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ABSTRACT: The gas-phase reaction between trans-2-hexenal
(T2H) and chlorine atoms (Cl) was studied using three
complementary experimental setups at atmospheric pressure and
room temperature. In this work, we studied the rate constant for the
titled oxidation reaction as well as the formation of the gas-phase
products and secondary organic aerosols (SOAs). The rate constant
of the T2H + Cl reaction was determined using the relative method
in a simulation chamber using proton-transfer reaction time-of-flight
mass spectrometry (PTR-ToF-MS) to monitor the loss of T2H and
the reference compound. An average reaction rate constant of (3.17
± 0.72) × 10−10 cm3 molecule−1 s−1 was obtained. From this, the
atmospheric lifetime of T2H due to Cl reaction was estimated to be
9 h for coastal regions. HCl, CO, and butanal were identified as
primary products using Fourier transform infrared spectroscopy (FTIR). The molar yield of butanal was (6.4 ± 0.3)%. Formic acid
was identified as a secondary product by FTIR. In addition, butanal, 2-chlorohexenal, and 2-hexenoic acid were identified as
products by gas chromatography coupled to mass spectrometry but not quantified. A reaction mechanism is proposed based on the
observed products. SOA formation was observed by using a fast mobility particle sizer spectrometer. The measured SOA yields
reached maximum values of about 38% at high particle mass concentrations. This work exhibits for the first time that T2H can be a
source of SOA in coastal atmospheres, where Cl concentrations can be high at dawn, or in industrial areas, such as ceramic
industries, where Cl precursors may be present.

■ INTRODUCTION
Unsaturated C6 aldehydes are widely emitted by fresh leaves,1

vegetables,2,3 and fruits.4−6 These compounds could also be
distributed through insect secretions to distance or attract
other species from their surroundings.7,8 Recent studies show
that unsaturated C6 aldehydes have been detected in the
cooking fumes of the deep-frying process (150−200 °C) using
cooking oils like coconut, safflower, canola, and extra virgin
olive oils.9−12 Trans-2-Hexenal (T2H) is one of these biogenic
unsaturated C6 aldehydes, which was detected from several
sources.13−17 T2H could be produced from damaged or
wounded leaves as a product of the enzymatic activity of
hydroperoxide lyase, a component of the lipoxygenase
pathway.7 T2H emissions from wounded leaves were
demonstrated for tea leaves18 and tomatoes.19 Damaged plants
may react by releasing T2H to induce its self-defense and/or to
repair the damages.
Once T2H is released into the atmosphere, it is subjected to

oxidation reactions, which proceed through hydrogen atom
abstraction mainly from the carbonyl group or addition of the

oxidant to the double bond. Hydroxyl (OH) radicals are the
main T2H oxidant in the troposphere during daytime20−22 and
NO3 radicals are during night-time,23 while the O3 reaction has
been shown to be of minor importance.24,25 Besides, the
oxidation of T2H by chlorine (Cl) atoms could be a
competitive oxidation channel, especially in the marine
boundary layer (MBL) of coastal environments at dawn and
in the Arctic troposphere during springtime, where the average
[Cl]/[OH] ratio could be 1000 times higher than that at usual
conditions.26 Therefore, the oxidation process of T2H initiated
by Cl may enrich the overall budget of free radicals,
tropospheric ozone, and other secondary pollutants in the
MBL.27 To the best of our knowledge, no experimental
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reaction product study for the T2H + Cl reaction has been
found in the literature that confirmed the formation of
secondary gaseous pollutants and/or fine particles, the so-
called secondary organic aerosols (SOAs).
While the rate constants of the oxidation reaction of T2H

with OH radicals, O3, and NO3 radicals have been reported in
several previous works,20−23,25,28−35 the reactivity of T2H with
Cl atoms has been scarcely studied. To the best of our
knowledge, the only experimental study is from Rodrıǵuez et
al.36 who studied the kinetics at room temperature and
atmospheric pressure (air or N2) using a relative method and
found a rate constant of (1.92 ± 0.22) × 10−10 cm3 molecule−1

s−1. This rate constant is surprisingly lower than the one for
trans-2-pentenal (T2P) determined in our previous work
((2.56 ± 0.83) × 10−10 cm3 molecule−1 s−1, ref 25), despite it
containing less potential reaction sites than T2H. Moreover,
Rodrıǵuez et al.36 is also lower than the one estimated by the
SAR (structure−activity relationship) method (3.47 × 10−10

cm3 molecule−1 s−1) developed by Teruel et al.37 Thus, in the
present paper, the kinetics of the Cl-initiated reaction of T2H
at atmospheric pressure and room temperature is revisited.
Regarding the reaction mechanism, a theoretical study by

Shashikala and Janardanan38 recently reported the most likely
reaction channels for the first-step reaction in the degradation
mechanisms of T2H by tropospheric oxidants (OH, NO3, Cl,
and O3). These authors found that the reaction of T2H with
Cl atoms presented the lowest energy barrier among all
oxidants. Also, Shashikala and Janardanan noticed that the H-
abstraction reaction from the aldehydic group in T2H was
favored against the α- or β-addition to the double bond for the
T2H reactions with OH and NO3.
In the present work, the gas-phase reaction products of the

T2H + Cl reaction are identified and quantified for the first
time using FTIR spectroscopy and gas chromatography
coupled to mass spectrometry (GC-MS), allowing a reaction
mechanism to be proposed. Submicron particles can also be
formed in the T2H + Cl gas-phase reaction. Knowing that
particle size distributions of these particles are of great interest
in the study of ambient aerosols, in the present work, the
formation of SOAs with electrical mobility diameter between
5.6 and 560 nm has been monitored using a fast mobility
particle sizer (FMPS), reporting SOA mass yields for the first
time. The atmospheric implications of the studied reaction are
discussed in terms of the atmospheric lifetime of T2H and its
contribution, based on the detected products, to local air
pollution.

■ EXPERIMENTAL SYSTEMS, TECHNIQUES, AND
PROTOCOLS

The work on the T2H + Cl reaction has been partially carried
out at IMT Nord Europe in Douai (France) and UCLM in
Ciudad Real (Spain). On the one hand, the kinetic
measurements were conducted at IMT Nord Europe in an
atmospheric simulation chamber (hereafter D-ASC) at 296 ±
2 K and 730 ± 20 Torr of purified air. The experimental
system and procedure are briefly described in “Kinetic Study”
and in detail in Turpin et al.39 On the other hand, the product
study was performed at UCLM in Ciudad Real at 296 ± 2 K
and 760 ± 20 Torr of synthetic air using a borosilicate White-
type cell of 16 L or an atmospheric simulation chamber
(hereafter CR-ASC). This setup and the methodology used are
succinctly described in “Product Study”, since it has been
detailed in Ballesteros et al.40 In separate experiments, the 16-L

White cell was connected, in a closed circuit, to the CR-ASC
and an FMPS spectrometer (TSI 3091) for carrying out the
SOA formation study. This apparatus, procedure, and
methodology were previously described in detail elsewhere25,41

but are concisely explained below in “Monitoring Ultrafine
Particles and Determination of the SOA Yield”.
Kinetic Study. Methodology and Experimental Con-

ditions. The Cl kinetics were performed using the relative
method in the D-ASC chamber consisting of a 300 L Teflon
bag coupled to a proton-transfer time-of-flight mass
spectrometer, PTR-ToF-MS (Kore 2e), for monitoring the
signals of T2H and isoprene as a reference compound as a
function of time. The two following reactions occur
simultaneously in the chamber:

+T2H Cl Products
kT2H (R1)

+Isoprene Cl Products
kIso

(R2)

where kT2H and kIso are the rate constants for T2H + Cl and
isoprene + Cl reactions, respectively.

In the PTR-ToF-MS, T2H (C6H10O) and isoprene (C5H8)
react with a hydronium ion (H3O+), leading to the molecular
ions C6H10O·H+ (m/z = 99, for T2H) and C5H8·H+ (m/z =
69, for isoprene) and several protonated fragments: C4H8·H+

(m/z = 57) and C6H8·H+ (m/z = 81) for T2H and C3H4·H+

(m/z = 41) for isoprene. The fragment C3H4·H+ was not used,
since its behavior was very different from the C5H8·H+

fragment.
Figure S1 displays an example of the T2H and isoprene

fragment evolution during a generic experiment. The
experimental procedure started by injecting T2H in the
reactor and following its concentration by the PTR-ToF-MS
for 40 min in the dark (Figure S1, t = 55−95 min). Then,
isoprene was added to the reactor and allowed to homogenize
for 30 min (Figure S1, t = 95−125 min). During that time, two
UV actinic lamps (Philips TLK-40 W/05 and Sylvania
Blacklight, λmax = 365 nm) were turned on to quantify the
losses of T2H and isoprene by photolysis. Then, UV lights
were turned off, and molecular chlorine (Cl2) was added to the
reaction mixture and left for 25 min in the chamber (Figure S1,
t = 125−150 min). T2H and isoprene losses were evaluated
during the described steps to check for possible adsorption on
the D-ASC walls, UV photolysis, and/or a dark reaction with
Cl2. Negligible losses were observed for both T2H and
isoprene with a ratio of the standard deviation to the mean
value of the concentration within ∼45 min of measurements of
less than 1.1%. Then, the lamps were switched on for 30 to 40
min in the presence of the T2H + isoprene + Cl2 mixture
(Figure S1, t = 150−190 min). At the end of each experiment,
the reactor was cleaned by filling it with air and pumping it up
several times.

The initial concentrations of T2H and isoprene in the D-
ASC chamber were determined by a Fourier transform
infrared, FTIR, spectrometer (Nicolet 6700 Thermo Fisher)
using the IR spectral features in the 1182−1116 cm−1 range for
T2H and in the 943−844 cm−1 range for isoprene. The
quantification was done by using a reference spectrum of each
reagent. The initial concentration of Cl2 was calculated based
on its injected volume into the chamber as explained in eq S1.
The initial concentrations of T2H, isoprene, and Cl2 were in
the ranges (5.9−11.6) × 1013 molecules cm−3, (6.4−13.3) ×
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1013 molecules cm−3, and (14.5−58.3) × 1013 molecules cm−3,
respectively.

Determination of the Rate Constant kT2H. In the presence
of Cl atoms, the relative disappearance rates of T2H and
isoprene were measured. The time evolution of the
concentrations of T2H and the reference compound is
described by the following expression, since there are no
secondary loss processes:

[ ]
[ ]

= ×
[ ]
[ ]

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

k
k

ln
T2H
T2H

ln
Iso
Isot t

0 T2H

Iso

0

(1)

[T2H]0, [Iso]0 and [T2H]t, [Iso]t are the concentrations of
T2H and isoprene at reaction times t = 0 and t, respectively.
The ratio of rate constants kT2H/kIso was obtained by plotting
ln([T2H]0/[T2H]t) versus ln([Iso]0/[Iso]t). kT2H is then
derived from the slope of such plots considering kIso as (4.6
± 0.9) × 10−10 cm3 molecule−1 s−1, which is the weighted
average of three values found in the literature42−44 (see Table
S2). kIso and the overall error (ΔkIso) were calculated using eqs
S2−S4. In this work, we considered ΔkIso as twice the standard
deviation of the weighted average kIso, 2σ<kIso>.
The overall error in kT2H, ΔkT2H, was calculated according to

eq S5 and it comprises statistical errors, ΔkT2H(stat), and
systematic errors, ΔkT2H(syst). ΔkT2H(stat) was calculated
according to eq S6, and ΔkT2H(syst) was estimated to be 10%.
Product Study. Procedure and Experimental Conditions.

The experimental procedure started with the injection of T2H
in the reactor (16-L or 264-L CR-ASC). In the 16-L reactor,
the concentration of T2H was determined using FTIR
spectroscopy (Nicolet Nexus 870, Thermo) based on a
reference IR spectrum. IR spectra were recorded every 2 min
with a resolution of 2 cm−1 in the IR spectral range 4000−650
cm−1 by accumulating 32 interferograms. In separate experi-
ments in CR-ASC, the solid phase micro extraction (SPME)/
GC-MS technique was used. In these experiments, a 50/30 μm
divinylbenzene/Carboxen polydimethylsiloxane fiber (Supel-
co) was inserted every 15 min in the CR-ASC to absorb
analytes for 5 min and injected in the GC-MS (Trace GC Ultra
and DSQ II, Thermo Electron) equipped with a BPX35
column (30 m × 0.25 mm ID × 0.25 μm, SGE Analytical
Science) working at a temperature ramp that ranged between
40 and 250 °C.
Actinic lamps (Philips Actinic BL TL 40W/10 1SL/25 (16-

L reactor) and Philips TLK − 40 W/05 (CR-ASC), λ = 340−
400 nm) were used to irradiate the gas sample with UV
radiation, which generate Cl atoms from Cl2 photolysis. In
both reactors, after stabilization for 30 min, UV lights were
turned on for 30 min to test the stability of T2H under
photolysis conditions. Cl2 was then added to the reactor, and
the reaction mixture (synthetic air + T2H + Cl2) was left to
stabilize for 30 min in the dark. The loss rate constant of T2H
due to heterogeneous and dark reactions and UV photolysis
was on the same order of magnitude (<4 × 10−5 s−1). Finally,
when UV lights were turned on, the T2H + Cl reaction began,
and the gaseous products formed were monitored for 60 min.
The concentrations of T2H and Cl2 used for the product
studies are summarized in Table 1.

Determination of the Product Yield (YProd). Two types of
products can be distinguished: primary products directly
formed through the T2H + Cl oxidation reaction and
secondary products generated by primary product degradation.
The product yield (YProd) of a primary product is defined as the

ratio of its concentration formed at a certain reaction time in
the T2H + Cl reaction, [Prod], to that of the consumed
reactant, Δ[T2H], over the same time scale according to eq 2.

= [ ]
[ ]

×Y (%)
Prod
T2H

100Prod (2)

Therefore, the [Prod] vs Δ[T2H] plot must be linear to
guaranty that the product has a primary origin, and the slope
represents YProd.

Monitoring Ultrafine Particles and Determination of the
SOA Yield. To monitor the particle formation in the T2H + Cl
reaction, the CR-ASC, the 16-L reactor, and the FMPS
spectrometer were coupled. The FMPS spectrometer analyzes
the particle number size distribution (electrical mobility
diameters between 5.6 and 560 nm with a time resolution of
1 s) averaged over 1 min. The initial concentrations of T2H
and Cl2 were in the ranges (0.8−2.7)×1014 molecules cm−3

and (1.3−7.2)×1014 molecules cm−3, respectively.
The procedure was as follows: the gas mixture was

recirculated in a closed circuit allowing the gases to mix in
the system. The system allows to simultaneously monitor the
loss of T2H by in situ IR in the 16-L chamber and the FMPS
sampling. The gas mixture flows from the CR-ASC to the
FMPS through a 1 μm cut cyclone at a 10 L min−1 flow rate
(which is the sampling flow rate of the instrument), and the
filtered exhaust from the FMPS was then directed to the 16-L
reactor where IR measurements were performed every 2 min
by means of the FTIR spectrometer described in section
“Kinetic Study”. Then, the gas mixture comes back to the CR-
ASC closing the circuit. Indeed, due to the high sampling flow
rate of the FMPS, it cannot be directly connected to the 16-L
chamber. This system was previously used in the study of the
T2P + Cl reaction by Grira et al.25

The total time scale of the experiment was typically 80 min.
In the first 10 min, the reaction mixture (synthetic air + T2H +
Cl2) was left in the dark, and the potential T2H wall losses and
reaction with Cl2 were estimated. While no reaction between
T2H and Cl2 was observed, a T2H wall loss constant kL,T2H of
<4 × 10−5 s−1 was determined in the dark. kL,T2H was
determined from the decay of [T2H] as exemplified in Figure
S2a. Once the lamps surrounding the CR-ASC were turned on,
the Cl reaction started, and T2H consumption and SOA
formation were monitored for typically 50 min. SOA wall
losses onto the reactor walls and/or through the filters of the
FMPS, kL,SOA, were evaluated leaving the reaction mixture for
typically 20 min in the dark, after the end of the reaction. This
parameter was obtained from the decay of the mass
concentrations of particles (MSOA) shown in the example
depicted in Figure S2b. MSOA was calculated using the
measured particle number size distributions assuming spherical
geometry and a particle density of 1.4 g cm−3 (recommended

Table 1. Experimental Conditions and Techniques Used
during the Product Study

reactor
(number
of runs)

analytical
technique

number of lamps
(model) compound

initial
concentration
range (1014

molecules cm−3)

16-L (7) FTIR 3 (Philips Actinic
BL TL 40 W/
10 1SL/25)

T2H 4.7−22
Cl2 3.8−13

CR-ASC
(2)

SPME/
GC-MS

8 (Philips TLK−
40 W/05)

T2H 6.2−6.3
Cl2 4.1
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Figure 1. Plots of the decay of [T2H] vs that of [isoprene] in the presence of Cl for each observed peak of T2H. The continuous black line in each
panel shows the linear regression of the combined data from the three series.

Table 2. Summary of the Rate Constants for the Reactions of a Series of C3−C7 Alkenals with Cl Atoms at Room Temperature
and Atmospheric Pressure

unsaturated aldehyde (linear formula) k (10−10 cm3 molecule−1 s−1) techniquea reference

2-propenal or acrolein (CH2�CH−CHO) 2.2 ± 0.3 GC-FID Thev́enet et al.47

2.2 ± 0.3 FTIR Canosa-Mas et al.48

1.8 ± 0.3 FTIR Ullerstam et al.49

2.5 ± 0.7 GC-FID Wang et al.50

2-methyl-2-propenal or methacrolein (CH2�C(CH3)−CHO) 3.2 ± 0.5 FTIR Canosa-Mas et al.48

2.9 ± 0.8 GC-FID Wang et al.50

trans-2-butenal or crotonaldehyde (trans-CH3−CH�CH−CHO) 2.6 ± 0.3 GC-FID Thev́enet et al.47

2.2 ± 0.4 FTIR Ullerstam et al.49

3.2 ± 0.9 GC-FID Wang et al.50

trans-2-methyl-2-butenal (trans-CH3−CH�C(CH3)−CHO) 2.45 ± 0.32 FTIR Antiñolo et al.41

trans-2-pentenal (trans-CH3−CH2−CH�CH−CHO) 1.31 ± 0.19 GC-FID Rodrıǵuez et al.36

3.47 SAR estimation this work
2.56 ± 0.83 FTIR Grira et al.25

trans-2-hexenal (trans-CH3−CH2−CH2−CH�CH−CHO) 1.92 ± 0.22 GC-FID Rodrıǵuez et al.36

2.06 ± 0.46 re-evaluation in the present work Rodrıǵuez et al.36

3.17 ± 0.72 PTR-MS this work
trans-2-heptenal (trans-CH3−CH2−CH2−CH2−CH�CH−CHO) 2.40 ± 0.29 GC-FID Rodrıǵuez et al.36

aGC-FID: Gas chromatography-flame ionization detection; FTIR: Fourier transform infrared; PTR-MS: proton-transfer mass spectrometry.
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by Hallquist et al.45). The loss rate constant kL,SOA was
measured to be in the range (4.35−6.18) × 10−4 s−1. From the
slope of MSOA versus T2H consumption (Δ[T2H]) plots, as
shown by eq 3, the SOA yield (YSOA) can be determined. Both
MSOA and Δ[T2H] were corrected as described in previous
works, Antiñolo et al.46 and Grira et al.,25 taking into account
kL,T2H, and kL,SOA.

=
[ ]

×Y
M

(%)
T2H

100SOA
SOA

(3)

Chemicals. The chemicals and gases employed in this work
at IMT were the following ones (in bracket the purity and
supplier are stated): T2H (98%, Sigma−Aldrich), isoprene
(99%, Sigma−Aldrich), Cl2 (10% in N2, Air Products). At
IMT, we used an extra pure zero air, which was produced with
a pure air generator (AZ-2020, Claind) with relative humidity
(RH) < 2 ppm, and CO and CO2 < 80 ppb. At UCLM, T2H
(98%, Sigma−Aldrich), Cl2 (99.8%, Sigma−Aldrich), and
synthetic air (99.999%, Air Liquide) was used.

■ RESULTS AND DISCUSSION
Rate Constant for the T2H + Cl Reaction. Figure 1

displays the obtained loss of T2H versus that of the reference
compound in the presence of Cl atoms. The plot of
ln([T2H]0/[T2H]t) versus ln([Iso]0/[Iso]t) displays a good
linearity, and the ratios kT2H/kIso are relatively consistent for
the three masses of T2H used in the analysis (m/z = 99, m/z =
81, and m/z = 57). The reported slope kT2H/kIso (0.69 ± 0.01)
arises from a linear regression of the combined data from the
three series. kT2H was determined from kT2H/kIso considering
the kIso given in section “Kinetic Study”:

= ± ×k (3.17 0.72) 10 cm molecule sT2H
10 3 1 1

The overall error in the rate constant is 23% (see Supporting
Information for a detailed explanation of the error analysis).

Comparison with Literature Data. Table 2 gathers the kT2H
obtained in this work on the T2H + Cl reaction and that
reported by Rodrıǵuez et al.36 As it can be seen, this latter
value of kT2H is 39% lower than the present measurement. In
Rodrıǵuez et al.’s work, the monitoring of concentration of
T2H and the reference compounds (ethane and propene) was
carried out by GC coupled to a flame ionization detector (GC-
FID). The source of the observed discrepancy is not due to Cl
rate constants used by these authors for the reference
compounds (kEthane and kPropene). In 2009, IUPAC updated
the recommended values of kEthane and kPropene for the rate
constants of the Cl-initiated reactions of ethane and propene.
This re-evaluation of kT2H slightly changes the value by
Rodrıǵuez et al. by about 7%: (2.06 ± 0.46) × 10−10 cm3

molecule−1 s−1.
In Figure S3, a comparison between the rate constants

determined in different studies for the Cl reaction of a series of
C3−C7 alkenals is presented. It is noted that data from
Rodrıǵuez et al.36 are systematically lower than other studies,
indicating that they may probably have unaccounted system-
atic errors. Therefore, the source of the observed discrepancy is
still unclear.

Structure−Activity Relationship (SAR). Using the method
proposed by Teruel et al.,37 which is based on a basic rate
constant for the trans-RHC�CHR structure and some “group
factors”, the rate constant for the T2H + Cl can be estimated.
Teruel et al.37 provides the value of the group factor for

−C(O)H but not for the CH3CH2CH2− group. Instead, the
value for the CH3CH2− group is given. Since it is expected
that the contribution of the CH3CH2CH2− group to the
estimated kT2H is higher than that of the CH3CH2− group, it is
likely that the corresponding group factor is at least equal to
the CH3CH2− one. Hence, a lower limit of the kT2H estimated
with the SAR method can be provided: kT2H(SAR) = 3.47 ×
10−10 cm3 molecule−1 s−1. This number is very close to the
experimental value reported here and 83% higher than that
reported by Rodrıǵuez et al.36

When comparing the Cl reactivity of linear unsaturated
aldehydes, we observe that the rate constant for Cl reactions
with C3−C7 alkenals seems to depend barely on the aldehyde
chain length (Table 2 and Figure S3). As shown in Figure S3
and excluding the result for trans-2-heptenal reported by
Rodrıǵuez et al.,36 the Cl rate coefficient increases by about
50% from 2-propenal (C3) to trans-2-hexenal (C6), even
though there is some scattering in the literature values.

Comparing the Cl reactivity toward trans-2-butenal and
trans-2-pentenal with that of branched unsaturated aldehydes
with the same number of carbon atoms, such as 2-methyl-2-
propenal and trans-2-methyl-2-butenal, we observed that the
presence of the methyl group has no apparent effect on the
reactivity. No data are available up to date to compare the
reactivity of trans-2-hexenal with a branched unsaturated
aldehyde with the same number of C atoms.

It would have been interesting to compare the reactivity of
T2H toward Cl atoms with that of the corresponding alkene,
since it has been postulated that alkenes and their
corresponding unsaturated aldehydes react via similar Cl
addition to the double bond.51 Unfortunately, no data is
available in the literature for the reaction of Cl with trans-2-
hexene. Further experimental studies on alkenes + Cl reactions
would be desirable.
Gaseous Reaction Products. Temporal Evolution of

Species in the Reaction Mixture. Detection by FTIR
Spectroscopy. As can be seen in Figure S4, IR features of
HCl, CO, HC(O)OH, and butanal are present in the final
spectrum. The IR spectral features used for this analysis were
1610−1750 cm−1 for T2H, 2600−3100 cm−1 for HCl, 2039−
2239 cm−1 for CO, 2870−2950 cm−1 for HC(O)OH, and
2750−2660 cm−1 for butanal. The identification and the
quantification of these products were made using reference IR
spectra. After subtraction of the IR features of the products, the
residual spectrum showed some peaks that indicate that there
were unidentified products. The group of peaks between 3000
and 2700 cm−1 corresponds to C−H stretching vibrational
modes. The most intense peak centered at 1750 cm−1 is
typically assigned to C�O bonds, and the weak bands
between 1500 and 1000 cm−1 can be due to C−C stretching or
C−H bending modes. Figure 2 shows typical concentration vs
time profiles for the consumption of T2H and the formation of
the detected products.

Detection by SPME/GC-MS. As shown in Figure S5, the
reaction products detected by GC-MS were butanal (retention
time RT = 2.88 min), 2-chlorohexanal (RT = 4.84 min), and 2-
hexenoic acid (RT = 6.36 min). They were identified by means
of their electronic impact mass spectra. However, the signal
from the GC-MS was not stable enough to allow for a reliable
quantification of these species, and no internal standard was
introduced in the gas mixture.

The products detected in this work are in agreement with
those observed for the crotonaldehyde + OH reaction44 and
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trans-2-pentenal + Cl reaction.25 In all these reactions, the
corresponding saturated aldehyde with two less C atoms and
CO were formed.

Molar Yields of Reaction Products. The product yields
were determined based on the quantified concentrations of
T2H and products by FTIR spectroscopy as a function of time.
Here, only the butanal yield is reported, since the other
quantified products (HCl, CO, and HC(O)OH) are known to
be very final products with a wide variety of sources, and their
molar yields provide little information. The corresponding plot
displaying [Butanal] vs Δ[T2H] according to eq 2 is shown in
Figure 3. The overall errors on the formation yields (ΔYProd)

were calculated as described in eq S7. The molar yield of
butanal obtained from the slope is (6.35 ± 0.30)%. The carbon
mass balance was found to be more than 20% at the end of the
reaction, if calculated considering the formation of butanal,
CO, and HC(O)OH.

Proposed Reaction Mechanism. Based on previous
experimental studies on the Cl reaction of unsaturated
aldehydes25,52 and the theoretical work of Shashikala and
Janardanan on the T2H degradation,38 the reaction is expected
to proceed via three pathways: addition of the Cl atom to the
C�C double bond, either to Cα or Cβ, and abstraction of the
hydrogen atom from the −C(O)H group. Shashikala and
Janardanan38 concluded that allylic H-abstraction is a minor

reaction pathway; therefore, in this work, this route has not
been considered. In Figure 4, the resulting reaction pathways
that may support the observed products are displayed.

As seen in Figure 4a, the α-addition forms the
CH3CH2CH2CHCHClC(O)H radical, which can react with
O2/RO2 to lead to the corresponding chloroalkoxy radical
(CH3CH2CH2COHCHClC(O)H). The decomposition of the
chloroalkoxy radical leads to the formation of butanal
(CH3CH2CH2C(O)H) and, after further reactions, 2-oxoace-
tyl chloride (ClC(O)C(O)H) and formyl chloride (HC(O)-

Figure 2. Concentration−time profile for T2H and the major
products using [T2H]0 = 4.7 × 1014 molecules cm−3 and [Cl2]0 = 3.9
× 1014 molecules cm−3.

Figure 3. Product yield for butanal.

Figure 4. Proposed mechanisms for the reaction of T2H with a Cl
atom: α-addition (a), β-addition (b), and H-abstraction (c).
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Cl). CO is also formed as a coproduct of formyl chloride. The
second channel leads to the formation of propanal
(CH3CH2C(O)H) and chloromalonaldehyde (HC(O)-
CHClC(O)H), which were not detected.
In Figure 4b, the β-addition mechanism proceeds through

the formation of the CH3CH2CH2CHClCHC(O)H radical,
which can react with O2/RO2 to lead to the
CH3CH2CH2CHClCOHC(O)H radical. This radical may
decompose to lead to the formation of 2-chloropentanal
(CH3CH2CH2CHClC(O)H) and CO, identified by FTIR. As
shown in Figure 4b, the CH3CH2CH2CHClCOHC(O)H
radical may also lead to the formation of glyoxal (C(O)HC-
(O)H), 1-chlorobutanal (CH3CH2CH2C(O)Cl), and chlor-
obutylglyoxal (CH3CH2CH2CHClC(O)C(O)H), which were
not detected in this work, suggesting that either these channels
do not occur or these routes are minor with respect to others.
In Figure 4c, the H-abstraction from the formyl group leads

to the formation of the CH3CH2CH2CH�CHC(O) radical
and HCl, identified by FTIR. In the presence of O2, the
CH3CH2CH2CH�CHC(O) radical may be transformed to
the acylperoxy radical CH3CH2CH2CH�CHC(O)O2, which
produces 2-hexenoic acid (CH3CH2CH2CH�CHC(O)OH)
(identified by GC-MS) and ozone in the presence of HO2. The
CH3CH2CH2CH�CHC(O)O2 radical may also react with
RO2 and produce the CH3CH2CH2CH�CHC(O)O radical,
wh i ch decomposes r ap id l y in to CO2 and the
CH3CH2CH2CH�CH radical. The latter is converted to
CH3CH2CH2CH�CHO2 in the presence of O2 further
reacting with RO2 to generate pentanal CH3CH2CH2CH2C-
(O)H (not identified), butanal CH3CH2CH2C(O)H (identi-
fied by FTIR and GC-MS and quantified by FTIR), and CO
(identified by FTIR).
In the three proposed routes, the RO2 radicals can undergo

autoxidation leading to the formation of peroxides and
hydroperoxides that are highly oxygenated organic molecules
(HOMs). The RO2 autoxidation reaction consists of an
intramolecular H-abstraction or a H-shift, that generates an
alkyl radical, R, with a hydroperoxyl functional group
(−OOH). For example, in the Cl + T2H reaction, the first
RO2 radical formed in Figure 4a can be autoxidized to

CH CH CH CH(OO)CHClC(O)H

CH CH CH CH(OOH)CHClC(O)
3 2 2

3 2 2 (R3)

The CH3CH2CH2CH(OOH)CHClC(O) radical can further
react with O2 to form a new, more oxidized, RO2:

+CH CH CH CH(OOH)CHClC(O) O

CH CH CH CH(OOH)CHClC(O)O
3 2 2 2

3 2 2 2 (R4)

The CH3CH2CH2CH(OOH)CHClC(O)O2 radical will fur-
ther react probably leading to the formation of HOMs. HOMs
are known to condense easily due to their low vapor pressure
and could not be detected in this work but they may contribute
to particle formation.

In the proposed mechanism, since CO is formed from the
three channels, and butanal is part of the α-addition and the H-
abstraction routes, these compounds are not of great help to
quantify the relative contributions of addition and abstraction
channels. On the other hand, HCl and 2-hexenoic acid were
observed only in H-abstraction. However, HCl can also be
issued from other abstraction reactions occurring in the
reactor, and then, its yield may not reflect the one of the T2H
+ Cl reaction alone. The experimental observations, never-
theless, indicate that all three channels should be open.
Although formic acid has been identified in the present work, it
does not appear in the three suggested mechanisms. Therefore,
it is likely that it is generated from secondary processes in the
reactor.
Particle Formation. Particle Size Distribution and Total

Number Concentration. A typical temporal evolution of the
particle size distribution, in terms of normalized particle
number concentrations (dN/dlogDp) is displayed in Figure 5a
for given initial concentrations of T2H and Cl2. In this
example, at t = 2 min, the first particles appeared rapidly
reaching a total number concentration (Np) around 1.4 × 105
particles cm-3 with the maximum at about 70 nm diameter.
From t = 2 min to t = 10 min, the diameter of the maximum
grew from 70 to 143 nm, while Np decreased down to 1.0 ×
105 particles/cm3. Finally, from t = 10 min to t = 40 min (end
of the reaction), Np decreased to 5.4 × 104 particles cm−3, and
the maximum diameter increased up to 221 nm. The

Figure 5. Typical time-dependent size distributions for SOA from T2H + Cl measured by the FMPS in terms of (a) particle number concentrations
and (b) particle mass concentrations, considering a mass density of 1.4 g cm−3. Initial concentrations were 2.7 × 1014 and 6.5 × 1014 molecules
cm−3 for T2H and Cl2, respectively. Time zero corresponds to the start of the reaction. The gray line represents the temporal evolution of the total
(a) number concentration and (b) mass concentration.
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coagulation of small particles explains the particle diameter
growth versus time while the total number of particles
decreases.

Particle Mass Concentrations. A typical temporal evolution
of the normalized mass concentrations (dM/dlogDp) is
displayed in Figure 5b for the same initial concentrations as
Figure 5a. In this example, the mass increase of the particles
started 2 min after initiation of the T2H + Cl reaction. The
mass concentrations of particles (MSOA) reached a plateau after
roughly 30 min of reaction and then started to decrease,
probably due to losses in the system.

SOA Yields. For every experimental initial condition, it is
possible to determine the SOA yield YSOA from the slope of the
MSOA linear increase as a function of the T2H consumption as
illustrated in Figure 6. Such plots were obtained for many

different experimental conditions, and the SOA yields are given
in Table 3 for each situation as well as the initial
concentrations of T2H and Cl2 ([T2H]0 and [Cl2]0), the
reacted T2H (Δ[T2H]), and MSOA,max.
YSOA for the T2H + Cl reaction has been found to range

between 5 and 38%. These values are found to be higher than

the results obtained for the Cl reaction of trans-2-pentenal,
which were in the 1−7% range,25 and trans-2-methyl-2-butenal,
which were between 0.3 and 1.7%.41 SOA yields in the range of
7 to 36%53 were obtained for the reaction of Cl with isoprene
being these SOA yields more similar to the values determined
in the present work for the reaction of Cl with T2H.

Figure 7 shows the plot of YSOA versus MSOA,max, and the fit
of the data using the one-product model from Odum et al.54

(eq 4).

= × ×
+ ×

i
k
jjjjj

y
{
zzzzzY M

K
M K1SOA SOA,max

P

SOA,max P (4)

where α is the mass-based gas-phase stoichiometric coefficient
of a model product, and Kp represents its gas-particle
partitioning equilibrium coefficient. A least-squares regression
on the data gives the following parameters: α = (50.0 ± 13.5)%
and Kp = (1.3 ± 0.7) × 10−3 m3 μg−1. Uncertainties represent
two standard deviations (2σ). α indicates that YSOA tends
toward 50% at very high MSOA values, which is higher than
what was found for a similar reaction, T2P + Cl,25 where α was
10%. On the other hand, Kp could indicate that the
semivolatile species that produce the SOA formation are
mostly in the vapor rather than the condensed phase, which is
similar to what was observed for T2P + Cl (Kp = (6.0 ± 2.7) ×
10−4 m3 μg−1, ref 25). However, it must be noted that many
products result from the oxidation of a VOC, so the parameters
obtained from the fitting to eq 4 allow for easy comparison of
yield curves, but as reported by Cai et al.,55 the fitted
parameters provide no specific information about the real
oxidation products, and ascribing meaning to these is not
recommended.

■ ATMOSPHERIC IMPLICATIONS AND
CONCLUSIONS

As discussed by Jimeńez et al.,21 UV photodissociation of T2H
in the solar actinic region is not a significant degradation
process. Therefore, here we only consider the atmospheric
lifetime (τ) of T2H due to the oxidation reactions with OH,
Cl, O3, and NO3, which was estimated using the following
equation:

=
× [ ]k
1

( Oxi )i Oxi i (5)

where kOxi is the rate constant for the reaction of the
unsaturated aldehyde with the oxidant (i) and [Oxi] is the
averaged atmospheric concentration of the oxidant for two
situations: a global atmosphere and a coastal area. Globally, the
24 h average concentrations considered to estimate τ were:
[OH] = 1 × 106 radicals cm−3,56 [Cl] = 1 × 103 atoms cm−3,57

[O3] = 7 × 1011 molecules cm−3,58 and [NO3] = 2.5 × 108
radicals cm−3.59 The individual atmospheric lifetimes calcu-
lated for every oxidant are summarized in Table 4. Globally,
the depletion of T2H due to the Cl, O3, and NO3 reactions is
negligible, since its individual lifetime is about 37, 10, and 3
days, respectively. As indicated in this table, the oxidation of
T2H by OH reaction dominates the fate of T2H in the
atmosphere with a lifetime τOH of 7 h. The overall lifetime
calculated according to eq 5 is 6 h.

For the estimation of τ in the second scenario, the peak
concentration measured at dawn in the marine boundary layer
and polluted urban regions was used, [Cl] = 1 × 105 atoms

Figure 6. Examples of the produced SOA mass concentration MSOA
from the T2H + Cl reaction as a function of the consumed T2H (all
initial concentrations of T2H and Cl2 are indicated in Table 3).

Table 3. Experimental Conditions and Results Obtained for
the SOA Study

[T2H]0
(10−14

molecules
cm−3)

[Cl2]0 (10−14

molecules
cm−3)

Δ[T2H]
(10−13

molecules
cm−3)

MSOA,max
(10−2 μg
m−3) % YSOA ± 2σ

1.4 1.3 1.1 1.8 5.1 ± 0.8
2.1 2.6 2.3 3.9 9.8 ± 1.1
0.8 2.1 1.7 2.5 10.5 ± 0.4
1.9 3.1 1.6 5.9 13.0 ± 2.4
2.2 4.3 2.0 7.1 15.3 ± 1.0
2.3 3.8 1.3 3.6 16.9 ± 1.4
2.2 5 1.7 7.0 20.7 ± 5.5
2.7 6.5 1.0 4.9 27.7 ± 4.8
2.5 6 2.5 15.3 29.9 ± 4.2
2.1 4.9 0.71 6.6 31.0 ± 4.6
1.2 5.7 1.7 15.7 31.1 ± 5.8
2.0 7.2 1.4 12.9 33.1 ± 2.8
1.1 4.0 0.7 5.2 33.1 ± 7.5
1.6 6.8 2.1 14.9 37.5 ± 4.4
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cm−3.60 In this specific situation, τCl‑high is 9 h. Therefore, the
T2H + Cl reaction becomes competitive with the OH reaction,
since at dawn, where the solar flux is very low, the OH
concentration is on the order of magnitude of Cl atoms, 105
radicals cm−3.58 The overall lifetime is 7 h in a chlorine
enhanced concentration zone, with contributions of 10 and
77% of OH and Cl, respectively. Removal of T2H by NO3 and
O3 are 10 and 3%, respectively, under this circumstance.
Regarding the impact of the T2H + Cl reaction on air

quality, it may contribute to the local formation of secondary
pollutants leading to the emission of free radicals (for example
HO2 was formed from the α, β-addition, and the H-abstraction
pathways) in the atmosphere. In the absence of NOx, as
reported for the first time in the present work, the T2H + Cl
reaction may significantly contribute to the harmful SOA
formed (yields of up to 38%). This study was carried under
NOx-free conditions; however, further studies are required to
evaluate the contribution of NOx to the atmospheric
degradation of unsaturated aldehydes.
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Figure 7. Plot of YSOA as a function of MSOA,max for the reaction between T2H and Cl according to the one-product model developed by Odum et
al.54 (eq 4).

Table 4. Estimated Atmospheric Lifetimes of T2H toward Atmospheric Oxidants (Cl, O3, NO3, and OH)

kCl (10−10 molecule−1

cm3 s−1)
τCl‑high
(h)

τCl‑low
(days)

kO3 (10−18 molecule−1

cm3 s−1)
τO3

(days)
kNO3 (10−14 molecule−1

cm3 s−1)
τNO3
(days)

kOH (10−11 molecule−1

cm3 s−1)
τOH
(h)

3.17 ± 0.72a 9 37 1.66b 10 1.71c 3c 3.88d 7d

aThis work. bAverage of Atkinson et al.,23 Grosjean et al.,28 Kalalian et al.,29 and Grira et al.25 (Table S3). cAverage of Grosjean et al.,30 Cabañas et
al.,31 Zhao et al.,32 Kerdouci et al.,33 and Rayez et al.34 (Table S3). dAverage of Grosjean et al.,30 Atkinson et al.,23 Albaladejo et al.,35 Davis et al.,22

Jimeńez et al.21 and Gao et al.20 (Table S3).
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