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s-phase peracetic acid in
a polyvinyl fluoride sample bag†

Amos Doepke, * Robert P. Streicher and Angela L. Stastny

In this study the temperature dependent decay rate of gas-phase peracetic acid (PAA) concentrations in

polyvinyl fluoride (PVF) sample bags was measured. Headspace from a PAA solution was used to

dynamically generate atmospheres of gas-phase PAA which were transferred to PVF bags. The

concentration of gas-phase PAA in PVF bags, in a temperature-controlled environment, was measured

versus time using both selected ion flow-tube mass spectrometry (SIFT-MS) and impinger based

colorimetric measurements. A review of PAA decomposition reactions, kinetics, and results of SIFT-MS

measure of PAA and acetic acid are discussed. Gas-phase PAA concentrations in the PVF bags exhibited

exponential decay consistent with first-order kinetics. The temperature dependent decay rate of gas-

phase PAA concentration in PVF sample bags had half-lives that ranged from 19 h (at 30 °C) to 45 h (at

10 °C). From the Arrhenius equation, an activation energy of 34.2 ± 1.1 kJ mol−1 (8.2 ± 0.3 kcal mol−1)

was calculated from the temperature dependence of the decay constant. In this work, the half-lives of

gas-phase PAA concentrations measured in PVF were considerably longer than other studies of PAA in

containers.
Environmental signicance

Peracetic acid (PAA) is the second most abundant organic peroxide in the troposphere and the third most abundant in urban air. Understanding the gas-phase
half-life of PAA is crucial for modeling its atmospheric chemistry, environmental cycling, and assessing industrial processes and occupational safety. However,
data on the gas-phase decay kinetics of PAA are limited. This manuscript provides new insights into the fate of PAA by measuring temperature-dependent decay
rates and kinetics, which may be applicable in both natural and engineered systems. Our ndings indicate that the half-lives of gas-phase PAA were signicantly
longer than those reported in other studies, emphasizing the need for further investigation into PAA behavior in various environmental contexts.
Introduction

The half-life of peracetic acid (PAA) in the gas-phase is impor-
tant for modeling atmospheric chemistry1–5 and environmental
cycling of PAA,4,6–8 evaluating industrial processes9 and occu-
pational safety.10,11 Signicant anthropogenic generation and
release of gas-phase PAA occurs in occupational settings via
biomass burning, material processing (bleaching),12 and
disinfection.11,13,14

PAA has been replacing chlorinated chemicals in many
processes because it has been regarded as less harmful to the
environment, due to producing fewer hazardous disinfection
byproducts compared to chlorinated disinfectants;.15,16 The
steady increase in PAA production and use in industrial settings
is expected to increase occupational exposure to PAA.17 PAA is
a strong oxidant that can cause chemical burns, irritation to
eyes, and the upper respiratory system.18 Measuring PAA
and Health, Health Effects Laboratory
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tion (ESI) available. See DOI:

cts, 2025, 27, 2422–2431
concentrations in occupational settings and evaluating the
relationship between worker exposure to PAA and the effects on
worker health are areas of recent research.11,19,20 To address
concerns about occupational exposure, the American Confer-
ence of Governmental Industrial Hygienists (ACGIH) set
a Threshold Limit Value (TLV) for short-term exposure limit
(STEL) of 0.4 ppm for an inhalable fraction and vapor in 2014.21

PAA is relatively volatile with a vapor pressure of 14.5 mmHg
at 25 °C,22 and readily enters the air through evaporation from
PAA solutions. The application of PAA by wiping or spraying
solutions allows gas-phase PAA and/or aerosols to expose
workers which has been documented in surface disinfection
processes19,23,24 and meat processing.25,26 Environmental
controls such as isolation and ventilation have typically been
used to reduce PAA exposure.27 However, in occupational envi-
ronments, a signicant concentration of PAA applied as
a surface disinfectant ends up in the gas phase.23,28,29

The primary goal of the studies herein was measuring the
change in gas-phase PAA concentrations in a PVF sampling bag
to calculate a half-life and activation energy (Ea) of the decay of
gas-phase PAA. It was known that gas-phase PAA has a limited
lifetime due to energetic decomposition and surface
This journal is © The Royal Society of Chemistry 2025
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interactions.8 PVF bags were chosen for their ability to isolate
samples of gas-phase PAA and were considered inert or resistant
to attacks by many chemicals.30 It was proposed that measure-
ments of PAA concentration decay in a PVF bag would primarily
represent gas phase processes and minimize surface reactivity.
We anticipated being able to apply what was learned by
measuring the half-life of gas-phase PAA to residence time of
PAA in occupational environments. These experiments could
provide information about the use of PVF bags for sampling of
PAA for occupational exposures.31,32 Measurements of occupa-
tionally relevant decomposition or decay of gas-phase PAA have
been addressed in relatively few publications. In addition to the
studies herein, the authors present a discussion of relevant PAA
decomposition reactions and kinetics of PAA.
PAA decomposition routes and kinetics

Peracetic acid decomposition has been generalized via three
reaction pathways: hydrolysis, catalyzed decomposition, and
spontaneous decomposition. Reaction (1), represents the
decomposition of PAA to acetic acid (AA) and hydrogen peroxide
(HP) through hydrolysis, followed by the spontaneous decom-
position of HP in reaction (2).33

CH3COOOH + H2O / CH3COOH + H2O2 (1)

2H2O2 / 2H2O + O2 (2)

Reaction (3) has been described as a surface mediated
decomposition34 and a spontaneous decomposition,35 that
yields AA and O2 as products. The reaction mechanism for
spontaneous decomposition in liquid has been proposed as
a peracetic anion nucleophilic attack on the carbonyl carbon of
a second PAA molecule in neutral or alkaline conditions.9,36

While in acidic conditions, been proposed that decomposition
proceeds through protonation of an oxygen in PAA (most likely
on the carbonyl oxygen). The protonated PAA interacts with
a second PAA molecule to form an unstable intermediate that
decomposes to O2 and AA.35

2CH3COOOH / 2CH3COOH + O2 (3)

Transition metal catalyzed decomposition of PAA, in reac-
tion (4), releases signicant amounts of oxygen and heat which
can lead to runaway reactions.37

CH3COOOH �!Mnþ
O2 þ other decomposition products (4)

Mechanical shock, heat, and light can be initiators of
homolytic cleavage of the O–O bond where two products, ace-
tyloxy and hydroxyl radicals are generated as in reaction (5).37,38

Secondary reactions (6) and (7) produce reaction products
including CO2, methane, ethane and additional compounds.37

CH3COOOH / CH3COO$ + $OH (5)

CH3COO$/CH$
3 þ CO2 (6)
This journal is © The Royal Society of Chemistry 2025
CH$
3 þ CH3COOH/CH3OHþ CH3COO$ (7)

Oxidation of PAA through an addition of $OH in a pre-
reactive complex has been shown to be a favored reaction
mechanism in atmospheric chemistry. The oxidation of PAA is
considered to primarily occur through two pathways: the
abstraction of acidic hydrogen and the abstraction of a methyl
hydrogen, with both generating formaldehyde as the principal
reaction product.3 Additionally, radical reactions of HOx are
important in the PAA degradation pathway.39 However, this
process is oen presented as a simplied pathway in reaction
(8).

CH3COOOH / CH3OH + CO2 (8)

Liquid-phase kinetics of PAA decomposition were reported
in multiple publications. Musakka et al. observed zero order,
rst order, as well as complex kinetics involved in the liquid-
phase decomposition of PAA.33 While the liquid-phase sponta-
neous decomposition in reaction (3) has been described as
a second-order reaction with respect to PAA concentration.35

The overall rate of gas phase decomposition of PAA has been
shown to follow rst order kinetics.34,39,40 The observed pseudo
rst-order rate constant k0 has been described by Schmidt and
Sehon as a combination of the two reactions (3) and (5) as
shown in eqn (9).34

�d½PAA�
dt

¼ k0½PAA� ¼ ðk3 þ k5Þ½PAA� (9)

where k3 and k5 represent the rate constants for reactions (3)
and (5), respectively.

In gas-phase pyrolytic decomposition experiments, Schmidt
and Sehon showed that changing the surface area inside the
reaction vessel could affect the ratio of AA to CO2, with
increased surface area resulting in a larger ratio.34 Increased
surface area presumably shied the decomposition away from
an energetically initiated decomposition as in eqn (5) and (6) to
a surface mediated pathway as in reaction eqn (3). Schmidt and
Sehon used toluene as a carrier, which was expected to elimi-
nate the hydrolytic decomposition in favor of O–O bond
cleavage.34,41

There have been two measurements of the decay of gas-phase
PAA at ambient temperatures to determine a half-life which were
relevant to the work herein. In an unpublished report, Ancker and
Zetterberg (reported in ref. 42) determined a 22 minutes half-life
for gas-phase PAA measured via long-path Fourier transform
infrared spectroscopy in a sail-cloth bag.42–44 While Hines et al.
found a gas-phase PAA half-life of 83 minutes in a small (0.16m3)
chamber containing a recirculating fan.29Neither of these studied
the temperature dependence of PAA decay.
Arrhenius equation

The Arrhenius equation describes the temperature dependence
of chemical reaction rates. A rearrangement of the Arrhenius
equation yields eqn (10), which has the form of a line as (y =mx
+ b).
Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431 | 2423
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ln k ¼ �Ea

R

�
1

T

�
þ ln A (10)

where k is the rate constant (s−1) for the reaction, T is the
temperature in Kelvin, A is the pre-exponential factor, Ea is the
molar activation energy for the reaction, and R is the universal
gas constant (J K−1 mol−1). The Ea for a thermal reaction rate
constant k(T), can be dened as (−R) times the slope of the plot
of ln k vs. (1/T), known as the Arrhenius plot, as in eqn (11).

Eadef¼
� R

�
vln k

vð1=TÞ
�

(11)

There have been relatively few gas phase experiments eluci-
dating an Ea of PAA. The Ea is the minimum energy requirement
or energy barrier to initiate a chemical reaction. The value of Ea
provides insight into the reaction mechanism(s).45 The pyrolytic
(127–360 °C) decomposition of gas-phase PAA was reported by
Schmidt and Sehon to have an Ea of 126 to 142 kJ mol−1 (30–
34 kcal mol−1) for dissociation of the PAA O–O bond.34

Bianchini et al. used density functional theory (DFT) to
calculate a bond dissociation energy of 159 kJ mol−1 (38 kcal-
mol−1) for the O–OH bond of PAA.46 The bond energy of PAA is
oen contrasted with the greater dissociation energy of
hydrogen peroxide at 213 kJ mol−1 (51 kcal mol−1).47

Activation energies of PAA decomposition in water reported
by Musakka et al. were 65.2 kJ mol−1 for reaction (1),
179 kJ mol−1 for reaction (2), and 154 kJ mol−1 for a reaction
pathway as described by reaction (8). In bleach solutions at pH
7.1, an Ea of 99.6 kJ mol−1 (23.8 kcal mol−1) was reported by
Rucker and Cates.48 Kunigk et al. reported that aqueous PAA
decomposition followed rst order reaction kinetics with an Ea
of 60 kJ mol−1 observed for hydrolysis.40 Wang et al. observed an
Ea of 49.8 kJ mol−1 in a pH 7 phosphate buffer solution.
Experimentally derived activation energies can represent an
ensemble of reaction pathways unless specic measures are
taken to force reactions via a singular mechanism.
Materials and methods

A dynamic atmosphere generation-system, as previously
described in Doepke et al., was used to generate atmospheres at
controlled temperatures (10 to 30 °C), humidities and concen-
trations of gas-phase PAA.52 Headspace from 32% PAA solution
(Sigma-Aldrich, St. Louis, MO) was used as the gas-phase PAA
source. A continuous ow of air over the headspace of a vial
containing PAA solution was mixed with humidity- and
temperature-conditioned air to produce nal concentrations of
gas-phase PAA in a stream of air. The air through the headspace
of the PAA vial was controlled with a needle valve which could
be adjusted to control the gas-phase PAA concentration.
Impinger measurements, which are described below, were used
to measure the gas-phase PAA concentrations in the generated
air. For the experiments herein, the target concentration of gas-
phase PAA in the generated air was 0.4 ppmv. The continuous
ow of gas-phase PAA containing air was routed through tubing
in a temperature-controlled chamber.
2424 | Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431
A 100 liter Tedlar® (polyvinyl uoride, PVF) sample bag
(232–100, SKC Inc., Eighty Four, Pennsylvania) with a poly-
propylene valve was placed in a sealed case (Vac-U-Chamber,
SKC-West Inc., Fullerton, CA). Metal ttings in the Vac-U-
Chamber were replaced with polypropylene and polytetra-
uoroethylene (PTFE) ttings. The PVF bag was connected to
the atmosphere generation system via PTFE tubing through
the SKC case. A tube connected the case to a vacuum line,
which created an area of low pressure inside the case, causing
gas-phase PAA laden air to be drawn from the generation
system into the PVF bag inside the case. The PVF sample bags
were lled to approximately two-thirds of their capacity (which
took about 5 minutes) with PAA laden air from the dynamic
atmosphere generation system. When using a new PVF bag,
the decay rate of the PAA concentration was faster for the rst
few times that the bag was relled with atmospheres generated
from headspace of a PAA solution. The PAA decay-rate stabi-
lized aer using the bag for about four rells of gas-phase PAA
that were le in the bag overnight. Subsequent experiments
were all done using the same bag. The bag was ushed with air
three times between experiments.

For kinetics experiments, the lled PVF bag wasmoved to the
temperature controlled environmental chamber where the gas-
phase PAA concentration in the bag was measured using an
impinger sampling method. Use of an impinger to measure PAA
was demonstrated in Stastny et al.20 and briey described below.
The inlet of a 50 mL glass impinger (Ace Glass Inc., Vineland,
NJ) was connected to the PVF sample bag via Tygon® tubing.
The impinger was lled with 15 mL of >18 MU-cm deionized
water. The impinger outlet was connected to a 1 L min−1

ow-
limiting critical orice (Millipore, St. Louis, MO) and then
a vacuum pump (MZ 2 NT, Vacuubrand Inc., Essex, CT). Before
sampling, a owmeter (Bios DryCal Defender, Mesa Labs,
Lakewood, CO) was used to validate the critical orice ow rate.
The impinger sampled for 15 minutes, passing 15 liters of air
through the impinger solution from the PVF bag. A photometer
(V-2000, Chemetrics, Midland, VA) and PAA test kits (Vacu-vials
K-7913, Chemetrics, Midland, VA) were used to measure the
PAA in the impinger solution, which was then converted to
a gas-phase PAA concentration in the sampled air.

Aer measuring the gas-phase PAA concentration via
impinger, the PVF bag was connected to a SIFT-MS (Voice 2000,
Sy Technologies, Christchurch, New Zealand) with an HDI
inlet with a ow rate of 20 mL min−1. The SIFT-MS used He as
a carrier gas and was operated using positive reagent ions and
in selected ion mode with a dwell time of 100 ms per ion. A list
of scanned ions and corresponding products is in the ESI in
Table S1.† The PVF bag was connected to the SIFT-MS via 1/800

i.d. PTFE tubing. An inline electronically actuated pinch-valve
controlled the ow of gas from the bag to the SIFT-MS. A
block diagram of the arrangement is provided as Fig. S1 in the
ESI.† The pinch valve was controlled by an electronic timer
which opened the valve for 10minutes each hour. The use of the
automated valve to interrupt the ow of gas from the bag made
it possible to extend SIFT-MS measurements to 48 hours
without consuming a large volume of the bag contents. At the
end of the 10 minutes sampling period (open pinch valve), the
This journal is © The Royal Society of Chemistry 2025
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last 10 data points from the SIFT-MS (counts per second) were
averaged for each ion. The SIFT-MS sampling frequency was
0.3 Hz in a selected ion mode with a dwell time of 100 ms per
ion. At the end of the experimental time frame (24 or 48 h),
a second impinger measurement of gas-phase PAA in the PVF
bag was done. Impinger measurements were limited to the
beginning and end of the experiment because the impinger
used 15 liters per measurement, which consumed a large
portion of the total volume of gas in the bag.
Measurements of peracetic acid and acetic acid via SIFT-MS

Selected-ion ow-tube mass spectrometry (SIFT-MS) uses
plasma to generate ions from air (reagent ions) which are then
reacted with gas-phase analyte (to produce analyte ions).
Reagent ions used herein were H3O

+, NO+ and O2
+. In general,

eqn (12) represents the gas-phase analyte concentration [A] in
the ow tube as follows,

½A� ¼ ½Pþ�ICFP

kr � tr � ½Rþ�ICFR

(12)

where [P+] is the product ion counts, [R+] is the reagent ion
counts, ICFP and ICFR are instrumental calibration functions
for the product ions and reagent ions, respectively, kr with
units of cm3 s−1 is the reaction rate between the reagent ion
and analyte to produce product ions, and tr is the reaction
time, or residence time in the ow tube.49 The concentration of
the reagent ions and their collision rate (kc) with other mole-
cules in the ow tube are known. For H3O

+ the kr is typically
equal to the kc, but for NO+ and O2

+, kr is less than kc. The
collision rates, reaction rates, and product ions for each of the
reagent ions H3O

+, NO+, and O2
+ have previously been deter-

mined for PAA, AA and H2O2 and are listed in Table S2 in the
ESI†50,51 along with a discussion of the product ions observed
for PAA and AA.
Fig. 1 Concentration decay of gas-phase PAA in a PVF sample bag usin
exponential decay curve (dashed line) and impinger measurements (
measurement time frame.

This journal is © The Royal Society of Chemistry 2025
Results and discussion
Decay of gas-phase PAA in a PVF bag

A plot of the SIFT-MS response as ions associated with PAA
(H3O

+ m/z 77+) counts per second versus the time, during 48
hours, are shown in Fig. 1 tted with an exponential decay
function. The initial and nal PAA concentrations in the PVF
bag measured via impinger were also included in Fig. 1.

The rate of decay of counts of the m/z 77+ ion aligned with
independent impinger measurements of PAA concentrations.
SIFT-MS data points in Fig. 1 were the average of the last 10
datapoints collected during the 10 min per hour sampling
periods when the SIFT-MS was sampling from the PVF bag. A
representative plot of the ions produced by AA (H3O

+ m/z 61+)
and PAA (H3O

+ m/z 77+) during the 10 minutes sampling
periods are shown in Fig. S2 of the ESI.† Fig. S2† shows that the
AA signal took most of the 10 minutes to reach >90% of its
maximum, while the PAA signal stabilized around 5 minutes
aer the valve opened. Španěl et al. estimated that only 10% of
the PAA produces H3O

+ m/z 77+ in the SIFT-MS, with the
remaining 90% of PAA decomposing to AA with a H3O

+ m/z
61+.50 AA has been known to readily adsorb to inlets and
transfer lines, oen resulting in a negative measurement bias,53

which may account for some of the long stabilization time for
the AA signal in Fig. S2.†

The exponential decay of the gas-phase PAA concentration
via the counts per second of them/z 77+ ion, was consistent with
rst-order reaction kinetics, which was used to determine
a decay rate constant from the tting of the equation y = aekx,
where k was the rate constant. Separately, a half-life and decay
constant were determined via the initial and nal impinger
measurements of PAA concentration.

In previous work, by Doepke et al., evaluation of the relative
abundance of PAA, AA and H2O2 from headspace of a 32% PAA
g m/z 77+ ion counts from SIFT-MS (open circle) versus time fit to an
shown by filled blue circle) done at the beginning and end of the

Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431 | 2425
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Fig. 2 (A) and (B) Representative responses of acetic acid and peracetic acid versus time as determined by product ion counts of the H3O
+

reagent ion (A) and NO+ reagent ion (B).
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solution showed that there was a relatively large concentration
of gas-phase AA in the headspace which became part of the
atmospheres generated in this type of system.52 In addition to
the initial concentration of AA, an increase in the concentration
of AA should be observable at the same rate as the decay of PAA
such that D[AA] = −D[PAA] via reactions (1) or (3). However, the
response for both PAA and AA decreased with time as shown in
Fig. 2A and B. Table S2 (in the ESI)† lists reagent ions and
production ions for AA and PAA. In our observations, the H3O

+

reagent ion and the product ion m/z 77+ had the highest
sensitivity to PAA compared to the NO + m/z 43+ product (both
are reagent-product ion combinations that can be uniquely
attributed to PAA) as seen in the difference in response from
PAA in Fig. 2A and B. The change in response between the initial
data point and the second data point in both Fig. 2A and B, are
interpreted as establishing a surface adsorption equilibrium in
the PVF bag, resulting in a decrease of the gas-phase
Fig. 3 A representative plot of the AA and PAA calculated as percentage o
the total acids in the gas phase that was attributable to AA increased relati
occurred.

2426 | Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431
concentration of both PAA and AA. The concentration of PAA
measured by impinger in the PVF bag (∼0.3 ppmv in Fig. 1) was
always less than the concentration measured in the atmosphere
generation system (∼0.4 ppmv) prior to lling to the PVF bag.
The initial SIFT-MS datapoint was not included in determina-
tions of the rate constant (via tting of the exponential curve)
from the SIFT-MS data.

In Fig. 2A and B the response from or decrease in AA was
thought to be offset by the generation of AA via PAA decompo-
sition. The sustained loss of AA over the time frame we observed
was consistent with other reports. While there are several
pathways for AA decomposition in gas phase and at surfaces,
there is no evidence that the conditions for AA decomposition
are present in PVF sample bags.54 In a study of exhaled breath
constituents in PVF sample bags, Fido et al. showed that AA
decreased to less than 30% of the initial concentration aer
48 h.55 Similarly, Kasper et al. showed that AA followed an
f total acids in the gas phase versus time. Over time, the percentage of
ve to the percentage of PAA, which indicated PAA decomposition to AA

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Arrhenius plot of the natural log of the decay constant (k) of PAA
versus the inverse of the temperature (K−1) with linear regression for
the impinger (black, solid line) and the SIFT-MS (blue, dashed line) data.
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exponential decay versus time in PVF bags however, when the
PVF bags were heated (to 57 °C aer 48 h storage), AA was
recoverable at near 90%, which indicated that the AA losses
were due to adsorption.56 We must consider that the adsorptive
process of AA also occurred for PAA, in addition to PAA
decomposition.

The relative abundance of the unique products ion counts
from the reaction of reagent ion NO+ with PAA and AA has been
used by Španěl et al. to calculate the relative percentages of each
compound in the headspace from a 40% PAA solution.50 A
representative example of the sum of ions m/z 46+ and m/z 43+
for PAA and m/z 90+ and 108+ for AA, divided by the respective
reaction rates for NO+ (ESI in Table S2 and eqn (S1) and (S2)†)
from our experiments is shown in Fig. 3. The data in Fig. 3 was
a calculation of the percentage of the total acid signal attrib-
utable to AA and PAA versus time from measurements of PAA in
the PVF sample bag by the SIFT-MS. The relative percentage of
gas-phase PAA decreasing, and AA increasing could be the result
of greater surface adsorption of PAA compared to AA, though
the decrease in PAA is more likely the result of PAA decom-
posing into AA.
Temperature dependence of the decay rate of gas-phase PAA
concentration

The decay rate of gas-phase PAA concentration was measured at
10 °C, 20 °C and 30 °C for 24 hours. Fig. 4 shows the half-life of
gas-phase PAA plotted as a function of temperature. The rela-
tionship between decay rate and temperature were similar for
both the impinger and SIFT-MS (m/z 77+) measurements when
tted to a logarithmic function. The PAA half-life in hours (h)
versus temperature was t to a logarithmic function as
measured by impinger (13) and by SIFT-MS (14).

h = −23.48 ln (˚C) + 98.77 (13)

h = −23.12 ln (˚C) + 96.74 (14)
Fig. 4 Half-life of PAA in a PVF bag, determined by impinger (black,
solid) and SIFT-MS (blue, dashed) measurements (n = 3 at 10 and 20 °
C, n = 2 at 30 °C) versus temperature with logarithmic functions fitted
to the data.

This journal is © The Royal Society of Chemistry 2025
The data in Fig. 4 were put in the form of an Arrhenius plot,
in Fig. 5, where the logarithm of the decay constant (k) versus
the inverse of the temperature (K) was plotted with linear least-
squares tting to the impinger measurements resulted in (15)
and SIFT-MS measurements in (16).

ln(k) = (−4011 ± 563)$K−1 + (1.78 ± 1.94) (15)

ln(k) = (−4202 ± 1215)$K−1 + (2.44 ± 4.16) (16)

From the plot in Fig. 5, the Ea for gas-phase PAA was found to
be 33.4 kJ mol−1 for the impinger measurements and
34.9 kJ mol−1 for the SIFT-MS, which were averaged to 34.2 ±

1.1 kJ mol−1 (8.2± 0.3 kcal mol−1). This was about half of the Ea
found for the hydrolysis in aqueous conditions of 60–
66 kJ mol−1 by Kunigk et al. and Zhao et al.40,57,58 and a third of
the 99.6 kJ mol−1 (23.8 kcal mol−1) found by Rucker and Cates48

in a 7.1 pH bleach solution. The Ea of hydrolysis was signi-
cantly lower than the Ea for pyrolytic decomposition of gas-
phase PAA (126 to 142 kJ mol−1) reported by Schmidt and
Sehon.34 In contrast to the data referenced above, the smaller Ea
determined herein indicates that there was a lower energy
barrier to the decay of gas-phase PAA concentrations in our
system.59

There are numerous phenomena which are affected by
temperature changes that can inuence the slope of the
Arrhenius plot.60 The van't Hoff equation (from which the
Arrhenius equation was based) describes the relationship
between the observed equilibrium coefficients and the entropy
and enthalpy of a system in equilibrium.61,62 The observed
activation energy (Eo) of reactions at a surface can be related to
the true Ea for a reaction in eqn (17).63

Eo = Ea − QA + QB (17)

where QA and QB are the heats of adsorption to a surface for
a reactant A and product B, respectively.
Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431 | 2427
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PAA decomposition at a surface is very likely to be inuenced
by the presence of a reaction product such as AA. Additionally,
the gas-surface concentration equilibrium affects the reaction
rate at the surface. In a liquid environment, there exists
a dynamic equilibrium where AA and H2O2 can recombine to
form PAA in a reversible reaction. However, this reverse process
is considerably less probable in the gas phase or at a gas-surface
interface. The role of the PVF surface in the observations re-
ported herein is not denitively known. The internal hydrogen
bonding in PAA for conformers of rotation around the O–O
bond was ∼20 kJ mol−1 as calculated by Harza et al.64 If PAA
surface adsorption is contingent on disrupting the internal
hydrogen bonding, then 20 kJ mol−1 may be indicative of an
energy maximum that has to be overcome for surface
adsorption.

In general, decreasing temperatures favor adsorption of
gases to surfaces, and slow the rates of decomposition reac-
tions. Conversely, temperature increases reduce surface
adsorption of gases (gas-surface partitioning), increases diffu-
sion, and increase reaction rates. In the data herein, the half-life
of gas-phase PAA decreased at higher temperatures (in Fig. 4),
indicating that reversible surface adsorption was not the
limiting mechanism by which gas-phase PAA concentrations
decreased. This leaves irreversible surface adsorption (medi-
tated by diffusion) and decompositions reactions as possible
limiting factors for the decay of gas-phase PAA concentrations.

Given the relatively long time frames observed herein for the
half-life of gas-phase PAA concentration, we have to interpret
the rapid 22 minutes, and 83 minutes room temperature half-
lives of gas-phase PAA concentrations, reported by Ancker and
Zetterberg, and Hines et al., as having been largely inuenced
by interactions of PAA with the container surface.29,42,43 The Ea of
34 kJ mol−1 we observed for temperature dependent decay of
gas-phase PAA concentration was lower than other estimates of
Ea of gas-phase PAA decomposition, which indicated that other
factors, most likely diffusion to and interactions at the PVF
surface, affected the results. Through whichever mechanisms
the decreases in gas-phase PAA concentration occurred, it was
relatively slow and exhibited temperature dependence if the
half-life.

We attempted to investigate the humidity dependence of the
half-life of gas-phase PAA in the PVF bag. The results and
a discussion of the difficultly of drawing a conclusion from the
half-life data collected over a range of humidities have been
included in ESI (Fig.s S3 and S4).† Themeasured half-life of PAA
did not show a discernible correlation to the initial humidities
of the generated PAA atmospheres. The diffusivity of water
through PVF made it so that we could not conclude that the
water content of the generated atmospheres remained in the
PVF bag.

Conclusions

Gas-phase PAA concentrations exhibited exponential decay
versus time consistent with rst order kinetics. The rate of
change of gas-phase PAA concentrations observed with both
SIFT-MS (H3O

+ m/z 77+) and impinger measurements were in
2428 | Environ. Sci.: Processes Impacts, 2025, 27, 2422–2431
good agreement. The half-life of gas-phase PAA concentration in
an isolated environment of a PVF bag was shown to vary with
temperature, which ranged from 18 hours at 30 °C to 45 hours
at 10 °C. The decay constant t to an Arrhenius plot was used to
calculate an Ea of 34.2 kJ mol−1.

This Ea was notably lower than the Ea reported by other
researchers for PAA decomposition in liquid or gas phase. It is
likely that the observed kinetics were composed of several decay
pathways including reactions and surface adsorption rather
than a rate constant of a single reaction mechanism.

Both PAA and AA concentrations in the gas-phase decreased
with time. The experiments within were not able to distinguish
between contributions of surface adsorption versus decompo-
sition that led to the deceases in gas-phase PAA. The change in
the ratio of AA to PAA increased with time indicating that PAA
decomposition was occurring.

The half-lives of gas-phase PAA concentrations were rela-
tively long. The slow rate of PAA decay in these experiments led
us to surmise that during disinfection processes in an indoor
environment, air exchanges and interactions at the surface
would have a greater inuence on decreasing the gas-phase PAA
concentration than the rate of gas-phase decomposition.
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