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Introduction

Feasibility study of superoxide chemical ionization
mass spectrometry (O,~ CIMS) for real-time
gas-phase measurements of per- and
polyfluoroalkyl substances (PFAS)
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Per- and polyfluoroalkyl substances (PFAS) are highly persistent pollutants with known adverse impacts
on environmental and public health. Traditional gas-phase PFAS detection approaches often involve
labor-intensive sample collection and preparation, while offering low temporal resolution. Alternatively,
chemical ionization mass spectrometry (CIMS) allows for real-time airborne PFAS detection at sub-pptv
sensitivity. While reagent ion generation often requires hazardous chemicals (e.g., nitric acid, methyl
iodide (I7), and acetic anhydride), superoxide (O,~) CIMS provides a safer alternative and is better suited
for mobile platforms where ventilation, space, and weight are constrained. O, CIMS has five main
reagent ions (i.e., O,~, (H,O)O,™, CO37, (CO,)0,~, and CO,(H,0)O,7) and low-background mass spectra
above m/z 200. Thus, it is well suited to the relatively high molecular weights of airborne PFAS. Mass cali-
bration was performed with a 5: 1 fluorotelomer alcohol (FTOH) permeation tube. lonization was found
to occur mainly through deprotonation or adduct formation. Calibrations for fourteen environmentally-
and industrially-relevant PFAS compounds are presented, including FTOHSs, fluorotelomer diols, fluori-
nated sulfonamides, epoxides, and glycol ethers. While perfluoroalkyl carboxylic acids (PFCAs) were not
detected, O, CIMS offered higher sensitivity and lower detection/quantification limits than I~ CIMS for
FTOHSs; however, it remains a complementary PFAS measurement technique to I~ CIMS. Moreover, it
yielded distinct fingerprint signals for FTOHs, confirming compound identification. This study demon-
strates the utility of O,~ CIMS for real-time airborne PFAS analysis in commonly encountered environ-
ments by capturing 6 : 2 FTOH gaseous emissions from fast-food packaging at room temperature, under-
scoring its strong promise for future development and applications.

bility and versatility.>™* As a result, PFAS have been incorpor-
ated into a broad range of products, from everyday items to

Per- and polyfluoroalkyl substances (PFAS) are a class of syn-
thetic chemicals that have been widely used in industry and
consumer products since the mid-20th century.! Their strong
carbon-fluorine bonds give them unique water- and grease-
resistant properties, making them highly valued for their dura-
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high-tech applications, including non-stick cookware, food
packaging, water-repellent clothing, plumbing tape, refriger-
ants, firefighting foams, firefighter turnout gear, and semi-
conductor manufacturing.>>* However, while these chemi-
cals offer significant functional benefits, they are highly
mobile and persistent in the environment.>*> PFAS do not
readily break down or biodegrade, leading to their accumu-
lation in both living organisms and the environment over
time."®'® This persistence has earned them the nickname
“forever chemicals”. Their widespread use and resistance to
degradation have resulted in global contamination of air, soil,
and water,'® raising serious concerns about their environ-
mental and ecological impacts, including potential disruption
of ecosystems and entry into the food chain.”?*>" Studies have
linked PFAS exposure to adverse human health effects, includ-
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ing suppressed immune response, detrimental lipid profiles,
neurobehavioral defects, and certain cancers.?*>> Numerous
research efforts are underway to address PFAS contamination
through remediation strategies, including capture technologies
and degradation methods.>¢™*

Current PFAS detection efforts are primarily focused on
water and soil, not only because analytical techniques are rela-
tively well-established, but also due to recent regulatory pol-
icies targeting water contamination,”®?*” as well as air
measurements of PFAS being challenging.*®*° However, inves-
tigating airborne PFAS is also important, as it helps explain
the potential for atmospheric transport of PFAS to remote
regions on Earth (e.g., Arctic),’>*" sheds light on their parti-
tioning behavior in multiphase environments, and ultimately
helps to resolve the sources of PFAS contamination in down-
wind private well water.*>™*” PFAS in air presents unique chal-
lenges, particularly in effectively collecting and storing these
dilute and often volatile samples.*® Traditional methods rely
on sorbent materials or filters to collect samples over periods
ranging from several hours to weeks, allowing PFAS concen-
trations to accumulate above instrumental detection
limits.*87° After collection, samples are typically spiked with
internal standards to correct for extraction recovery. Extracted
samples are then concentrated and reconstituted for analysis
by gas chromatography (GC) or liquid chromatography (LC)
coupled with mass spectrometry (MS).***°* Though GC-/
LC-MS provides two dimensions of compound confirmation
(i.e., retention time and mass), these offline methods require
the use of expensive mass-labelled internal standards of
PFAS.*®°°7% while integrated samples have some advantages,
their limitations also include significant time involved in
sample processing and associated uncertainties. Moreover, the
method only yields time-averaged PFAS concentrations over
the sampling period with limited temporal resolution.

Chemical ionization mass spectrometry (CIMS) enables
real-time gas-phase PFAS analysis using a soft ionization
method.>® Originally developed in the 1960s and 1970s, CIMS
has significantly advanced in recent years.>* Coupling chemi-
cal ionization (CI) with a time-of-flight (TOF) mass analyzer
now allows for high-resolution MS detection and precise
identification of complex compounds. Modern CIMS designs
offer high sensitivity, enabling detection limits in the sub-pptv
range, and are often compact and field-deployable, suitable for
use on aircraft and mobile laboratories.”>>® To best capture a
wide array of compounds, CIMS employs different reagent ions
that select for particular chemical properties, such as certain
levels of volatility and oxidation states of carbon.>*>® Reagent
ions used in proton transfer reaction (PTR) systems, like H;0"
and NO', are standard for real-time monitoring of volatile
organic compounds (VOCs).””*® Now it also has been used for
volatile PFAS measurements.’® Other reagent ions, such as I”
and NO;~, are commonly used for detecting oxygenated organ-
ics and highly oxidized organic gases.>*>*%°

Iodide CIMS has previously been calibrated and applied to
quantify oxygenated PFAS in the gas phase, including PFCAs
from aqueous film-forming foam combustion,** and capturing

Analyst

View Article Online

Analyst

6 : 2 fluorotelomer alcohol (FTOH) emissions from rain jackets,
floor wax applications, and microwaving popcorn.®*7¢®
However, there are notable limitations on using I" CIMS. First
of all, PFAS has a wide range of structures, but I is
selective,*"®® so it does not work for all species. Moreover,
when the high molecular weight of PFAS adducts with 17,
which is a large ion, the high adduct weight makes it hard to
be revolved in a TOFMS. Lastly, the reagent ions are generated
by introducing pure nitrogen gas through a methyl iodide per-
meation tube,’>%”%® which requires a robust ventilation
system and secure exhaust handling for safe operation. These
requirements limit their suitability for mobile laboratories,
where space, weight, and ventilation capacity are constrained.
Therefore, a safer alternative reagent ion that allows for detec-
tion of PFAS classes not previously detected by other CIMS
methods and does not require the use of toxic chemicals (e.g.,
methyl iodide) is needed. Superoxide (O,~), which can be gen-
erated more safely, has previously been used in detecting
nitrates, sulfates, and highly oxygenated organic compounds,
showing a non-selective but general reagent chemistry
property.®>”® Based on these results, superoxide may also
show strong potential for real-time PFAS measurements in air.
As a result, in this study we systematically examine the poten-
tial for O, CIMS to make real-time quantitative measurements
of airborne PFAS.

Materials and methods

Section S1 of SI provides suggested safety precautions when
working with PFAS.

0, ionization

For the setup (Fig. 1), considering previous methods,”®”> com-
pressed house air first passes through a Drierite Gas Purifier
with 5A molecular sieves (Drierite 27068 L68GP Gas Purifier)
to reduce humidity and remove impurities like CO,, followed
by a high-efficiency particulate air (HEPA) filter to remove par-
ticles. The cleaned air then flows through a NRD P-2021
Polonium-210 (Po-210) source at 2 liters per minute (LPM) to
generate superoxide (O, ). These reagent ions are then trans-
ferred into the ion-molecule reactor (IMR), where they mix
with gas-phase ambient samples at 80 mbar. Within the IMR,
two dominant pathways are responsible for analyte ionization:
deprotonation of the analyte (Reaction (R1)) and adduct for-
mation with the reagent ion (Reaction (R2)). In some cases,
analytes undergo additional adduct formation with water
(H,0) or carbon dioxide (CO,), or they may fragment. Further

details are provided in the Results and Discussion Section.
HX 4+ 0,” — X~ + HO, (R1)
HX + 0,  — HX(0,)~ (R2)

The resulting charged molecules pass through three differ-
ential vacuum chambers before entering the time-of-flight
(TOF) mass analyzer for detection.>® This allows for accurate

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 O,  CIMS schematic diagram with CAMILS interfaced to inlet for PFAS calibrations. Reagent ions are generated using purified house air, and

sampling flow uses room air, both at a flow rate of 2 LPM.

mass fittings and subsequent identification of molecular
formulae.

PFAS calibrations

PFAS compounds for O,~ CIMS calibration were selected based
on their reported atmospheric and occupational relevances.”
Section S2 describes standard information and preparation
protocol. To aid the introduction of PFAS standards into the
0O, CIMS, the Calibration Apparatus for Manual Injection of
Liquid Standards (CAMILS),®> a Restek sulfinert-coated
Swagelok tee with GC septa used for liquid standard introduc-
tion for gas-phase PFAS analysis, was attached to the IMR as
described previously by Davern et al.®>

For each PFAS standard, 5, 10, 15, and 20 pL aliquots of 100
ng mL™" and 1000 ng mL™" solutions prepared in LC/MS grade
methanol were injected in triplicate with a 25 pL Hamilton
gastight syringe. More solvent selection information is dis-
cussed in the Results and Discussion Section (Fig. 3).
Sufficient time was allotted between injections so that signals
could return to the baseline. In some cases, to decrease this
time, the temperature of the CAMILS increased up to 80 °C to
encourage faster volatilization of the liquid standard. Each
calibration was preceded by three 20 pL injections of methanol
blanks to establish a background count for determining the
sensitivity of calibrant ion peak m/z values. Limits of detection
(LOD) and limits of quantitation (LOQ) were calculated as out-
lined in Bertram et al., using a signal-to-noise ratio of 3 and
10, respectively.*”

Permeation tube for mass calibration

Given the lack of abundant signals above m/z 200, there arose
a need to introduce small but consistent reference ions for
mass calibration. Based on the lab inventory, compound vola-

This journal is © The Royal Society of Chemistry 2026

tility, high molecular weight (MW), and detectable structural
analogs, we selected 5:1 FTOH (MW 300 g mol ™, and primar-
ily detected by O,~ CIMS as a superoxide adduct at m/z 332) to
prepare a permeation tube for mass calibration. As it is less
commonly reported than the more abundant n:2 FTOHs
(where n is an even number from 2 to 12), this compound is a
suitable artificial standard, designed to minimize overlap with
commonly occurring species found in ambient air.>"¢%¢%73:74
The 5:1 FTOH permeation tube is made by using a per-
meation tube kit (Owlstone Inc.), and 99.0% pure 5:1 FTOH
(Flouryx Labs). As this is not for quantification purposes, the
emission rate was not characterized. At room temperature
(20 °C), with a room air flow rate of 2 LPM, it provides a stable,
trace level of 5:1 FTOH, which forms different adduct clusters
with the reagent ions (e.g., M + 32 and M + 94) allowing for its
low-level continuous detection for mass calibration with little
time required for equilibration. The O, CIMS mass spectrum
of 5:1 FTOH is provided in Section S3. The two 5:1 FTOH
cluster peaks (i.e., m/z 332 and 394) alongside other known
reagent ion peaks (ie., m/z 32, 50, 60, 76 and 94, where
details are provided in the Results and Discussion Section)
were used as mass calibrants. The setup of the instrumenta-
tion is shown in Fig. 1, where the 5:1 FTOH permeation tube
is placed upstream of the CAMILS to eliminate the contami-
nation from standard injection in CAMILS. The impact of the
permeation tube on reagent ion consumption is discussed in
Section S4.

CIMS data collection and analysis

Data were collected using a high-resolution time-of-flight
chemical ionization mass spectrometer (ToF-CIMS, Aerodyne
Research Inc./TOFWERK AG), referred to as CIMS. It was
characterized and described previously.’>®*”7> Tofware
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Version 4.0.3 (Tofwerk AG) was used to analyze data.
Instrument voltages, temperatures, and pressures were tuned
to optimize sensitivity for I” mode, which has been more well
studied and characterized for PFAS air measurements. This
was to prepare this method for CIMS operation with both I™
and O, CIMS with rapid switching,”* get it ready for future
field deployment, and enable cross-comparison of sensi-
tivities. Mass spectra were collected with a range of 11-824 Da,
at 1 Hz frequency and an extraction period of 50 000 ns. More
detailed instrument parameters including temperature,
pressure and voltages can be found in Section S5.

Fast food package collection and storage

The fast-food paper wrap was obtained from a fast-food chain
restaurant in Chapel Hill, NC, USA, and stored at room temp-
erature and opened to ambient for a day before the analysis.
After the perturbation experiment, the paper wrap was stored
in a clear sandwich bag at room temperature. Half of it was
then used for the GC-MS qualification.

Results and discussion
0, CIMS mass spectrum, reagent ions, and normalization

Previously, O,~ CIMS has been used to measure small mole-
cules including methyl peroxide, hydrogen peroxide (H,0,),”
ozone (O;), and nitrogen dioxide (NO,).”® However, spectral
complexity and interferences in the m/z 50-200 range make
interpretation of small molecules more challenging. Once m/z
values exceed 200, the O,” CIMS mass spectrum becomes
clean, as shown in Fig. 2. This low-level mass spectral back-
ground is particularly advantageous for detecting high mole-
cular weight compounds such as PFAS, and to the best of our
knowledge, this capability has not previously been employed
for this purpose, and all the previous O,~ work only investi-
gated compounds with m/z values <300.°%7%7>77
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To understand the ionization chemistry of O, as a regent
ion, it is important to confirm the identities of the low m/z
peaks when no analytes are present (Fig. 2) through high-
resolution peak fitting and introducing perturbations of sus-
pected reagent compounds to the system. When no analytes
are present, the O,~ CIMS mass spectrum has major peaks at
m/z values of 32, 50, 60, 76 and 94 (Fig. 2). Peak fitting and
CO, perturbations (Section S6) showed these correspond to
0,7, (H,0)0,, CO;7, (CO,)0,~, and CO,(H,0)O,~, respect-
ively, which is consistent with previous studies.”>”® These five
peaks, which are produced from the primary reagent ion (O,")
readily interacting with H,O and CO, in ambient air, will hen-
ceforth be called the five main reagent ions and used for nor-
malization due to their fluctuations as analytes enter the IMR
and react with them. Rationale for the selection of the reagent
ion pool in O,” CIMS is described in Section S7. Other ion
peaks (labeled in light blue) are not considered as part of the
main reagent ions because either they are present in trace
amounts, or they are a constant background most of the time
and do not readily react with analytes.

Given that analyte signals are dependent on the availability
of reagent ions at a given time, quantification requires normal-
ization. In I" CIMS, the sum of the signals of I" and H,OI" are
used as an approximate measure of the total reagent ion
signal, which is then normalized per million counts as a nor-
malization factor for all analyte signals, a standard data pro-
cessing step.>®° This procedure accounts for both instrument
variability and changing operating conditions. O,~ CIMS has
not previously been applied to PFAS measurements in air,
there is no established uniform processing method. Whereas
I” CIMS analysis has established normalization, there is no
such common practice for O,~ CIMS. To address this, we nor-
malized O,  CIMS analyte signals per million counts of the
five main reagent ions described above to partially account for
variations in humidity and CO, (eqn (1)). While this approach
reduces variability associated with changing environmental
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Fig. 2 General O,~ CIMS mass spectrum with main reagent ions peaks (m/z 32, 50, 60, 76, and 94 corresponding to O,~, (H,0)O,~, CO3~, (CO,)
0,7, CO,(H,0)O;,7, respectively) labeled black and trace environmental ions labeled blue.
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conditions, which is advantageous for indoor deployments
where CO, levels fluctuate with ventilation and occupancy,’®
our results suggest that sensitivity variations associated with
RH are not fully accounted for by this normalization, as dis-
cussed in Section S8.

analyte signal
normalization factor
B analyte signal (1)
" sum of m/z32, 50, 60, 76, and 94’
106

Normalized signal =

Solvent selection for calibration

Fig. 3 shows the main reagent ion fluctuations when a new
solvent is introduced into the system. As PFAS calibration
requires the selection of a suitable solvent, an ideal solvent
must sufficiently dissolve the compound of interest, be volatile
enough to carry standards to the CIMS for analysis, and have
minimal impact on reagent ionization efficiency and distri-
butions. We examined three candidate LC/MS grade solvents
by injecting 20 pL of each (i.e., methanol, acetonitrile, and
ethyl acetate) without PFAS into the CIMS.

As shown in Fig. 3, although methanol consistently caused
a decrease in the five main reagent ion peaks due to formation
of the methanol-superoxide adduct at m/z 64, it produced the
smallest change in the major reagent ion (O,”) and the
decrease was uniform across all reagent ions. Acetonitrile
caused larger, contrasting changes at m/z 32 (O,”) and 50
((H,0)O,7), while ethyl acetate resulted in the greatest fluctu-
ations, most notably demonstrated by a nearly 25% decrease
in O,".

Based on these observations, methanol was selected as
the solvent for blanks and PFAS standard preparation. This
choice minimizes the impact on reagent ion distributions.
Conveniently, most certified PFAS standards are supplied
in methanol, simplifying laboratory preparation, and avoid-
ing solvent incompatibility issues. While methanol yielded
the most favorable results for calibration, acetonitrile
remains a viable alternative, such as when standards are

Sum of 5 peaks
6 ] . MeOH ACN EtOAc
12x10 7| — mz320,
= 1.04|— mzs0co, ]
5 —— m/z94 CO,(H,0)0,
v o
a 0.8 - |— m/z50 (H,0)0,
g:_ —— m/z76 (CO,)0,
g 0.6 - 1
° L |
o 0.4 -
w
5
= B N ——
— | Eteeesseees  ESsS—"
0.0 -

T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600
Elapsed time (s)

Fig.3 O, CIMS time series of main reagent ion peak response to

methanol (MeOH, yellow shading), acetonitrile (ACN, red shading), and
ethyl acetate (EtOAc, blue shading) in chronological order.
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only available in acetonitrile or a PFAS has poor solubility
in methanol.

PFAS compounds detected

0O,” CIMS appears to be sensitive to oxygenated semi-volatile
PFAS compounds, including FTOHs, sulfonamides, epoxides,
fluorotelomer diols (FTdiOH), and glycol ethers. However,
some notable classes of PFAS were observed to have low sensi-
tivity or no distinguishable signal, including perfluorinated
carboxylic acids (PFCAs), fluorotelomer acrylates (FTACs), and
perfluorinated sulfonic acids (PFSAs). It should be noted that
PFCAs have been previously detected by I~ CIMS.®>°””° The 37
compounds tested for suitability with O, CIMS and their
detectability are summarized in Section S9 (Table S4).

While the multiple reagent ions of O,” CIMS can compli-
cate mass spectra, they also offer distinct advantages. A
common challenge in PFAS detection by CIMS is that FTOHs
and PFCAs have similar masses (<0.05 Da), making it difficult
for instruments with resolving power less than 10 000 to confi-
dently distinguish and separate FTOHs in complex matrices
based solely on mass.®* As such, additional GC or LC separ-
ation is typically required for high-confidence confirmation of
signal identification. O,” eliminates interference for FTOH
measurements or otherwise enables deconvolution of I" CIMS
signals. With the potential to switch rapidly between I" and
0O,” mode, it is possible to monitor both PFCAs and FTOHs.
Moreover, O, CIMS produces a characteristic series of peaks
for n:2 FTOHs (n = 4, 6, 8, 10) at M + 46, M + 60, M + 78, M +
92, and M + 94 (Fig. S4), in addition to the main superoxide
cluster (M + 32). These “fingerprint” ion peaks can aid in veri-
fying the presence of FTOHs, much how tandem MS fragment
ions are used in signal interpretation. For example, as shown
in Fig. 4, the mass spectrum of a 6:2 FTOH standard closely
matched that of a floor wax sample previously confirmed to
contain 6 : 2 FTOH by GC/MS and I CIMS,** with identical fin-
gerprint ion peaks observed. This finding suggests that, in
some cases, ultra-high-resolution mass spectrometry or
upstream GC/LC separation may not be necessary for com-
pound identification when using O, CIMS. While these fin-
gerprint ion peaks are not used for quantitative purposes, they
provide valuable complementary information for verification
of PFAS compound identity as qualifying ions.

PFAS calibration results

All sensitivity calibration results are shown in Table 1, with
comparisons to I" CIMS addressed later (Table 2). Given the
complexity of superoxide ionization, preliminary injections
were performed to identify the major ion peaks used for cali-
bration. Complete mass spectra of 14 individual PFAS com-
pounds are provided in Section S10, along with detailed
reasoning for calibration ion peaks selection in each figure
caption. Calibrations were performed using methanol as the
solvent at 50 + 2% relative humidity (RH), where the humidity
reflected ambient laboratory air (i.e., room air measured at
that level) and no additional humidification of the carrier gas
was applied, which is representative of typical daytime outdoor
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Fig. 4 Mass spectra obtained using O,~ CIMS showing 6 : 2 FTOH fingerprint peaks comparison in (a) 1000 ng mL™* 6: 2 FTOH in methanol head-
space sniff test, (b) brand name floor wax headspace sniff test. The y-axis was scaled to highlight the isotopic peak (M + 1 O,~ adduct at m/z 397)
and other diagnostic peaks. The peak marked with a star at m/z 449 originates from an unidentified background component in the floor wax. With
increasing 6 : 2 FTOH concentration, a corresponding increase in the relative intensity of the M + 94 peak at m/z 458 was observed, and the 6:2
FTOH dimer with superoxide cluster was also detected (m/z 760). This trend was similarly observed for other n: 2 FTOHs. The mass error for M + 32
at m/z 396 (CgHsF13037) is 14.6 parts per million (ppm), and for M + 94 at m/z 458 (CoH,F130¢7) is 31 ppm.

Table 1 O,  CIMS calibration results

Unit Calibrant ion Sensitivity LOD LOQ
Compound CAS # Formula m/z peak (s) (m/z) (neps pptvh) R (pptv) (pptv)
4:2 FTOH 2043-47-2 CeHsF5O 264 296 11.8 £ 0.3 0.9953 0.75 3.78
6:2 FTOH 647-42-7 CgH5F30 364 396 13.7+0.4 0.9953 0.51 2.97
8:2 FTOH 678-39-7 C,oHsF,,0 464 496 9.7+ 0.2 0.9970 0.80 4.75
10:2 FTOH 865-86-1 C1,H5F,,0 564 596 7.2+0.2 0.9973 0.68 5.22
MeFOSA 31506-32-8 CoH4F7,NO,S 513 512, 545 25.4+0.5 0.9979 0.23 1.46
EtFOSA 4151-50-2 C10HeF17NO,S 527 526, 559 27.7+0.4 0.9988 0.21 1.35
MeFOSE 24448-09-7 C11HgF7NO3S 557 589, 651 13.4+0.4 0.9954 0.50 2.99
EtFOSE 1691-99-2 C12H4oF17;NO3S 571 603, 665 13.9+0.5 0.9934 0.52 3.13
3-(Perfluorohexyl)propyl epoxide ~ 38565-52-5 CoH;F;3;0 376 408 0.124 +0.002  0.9992  68.61  362.53
3-(Perfluorooctyl)propyl epoxide 38565-53-6 C;1H5F1,0 476 508 0.069 + 0.001 0.9993 78.83 541.59
FBSA 30334-69-1 C,H,FgNO,S 299 298, 331, 359 48.3 + 0.5 0.9993 0.38 1.55
1:8:1 FTdiOH 754-96-1 C10H6F160, 462 461, 494, 556 21.3+0.2 0.9995 0.64 3.06
Fluorinated triethylene glycol 129301-42-4 CeHeF3O4 294 293, 326. 388 229+ 0.5 0.9975 0.12 1.38
Fluorinated tetraethylene glycol 330562-44-2 CgHgF1,05 410 307, 409, 442 41+ 2 0.9920 0.07 0.72

conditions in the southeastern United States, despite expected
seasonal and diurnal variability.®>®' The sensitivities’ depen-
dency on the RH is discussed in Section S8 with FTOHs.

In some cases, more than one m/z value was used for
quantification. In those cases, the normalized signals of
selected ion peaks were summed and plotted against time,
and the integrated areas were used to construct calibration
curves. Calibration curves are provided in Section S11. The
slope of each 8-point calibration curve represents the instru-
ment’s sensitivity, reported as normalized counts per second
per parts per trillion by volume (ncps pptv™'). R* values greater
than 0.99 were calculated for the orthogonal linear regressions
of all 14 calibrations. Furthermore, all calibrations yielded rela-
tive standard deviations below 10%, indicating acceptable pre-
cision for quantitative analysis. An example calibration plot of
FTOHs, which have been quantified through many gas-phase
methods,**®” is shown in Fig. 5.

When compared to I CIMS calibrations obtained using the
CAMILS method by Davern et al.®® (Table 2), O,” CIMS had
higher sensitivity for five of the six compounds tested in both

Analyst

Table 2 Comparison with Davern et al. I~ CIMS calibrations

Compound Sensitivity (ncps pptv™') LOD (pptv)
name/

abbreviation ~ This study Davern et al®* This study Davern et al.®
4:2 FTOH 11.8+0.3 4.3+0.01 0.75 3.1
6:2 FTOH 13.7+0.4 6.1+0.03 0.51 1.5
8:2 FTOH 9.7 £0.2 6.2 £ 0.06 0.8 2
10:2 FTOH 7.2+0.2 5.7 £ 0.07 0.68 1.7
EtFOSA 27.7+0.4 19.7° 0.21 0.2
1:8:1FTdiOH 21.3+0.2 46.9° 0.64 0.4
PFOA ND 12.4+0.2 NA 0.7
PFBA ND 20.7£0.3 NA 1.3
HFPO-DA NA 23.1+0.3 NA 0.7
E2 NA 0.0047 NA 1700

ND: not detected; NA: not applicable. “Standard deviations were not
reported in Davern et al.

studies (e.g., 270%, 220%, 160%, 126%, and 140% the sensi-
tivity of 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, 10:2 FTOH, and
EtFOSA, respectively). The FTOHs all had lower LODs (i.e., sub-
pptv) using O,~ CIMS, while the EtFOSA LOD was comparable.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 FTOHs calibration plot, where 4:2 FTOH (orange and square),
6:2 FTOH (blue and round), 8:2 FTOH (green and triangle), 4:2 FTOH
(purple and rhombus) is labeled in the figure. Best-fit orthogonal linear
regressions are shown with dashed lines. Each calibration point was
measured in triplicate on the same day, with error bars (black) represent-
ing the standard deviations of replicate measurements. All reported sen-
sitivities are normalized per million counts of reagent ion signal.

However, O, CIMS was 45% as sensitive to 1:8:1 FTdiOH,
and it failed to significantly detect any of the PFCAs (e.g., PFBA
and PFOA) that Davern et al®* measured using I CIMS,
suggesting that O,~ reagent ion chemistry has a lower affinity
for PFCAs. Furthermore, despite the similar instrument set-
tings and the use of CAMILS, the uncertainties for the sensi-
tivity in this study were greater than in Davern et al,** likely
due to the more complex and variable ionization pathways
present in O, reagent ion chemistry.

Real-time gas-phase FTOH emissions from fast-food packaging

When the food paper wrap was present, real-time 6:2 FTOH
emissions from a consumer product at room temperature were

View Article Online
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detected. As shown in Fig. 6, even when the paper wrap was
left undisturbed at 10 cm from the instrument inlet, the 6:2
FTOH concentration from food-paper wrap emissions was
above the instrument’s LOQ. Upon agitating the paper wrap by
rubbing its surfaces together, higher 6:2 FTOH emissions
were observed, with peak concentrations reaching up to 16
pptv. Once the paper wrap was removed from the vicinity of
the inlet, the signal immediately returned to background
levels, suggesting minimal measurement delays. This experi-
ment highlights the potential for real-time PFAS air measure-
ments and point-of-source determination using O, CIMS,
even for highly dynamic systems. Even though PFAS have pre-
viously been reported in food packaging and suggested to vola-
tilize into indoor air,'® the use of traditional offline methods
required extensive sample collection, preparation, and extrac-
tion. The real-time (online) approach presented herein
requires no sample preparation while providing highly time-
resolved measurements. Supporting results, including GC/
EI-MS verification for 6 : 2 FTOH and perturbation fingerprints
of 6:2 FTOH, are provided in Section S12.

Limitations & further characterization

There are some limitations when using the O, CIMS method.
Although it offers safer reagent ion generation through elimin-
ation of the need for methyl iodide compared to I" CIMS, it
still relies on a commercially available sealed Po-210 radio-
active source. Its use requires compliance with laboratory
safety standards.®” With a half-life of 138 days, the ion source
must be replaced approximately once per year with notable
decreases in absolute sensitivity happening before then.
Another common challenge with general CIMS is the need for
calibration prior to quantification, as well as the limited avail-
ability of standards for short-lived or otherwise highly reactive
gas-phase analytes of interest. Thus, non-targeted PFAS ana-
lysis can be challenging,®® but a GC separation upstream can
help rule out complexities. Future work will examine the coup-
ling of GC to CIMS for non-targeted PFAS detection.

Paper wrap
undisturbed

LOQ= 2.97

- 2077 i Paper wrap :
> . ' . :
e : agitated
£ 16+ : :
< : :
S : ;
1‘; [} ]
5 124 i :
c ] 1
3 g : :
5 : :
S 87 : :
T . ' .
o i "
£ a4 : :
(o] W ¥
‘5 e [ ]
1 1 1 1 ;
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1 1 1 1 1
250 300 350 400 450
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Fig. 6 Time series of 6:2 FTOH perturbation (shown in red) from a fast-food packaging paper wrap. The results are smoothed for 3 seconds to
reduce fluctuations. Instrument LOQ of 2.97 pptv is shown with a yellow, dashed line calculated based on calibration results.
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It is important to emphasize that the present work is
intended as a feasibility study demonstrating the applicability
of O,” CIMS to capture environmentally and industrially rele-
vant classes of gas-phase PFAS like FTOHs, further analytical
exploration is warranted. Due to the nature of this work being
a feasibility study, future work should include systematic
optimization of instrument voltages to balance declustering
and analyte ion stability, incorporation of higher molecular
weight calibration compounds to improve mass accuracy at
high m/z, and further mechanistic characterization of ioniza-
tion pathways alongside controlled studies of H,O and CO,
effects to establish a more rigorous normalization framework.
Exploration of alternative ionization sources (e.g., VUV
lamps)®* may also reduce radiation safety concerns and
provide insight into differences in ionization behavior. In
addition, expanding compound coverage and evaluating per-
formance in complex matrices with coexisting VOCs will be
important, potentially leveraging Al-assisted data analysis and
spectral prediction.

Environmental implications and conclusions

The use of O, as a reagent ion in CIMS demonstrates poten-
tial for real-time gas-phase measurement of PFAS in addition
to other VOCs. Compared to I” CIMS, O, CIMS is safer and
requires less ventilation, making it more suitable for field
and mobile deployments, as well as space-constrained labora-
tory environments. It exhibits higher sensitivity and lower
detection limits for FTOHs, making it well-suited for captur-
ing transient gaseous FTOH emissions under ambient con-
ditions. This capability highlights its potential for determin-
ing concentrations for a wide range of PFAS compounds rele-
vant to occupational, residential, and ambient air environ-
ments. Real-time air measurements can also provide insight
into PFAS sources and support the development of exposure
mitigation strategies. Once calibrated, O, CIMS can provide
real-time quantitative PFAS measurements. For some PFAS
compounds, distinct fingerprint ion peaks provide an
additional dimension of confirmation, reducing reliance on
offline separation methods such as GC-/LC-MS, thus saving
time, cost, and analytical effort. Moreover, identical voltage
and pressure settings shared between I” and O, CIMS para-
meters suggest the potential for rapid switching between
these reagent ions, thereby facilitating deconvolution of
CIMS signals and providing complementary dimensions of
chemical information.
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Data availability

Raw and processed mass spectral data related to the method
development, PFAS calibrations, and fast-food wrap will be de-
posited in the UNC Dataverse, a trustworthy, generalist data
repository managed by the Research Data Management Core at
the University of North Carolina at Chapel Hill. UNC Dataverse
provides persistent identifiers, robust standardized metadata,
and is committed to long-term preservation and access of
research data. Data are published under a CCO license by
default with customizable terms of use as needed.
Additionally, UNC Dataverse is routinely backed up and pre-
served on multiple geographically distributed servers and is a
member of Data-PASS, a community committed to the sustain-
ability and access of research data. Access to original data can
be found at: https://doi.org/10.15139/S3/9SFZMS.

Supplementary information (SI): safety considerations, stan-
dards information and calibration preparation, a mass spectrum
of 5:1 FTOH, permeation tube impacts on the reagent ions, O,~
CIMS operating conditions and related parameters, confirmation
of main reagent ion identities, rationale of reagent ions selec-
tion, sensitivities of FTOHs with different relative humidities
(RH), a master list of calibration details, the mass spectra of all
calibrated compounds along with discussions of the criteria
used for selecting calibration ion peaks, calibration plots, and
additional evidence of 6:2 FTOH detection in fast-food wraps.
See DOI: https://doi.org/10.1039/d5an01352f.
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