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osition of peroxyacrylic nitric
anhydride (APAN)†

Amanda L. Gomez, Kevin D. Easterbrook, Nicole M. Johnson, Shanu Johnson
and Hans D. Osthoff *

The peroxycarboxylic nitric anhydrides (PANs; RC(O)O2NO2 with R s H) are important trace gas

constituents of the troposphere. One of the lesser studied molecules of the PAN family is peroxyacrylic

nitric anhydride (APAN; CH2]CHC(O)O2NO2) which is found in elevated concentration in biomass

burning (BB) plumes and downwind from petrochemical plants. In this work, we conducted laboratory

and field experiments to constrain the thermal decomposition (TD) rates of APAN in the atmosphere.

The TD of APAN was studied in laboratory experiments using a Pyrex reaction coil at temperatures

between 295.2 K and 320.7 K as a function of flow rate (i.e., residence time). Gas streams containing

APAN were generated from a diffusion source containing a synthetic sample stored in tridecane at

water-ice temperature. Nitric oxide (NO) was added to this gas stream to prevent recombination of the

TD products. Concentrations of APAN were monitored by gas chromatography with electron capture

detection (PAN-GC). The TD rate constant is best described by 10(17.88±0.80) e−(121.2±4.8) kJ mol−1/(RT) s−1,

where R is the universal gas constant, and T is the temperature in kelvin. We report ambient air mixing

ratios of peroxyacetic nitric anhydride (PAN), peroxypropionic nitric anhydride (PPN), and APAN

measured by PAN-GC at the Calgary Central (Inglewood) air quality station from April 17 to May 31,

2023. From May 16 to May 21, the measurement location was blanketed by a BB plume as judged from

co-located observations of fine particulate matter (PM2.5) and carbon monoxide (CO). During this time,

mixing ratios as high as 3.4 ppbv (PAN), 455 pptv (PPN), and 220 pptv (APAN) were observed. After

sunset, mixing ratios of the PANs decreased with pseudo-first order kinetics, rationalized by

a combination of dry deposition and loss by TD.
Environmental signicance

The peroxyacyl nitrates (PANs) are important tropospheric trace gases acting as NOx reservoir species that are removed mainly by thermal decomposition (TD).
Peroxyacrylic nitric anhydride (APAN; also called peroxyacryloyl nitrate or vinyl-PAN, CH2=CHC(O)O2NO2) is found in elevated concentration in motor vehicle
exhaust, petrochemical, and biomass burning (BB) plumes. Grosjean et al. (1994) studied the TD of APAN but reported Arrhenius parameters at odds with other
PAN-type compounds. Here, we report rate constants for APAN's TD measured in laboratory experiments and revised Arrhenius parameters which will allow for
more accurate modeling of nitrogen oxides in BB plumes. We also report ambient air measurements of PANs (including APAN) during a BB episode in Calgary
and investigated the removal of PANs aer sunset.
1. Introduction

Peroxycarboxylic nitric anhydrides (PANs; RC(O)O2NO2, RsH),
also referred to as peroxyacyl nitrates, are important trace gas
constituents of the troposphere.1,2 The simplest and usually
most abundant of the PANs is peroxyacetic nitric anhydride
(PAN, R = –CH3), commonly referred to as peroxyacetyl nitrate.
Its mixing ratio ranges from several parts per billion
(10−9, ppbv) in polluted areas to a few parts per trillion
ary, 2500 University Drive N.W., Calgary,

@ucalgary.ca

tion (ESI) available. See DOI:

the Royal Society of Chemistry
(10−12, pptv) in remote regions.3 Although more than 45
different PANs are known,2 only a few have been quantied in
ambient air. These include peroxypropionic (PPN, R = –C2H5),
peroxyisobutyric (PiBN, R = –(CH3)2CH), peroxymethacrylic
(MPAN, R = –CH2]C(CH3)), and peroxyacrylic nitric anhydride
(APAN, R = –CH2]CH).4–7 Observations of APAN (on which this
paper focuses) in ambient air have been relatively sparse
(Table 1).

The PANs are primarily formed as by-products of photo-
chemical ozone (O3) and smog production, i.e., from the
photooxidation of volatile organic compounds (VOCs) in the
presence of NOx (= NO + NO2), and are oen associated with
biomass burning (BB) plumes.7,12 Aldehydes are usually the
most common VOC precursors of PANs. For example, PAN is
Environ. Sci.: Atmos., 2025, 5, 801–813 | 801
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Table 1 Ambient air observations of APAN reported in the open literature. Abbreviations: n/d = not determined; O&G = oil and gas; BB =
biomass burning

Reference Campaign Platform Major source type Max. APAN (pptv) APAN:PAN (%)

8 RISOTTO 1999–2000 Ground n/d 65 4
9 TexAQS 2000 Ground O&G 502 30
10 SENEX 2013 Aircra BB 26 5.3 � 0.7
6 OPECE 2018 Ground O&G >400 1–4
7 SUNVEx 2021 Ground BB 80 3.7 � 0.1
11 KORUS-AQ 2016 Aircra O&G 850 14.2
This work FOOBAR 2023 Ground BB 220 4–8
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mainly derived from the hydroxyl radical (OH) initiated oxida-
tion of acetaldehyde, and the unsaturated APAN and MPAN are
primarily derived from oxidation of acrolein and methacrolein,
respectively, e.g.,

CH2]CHCðOÞHþOH!O2
CH2]CHCðOÞO2 þH2O; k1 (R1)

Subsequent reaction of the acrolein peroxyacyl (APA) radical
with NO2 yields APAN:

CH2]CHC(O)O2 + NO2 / CH2]CHC(O)O2NO2, k2 (R2)

Acrolein stems mainly from the photooxidation of 1,3-buta-
diene, though also has primary sources such as automobile
exhaust;13 acrolein and 1,3-butadiene have also been associated
with emissions from petrochemical industries.11 In contrast,
methacrolein is mainly derived from isoprene, which is
predominantly biogenic in origin. Consequently, the relative
abundances of MPAN and APAN provide insight into whether
anthropogenic or biogenic hydrocarbons dominated the O3

production upwind.4

The PANs are important molecules for two main reasons: for
one, because their production consumes and their decompo-
sition releases nitrogen dioxide (NO2), the PANs can act as
reservoir species of NOx and odd oxygen (Ox = O3 + NO2) and
can transport NOx and Ox from polluted urban air to remote
regions where nitrogen oxides are scarce. In this way, the PANs
contribute to the redistribution of NOx and, by extension, affect
the rates of tropospheric O3 and secondary organic aerosol
(SOA) production throughout the troposphere.14,15 The second
reason why PANs are important molecules is that the PANs are
noxious in high concentration. For instance, PAN has been
shown to be phytotoxic,16 and PAN and PPN are known lachry-
mators.17 The toxicity of the other PANs has not been studied
though may be inferred from the relative toxicity of their
precursors in the atmosphere. For example, given acrolein's
higher toxicity relative to that of acetaldehyde,18 APAN likely
surpasses the potency of PAN (at least on a per-molecule basis).

In the lower troposphere, the removal of PANs is usually
driven by thermal decomposition (TD; (R-2)), for example:

CH2]CHCðOÞO2NO2 þM��!D
CH2]CHCðOÞO2 þNO2 þM; k�2 (R-2)
802 | Environ. Sci.: Atmos., 2025, 5, 801–813
Here, M indicates a “third body”, i.e., a pressure-dependent
reaction. At atmospheric pressure, (R-2) follows rst-order
kinetics.2 In the upper troposphere and at high latitudes, in
contrast, the temperature (T) is sufficiently low for reaction with
OH and photolysis to dominate as PAN removal pathways.19

Near the ground in the surface boundary layer or within tree
canopies, dry deposition including stomatal uptake20–22 may
also constitute a signicant removal pathway.2

To correctly model the abundances of PANs and their impact
in the troposphere, accurate knowledge of their TD kinetics is
needed. Table 2 summarizes measured Arrhenius parameters
for the TD of PAN, PPN, MPAN, and APAN. While the TD of PAN
has been the subject of numerous studies, there have only been
two studies of MPAN and only a single study of APAN (prior to
this work). Grosjean et al.31,36 investigated the TD of both
compounds at T between 285 K and 300 K using samples
generated in situ in a Teon chamber. They reported activation
energies that are quite different from the other PANs (in part
due to a relatively narrow T range) and appear specious.9

Furthermore, the MPAN data are inconsistent with measure-
ments at T > 302 K by Roberts and Bertman.27 Hence, corrobo-
ration of the TD parameters by Grosjean et al.31,36 is warranted,
especially for APAN for which no data at T > 300 K exist.

In this work, we studied the TD of APAN using a T-controlled
ow reactor coupled to a gas chromatograph with an electron
capture detector (PAN-GC) to monitor APAN concentrations. We
report TD rate constants of APAN at T between 295.2 K and 320.7
K and at a pressure of (662 ± 11) torr and calculate Arrhenius
parameters. To corroborate our results, we measured the TD of
PAN at 313.2 K for which literature data are available.27

We also present ambient air measurements of PAN, PPN and
APAN mixing ratios which were made at the Calgary Central
(Inglewood) air quality station from April 17 to May 31, 2023, as
part of the “Focus on nitrOgen diOxide at the Bird sAnctuaRy”
(FOOBAR) campaign. From May 16 to May 21, elevated
concentrations of carbon monoxide (CO), ne particulate
matter (PM2.5), and PANs were observed, associated with BB
emissions that originated from several out-of-control wildres
to the north-northwest (NNW) of the measurement location. On
several occasions, mixing ratios of PAN, PPN, and APAN
decreased exponentially aer sunset, allowing for an assess-
ment of APAN loss rates in ambient air with the revised TD rates
obtained in this work.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Arrhenius parameters for the thermal decomposition of PAN, PPN, MPAN, APAN, and furoyl peroxynitrate (Fur-PAN) at atmospheric
pressure selected from the literature

Molecule A (s−1) Ea (kJ mol−1) k−2 (298 K) (10−4 s−1) Reference

PAN — — 2.8 � 0.8 23
PAN (0.8 � 1.1) × 1015 104 � 3 4.7 24
PAN (1.9 � 2.7) × 1016 113 � 4 3.7 � 0.4 25
PAN 1018 121 � 8 5.4 26
PAN 3.16 × 1016 113 4.9 27
PAN 2.52 × 1016 112.85 4.17 28
PAN 1.21 × 1017 101 � 4 4.12 � 0.25 29
PAN — — 3.1 30
PAN (2.5 � 2.3) × 1017 119 � 2 3.1 27
PAN (1.6 � 5.8) × 1016 113 � 9 3.0 31
PAN (0.5 � 1.3) × 1016 109 � 6 4.2 32
PAN — — 4.40 � 0.13 33
PPN 2 × 1015 106 4.4 34
PPN (1.6 � 4.7) × 1025 164 � 7 3.4 31
PPN 7.2 × 1016 116 � 2 3.5 35
PPN — — 3.67 � 0.10 33
Fur-PAN (3.7 � 0.2) × 1016 113.6 � 4.2 4.6 7
MPAN (1.6 � 2.6) × 1016 112 � 4 3.5 27
MPAN (1.6 � 6.7) × 1023 153 � 10 2.3 36
APAN (0.3 � 4.1) × 1020 131 � 31 3.0 31
APAN (0.75 � 1.39) × 1018 121.2 � 4.8 4.3 This work

Fig. 1 Schematic of the experimental set-up (not to scale). MFC =

Paper Environmental Science: Atmospheres
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2. Methods
2.1 Synthesis of PANs

All chemicals were obtained from Sigma-Aldrich and used as
received. In preliminary experiments, we attempted to generate
APAN dynamically from photolysis of acryloyl chloride in the
presence of NOx.37 However, in spite of previous success
generating PAN, PPN or PiBN in high yield with 254 nm or
285 nm light sources,38,39 we were unable to generate gas
streams containing APAN in high purity by acryloyl chloride
photolysis, as judged from the many, most likely chlorinated,
byproducts that appeared in the chromatogram (not shown).
Instead, APAN was synthesized and delivered from a diffusion
source as described by Tokarek et al.40 Briey, 4.0 mL of acryloyl
chloride was placed in an ice-cold 100 mL round bottom ask
(RBF) containing a magnetic stirring bar. Cold hydrogen
peroxide (50%, 1.5 mL) was then added dropwise, followed by
20.0 mL of cold tridecane. The RBF was then placed in an ice-
water bath, and the mixture was stirred. Caution needs to be
exercised at this stage as we observed, on one occasion, rapid
and sudden gas evolution aer ∼1 h, resulting in some liquid
splattering upwards and into the fume hood. Aer 2 hours, cold
concentrated sulfuric (2.5 mL) and nitric acid (3.0 mL) were
added dropwise, in turn. Aer 15 minutes, the organic and
aqueous layers were separated in a pre-cooled 125 mL separa-
tory funnel. The organic layer was washed three times with
∼50 mL of cold deionized water, dried over magnesium sulfate,
and ltered through glass wool. Aliquots of the synthesized
APAN in tridecane solution were stored in 2.0 mL polypropylene
centrifuge tubes (VWR) in a freezer prior to use. Once thawed,
the APAN samples were generally less stable than those of other
PANs and needed to be replaced on an approximately weekly
© 2025 The Author(s). Published by the Royal Society of Chemistry
schedule. In addition to APAN, batches of PAN were synthesized
from acetic anhydride as described earlier.40–42

To corroborate the identity of APAN using relative elution
times, gas streams containing PAN, PPN or PiBN were generated
from photolysis at 285 nm of acetone, diethyl ketone, or diiso-
propyl ketone in the presence of NOx as described previously.39
2.2 Measurement of TD kinetics in laboratory experiments

The experimental setup for the kinetics experiments is based on
that described by Roberts and Bertman27 and is shown in Fig. 1.
mass flow controller.

Environ. Sci.: Atmos., 2025, 5, 801–813 | 803
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Fig. 2 Sample data collected in a representative experiment. In this
example, the reaction coil was maintained at a temperature of (310.65
± 0.01) K. The total volumetric flow rate through the coil was 64.4
mL min−1, from which a residence time of 218 s was calculated. The
circles (shown in blue colour) and squares (shown in red colour) show
the APAN peak areas when the reaction coil was bypassed and inline,
respectively. Data obtained during the transition between bypass and
inline flows are shown as open symbols (,) were not considered in
the analysis. The insert shows the corresponding chromatograms. The
column flow rate was 15.0 mL min−1.
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A gas stream containing the PAN under investigation (i.e., APAN
or PAN) was delivered with “zero” air (>99.999% purity, Air
Liquide ALPHAGAZ 1) using a 100 standard-cubic-centimeter-
per-minute (sccm; calibrated to a temperature of 273.15 K and
a pressure of 1 bar) capacity mass ow controller (MFC, MKS)
from a Pyrex diffusion source maintained at 273.15 K. The
diffusion source output was combined with a ow of ∼15 sccm
of 101 parts-per-million by volume (ppmv, 10−6) of nitric oxide
(NO) in O2- and H2O-free N2 (Praxair) delivered via a 100 sccm
capacity, all-metal MFC (MKS). The role of the NO is to rapidly
titrate the APA or peroxyacetyl (PA) radicals to prevent the re-
formation of PANs via (R2), for example:

CH2]CHC(O)O2 + NO / CH2]CHC(O)O + NO2, k3 (R3)

The value of k3 has not been experimentally determined for
the reaction of NO with the APA radical but is likely of similar
magnitude as that for NO + PA. Using the rate coefficient re-
ported by Villalta and Howard43 for reaction of the PA radical
and NO, we calculate a PA and APA radical lifetime of <1ms with
respect to (R3) under our experimental conditions, i.e., the re-
formation of PANs via (R2) is calculated to be negligible.

The radical generated in (R3) dissociates to carbon dioxide
(CO2) and vinyl radical (CH2]CH), which will react with O2 to
form formaldehyde (HCHO) and formyl radical (HCO),44 which
in turn reacts with O2 to form carbon monoxide (CO) and
hydroperoxyl radical (HO2).45 Under our experimental condi-
tions, HO2 is expected to be titrated by NO to form OH, which in
turn is expected to react with NO or the inner walls of reaction
vessel (rather than adding to the double bond of APAN and
speeding up its decomposition).

Kinetic measurements were conducted using a reaction
vessel constructed from ∼1 cm outer diameter (o.d.) and
∼0.8 cm inner diameter (i.d.) Pyrex glass that was double-coiled
(12 revolutions downwards in an inner coil and another 12
revolutions on the outside back to the top) and submerged in
a T-controlled water bath (Lauda Proline RP 1290, ±0.01 °C).
The internal volume of this reaction vessel was (234 ± 2) mL,
determined by measuring the volume of water needed to ll it.
When not in use (e.g., overnight), the reaction vessel and con-
necting tubing were continuously purged by a ow of ∼5 sccm
of zero air. Thermal decomposition in the connecting tubing
outside and downstream of the heated vessel (internal volume
∼5 cm3) was estimated at ∼0.1% and hence negligible.

The vessel effluent was combined with an always-on ow of
50 to 55 sccm of dry N2 and analyzed by PAN-GC. The line
pressure was monitored using a transducer (MKS Baratron
722A) mounted on the overow vent line (not shown) and
ranged from 650 torr to 671 torr (855 to 883 hPa).

Concentrations of PANs were monitored using a customized
Hewlett-Packard (HP) 5890 PAN-GC described previously.42 This
GC was equipped with a 50 mL stainless steel sample loop and
a 15 m long megabore analytical column (Restek RTX-200) with
a lm thickness of 1 mm. The GC was operated with N2 carrier
and make-up gas delivered from the “blow-off” of a liquid N2

dewar. Injections were automated (and usually every 5 min). At
a column ow rate of 15 mL min−1, PAN, PPN and PiBN eluted
804 | Environ. Sci.: Atmos., 2025, 5, 801–813
at 110 s, 181 s, and 296 s, respectively, whereas APAN eluted at
163 s (Fig. S1A†). These relative elution order and times are
consistent with those reported by Roberts et al.9 who also used
an RTX-200 column and with values by Tokarek et al.40 who
utilized a marginally more polar RTX-1701 column. Chro-
matographic peak areas were determined by tting the param-
eters of a Gaussian expression to the observed peaks as
described by Tokarek et al.40

Concentrations of APAN (or PAN) entering (C0) and exiting
(Ct) the reaction vessel were measured by manually bypassing
the gas ow with the aid of 2-way valves (Swagelok PFA-43S4).
The residence time (tres), calculated by dividing the reactor
volume by the total volumetric ow rate, was then systemically
varied (Table S1†). In a typical experiment (Fig. 2), the reaction
vessel was initially bypassed, and the PAN under investigation
was eluted from the diffusion source. Once a stable (or only
slowly changing) peak area (i.e., concentration, C0) was
observed by the PAN-GC, the reaction coil was switched in-line
to measure Ct and bypassed again aer consecutive GC injec-
tions showed stable peak areas. Values of Ct/C0 were calculated
by dividing the peak areas observed with the reactor in-line
(shown as red squares in Fig. 2) by a linear interpolation of
the peak areas when the reactor was bypassed (shown as a blue
line in Fig. 2). In the example shown in Fig. 2, Ct/C0 equaled
0.544 ± 0.014, where the error is 1s precision. The apparent loss
rate constant (k0) in the reaction coil was then obtained by linear

regression from plots of ln
�
Ct

C0

�
versus tres.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pyrex surfaces can destroy PANs, particularly at low
humidity,27,46 which adds to k0:

k0 = k−2 + kPyrex. (1)

Here, kPyrex is the loss rate constant of APAN on the inner walls
of the Pyrex coil. To probe the magnitude of kPyrex, experiments
were conducted at room T (295.2 K) in which the gas stream
entering the reactor was partially humidied by inserting
a bubbler containing deionized water between the all-metal
MFC delivering zero air and the Tee tting connected to the
sample source. Additional room-temperature experiments were
carried out in which the Pyrex reaction coil was replaced with
a ∼50 cm Pyrex linear ow tube with 2.54 cm i.d. and ∼270 cm3

internal volume which was internally coated using halocarbon
wax (Halocarbon LLC, series 1500).

For experiments at T < 300 K, TD rates were slow, necessi-
tating long run times that made it challenging to maintain
stable diffusion source outputs. In those cases, k0 was calculated

by dividing �ln
�
Ct

C0

�
by tres for individual experiments and

averaging the results at each T. For experiments at T > 300 K, k0

values were calculated from the slopes of plots of ln
�
Ct

C0

�
versus

tres. At higher T, both approaches gave equivalent results
(Table 3), with the second method being more precise.

To corroborate the results with APAN, we measured the TD
rate of PAN at T = 313.2 K and compared to literature values.
Complete lists of experiments conducted for APAN and PAN are
shown in Tables S1 and S2,† respectively.

Rates for TD reactions are commonly shown in the form of an
Arrhenius plot, i.e., of ln(k−2) versus 1/T. In this work, the k0 data
were t to the parameters of a rearranged Arrhenius expression:
Table 3 First-order rate constants for loss of APAN (k0) as a function of t

from right column contains Pearson correlation coefficients (r) when k0 v

uncertainties are at the 1s precision level. n/d = not determined

Reference T (K) n k0a (10−5 s−1)

This work 320.7 6 1336 � 20
This work 318.2 6 968 � 53
This work 315.2 6 674 � 67
This work 313.2 7 534 � 50
This work 310.7 8 364 � 58
This work 308.2 8 230 � 37
This work 303.2 6 137 � 30
This work 295.2 2 63 � 2
This workd 295.2 4 51 � 4
Grosjean et al.31 299.1 1
Grosjean et al.31 297.8 1
Grosjean et al.31 293.2 1
Grosjean et al.31 293.2 1
Grosjean et al.31 290.2 1
Grosjean et al.31 290.2 1

a Average and standard deviation of k−2 values calculated in individual e

(Fig. 3). c kPyrex = 2.8 × 10−4 s−1 subtracted (see text). d Experiments cond

© 2025 The Author(s). Published by the Royal Society of Chemistry
ln
�
k

0
�
z lnðk�2Þ ¼ lnðAÞ � Ea

R

�
1

T

�
(2)

Here, A is the Arrhenius pre-exponential factor, Ea is the acti-
vation energy in kJ mol−1, and R is the universal gas constant
(8.314 J mol−1 K−1).
2.3 Observations of APAN in ambient air

Ambient air mixing ratios of PAN, PPN, and APAN were
measured by PAN-GC as part of the “Focus on nitrOgen diOxide
at the Bird sAnctuaRy” (FOOBAR) campaign, which took place
in Calgary from March 20 to May 31, 2023. The PAN-GC was
a Varian 3380 CP modied and operated in a similar fashion as
described by Tokarek et al.40 This instrument was equipped with
a 500 mL stainless steel sample loop and a 30 m long megabore
column (Restek RTX-1701; lm thickness 1 mm) maintained at
298.2 K. It was operated with high purity (99.999%) helium
carrier gas at a ow rate of 19.1 mL min−1 (increased to 37.4
mL min−1 on May 8), N2 make-up gas at a ow of 13.2
mL min−1, an electron capture detector T of 100 °C, and the “N2

high” sensitivity setting. The instrument response factors for
PAN and PPN were determined using photochemically gener-
ated gas mixtures calibrated against blue diode thermal disso-
ciation cavity ring-down spectroscopy (TD-CRDS) as described
by Rider et al.39 The response factor for APAN was calculated
from the relative APAN:PAN response factor measured by
Tokarek et al.40 A sample ambient air chromatogram is shown in
Fig. S1B.† The instrument reported 10 min data from April 17 to
May 31, 2023.

Auxiliary measurements included mixing ratios of NO2 and
SPAN by TD-CRDS,47 NO, total odd nitrogen (NOy) and O3 using
commercial NO–O3 chemiluminescence and absorption
analyzers (Thermo Scientic 42i-Y and 49i), and meteorological
emperature (T). n is the number of experiments at each T. The second

alues were derived from linear fits of ln
�
Ct

C0

�
versus tres (Fig. 3). Stated

k0b (10−5 s−1) r k−2
c (10−5 s−1)

1334 � 9 99.98% 1306 � 9
958 � 17 99.8% 930 � 17
680 � 20 99.6% 652 � 20
527 � 14 99.6% 499 � 14
352 � 20 97.7% 324 � 20
228 � 13 97.7% 200 � 13
130 � 15 94.8% 102 � 15
n/d n/d n/d
51 � 2 99.6% n/d

67.0 � 12.9
29.9 � 2.5
8.3 � 0.2
8.3 � 0.2
6.5 � 0.5
7.7 � 0.4

xperiments (Table S1). b Derived from linear ts of ln
�
Ct

C0

�
versus tres

ucted with humidied zero air and Teon-coated linear ow reactor.
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data collected using a commercial sensor (Vaisala WXT520). All
instruments sampled from the same height, ∼4.5 m above
ground.

The instruments were housed in a mobile laboratory parked
adjacent to the Calgary Central (Inglewood) air quality station
located at 51° 10 47.784000 North Latitude and 114° 00 29.199600

West Longitude and operated under the guidance of the Calgary
Region Airshed Zone (CRAZ), a non-prot association with
members from government agencies (federal, provincial, and
municipal), non-government organizations, industry, and the
public. The Inglewood station houses several continuously
operated instruments, including a commercial carbon
monoxide (CO) infrared analyzer (Thermo Scientic 48i) and
a real-time particulate monitor (Thermo Scientic 5030 SHARP)
quantifying sub-2.5 mm aerosol mass (PM2.5).
3. Results
3.1 Laboratory studies

An overview of the experiments conducted is given in Tables S1
(for experiments with APAN) and S2 (for experiments with
PAN).† For each experiment, a value for k−2 was calculated by

dividing �ln
�
Ct

C0

�
by tres (Tables S1 and S2†). Averages and

standard deviations of these values for APAN at each T are
summarized in Table 3 under the column heading k0a. Alter-
natively, values of k−2 were calculated, by linear regression with

forced “zero” intercept, from the slopes of plots of ln
�
Ct

C0

�

against tres at each T (Fig. 3); these results are summarized in
Table 3 under the column heading k0b and were consistent with
the rst method though more precise, with a relative standard
deviation ranging from 0.7% at 320.7 K to 11.7% at 303.2 K. The
absence of curvature in the plots shown in Fig. 3, judged from
Fig. 3 Plots of ln(Ct/C0) for APAN versus tres (i.e., reaction time) as
a function of reactor temperature. Error bars are at the 1s precision
level.

806 | Environ. Sci.: Atmos., 2025, 5, 801–813
their large Pearson correlation coefficients (r) of typically >99%
(Table 3) indicates that the APAN decay rate was not affected by
secondary chemistry arising from CH2]CHC(O)O that is
generated by (R3).

To probe whether the Pyrex walls contributed to the apparent
APAN loss in our experiments, experiments were conducted at
295.2 K using humidied ows and with an internally Teon-
coated ow reactor. These experiments yielded lower k0 values
than those obtained with the reaction coil and the dry zero air,
(51 ± 4) × 10−5 s−1 versus (63 ± 2) × 10−5 s−1 (Table 3), con-
rming that APAN indeed is partially scrubbed on the inner
walls of the Pyrex reactor. A lower limit for kPyrex of $1.2 × 10−4

s−1 was calculated from the difference of the value with and
without Teon. This value is a lower limit as humidication and
the Teon coating may not fully eliminate wall losses.

The reactor wall loss contributes to all experiments but will
have a lesser impact at the higher T where it is not as fast as TD
and hence TD dominates. With the assumption that kPyrex is not
T-dependent, we estimated its magnitude from r values of plots

of ln(k0 − kPyrex) versus
�
1
T

�
in the 303.2–320.7 K T range as

a function of kPyrex (not shown). A maximum r value of 0.996 was
observed at kPyrex = 2.8 × 10−4 s−1. This value was subtracted
from all k0 values to calculate k−2; the results are summarized in
Table 3 under the column heading k−2

c. These values are plotted
in Fig. 4 and were tted to eqn (1), with the results of the t
shown in Table 2. By extrapolation, a loss rate constant of
k−2 = 4.3 × 10−4 s−1 at T = 298 K was calculated, in excellent
agreement with k−2 (298 K) of other PANs (Table 2). In contrast,
the same analysis with assumed kPyrex = 1.2 × 10−4 s−1 gave
Fig. 4 Arrhenius plot of k−2 (blue circles) versus 1/T for APAN. Error
bars for the laboratory data shown are ±1.4 × 10−4 s−1 (12 of the
magnitude of kPyrex). Data from Grosjean et al.31 and pseudo-first order
loss rate constants derived from ambient air data are shown as red
squares and green triangles, respectively. The grey bar indicates the
range of dry deposition loss rates for PAN reported by Roberts.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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k−2 (298 K) of 5.1 × 10−4 s−1, which would be inconsistent with
other PANs.

For PAN, wemeasured k0 = (3.3± 0.1)× 10−3 s−1 at T= 313.2 K
(Table S2 and Fig. S2†). Subtracting kPyrex = 2.8 × 10−4 s−1

yields k−2 = (3.0 ± 0.1) × 10−3 s−1, in excellent agreement with
the value of (2.9 ± 0.5) × 10−3 s−1 reported by Roberts27 at that T.
3.2 Ambient air observations of PAN, PPN and APAN in BB
plumes

A time series of ambient air observations from May 16,
midnight, to May 21, noon, local or mountain daylight time
(MDT), 2023, is shown in Fig. 5. On the morning of May 16, the
city of Calgary was blanketed by a BB plume, as indicated by
a sudden increase of CO and PM2.5 abundance, which peaked at
2.9 ppmv and 450 mg m−3, respectively. The smoke originated
from several out-of-control wildres burning to the NNW of the
measurement location (Fig. S3†), including the Grizzly Complex
wildre south of Slave Lake which forced an evacuation of the
town of Swan Hills in Northern AB on May 16. Media reports
described the air quality in Calgary as “among the worst in the
world”, “while the thick haze gave off an acrid smell, glowed
orange and reduced visibility to half a mile”.48 Downwind, the
wildre emissions generated record-breaking O3 anomalies
Fig. 5 Partial time series of quantities measured during FOOBAR. (A) PAN
axis) and PM2.5 (right axis). (C) Nitric oxide (NO), nitrogen dioxide (NO2) an
=O3 +NO2; right axis). (D) Ambient air temperature. The background sha
white colour were selected for further analysis (see text).

© 2025 The Author(s). Published by the Royal Society of Chemistry
across the U.S. upper Midwest,49 and measurable health effects
were reported as far away as New York City.50

Mixing ratios of PAN, PPN, and APAN were elevated during
this event, peaking at 3.4 ppbv, 455 pptv, and 220 pptv,
respectively. These data are amongst the highest mixing ratios
of BB-generated APAN reported at a surface site to date (Table 1)
and are the largest mixing ratios measured by this research
group.40 Prior to (and aer) the BB event, APAN mixing ratios
were <10 pptv. In the plume, the APAN:PAN ratio ranged from
4% to 8% (Fig. S4†), which is a larger ratio than reported in
other BB studies though smaller than APAN:PAN ratios associ-
ated with industrial sources (Table 1). Average ratios of PPN to
PAN and APAN to PAN mixing ratios were 12.5% and 6.0%,
respectively (Fig. S4†).

In addition to the period shown in Fig. 5, BB smoke was
observed on the morning of May 22 as well as from May 24 to
May 28, 2023 (data not shown). During those times, PAN, PPN,
and APAN mixing ratios peaked at 1.15 ppbv, 200 pptv, and
40 pptv, respectively, and CO and PM2.5 peaked at 602 ppbv and
47 mg m−3, respectively.
3.3 APAN loss rate constants derived from ambient air data

Mixing ratios of the PANs generally increased during daytime,
when PANs are photochemically produced, and decreased
(left axis) and PPN and APAN (right axis). (B) Carbonmonoxide (CO; left
d total odd nitrogen (NOy; left axis), and ozone (O3) and odd oxygen (Ox

ding indicates night (light gray) and day (light yellow). Regions shaded in
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Table 4 Overview of periods during FOOBAR selected for estimation of k
0
loss for PANs in ambient air. LOQ = limit of quantification (∼50 pptv for

NO). Times are mountain daylight time (MDT). Errors denote ±1s precision

Quantity\Period May 17 22:00–midnight May 18 01:40–02:40 May 21 01:00–04:00 May 25–May 26 23:30–02:50

PAN0 (pptv) 815 511 1222 762
PPN0 (pptv) 106 69 174 113
APAN0 (pptv) 47 24 89 22
NO (pptv) <LOQ <LOQ <LOQ <LOQ
NO2 (ppbv) 14.1 � 3.5 7.0 � 0.5 10.4 � 1.4 16.8 � 3.8
NOy (ppbv) 16.5 � 3.5 9.1 � 0.5 16.1 � 1.5 18.9 � 3.8
O3 (ppbv) 31.3 � 8.0 29.5 � 4.5 20.4 � 5.6 18.3 � 5.9
P(NO3) (ppb h−1) 0.77 � 0.10 0.35 � 0.06 0.41 � 0.13 0.47 � 0.15
RH (%) 44 � 10 52 � 5 64 � 8 75 � 6
CO (ppbv) 436 � 36 256 � 5 943 � 26 409 � 18
PM2.5 (mg m−3) 33.4 � 2.3 21.0 � 2.6 164.3 � 3.7 23.2 � 1.3
T (°C) 12.0 � 2.0 8.0 � 1.1 13.2 � 1.3 9.1 � 1.2
k−2 (PAN)

a 5.6 × 10−5 s−1 2.9 × 10−5 s−1 6.9 × 10−5 s−1 3.5 × 10−5 s−1

k−2 (PPN)
a 4.7 × 10−5 s−1 2.4 × 10−5 s−1 5.7 × 10−5 s−1 2.9 × 10−5 s−1

k−2 (APAN)
b 4.7 × 10−5 s−1 2.3 × 10−5 s−1 5.9 × 10−5 s−1 2.8 × 10−5 s−1

k
0
lossðPANÞ (3.5 � 0.4) × 10−5 s−1 (6.7 � 1.0) × 10−5 s−1 (4.6 � 0.9) × 10−5 s−1 (3.5 � 0.5) × 10−5 s−1

r 0.948 0.968 0.785 0.853
k

0
lossðPPNÞ (3.6 � 0.4) × 10−5 s−1 (7.0 � 0.2) × 10−5 s−1 (3.8 � 0.8) × 10−5 s−1 (3.2 � 0.5) × 10−5 s−1

r 0.939 0.9991 0.780 0.862
k

0
lossðAPANÞ (3.7 � 0.7) × 10−5 s−1 (6.2 � 0.7) × 10−5 s−1 (4.1 � 0.9) × 10−5 s−1 (3.3 � 1.7) × 10−5 s−1

r 0.862 0.981 0.767 0.485
k

0
lossðOxÞ (4.8 � 0.2) × 10−5 s−1 (9.8 � 0.6) × 10−5 s−1 (4.3 � 0.3) × 10−5 s−1 (4.2 � 0.2) × 10−5 s−1

a Calculated based on values by Kabir et al.33 b Based on laboratory experiments in this work.
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starting in the late aernoon and into the night when the
photochemical production of PA radicals (e.g., from reaction of
OH and aldehydes) diminishes (Fig. 5). The time periods aer
sunset thus provided an opportunity to probe PAN loss kinetics.
In addition to chemical production and loss, ambient air mix-
ing ratios may have also increased or decreased due to air mass
shis, i.e., changes in BB plume intensity. Using seemingly
stable concentrations of CO and PM2.5 as an initial guide,
nocturnal time periods showing pseudo-rst order exponential
decay in the APAN mixing ratio were selected for further anal-
ysis (Table 4); three of these periods are indicated with a white
background in Fig. 5. Concentrations of CO and PM2.5

concentrations were nearly constant during those selected
times, suggesting that loss of PAN, PPN, and APAN was likely
not due to transport, i.e., not a result of shiing air masses. In
all cases, NO mixing ratios were below our ability to quantify
(i.e., less than the limit of quantication if ∼50 pptv). Further,
NO2 and O3 mixing ratios were sufficiently large to sustain
a nitrate radical (NO3) production rate, calculated from
k4[NO2][O3],51 of between 0.35 and 0.77 ppb h−1.

NO2 + O3 / NO3 + O2, k4 (R4)

For the selected cases, plots of ln(C0/Ct) versus time were
linear as judged from their r values (Fig. S5† and Table 4).
Further, PAN, PPN, and APAN decayed in unison (Fig. 5) with
statistically identical values of their apparent loss rate coeffi-
cients ðk0

lossÞ during each episode (Table 4).
The k

0
loss values for PAN and PPN were compared to k−2

values calculated using the parameterization by Kabir et al.33

The k
0
loss values for APAN are superimposed in Fig. 4 for
808 | Environ. Sci.: Atmos., 2025, 5, 801–813
comparison with k−2 predicted from the laboratory parameter-
ization determined in this work. In all cases, the k

0
loss values

were of the same order of magnitude as k−2. The apparent loss
rates were ∼1/3 slower than the predicted k−2 on May 17 and
May 21 and equal to the k−2 on May 26. For the May 18 data,
however, the rate constants derived from the scatter plot shown
in Fig. S5† were three times as large as the predicted k−2 value.

Mixing ratios of odd oxygen (Ox = O3 + NO2) also decreased
with rst-order exponential kinetics and rate constants between
4.2 × 10−5 and 9.8 × 10−5 (Table 4), factors between 0.9 and 1.5
larger than those determined for the PANs. Mixing ratios of Ox

were chosen (as opposed to O3) to account for titration of O3 by
NO to NO2.

4. Discussion
4.1 Laboratory measurements

This work constitutes only the second investigation of the TD
kinetics of APAN reported in the literature. The rst study was
that by Grosjean et al.31 who reported k−2 values in the range
290 K # T # 299 K, whereas this study covered the
303.2 K # T # 320.7 K range (Table 3). As is evident from Fig. 4,
our data leads to a revised Arrhenius expression with an activa-
tion barrier that is lower than that reported by Grosjean et al.,31

(121 ± 5) kJ mol−1 versus (139 ± 6) kJ mol−1, and is more in line
with values reported for other PANs (Table 2). We believe our
data to be more accurate than the values by Grosjean et al.31 as
our results are corroborated by the good agreement of our
measured k0 and k−2 values for PAN with literature (Fig. S2†). It is
also worth noting that the study by Grosjean et al.31 encompassed
only four data points over a narrow T range, a limitation noted by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Grosjean et al.31 themselves; it is hence not surprising that their
Arrhenius parameters would differ from one derived from data
collected over a wider T range (Table 2). Furthermore, our data
are more linear (r = 0.992) than the data reported by Grosjean
et al.31 which appear more scattered (Fig. 4). Finally, the
discrepancy echoes what had occurred for MPAN, for which
Grosjean et al.36 reported an Ea value of (153 ± 10) kJ mol−1 in
contradiction with Roberts and Bertman27 who reported (112 ±

4) kJ mol−1.
However, there is a fundamental difference between the two

studies: the experimental approach. Grosjean et al.31 utilized
a Teon smog chamber and generated APAN in situ using
sunlight, acrolein, and NO, whereas we utilized a glass reaction
coil and an APAN diffusion source. Following APAN generation,
their chamber would have contained a considerable amount of
NO2, which increases the effective lifetime of APAN (eqn (3)) as
the TD fragments would have had a reasonable chance to
recombine rather than react with NO. The apparent PAN loss
rate constant ðk0

lossÞ under these conditions is

k
0
loss ¼ k�2

�
klossðPAÞ

klossðPAÞ þ k2½NO2�
�
# k�2; (3)

where kloss (PA) is the pseudo-rst order rate coefficient for loss
of the PA radical.28,32 In our laboratory experiments (Section 3.1),
kloss (PA) is equal to k3[NO] and large because NO was deliber-
ately added in high concentration. Grosjean et al.31 were aware
of this and monitored NO2 concentrations but did not provide
details as to the magnitude of the correction applied. As such,
the kinetic parameter needed to make this correction, k2, has
not been measured for the APA radical and is hence somewhat
uncertain, an uncertainty that would have added to their
measurements.

In contrast to the smog chamber studies by Grosjean
et al.,31,36 the study by Roberts and Bertman27 and this work
utilized a Pyrex reactor to dissociate PANs. These experimental
setups suffer from a potential bias: We observed that APAN
decomposes faster on dry Pyrex surfaces than on either
humidied or Teon-coated Pyrex, necessitating a correction by
kPyrex = 2.8 × 10−4 s−1, assumed to be T-independent. An
outstanding question is why the decomposition of APAN is
faster on dry than on humidied Pyrex as has been reported for
other PANs.27,46 Theoretical studies, e.g., by density functional
theory,52 are needed to probe and rationalize the role of water in
the TD of PANs on Pyrex surfaces.

The choice of kPyrex limits the accuracy of our study:
For example, if we assume a value of kPyrex = 1.2 × 10−4 s−1

(the minimum value at T = 295.2 K), we would have
obtained k−2 = 10(16.9±0.8) e−(115.1±4.6) kJ mol−1/(RT) s−1 and
k−2 (298 K) = 5.1 × 10−4 s−1 which are quite different from the
values calculated with kPyrex = 2.8 × 10−4 s−1 that are shown in
Table 2. Even so, our kinetic data are corroborated by observa-
tions made with heated instrument inlets. For example, Veres
and Roberts37 reported APAN to have TD kinetics of similar
magnitude as those of the other PANs. Overall, a consistent
picture emerges: The TD parameters for all PANs fall in the
ranges of 106 kJ mol−1 < Ea < 122 kJ mol−1 and 2.8 × 10−4 s−1 <
k−2 (298 K) < 4.6 × 10−4 s−1 (if studies published before the year
© 2025 The Author(s). Published by the Royal Society of Chemistry
1980 are omitted). This makes sense chemically, as the TD rate is
mainly determined by the strength of the –O–NO2 bond, and the
nature of the side chain would be of lesser importance. Only the
values reported by Grosjean et al.31,36 fall outside those ranges
(Table 2).
4.2 Field measurements and atmospheric signicance

The large PAN, PPN and APAN mixing ratios observed in this
study highlights the importance of this class of compounds as
the abundances of these lachrymators is set to increase with
global climate change, which increases the frequency and
severity of BB events. The data presented in this manuscript
inform about APAN emission factors from BB plumes via
APAN:PAN and PPN:PAN ratios (Fig. S4†) as well as ratios with
respect to NOy (Table 4).

As such, the ambient air observations provided a fortuitous
opportunity to evaluate the revised parameterization for TD of
APAN from this paper's laboratory experiments under “real-
world” conditions. During the periods selected, the mixing
ratios of PAN, PPN and APAN decreased with identical pseudo-
rst order rate constants, k

0
loss. Further, the observed k

0
loss values

appear to agree (within error limits) with k−2 values predicted
using laboratory parameterizations (Table 4 and Fig. 4). For
APAN, this parameterization was extrapolated from the T range
of our lab experiments (295.2–320.7 K) to that of the ambient air
data (280–287 K).

At rst glance, this seems like an excellent result. However,
because of these relatively cool temperatures, the lifetimes of the
PANs with respect to TD was relatively long, making it possible
for other loss pathways to dominate. Further, for TD to dominate
the atmospheric removal loss of PANs, the generated PA radicals
need to be removed, and quickly. For the four ambient air
periods selected, the NO mixing ratios were below our ability to
quantify (i.e., <50 pptv), in contrast to the laboratory experiments
(Section 3.1), where kloss (PA) was fast because NO was deliber-
ately added in high concentration. It is unclear which reaction(s),
if any, other than (R3) would have removed PA radicals and to
what extent. Potential candidates for PA radical removal include
aerosol uptake,53 and reaction with NO3 (ref. 54) or with organic
peroxy radicals, XO2.22,55 Villalta et al.53 reported a relatively large
uptake coefficient (g) of 0.0043 for uptake of CH3C(O)O2 radicals
on deionized water at 274 K, and the aerosol surfaces in the BB
plume, while not quantied, were likely large. Thus, aerosol
uptake of PA radicals was likely their largest sink. Still, one would
expect that reaction of PA radicals with NO2 (R2) would have
increased the apparent lifetime of the PANs (eqn (3)), i.e., the
apparent loss rate constitutes a lower limit to k−2. Perhaps not
surprisingly then, the eld data (shown as green triangles in
Fig. 4) tend to fall below the linear t of the TD rate extrapolated
from higher T data.

Another assumption of this analysis is that nocturnal sour-
ces of PANs such as reactions of NO3 with aldehydes54 were
negligible. Neither mixing ratios of NO3 nor those of VOCs
(from which NO3 abundances could be constrained) were
quantied during FOOBAR. Nevertheless, the instantaneous
NO3 production rate, P(NO3), was large during the selected
Environ. Sci.: Atmos., 2025, 5, 801–813 | 809
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periods, 0.35 to 0.77 ppbv h−1 (Table 4), which is within the
range of 0.1 to 1.5 ppbv h−1 reported by Decker et al.56 who
observed nocturnal BB plumes from an aircra platform. Thus,
all of the selected periods were conducive to NO3 formation.
However, Decker et al.56 also noted exceptionally large total NO3

reactivity toward BB-VOCs of between 17 and 70 s−1 that only
gradually decreased during the several hours transport time
between the emission source and observation point. Large NO3

sinks were likely also present during the BB events in this data
set, implying that NO3 mixing ratios would have been small
during those times. Howmuch chemistry went through the NO3

+ aldehyde channel (which can yield PANs) during FOOBAR is
unclear.

Finally, the analysis assumes that direct sinks of PANs (other
than TD followed by removal of the PA radicals) such as aerosol
uptake57 and dry deposition20–22 were also negligibly small.
Lifetimes of PAN with respect to dry deposition have been
estimated to be in the 5–10 h range,2 which translate to a loss
rate constant of between 5.6 × 10−5 s−1 to 2.8 × 10−5 s−1, which
is on par with the k

0
loss values determined in this work (Table 4).

In this context, the Ox loss constants, k
0
lossðOxÞ, are informative

since deposition velocities (vd) for O3 are of similar magnitude
(with a range of 0.1 to 0.7 cm s−1)58 as those of PAN, for which vd
values between 0.13 and 0.54 cm s−1 have been reported.2 The
values of k

0
lossðOxÞ are slightly larger than k

0
loss of the PANs,

which supports the notion that both O3 and PANs are removed
mainly by dry deposition. However, Decker et al.56 reported
a total O3 reactivity toward BB-VOCs of up to ∼6 × 10−4 s−1

which rapidly decreased with plume age to∼2× 10−4 s−1, about
a factor of two to four larger than k

0
lossðOxÞ in this work. In other

words, the observed Ox loss could have entirely been due to
chemical reactions as opposed to dry deposition; in the absence
of speciated VOC, it is not possible to tell. For APAN, the
implication is that the nocturnal losses are explained through
a combination of dry deposition and TD.

5. Conclusions

The laboratory experiments have yielded revised and more
accurate parameterization of the TD kinetics for APAN than
previously reported by Grosjean et al.31 Large APAN mixing
ratios were observed in ambient air during a spring BB episode.
The ambient air temperatures were ultimately too cold to allow
for additional constraints of the TD kinetics of APAN as other
sinks (e.g., dry deposition) were competitive. Overall, analysis of
eld data should not be construed as a substitute for properly
conducted laboratory studies.
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