limit Linearity Precision Limit
PFCA | (m/z2) (RSD%)a (fg on column)a (R2)b (RSD%)¢ (pg/mL)ad
C2 113 1.8 55 0.9969 4.4 14.60
C3 163 1.3 156 0.9983 6.4 1.11
C4 213 1.2 9 0.9997 2.5 0.21
C5 263 1.6 15 0.9997 8.7 0.10
Ccé 313 4.1 10 0.9997 21 0.06
c7 363 2.3 8 0.9969 3.9 0.20
C8 413 2.6 14 0.9964 1.3 0.18
Cc9 463 2.2 10 0.9955 4.0 0.32
Cc10 513 3.2 17 0.9959 8.4 0.47
C11 563 3.0 18 0.9921 6.8 0.84
C12 613 29 14 0.9952 5.3 0.30
C14 713 3.6 220 0.9940 13 0.12
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aSee section S7 for detailed descriptions.b Method calibration range of 0-1000 pg/mL.<Determined from the spike level of 100

pg/mL in Milli-Q water. d Based on 500 mL aqueous samples

Matrix Spike and Recovery

Recoveries of C2-C9 from the 3 matrices were generally
quantitative (80-120%; Figure 5) except C6 from Milli-
Q water, and C2/C3 from ocean water. While the exact
reason is unknown, the 177 + 21% recovery of C6 is
likely a result of matrix enhancement related to the
close elution of C6 with the benzophenone peak in this
simpler matrix (Section S8, Figure S8). This can be ac-
counted for by including mass labeled C6 in the IS mix.
The poor recoveries of C2/C3 from ocean water (19%,
54%) were likely due to ion competition on the anion
exchange sites, driven by the high concentration of chlo-
ride and other anions in the sample matrix. Prior stud-
ies have reported similarly poor recoveries of C2/C3.
Janda et al.'s> explored recoveries of C2-C8 from natural
spring water for pH values of 3-6. They found that re-
coveries of C4-C8 were unaffected, yet recoveries of
C2/C3 were quantitative only at lower pH levels from 3-
4 for the Strata X-AW cartridge. Wujcik et al.3! has ex-
plored the effect of ionic strength on WAX SPE using
Empore anion-exchange SR disks. Losses of C2 on WAX
SPE were observed for extractions of 300 mL aqueous
salt solutions with NaCl concentrations as low as 400
mg/L. To address this, they opted to introduce an addi-
tional liquid-liquid extraction cleanup for samples of
high salinity. Here, we have opted for standard addition
to account for losses in high ionic strength ocean water
sample matrices instead of surrogates, while the recov-
eries from the Milli-Q water and denuder matrix spike
experiments were used to correct for SPE losses in tap
water, precipitation, and denuder samples. When apply-
ing this SPE method to real samples, addition of a sec-
ond set of mass-labeled surrogate standards prior to ex-
traction, could also be used to account for SPE losses in
each individual sample.32

200
180 H Milli-Q Water Spike
160 W Ocean Water Spike
140 ® Denuder Matrix Spike
120
100 | 3 [H =
80 11 1 ra
60
40
20
0

Recovery (%)

C2 C3 C4 G5 Ce C7 C8 (9 Ci0cCi11cC12cC14
PFCA

Figure 5. Matrix recoveries of 50 ng spikes of C2-C14
PFCAs in Milli-Q water, synthetic ocean water, and
simulated denuder extract matrix by WAX-SPE. Error
bars show standard deviation of replicates (n = 3).
The shaded area represents the region of quantitative
recovery (80%-120%).

The poor recoveries of C10-C14 were caused by their
lack of retention on the Strata X-AW cartridge during
sample loading (see Section S4). This agrees with the
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findings of Montes et al.,33 where lower recoveries were
observed for long chain perfluoroalkyl acids (PFAAs)
using Strata X-AW, while recoveries using Oasis WAX
were quantitative. This could be explained by the hy-
drophobic backbone of Oasis WAX compared to Strata
X-AW sorbents, which results in better retention of the
long chain PFAAs (Figure S9). Therefore, these findings
indicate that Strata X-AW should not be used for the SPE
of C10-C14 and also that WAX SPE is likely not appro-
priate for the quantitative extraction of C2/C3 from
most high salinity samples.

Real Sample Analysis

Because of the high levels of C2/C3 observed in Milli-Q
water, Strata X-AW pre-cleaned Milli-Q water was used
as a method blank. This was used for analytical determi-
nations of the PFCA analyte suite in tap water, precipi-
tation, ocean water, and denuder samples. Due to the
SPE losses of C2/C3 seen in ocean water spike and re-
covery, the real ocean water sample was quantified by
standard addition with 0, 50, and 100 ng of C2-C14.

1000 EC2 mC3mC4

100
10 _
==
I
1

Tap Water

Concentration
(pg/mL or pg/m3)

Precipitation

Figure 6. Analyzed concentrations of C2-C4 in four en-
vironmental samples reported in pg/mL, except the
denuder extract which is reported in pg/m3. Error
bars show standard deviation of replicate measure-
ments (n = 3).

Concentrations of all analyzed PFCAs are shown in Sec-
tion S9, Table S6. C2-C4 were detected in all 4 samples
(Figure 6), with C2 detected at concentrations at least
an order of magnitude greater than other homologues.
Although within the same order of magnitude, the con-
centrations of C2 and C3 in tap water (270.9 and 94.5
pg/mL) are greater than both precipitation (150.4, 62.3
pg/mL) and ocean water (148.1, 47.8 pg/mL). This may
suggest the creation of these compounds through pre-
cursor degradation during the disinfection process, sim-
ilar to observations from wastewater treatment.3* The
150 pg/mL C2 concentration in the precipitation sam-
ple is within the range of rainwater concentrations of
87-270 pg/mL reported by Scott et al.3% in north To-
ronto during 2003-2004. However, C3 and C4 concen-
trations of 62 and 4.4 pg/mL are greater than the re-
ported values of 0.8-2.4 and 0.1-2.1 pg/mL for C3 and
C4 in the same study. This increase agrees with the
overall increasing trend of C2-C4 PFCA fluxes observed
in the environment since 1990.2 The analyzed 426
pg/m?3 gaseous atmospheric mass loading of C2 from the
denuder sample is similar to previously reported

Ocean Water Denuder Extract
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concentrations of ~250 pg/m3 to ~5 ng/m?3 in Toronto
during Jun-Dec 2000.3% C5-C8 were detected in atmos-
pheric abundances of 0.44-0.56 pg/m?. In contrast, all of
C5-C14 (C13 not analyzed) were detected in precipita-
tion at concentrations of 0.43-5.4 pg/mL. These results
indicate that C2-C8 can reside in the atmospheric gas
phase long enough to be sampled, consistent with pre-
vious modelling work3¢ on the gas-particle partitioning
of PFCAs, which predicts PFCAs to predominantly re-
side in the gas phase under atmospherically relevant
conditions. The relative abundance of atmospheric gas
phase C2-C4 is also consistent with precipitation and
other aqueous samples, supporting atmospheric for-
mation and transport of PFCAs as a dominant source
and/or process.

Conclusion

The derivatization method was demonstrated to be re-
producible, easy to perform, and the reaction completed
immediately upon mixing the reagents. Derivatization
and separation of C2-C14 PFCAs was achieved in a sin-
gle GC-MS method for the first time. Integrating the
derivatization to an existing solid phase extraction pro-
cedure using surrogate standards requires only an ad-
ditional 30 minutes for sonication. A sample handling
robot could be used to automate the entire process.
With detection limits comparable to typical LC-MS/MS
methodologies, this GC-MS method overcomes the typi-
cal drawbacks of time-consuming derivatizations and
high detection limits. The diphenyl derivatization rep-
resents a substantial improvement to that of existing
derivatizations both in function and ease of the proce-
dure. The overall methodology was applied to 4 differ-
ent aqueous environmental sample matrices where C2-
C4 PFCAs were detected in all samples, highlighting the
importance of including ultrashort chain PFCAs for
PFAS analysis. We believe this novel derivatization GC-
MS methodology provides a globally cost-effective and
needed analytical method for the analysis of all relevant
PFCAs in various environmental matrices, inclusive of
the ultrashort chain homologues.
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