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Environmental significance

OH and Cl radicals initiated oxidation of amyl
acetate under atmospheric conditions: kinetics,
products and mechanisms

Vianni G. Straccia C.,> Maria B. Blanco® and Mariano A. Teruel ® *@

The relative rate coefficients of the gas-phase reaction of amyl acetate, (AA), CH3COO(CH,)4CHs with OH
radicals and Cl atoms were determined at (298 + 2) K and 1000 mbar of pressure. The experiments were
developed in two different atmospheric Pyrex chambers coupled with “in situ” Fourier Transform Infrared
(FTIR) spectroscopy and Gas Chromatography equipped with flame ionization detection (GC-FID). The rate
coefficients obtained from the average of different experiments were (in units of cm® molecule™ s7):
Kapsom-Frir = (6.00 & 0.96) x 1072 kanron-ae-rp = (6.37 £ 1.50) x 1072 and kaascrce-rp = (135 £ 0.14) x
107, Additionally, product studies were completed for the Cl-initiated oxidation of AA, in similar conditions
of the kinetic experiments by Gas Chromatography coupled with a mass detector (GC-MS) with Solid Phase
Micro Extraction (SPME). Acetic acid, formaldehyde, acetaldehyde, propionaldehyde, and butyraldehyde were
the main products identified. Complementary Structure Activity Relationships (SAR) were developed to
compare with the experimental kinetic results and to clarify the individual reactivity sites of the ester. The
atmospheric oxidation pathways of the AA are postulated and discussed taking into account the observed
products and the SAR estimations. The initial pathway for the degradation of AA initiated by Cl atoms and OH
radicals occurs via H-atom abstraction at —C(O)OCH,— (C1); —CH,—- (C2); —CH,— (C3); and —CH,CHz— (C4)
moieties. The atmospheric implications of the reactions studied were evaluated by the estimation of their
tropospheric lifetimes toward OH radicals and Cl atoms to be: 1o = 22 and 1, = 62 hours. Consequently,
the estimated average ozone production ([Os] = 2.15) suggests a potential contribution of these compounds
emission to the formation of photochemical smog. On the other hand, the Photochemical Ozone Creation
Potential (POCP) for AA was calculated to be POCP = 70.2. A moderate risk of photochemical smog
production suggests that this ester could be harmful to the health and the biota in urban environments.

Reactivity information, SAR estimations and free energy relationships, together with a detailed understanding of products and atmospheric pathways, is

necessary for a thorough assessment of the atmospheric impact of saturated esters to the air. In this study, the rate coefficients of the amyl acetate oxidation,
initiated by Cl atoms and OH radicals, were determined under quasi-real atmospheric conditions using different experimental methodology. The atmospheric

lifetime of the saturated ester studied determines their contribution to the average ozone production. Furthermore, small aldehydes such as formaldehyde,
acetaldehyde, propionaldehyde and butyraldehyde are products reaction and secondary pollutants, could affect air quality and other environmental

compartments. Aldehydes, as highly reactive compounds in the atmosphere, can contribute to the atmospheric oxidation capacity as well as to the formation of
tropospheric ozone and other photooxidants of the photochemical smog.

1 Introduction

natural sources. Numerous VOCs can undergo photochemical
reactions that result in the creation of ozone and other harmful

The atmosphere is filled with Volatile Organic Compounds
(VOCs), which are released from several anthropogenic or
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byproducts when combined with sunlight radiation and
molecular oxygen. These VOCs react with hydroxyl radicals
(OH), which is the main atmospheric sink and where ozone or
other products are formed. Additionally, other atmospheric
oxidants, including Cl atoms, NO; radicals, and O; molecules
could react with these VOCs."

Acetates are a type of VOCs that are extensively utilized in
various industrial procedures, primarily as solvents and in the
production of fragrances and flavors. In nature, vegetation also
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generates these substances.> AA is used as a cosmetic product,
mainly in nail polishes, enamels, and lacquer. Additionally, it
serves as a solvent in nail enamel remover and employed in
inks, adhesives or thinners.?

The atmospheric oxidation of AA, which is most likely to be
initiated by OH radicals or Cl atoms, may have an impact on the
production of ozone and other photochemical smog byproducts
in urban areas.

To assess the effects of anthropogenic and biological factors
on air quality, it is necessary to combine kinetic data with
mechanistic information about the overall oxidation process at
atmospheric pressure and room temperature.

In the present work, we present relative rate coefficient data
for the reactions of the OH radical and Cl atoms with AA at (298
+ 52) K and 1000 mbar of pressure, using in situ FTIR spec-
troscopy and GC-FID, as analytical techniques. In addition,
product studies and SAR estimations were developed for the
first time for the Cl-initiated oxidation of AA to postulate the
atmospheric chemical mechanism of this ester at NO,-free
conditions.

The atmospheric lifetimes of AA were calculated using the
experimental rate coefficients determined in this work to assess
the potential consequences of the studied reactions on the
atmosphere. The estimation of [O;] and POCP will assess the
local, regional and/or global environmental implications of the
reactions studied.

2 Experimental section

All the experiments were performed in a 405 L and 480 L Pyrex
glass reactors at (298 £ 2) K and 1000 mbar = 1 atmosphere of
pressure. A complete description of the reactor can be found
elsewhere.* and only a brief explanation are given here. The
chamber is composed of a cylindrical borosilicate glass vessel of
1.5 and 3 m. The reactors are surrounded by fluorescence
lamps, which emit at a maximum of 360 nm. The radicals are
produced by the radiation of the lamps. The 405 L reactor is
coupled to a gas chromatograph equipped with flame ionization
detection Shimadzu GC-2014B, using an Rtx-5 capillary column
(fused silica G27, 30 m x 0.25 mm 0.25 um) using SPME as
a sampling method, the gray fiber is composed of
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/
PDMS).

On the other hand, the 480 L reactor is coupled to an in situ
Thermo Nicolet Nexus spectrometer brand equipped with
a liquid nitrogen-cooled Mercury-Cadmium-Telluride (MCT)
detector was used to observe the loss of the reactants, and the
appearance of products. This reactor has a support system for
multiple reflection mirrors type “White”. This system lets many
reflections inside the reactor grow the optical path, which allow
us to work with lower concentrations of few ppm of VOCs of
interest.

Using both reactors with different analytical techniques, the
determination of the rate coefficients were performed by the
relative method. With this method, the rate coefficient of AA
could be determined indirectly from their relationship with the
rate coefficient of a reference reaction. Therefore, AA and the
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reference compounds (ethylene, dimethyl ether, Z2-1,2-
dichloroethylene, and trichloroethylene) react with OH radicals
or Cl atoms competitively as the following:

CH;3;COO(CH,),CH; + OH or Cl — products (1)
Reference compound + OH or Cl — products (2)

OH radicals were generated by photolysis of H,O, at 254 nm
as follows:

H,0, + hv (3254 nm) — 20H (3)

Cl atoms were generated by UV photolysis of oxalyl chloride
(Clcocodl) and/or Cl,

Cl, + hv (A-360 nm) — 2Cl (4)
CIC(0O)C(O)CI + hv (A-254 nm) — 2Cl + 2CO (5)

Considering that reactions (1) and (2) are the only reactions
that consume the reactants, it is possible to determine the
relative rate coefficient of the reactions of interest as:

Ak = f2in ]

(6)
t

where [ref]y, [ref],, [AA]o, and [AA], are the concentrations of the
reference compound and AA at times ¢ = 0 and ¢, respectively.
The slope of plots of eqn (6) is the relationship between the rate
coefficient of the reference compound and AA.

Previous tests were carried out to check that reactions (1) and
(2) were the only ones that occur significantly inside the reactor.
To ensure any reactions between them, the tests involved
combining specified quantities of AA with various reference
compounds. These mixtures were then exposed to the lamps to
check the photolysis of the compound. Furthermore, no reac-
tions between the compounds and radical's precursor in the
dark were detected.

For product studies, mixtures of AA with oxidants in
synthetic air/N, were irradiated; in a similar condition as in the
kinetic study. We used GC-MS to identify the products reaction.
In addition, the products were monitored with a GC-MS VARIAN
Saturn 2200 with column HP-5MS, Agilent (Part 19091S-433) of
30 meters in length, 0.25 mm internal diameter and film
thickness 0.25 pm. The following sampling techniques were
used to take gas samples from the chamber: (a) the SPME was
treated to derivatization using O-((perfluorobenzyl) methyl)
hydroxylamine (PFBHA). For this, the microfiber was exposed
for 2 minutes for headspace extraction to the derivatizing agent
solution. After the SPME covered with PFBHA was exposed to
the chamber with the gas reaction for 5 minutes before being
injected into the GC-MS at 220 °C. (b) The SPME was exposed for
10 minutes to the gas reaction by the pre-concentration method
followed by the injection into the GC-MS for 2 minutes at 180 °
C.

The initial concentrations (in ppm) used in the experiments
were for AA (3) by FTIR and (6) by GC-FID, (2.4) for ethylene,
(2.4) for dimethyl ether, (8) for z-1,2-dichloroethylene, (7) for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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trichloroethylene, (77) for hydrogen peroxide. (1 ppm = 2.46 X
10" molecule cm ™ at 298 K and 760 torr of total pressure).

The chemicals used in the experiments had the following
purities as given by the manufacturer and were used as
supplied: nitrogen (air liquid 99.999%), synthetic air (air liquid,
99.999%), Cl, (Messer Griesheim, 2.8), amyl acetate (Sigma-
Aldrich, =99%), ethylene (Sigma-Aldrich, =99.5%), dimethyl
ether (Sigma-Aldrich, 99%), Z-1,2-dichloroethylene (Sigma-
Aldrich, 97%), trichloroethylene (Supelco, 98%), and hydrogen
peroxide (Interox, 85% w/w).

3 Results and discussion

3.1 Kinetics

The rate coefficients for the reactions studied (1) and (2) were
determined employing eqn (6) with different reference
compounds for each technique as follows:

FTIR C,H, + OH — products (7)
FTIR C,HcO + OH — products (8)
GC-FID C,HCl; + OH — products 9)
GC-FID Z-C,H,ClL,+OH — products (10)
GC-FID Z-C,H,Cl, + Cl — products (11)
GC-FID C,HCl; + Cl — products (12)

where &, (ref. 5) = (9.00 £ 0.30) x 107 "% kg (ref. 6) = (2.77 £
0.07) x 10" ko (ref. 7) = (2.23 & 0.10) x 10 *%; kyq (ref. 8) =
(2.38 £ 0.14) x 107 '2; ky; (ref. 9) = (9.65 + 0.10) x 10 **; ky, (ref.
9) = (8.08 + 0.10) x 10~ ", All the k values are in units of cm®
molecule " s

The rate coefficients for the reaction under study with two
oxidants were determined by the performance of at least two
experiments. Fig. la—c show the plots In[AA]y/[AA]; versus In
[reference]y/[reference]; of two or three samples for each refer-
ence compound for the OH initiated reactions. 1a Shows the
plots obtained by the FTIR technique developed using N, with
ethene and dimethyl ether as reference compounds. 1b and 1c
shows the plots obtained by the GC-FID technique using
synthetic air as a gas bath with trichloroethylene and Z-1,2-
dichloroethylene as reference compounds, respectively.

All plots show linearity of the straight lines obtained, with
correlation coefficients close to 1 and nearly zero intercepts
indicating that secondary reactions are negligible.

Fig. 2 shows plots obtained for the reaction of AA with Cl
atoms. 2a shows the plots of three experiments performed using
trichloroethylene as reference compounds and 2b shows the
plots obtained using Z-1,2-dichloroethylene as reference
compounds.

Table 1 lists the rate coefficients for the reaction of each
reference compound with both oxidants. It also includes the
(kaa/kreference) Tatios obtained from measurements conducted
using both oxidants and techniques, along with the corre-
sponding rate coefficient values in absolute terms. These rate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Kinetic data for the reaction of AA with OH radicals obtained at
298 K and atmospheric pressure with (a) FTIR technique using ethene
(R1 O and R2 M) and dimethyl ether (R1 O and R2 @) and (b) GC-FID
technique using trichloroethylene (R1 [, R2 B, and R3 O) and (c) Z-
1,2-dichloroethylene (R1 A, R2 A, and R3 @) as reference
compounds.

coefficient ratios are each from the average of two or three
measurements. The value of the photolysis rate for AA is also
included. This value was used to correct the final value of the
rate coefficient for each reaction.

Table 1 shows that there is good agreement between the
results obtained using two different simulation chambers, four
different reference compounds and in situ FTIR and GC-FID as
detection methods. The following are the recommended
average rate coefficients:

Environ. Sci.. Atmos., 2023, 3, 1485-1496 | 1487
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Fig. 2 Kinetic data for the reaction of AA with (CIC(O)C(O)Cl) as
precursor of Cl atoms obtained at 298 K and atmospheric pressure
with GC-FID technique using (a) trichloroethylene (R1 (1, R2 M, and
R3 O) and (b) Z-1,2-dichloroethylene (R1 A, R2 A, and R3 @) as
reference compounds.

kaa+ron-rrir = (6.00 £ 0.96) x 107'2 cm® molecule ™! s7!

kaaron-Ge-Fip = (6.37 £ 1.50) x 107'? cm® molecule ! s~

kaasrcrge.rip = (1.35 + 0.14) x 107'° cm® molecule ™! s~

The errors shown are twice the standard deviation that
results from the least-squares fit of the straight lines. The cor-
responding error has also been considered in the reference rate
coefficients of the reaction.

The values of the rate coefficients of reactions with OH
radicals are found to be fairly similar between 2 different
detection techniques, in situ infrared spectroscopy and gas
chromatography with sample extraction by SPME.
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For comparison purposes, the rate coefficient for the reac-
tion of AA with OH radicals was estimated from the Structure-
Activity Relationships (SAR). The rate coefficient calculation
software (US Environmental Protection Agency), AOPWIN™
v.4.11 was used, based on the method developed by Kwok and
Atkinson (1995)."* The rate coefficient calculated for H-
abstraction was 6.02 x 10~ > cm® molecule ' s~ . It is shown
a good concordance between the estimated rate coefficients
values by SAR calculations and the obtained experimentally by
FTIR (6.00 + 0.96) x 10~** cm® molecule™ s™" and by GC-FID
(6.37 £ 1.50) x 10~ ** cm® molecule ' s,

Furthermore, there are previous kinetic data reported for the
reactions of OH radicals with AA, performed with pulsed Laser
Photolysis Laser Induced Fluorescence technique (PLP-LIF),
where it can be possible to compare with our relative determi-
nation in atmospheric conditions. The authors reported the
absolute value? of (7.34 # 0.91) x 10 ** em® molecule ' s™*. On
the other hand, Williams et al. 1993, reported relative values for
the rate coefficient of AA with OH radicals using Gas Chroma-
tography with Flame Ionization Detection” of: (7.53 £ 0.48) x
102 em® molecule ' s™'. Additionally, previous kinetic study
of AA with OH radicals reaction are reported in a doctoral
theses' by Zogka, 2016. In that theses, values of kaarom1,3-
dioxolane= (6.96 £ 0.27) x 10" cm® molecule " s~' and
kaatonsi-pentanoi= (7.61 £+ 0.33) x 10> em® molecule " s,
were determined using relative technique and atmospheric
simulation chamber of Teflon coupled to GC-FID. Although,
there are small differences within the experimental errors, the
agreement between the data obtained in this work by GC-FID
and by in situ FTIR with the previous relative GC-FID and PLP-
LIF values is reasonable, taking into account the experimental
errors of all determinations.

Additionally, the predicted rate coefficient for the reaction of
AA with Cl atoms was also evaluated using the SAR method.
This method was first developed to study how alkanes react with
Cl atoms, but it has been modified to take additional functional
groups in more complex compounds into account." This
method consists of computing the overall rate coefficient based
on the estimation of the rate coefficient for H-abstraction atoms
from the groups -CH;, -CH,- and >CH- for the interaction of Cl
atoms with alkanes."

The group rate coefficients just consider the identity of the
substituents next to the alkyl moiety as follow:

k (CH37X) = kprim F(X),
k (X-CHy-Y) = ke F(X) F(Y),
k (X-CH-Y(2)) = kiers F(X) F(Y) F(Z)

where, kprim = 3.32, ksee = 8.34, ki = 6.09 all k in unit of
(x10™"" em® molecule™ s7"). F(X) F(Y) F(Z) are the moieties
factor of the substituent groups X, Y, and Z, respectively.'® The
SAR values were calculated using the available substituent
factors reported in many studies. Table 2 presents the factor for
each moiety compiled according to the structure of the AA,
CH;COO(CH,),CH.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Rate coefficient ratios kaa/Kreterence: Kphotolysis: Fate coefficients for the reactions of OH radicals and Cl atoms with AA using different

reference compounds at (298 + 2) Kin 760 Torr of pressure

1

Kphotolysis aa X 8 Technique Reference compound Kreference X 10™2 kan/kreference kan X 102 cm® molecule ' s~
AA + OH 5.29 x 10°° FTIR C,H, 9.00 £+ 0.30 0.66 £ 0.04 5.94 + 0.55
0.68 £ 0.02 6.12 £+ 0.39
C,HgO 2.77 £ 0.07 2.15 + 0.16 5.96 + 0.59
2.16 £ 0.07 5.98 + 0.34
Average 6.00 £ 0.96
2.42 x 1073 GC-FID CZHGI3 2.23 £+ 0.10 2.90 £+ 0.18 6.47 £+ 0.69
2.91 £ 0.14 6.49 £ 0.60
2.89 £+ 0.09 6.44 £+ 0.49
Z-C,H,Cl, 2.38 £0.14 2.59 + 0.10 6.16 £+ 0.60
2.67 £ 0.14 6.36 £+ 0.70
2.65 + 0.11 6.31 £ 0.63
Average 6.37 £ 1.50
photolysis aa X 8! Technique Reference compound Kreference X 10M kan/kreference kan x 10'° cm® molecule ' s *
AA + Cl 2.27 x 1073 GC-FID C,HCl; 8.08 £+ 0.10 1.82 £ 0.02 1.47 £+ 0.03
1.63 £ 0.06 1.32 £+ 0.07
1.71 £ 0.05 1.38 £+ 0.06
Z-C,H,Cl, 9.65 £+ 0.10 1.36 £ 0.06 1.31 £ 0.07
1.34 £+ 0.04 1.28 £+ 0.05
1.37 £ 0.05 1.32 £+ 0.06
Average 1.35+0.14

From the data presented in Table 2 the following SAR value
for the reaction of AA with Cl atoms has been estimated: 2.05 x
10~"° em® molecule " s, It should be observed that the esti-
mated rate coefficients value and the experimentally measured
of (1.35 & 0.14) x 10~"° em® molecule ™" s™" are close consid-
ering the experimental error.

Moreover, there are previous kinetic data reported by Zogka,
2016 (ref. 13) for the reactions of AA with Cl atoms. Values re-
ported were kaa.cin-pentane= (2.07 £ 0.04) x 10 '* em® mole-
cule™ s and kaarciributano= (2:13 + 0.03) x 107" cm?®
molecule ' s™'. The values reported by us could be slightly
lower than those reported by Zogka. However, there is another
value reported by Ifang et al 2015. The rate coefficient
informed™ of (1.790 =+ 0.153) x 10 *° cm® molecule * s™* is
also in agreement with the value reported in this work.

A previous reaction trend reported by Atkinson 1986 (ref. **)
for acetates pointed out that the rate coefficient for the reaction
of acetates with OH radicals increases with the length of the
carbon chain. The following rate coefficient values have been
reported in several studies: CH;C(O)OCH3, kimethyl acetateror)’” =
3.5 x 10 "% CH3C(O)OCH,CHg, K(ethyl acetaterom™ = 1.73 x 10 %
CH;C(0)OCH,CH,CH3, kppropyl acetatesom)® = 1.97 x 107 '%

Table 2 SAR group reactivity factors for the reaction with Cl atoms

Substituent Factor (CI) Ref.

(-C(O)OR) 0.12 Ifang et al., 2015 (ref. 14)
(RC(0)O-) 0.066 Xing et al., 2009 (ref. 17)
(-CH3) 1 Aschmann and Atkinson'®
(-CH,-) 0.79

© 2023 The Author(s). Published by the Royal Society of Chemistry

CH,;C(0)OCH,CH,CH,CH;, Kputyl acetaterom® = 5.20 x 107 '%
CH;C(0)OCH,CH,CH,CH,CHs, kiaa+0H)-average this work = 6.19 X
10~*? all the k values are in units of cm® molecule * s~*. That is
the kop increase with the number of secondary (CH,) and tertiary
(C-H) bonds. On the other hand, there is a similar trend for the
reactions of acetates with Cl atoms. Several research have re-
ported the corresponding rate coefficient values for the Cl atoms
as follows: CH3C(O)OCH;, kimethyl acetatercn® = 2.20 x 107 '%
CH,;C(O)OCH,CHs, Kpethyl acetatercn™ = 1.71 x 107" CH,C(O)
OCH,CH,CHj, k(propyl acetaterc)'* = 7.70 x 10~ '"; CH;C(O)OCHS,-
CH,CH,CH;, kputyl acetaterc))® = 1.20 x 107'% CH3C(O)OCH,-
CH,CH,CHCHs, Kiaa+cl)-average this work = 1.35 % 107'%, all
the k values are in units of cm® molecule ' s . Similar to the
reaction with OH radicals, the rate coefficient for the reaction of
acetates with Cl atoms increases with the length of the carbon
chain. The values obtained in this work are consistent with the
trend reported. There is the first experimental kinetic study of the
reaction of AA with CI atoms using the relative kinetic technique
in a photoreactor coupled to FTIR spectrometers.™

3.2 Free energy relationships

Several studies found a linear relationship between the rate
coefficients of different compounds in reaction with OH radi-
cals and Cl atoms.>** In this study, Table 3 shows a relationship
between koy and kc; of several esters and ketones reported
previously in the literature, including the kinetic data for AA
from the present determination. The relationship between the
rate coefficients for the reactions of OH radicals and Cl atoms is
presented in Fig. 3 where a significant correlation is estab-
lished. The data from Fig. 3 are subjected to a least-squares
analysis, which produces the following expression:
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Table 3 Comparison between ko and k¢, of a series of esters and ketones, together with the kinetic data for AA obtained in this work, at (296 +

2) K

Compound ke (em® molecule™ s7) Ref. Cl kou (cm® molecule™ s7) Ref. OH
Methyl acetate 2.20 x 10~ *? 23 3.20 x 10" 2

Ethyl acetate 1.71 x 107" 14 1.67 x 102 2
Propyl acetate 7.70 x 10~ 14 3.42 x 107" 2

Butyl acetate 1.20 x 107° 14 5.52 x 107 2

Amyl acetate 1.35 x 107 This work 6.19 x 107 ' This work
Methyl butanoate 4.77 x 107" 26 3.29 x 10 ** 26
Methyl pentanoate 7.84 x 101 26 5.02 x 102 26
Methyl-2-methyl-butanoate 9.41 x 107" 26 3.78 x 107 26
Methyl propanoate 1.68 x 10 14 8.30 x 107 27
Ethyl propanoate 419 x 107" 14 2.14 x 107** 28
Propyl propanoate 9.84 x 10" 14 4.40 x 107" 29
Ethyl butyrate 1.00 x 107'° 29 5.70 x 1072 29
Methyl isobutyrate 420 x 107" 29 2.00 x 10~ 29
2-Pentanone 1.11 x 10 30 4.74 x 1077 31
3-Pentanone 8.10 x 107" 30 1.85 x 10 ** 31
2-Hexanone 1.88 x 107° 30 9.16 x 107" 31
3-Hexanone 1.43 x 10 30 6.96 x 10 ' 31
Butanone 4.04 x 107 30 1.04 x 107 32

log kon = 1.1294 log k¢y — 0.0123 (2 = 0.99) (13)

There is a direct relationship between the rate coefficients
for both oxidants as it can be seen in the free energy plot for the
various oxygenated compounds.

The good quality of the correlation between the reaction rate
coefficients of OH radicals and CI atoms is such that an esti-
mation of the rate coefficients can be made for reactions which
have not yet been investigated. In addition, this correlation
shows that the degradation mechanism initiated by the Cl
atoms is similar that OH radicals, i.e., by the abstraction of the
H atoms.

3.3. Products studies

Mixtures of AA with molecular chlorine in air were photolyzed to
identify the oxidation products. These experiments were

-13

Methyl isobutyrate
* Butanone

\

—~ Methyl propanoate
\ A

3-Pentanone \

N \

Propyl acetate \\ '\

Methyl-2-methyl- k

butanoate ~~~

Propyl propanoate =====

o Ethyl acetate

Ethyl propanoate
Methyl butanoate

2-Pentanone

. Methyl pentanoate
- Ethyl butyrate

Log kon

3-Hexanone =

. I‘, B\utyl acetate
- '
2-Hexanone Amyl acetate b -10.5
L -10
Log kg,

Fig. 3 Free energy plots log(kop) vs. loglkc) for the reactions with Cl
and OH of esters and ketones reported in previous work together with
the AA studied in this work (Table 3).
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conducted under similar conditions to the kinetic experiments.
Approximately 50% of consumption the original ester concen-
tration was used in the development of each study.

The atmospheric degradation of saturated esters with
atmospheric oxidants is initiated by H-atoms abstraction from
the alkyl groups CH; CH,; and/or CH;. This produces alkyl
radicals with the following stability trend* being CH > CH, >
CH;. The abstraction of H-atoms will be based on SAR esti-
mated probability as follows; 0.7% at -CH3C(0)O-; 30% at -
C(O)OCH,- (C,); 23% at ~CH,- (C,); 23% at ~CH,- (C;); 19% at -
CH,CH;- (C4); and 3% at -CHj; (Cs). These probabilities ob-
tained from SAR estimation proposed that there will be several
routes and secondary carbons will be the main pathway of H-
atom abstraction.

GC-MS studies were developed to identify the end products
of the chemical reaction between AA and Cl atoms. The SPME
(DVB/CAR/PDMS) microfiber was exposed in the PFBHA before
being exposed to the gas reaction in the Pyrex chamber. The
products, formaldehyde, acetaldehyde, propionaldehyde, and
butyraldehyde were positively identified as carbonyl oximes due
to the reaction with the PFBHA (see Fig. 4 and 5). The following
carbonyl oximes were found: formaldehyde oxime, o-[(penta-
fluorobenzyl) methyl]; acetaldehyde oxime, o-[(penta-
fluorobenzyl)  methyl];  propionaldehyde  oxime, o-
[(pentafluorobenzyl) methyl]; and butyraldehyde oxime, o-
[(perfluorobenzyl) methyl]. Acetic acid was found without deri-
vatizing on the experiments by the pre-concentration method.

The mixture was photolyzed using air as bath gas and AA was
detected at a retention time of 4.6 min with the matching (m/z)
ratios of 43, 55, 70, 87 and 115 (see Fig. 4 and 5). The particular
fragments (m/z) of the main products at the successive retention
times and the percentage of coincidence (match) are also shown
in Fig. 5: formaldehyde at 11.7 min, (m/z): 47, 61, 81, 99, 117,
131, 161, 167, 181, and 225, with a match = 97%; acetaldehyde
at 12.9 min, (m/z): 58, 81, 99, 117, 131, 161, 167, 181, 209, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 GC-MS chromatogram of mixture of (AA + Cl,) on air, before and after photolysis.
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Fig. 5 Products observed and the mass spectra for formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde and acetic acid.
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239, with a match = 90%; propionaldehyde at 13.2 min, (m/z):
44, 54, 72, 99, 117, 131, 161, 167, 181, 203, 236, and 253, with
a match = 95%; butyraldehyde at 14 min, (m/z): 41, 55, 69, 86,
117, 131, 161, 167, 181, 207, 222, 239, and 267, with a match =
92%; and acetic acid at 10.3 min, (m/z): 29, 36, 40, 43, 45, 56, 60,
and 61, with a match = 92%. All of these fragments m/z are
characteristic of these identified compounds.**

We postulate a degradation mechanism in Schemes 1 and 2
with four potential pathways, taking into account the products
found and the SAR estimations of the reactive sites of AA.

Scheme 1 shows that the reaction between Cl atoms and AA
can occur via H-atom abstraction at the -C(O)OCH,-, (C;), in
channel A and from -CH,- (C,) in channel B.

From channel A, the H-atoms abstraction from C,; produces
the alkyl radical CH;C(O)OC(")H(CH,);CH; followed by O, addi-
tion to form the peroxy radicals CH;C(O)OC(OO")H(CH,);CH;
with further alkoxy radicals formation (CH;C(O)OC(O")
H(CH,);CHj3). These CH;C(O)OC(O")H(CH,);CH; radicals can
follow two different reaction pathways: (1) decomposition, with
a C;-C, bond cleavage producing a stable product, acetic formic
anhydride, CH;C(O)OC(O)H, and °‘CH,CH,CH,CH; radicals.
Further, these radicals will react with O, to form peroxy radicals
eventually forming butyraldehyde, which was positively identi-
fied. (2) Can go through o-ester rearrangement and then a C-O
scission, which occurred when the H-atom abstraction is from
the carbon linked to the non-carbonyl oxygen to produce
a carboxylic acid and the corresponding radical coproduct. Acetic

@] A o
SO
O
o -HCI 0% O %
2
0O, + 2RO+ 2RO,
)(i 9\/\/ a-ester arrangement [ O- -H-O ]
—_—— ]
o )\ok/\/
C1-C2 cleavage l
OH O
/-\O/"\/\/
oo
l)k b+ ' C-O cleavage
<C..Ql
O, o 1, o
ZRC')z —T—> 0, +2RO )LOH .K/\/
HO-O*1— O o
2
O, + 2RO + 2RO,
i 2
(0] O)J\/\/

+,/\/

2RO, 3 0, + 2RO
HO-O 0,

I

View Article Online

Paper

acid was identified. The "C(O)(CH,)sCHj; radicals react with O, to
lead carbon dioxide and ‘CH,CH,CH,CH; radicals. These radi-
cals will finally form butyraldehyde.

On the other hand, channel B shows the H-atoms abstraction
from the -CH,- (C,). This H abstraction generates the alkyl
radical CH;C(O)OCH,C(-)HCH,CH,CH; followed by O, addi-
tion to form the peroxy radicals CH3;C(O)OCH,C(OO’)HCH,-
CH,CH; and the corresponding alkoxy radical, CH3C(O)
OCH,C(O)HCH,CH,CH3. These alkoxy radicals can suffer
scission. If the scission occurs between C;-C,, butyraldehyde,
CHOCH,CH,CHj; is produced together with CH;C(O)OC(")H,
radicals. These radicals react with O, followed by C;-O cleavage
to produce formaldehyde and CO,. In contrast, if the scission
occurs between C,-Cj, 2-oxoethyl acetate, CH;C(O)OCH,C(O) is
produced with ‘CH,CH,CHj; radicals as coproduct. The ‘CH,-
CH,CH; radicals will form, propionaldehyde, CHOCH,CHj.

Additionally, Scheme 2 shows two possible pathways. If the H-
atoms abstraction is on the -CH,- (Cs), channel C, produced the
radical CH3C(O)OCH,CH,C( )HCH,CHj followed by O, addition
to form the alkoxy radical CH;C(O)OCH,CH,C(O")HCH,CHa.
These radicals can suffer scission. If the scission occurs between
C,-C; it is formed propionaldehyde, CHOCH,CHj3, and CH;C(O)
OCH,C(")H, radicals. These radicals will produce formaldehyde,
CH,O, and CO,. If the scission occurs between C;-C, will
produce the stable compound CH;C(O)OCH,CH,C(O)H, 2-0x0-2-
(3-oxopropoxy)ethan-1-ylium, and ‘CH,CH; radicals. The ethyl
radicals produce acetaldehyde, CHOCH;.
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Scheme 1 Mechanism of Cl-atoms initiated oxidation of AA via H-abstraction from C; (channel A) and C, (channel B). Products identified in full

line and unidentified products in dotted line.
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If the H-atoms abstraction is on the -CH,- (C,), (channel D),
will form the radical CH;C(O)OCH,CH,CH,C(')HCH; followed
by O, addition to form the alkoxy radical CH;C(O)OCH,CH,-
CH,C(O’)HCH;. These radicals can undergo a cleavage between
C;-C, to lead to a stable compound, acetaldehyde, CHOCH3;,
and CH3C(O)OCH,CH,C(')H, radicals. These radicals could
decompose to form formaldehyde and other radicals that will
produce formaldehyde and CO,.

The SAR calculations predict that channel A will be the
primary reaction pathway (30%), followed by channels B and C
(23%). Further studies will be necessary in order to quantify the
product yields at various conditions, such as the presence or
absence of NO,, together with molecular theoretical research, in
order to fully clarify the oxidation mechanism in different
atmospheric scenarios.

As far as we are aware, no previous investigations have been
performed concerning the products of AA and Cl atoms or with
other tropospheric oxidants. Consequently, this is the first
product distribution analysis of the mentioned reactions. The
obtained product distribution and the proposed mechanism are
consistent with the previously described pathways for the OH
and Cl-initiated degradation of other saturated esters.**

4 Atmospheric chemistry
implications

The rate coefficients of oxidation reactions with tropospheric
oxidants such as OH radicals, Cl atoms, O; molecules, or NO;
radicals and the average tropospheric oxidant concentrations

© 2023 The Author(s). Published by the Royal Society of Chemistry

can be used to calculate the tropospheric residence time (z) by
the expression t = 1/kss x [oxidants]. Where [OH] is 2.0 x 10°
radicals cm* for about 12 hours (ref. 36) and [Cl] is (3.3 + 1.1)
x 10* atoms cm > for 24 hours.*”

From Table 4, the values estimated are 1oy = 22, and 7¢; = 62
hours. The short lifetime for AA in the range of just over a few
hours implies that the emission of this compound is likely to be
removed rapidly in the gas phase close to its source of emission.

Unfortunately, there are no kinetic data available in the
literature for the reactions of this compound with O; molecules,
and NOj; radicals with AA. Propyl acetate reacts with NO; with
a rate coefficient of (5.0 £ 2.0) x 10~"” cm® molecule " s~*
according to reported data.*® It may be predicted that the rate
coefficient for AA should be on that order of magnitude with
very small contribution as atmospheric sink of this ester by
reaction with NO; radicals. AA was stable to actinic radiation
according to previous photolysis investigations carried out
before the kinetics experiments. These studies also did not
demonstrate a significant decrease in the signals of the FTIR.

Due to the atmospheric lifetime, AA will probably contribute
to ozone formation in local emission areas. For this reason, the
POCP, was estimated using the modeling technique described
by Jenkin et al., 2017, with eqn (14), to evaluate the possible
contribution of AA to the POCP.

POCP=(A X ys X Rx Sx F)+ P+ Ro, — Q (14)
where, 4, v, R, and S are core parameters used for all VOCs, F, P,
Ro, and Q are parameters used for specific groups of
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Table 4 Atmospheric implications of AA

Reaction  Kayerage cm® molecule *s™* ¢ (h) [0s]* (ppm) POCP?
AA+OH (6.19 +1.23) x 10712 22 215 70.2
AA+Cl (1.35+£0.14) x 107 62

“ Reference compounds: CH, = CH, = 3.30 ppm. ” Reference

compounds: CH, = CH, = 100.

compounds, and which otherwise take default values of 1 for F
or 0 for P, R, and Q. The parameter A is a multiplier and vs is
a variable connected to the VOC's structure.

With this method, the POCPs* of VOCs are calculated in
relation to ethane, which is given a value of 100. The estimated
POCP value for AA is 70.2. It can be observed that, in compar-
ison to ethane as a reference compound, AA has significant risk
of contributing to photochemical smog. Furthermore, using the
reported*® Dash et al., 2013 eqn (15), it was estimated the [O3]
during the reaction of VOCs with OH radicals.

0. — n' [k, (OH)*
* 7 4.6[2.7 x 105 — k(OH)]

(15)

[ — e—1,24><10”’/k.,,(OH)
2.7 x 107

1
X <ka(OH) -

where ' is the maximum possible ozone molecules that can be
produced from one molecule of VOC based on the number of n¢
+ ny atoms present in that molecule, k, is the rate coefficient,
and (OH) is the global weighted-average OH radical concentra-
tion. The average ozone production during the reaction of AA
with OH radicals was estimated to be 2.15 ppm. This value can
be compared with of ethene value, 3.30 ppm. Due to the close
values, the degradation of AA could have a negative impact on
human health since it will increase the tropospheric ozone.
The release of AA into the atmosphere can contribute to the
overall chemical composition of the air. In small quantities, it is
unlikely to have a significant impact on air quality. However, if
large amounts of AA are released, either from industrial
processes, it can contribute to the formation of secondary
pollutants such as ozone or particulate matter. AA can degrade
in the atmosphere to produce a number of VOCs with different
impacts on the troposphere and the surface of the planet.
Small aldehydes, such as formaldehyde (CH,O) and acetal-
dehyde (CH3;CHO), can have atmospheric implications due to
their reactivity. These aldehydes are highly reactive compounds
in the atmosphere. They can participate in photochemical
reactions, reacting with other atmospheric constituents such as
hydroxyl radicals (OH) and nitrogen oxides (NO,).*"* These
reactions can contribute to the formation of secondary pollut-
ants, including peroxyacetyl nitrates (PANs) and ozone (Oj3),
which can impact on air quality. Both formaldehyde and acet-
aldehyde are known to contribute to the formation of ground-
level ozone, which are a harmful pollutant and a component
of smog. They can also contribute to the formation of secondary
organic aerosols, which have implications for air quality and
human health. Formaldehyde is classified as a human

1494 | Environ. Sci.: Atmos., 2023, 3, 1485-1496

View Article Online

Paper

carcinogen by the International Agency for Research on Cancer
(IARC),* and it can cause respiratory irritation and other health
issues. Acetaldehyde is a respiratory irritant and is also classi-
fied as a potential carcinogen. For this reason, numerous field
studies are carried out to evaluate the levels of carbonyl VOCs as
main pollutants in the atmosphere of populated cities and their
potential risk to health.*»*

Acetic acid is readily soluble in water, and its fate in the
atmosphere depends on various factors such as temperature,
humidity, and reaction rates. It can undergo oxidation reactions
to form other organic compounds or be scavenged by precipi-
tation and deposited onto the Earth's surface.

5 Conclusions

Once released into the atmosphere, AA can undergo various
chemical reactions. It can be degraded by reactions with hydroxyl
radicals or other oxidizing agents present in the atmosphere. The
exact fate of AA will depend on the specific conditions of the
environment, such as the presence of sunlight, other pollutants,
and the atmospheric concentrations of reactive species.

The residence time of AA is around 22 hours for reaction with
OH radicals and 62 hours in reaction with CI atoms. It would
have a regional and local impact.

The degradation mechanism initiated by the Cl atoms is
similar that OH radicals by H-atoms abstraction from the alkyl
groups followed by O, addition to form the peroxy radicals
further alkoxy radical's formation. The fate of alkoxy radicals
depends on several reaction pathways.

AA can degrade in the atmosphere to produce a number of
VOCs as acetic acid, formaldehyde, acetaldehyde, propio-
naldehyde, and butyraldehyde with different impacts on the
troposphere. Small aldehydes can contribute to produces other
pollutants, such as peroxyacetyl nitrates (PANs) and ozone (O3).

The reaction of OH radicals with AA might have a harmful
effect on human health since it will cause the creation of
a considerable amount of tropospheric ozone and has a signif-
icant risk of contributing to photochemical smog.
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