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ABSTRACT

Kinetic studies of the reaction of ethyl glycolate HOCH2C(O)OCH2CH3 with OH radicals (kog) and Cl atoms (k¢p)
have been conducted by the relative method using a glass atmospheric reactor by “in situ” Fourier Transform
Infrared (FTIR) and Gas Chromatography equipped with flame ionization detection by Solid Phase Micro
Extraction (GC-FID/SPME) at room temperature and atmospheric pressure. The following relative rate co-
efficients were determined using several reference compounds and two different techniques: kgg - on-rrir = (4.36
+1.21) x 1072 kg + on.gerp= (3.90 £ 0.74) x 107'% and kg - cr.ec.rp= (6.40 + 0.72) x 107! all values in
units of cm®.molecule !.s™!. Complementary product studies were performed under comparable conditions to
the kinetic tests, in order to identify the reaction products and to postulate their tropospheric oxidation mech-
anisms. The reaction of OH radicals and CI atoms with ethy] glycolate initiates via H-atom abstraction from alkyl
groups of the molecule. Formic acid was positively identified as a reaction product by FTIR. On the other hand,
formaldehyde, acetaldehyde, glycolic acid; and formic acid were identified by the GC-MS technique. The
Structure-Activity Relationship, (SAR) calculations were also implemented to estimate the more favorable
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reaction pathways and compare them with the products identified. Tropospheric lifetimes of 1oy = 34 h and 1|
= 5.5 days were estimated to determine how these investigated reactions might affect the air quality. In this
sense, average ozone production of [O3] = 0.75 and a Photochemical Ozone Creation Potential, POCP, of 38 were
calculated for the hydroxyl ester studied.

1. Introduction

Ethyl glycolate (EG), is used for the preparation of agrochemical and
medicinal compounds as well as raw and intermediate materials in
organic synthesis, pharmaceutical products, and dyes (Sigma-Aldrich, n.
d.). When released into the atmosphere, its climatic fate is determined
mainly by chemical transformation or solar photolysis. This compound
could react with oxidizing agents present in the troposphere, such as OH
radicals, Cl atoms, NO3 radicals, and O3 molecules (Atkinson, 2007). The
OH radicals are the main cleaning oxidant in the lower atmosphere and
are thus the dominant sink for many Volatile Organic Compounds
(VOCs). However, several recent studies have reported evidence for Cl
chemistry. In marine, coastal, and other zones close to contaminant
sources, the amount of Cl atoms could reach concentration levels that
make reactions with VOCs competitive with the OH radicals reactions
(Faxon et al., 2013; Peng et al., 2022; Thornton et al., 2010).

Several significant environmental challenges are currently the focus
of atmospheric chemistry research. To assess the possible environmental
impact of EG emissions, it is important to understand its atmospheric
chemistry. Therefore, as a part of a thorough investigation into the ki-
netics and products of EG atmospheric reactions, and to increase the
knowledge on the gas phase kinetics of EG, we present in this work the
relative rate coefficients for the reaction of Cl atoms and OH radicals
using in situ spectroscopy (FTIR) and gas chromatography (GC-FID) as
analytical techniques as follows:

HOCH,C(0)OCH,CH; + OH—Products k; (9]

HOCH,C(O)OCH,CHj; + Cl—Products k, (2)

As far as we are aware, the rate coefficients for reactions between OH
radicals and Cl atoms with EG have not been previously reported.
However, a number of esters, including hydrogenated, unsaturated,
and/or halogenated, have undergone extensive studies over the past few
decades by many different research groups (Blanco et al., 2009; Blanco
and Teruel, 2007). For example, smaller methyl esters are the main
components of biodiesel. It is important to comprehend how chemicals
behave and degrade in order to develop alternative fuels and replace
fossil fuels (Lam et al,, 2012). There are also acrylates, which are
employed in the plastic and polymer industries. Since these substances
are widely released, it has become vital to research any potential effects
on the quality of the air and water (Blanco et al., 2009). Finally, fluo-
rinated esters (FESs) have been observed in the troposphere. These FESs
are derived through the interactions of hydrofluorinated ethers (HFEs)
with atmospheric oxidants, which are used as replacements of chloro-
fluorocarbons (CFCs) as refrigerants. The reason for studying FESs is to
assess environmental acceptability of HFEs (Blanco and Teruel, 2007).
In general, the degradation of saturated esters begun by OH radicals or
Cl atoms occurs via H-atom abstraction from alkyl groups to form alkyl
radicals. In atmospheric conditions, alkyl radicals and oxygen react to
generate peroxy radicals. The produced peroxy radicals may react with
other peroxy radicals to produce alkoxy radicals. These can follow
several routes including decomposition, reaction with Oy; and/or a-ester
rearrangement followed by a C-C rupture to form a carboxylic acid
(Blanco et al., 2016; Orlando and Tyndall, 2012; Tuazon et al., 1998).
Investigations for hydroxy esters such as glycolates are sparse. Kinetic
data is only available for methyl and ethyl lactates (Kwok et al., 1996).
Hence, the interest in understanding the atmospheric chemistry of this
compound.

As a result, the kinetic data provided represents the initial

assessments of the title reactions. Through comparison with other hy-
drogenated esters, kinetic results are explained in terms of reactivity
trends and structure activity relationships (SARs).

On the other hand, product studies using the GC-MS technique under
atmospheric conditions for reactions 1 and 2 were performed and their
atmospheric degradation paths are proposed.

To evaluate the potential effects of the studied reactions on the at-
mosphere, the atmospheric lifetimes of the EG were estimated, taking
into account the experimental rate coefficients obtained in this work.
Also, local environmental impacts are investigated by estimating the
POCP, and the average ozone production [Os] of the EG.

2. Methods and materials

Rate coefficients were obtained using two photochambers with
different analytical techniques, in situ, FTIR spectroscopy, and SPME-
GC-FID.

2.1. Kinetics studies

The experimental set-up consisted of 480 L and 405 L Pyrex glass
atmospheric simulation chambers surrounded by low-pressure mercury
vapor lamps mounted in parallel. These lamps provide UV-Vis radiation
with a 4 maximum of around 254 nm and 360 nm. The chambers are
composed of a cylindrical borosilicate glass vessel operated at a
maximum pressure of (760 + 10) Torr and (298 + 5) K. The system is
evacuated by a pumping system consisting of a turbo-molecular pump
backed by a double-stage rotary fore pump to 10> Torr. A detailed
description of the chambers can be found in the work published by
(Barnes et al., 1994).

The 480 L chamber is coupled to an in situ Thermo Nicolet Nexus
FTIR spectrometer brand equipped with a liquid Nitrogen-Cooled Mer-
cury—Cadmium-Telluride (MCT) detector with an IR spectral range of
4000-700 cm ™! and a support system for multiple reflection mirrors of
type “White” with a base length of (48.11 + 0.01) m. The mirrors allow
reactions to be carried out at low concentrations due to the system
causing many reflections inside the reactor which increases the effective
optical path length.

The 405 L chamber is coupled to a gas chromatograph equipped with
flame ionization detector (GC-FID) Shimadzu GC-2014B, using an Rtx-5
capillary column (fused silica G27, 30 m x 0.25 mm 0.25 pm) using
SPME.

The rate coefficients for the reaction of EG with OH radicals and Cl
atoms were determined using the relative kinetic technique, with
reference compounds having well-established rate coefficients (Finlay-
son-Pitts and Jr, 1999). Therefore, inside the chambers, the EG and the
reference compound reacts competitively with the oxidants as follow:

EG + X—Products 3

Reference + X—Products ()]

OH radicals were generated by photolysis of HyO at 254 nm as
follows:

H,0, + ho (A — 254 nm) — 20H (5)

Cl atoms were generated by UV photolysis of oxalyl chloride
(CICOCOC) and/or Cly

Cl, +ho (A —360 nm) — 2CI (6)
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CIC(0)C(0)Cl+ho (A — 254 nm) — 2CI + 2CO @

Considering that reactions (3) and (4) are the only reactions that
consume the compounds, it is possible to determine the relative rate
coefficient of the reactions of interest as:

o] e o]

t

where [Ref]y, [Refl;, [EG]g, and [EG]; are the concentrations of the
reference and EG compounds at times t = 0 and t, respectively. Plots of
equation (8) should yield straight lines with a slope kgg/kref.

The mixtures of the EG and reference compounds with the several
oxidant precursors in air or nitrogen were stable in the dark when left in
the chamber for 1 h. In the absence of UV light, this was of negligible
importance over the time used in these experiments.

Additionally, to test for possible photolysis of the reactants used,
mixtures of the EG in air in the absence of oxidants were irradiated for
several minutes using the germicidal lamps surrounding the chamber.
For EG a decrease in the signal was observed with the exposure time to
radiation. To correct this loss, the correction for wall loss and photolysis
of the compound was performed.

2.2. Products study by FTIR and GC-MS

Product studies of the reactions of EG with OH radicals or Cl atoms
were carried out using the same experimental conditions as in the ki-
netic studies. Mixtures of EG/oxidant/air were irradiated with fluores-
cent lamps. Two analytical techniques were employed for product
identification, in situ FTIR spectroscopy and GC-MS.

In the case of in situ FTIR with the residual spectrum, when possible,
reaction product identification and quantification were performed by
comparison with calibrated reference spectra stored in the IR spectral
database of the laboratories.

Additionally, the product mixtures were monitored by gas chroma-
tography coupled to mass detector in a GC-MS VARIAN Saturn 2200
with column (HP-5MS Agilent 30 m x 0.25 mm 0.25 pm). Gas samples
were removed from the chamber with a gray fiber using two sampling
methods: 1) The SPME (DVB/CAR/PDMS - Divinylbenzene/Carboxen/
Poly-dimethylsiloxane 50/30 pm) is exposed for 10 min to the gas re-
action by the pre-concentration method followed by the injection into
the GC-MS for 2 min at 180 °C. 2) Concentration by SPME followed
derivatization with O-((perfluorobenzyl) methyl) hydroxylamine
(PFBHA). For this, the microfiber was exposed for 1 min for headspace
extraction to the derivatizing agent solution; further, the SPME covered
with PFBHA was exposed to the chamber with the gas reaction for 3 min,
and followed by the injection into the GC-MS at 220 °C.

2.3. Materials

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%), Cly (Messer
Griesheim, 2.8), ethyl glycolate (Sigma-Aldrich, 98%), ethylene (Sigma-
Aldrich, >99.5%), dimethyl ether (Sigma-Aldrich, 99%), Z-1,2-
dichloroethylene (Sigma-Aldrich, 97%), trichloroethylene (Supelco,
98%), and cyclopentane (Thermo Scientific Chemicals, 95%).

The initial concentrations (in ppm) used in the experiments were 1
(in FTIR) and 6 (in GC-FID) for EG, 2.4 for ethylene, 2.4 for dimethyl
ether, 8 for Z-1,2- dichloroethylene, 7 for trichloroethylene, and 6.5 for
cyclopentane. (1 ppm = 2.46 x 10'% molecule cm > at 298 K and 760
Torr of total pressure).

The reactants were monitored at the following absorption fre-
quencies in the infrared spectra (em™1): EG at 1100; ethene at 950; and
dimethy] ether at 1178.
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3. Results and discussion
3.1. Kinetics
The relative method (equation (8)) was used to calculate the relative

rate coefficient of EG with OH radicals and Cl atoms using the following
reference reactions:

FTIR C,H,; + OH—Products 9
FTIR C,H¢O + OH—Products (10)
GC — FID C,HCIl;+OH — Products a1
GC — FID C5H10+-OH — Products 12)
GC — FID Z — C,H,Cl,+Cl — Products 13)
GC — FID C,HCl;+Cl - Products 14

where ko (Atkinson et al., 1997a)= (9.00 + 0.30) x 107'% ki
(Bonard et al., 2002)= (2.77 + 0.07) x 10’12; k11 (Atkinson et al.,
1997b) = (2.23 £ 0.10) x 107'2; k;5 (Atkinson, 2003)= (4.93 %+ 0.05)
x 1072 k;3 (Atkinson and Aschmann, 1987)= (9.65 + 0.10) x 1071}
k14 (Atkinson and Aschmann, 1987)= (8.08 & 0.10) x 10~ All the k
values are in units of cm®.molecule !.s71.
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Fig. 1. Kinetic data for the reaction of EG with OH radicals obtained at 298 K
and atmospheric pressure with (a) FTIR technique using ethene (R1 [] and R2
W) and dimethyl ether (R1 o and R2 @) and (b) GC-FID technique using
trichloroethylene (R1 [], R2 M, and R3 o) and cyclopentane (R1 a, R2 A\, and
R3 @) as reference compounds. R = replica.
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At least two experiments were conducted to determine the rate co-
efficients for the reaction under study with two oxidants. Fig. 1 shows
the plots In [EG]o/[EG]; versus In [Reference]y/Reference]; of two or
three examples for each reference in reaction with OH radicals. Trace (a)
shows the plots obtained by the FTIR technique developed using Ny and
Trace (b) shows the plots obtained by the GC-FID technique conducted
using synthetic air. All plots show linearity of the straight lines obtained,
with correlation coefficients close to 1 and nearly zero intercepts, indi-
cating that secondary reactions are negligible.

Fig. 2 shows plots obtained for the reaction of EG with Cl atoms.
Trace (a) shows the three reproduction plots obtained using trichloro-
ethylene as reference compound and trace (b) shows the plots obtained
using Z-1,2- dichloroethylene as reference compound (see Fig. 3).

Table 1 shows the rate coefficient for each reference, the rate coef-
ficient ratios (kgg/Kreference) Obtained for each measurement with two
techniques and for both oxidants, and the corresponding rate coefficient
in absolute terms. These rate coefficient ratios are each from the average
of two or three measurements, and in some cases, with a variation of the
initial concentration. There is a good agreement between the outcomes
obtained using several reference compounds.

The recommended values for the rate coefficient with OH radicals
and Cl atoms after averaging are the following:

kec + on-rrir = (436 £ 1.21) x 1072 cm® molecule ! s~

kG + on-Ge-rip= (3.90 £ 0.74) x 1072 cm®.molecule s ™!

kG + croerip= (640 £ 0.72) x 107" cm®molecule ™ .s7!
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Fig. 2. Kinetic data for the reaction of EG with Cl atoms obtained at 298 K and
atmospheric pressure with the GC-FID technique using (a) trichloroethylene
(R1 [, R2 W and R3 o) (b) and Z-1,2-dichloroethylene (R1 a4, R2 A\ and R3 @)
as reference compounds. R = replica.
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The errors that are shown are twice the standard deviation that the
straight lines’ least squares fit yields, along with the associated reference
rate coefficient error.

Infrared spectroscopy in situ and gas chromatography with sample
extraction by SPME are two separate detection methods, but it has been
found that the values of the rate coefficients of reactions with OH rad-
icals are very similar within the experimental error. The rate coefficient
of the EG reaction with both oxidants were determined for the first time
in the current study.

Nevertheless, the rate coefficient for the reaction of OH with EG has
been estimated using the US EPA AOPWIN program (US EPA, 2015)
founded on the SAR method explained by Kwok and Atkinson (1995).
Using this method, the calculated OH rate coefficient was 2.81 x 1072
em®molecule 1.s™!. This value is a factor of 1.47 lower than the
respective average experimental value (4.13 + 0.97) x 10712 cm®.
molecule .s71. The discrepancy between experimental and predicted k
is due to different factors that the theoretical methods do not consider
(Poutsma, 2013).

The SAR method was used to evaluate the expected rate coefficients
for the reaction between EG and Cl atoms. This method was initially
designed to investigate the reactions of alkanes with Cl atoms, but it has
since been improved to account for other functional groups in more
complex compounds (Ifang et al., 2015). This method includes esti-
mating the rate coefficient for H-abstraction atoms from the groups
—CHs, —CH», and >CH- of the hydroxy ester from the interaction of Cl
atoms with alkanes and using that information to get the overall rate
coefficient (Farrugia et al., 2015).

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

k (CH3-X) = kprim F(X); k (X-CHa-Y) = kgee F(X) F(Y); k (X-CH-Y(Z)) = kjers F
(X) F(Y) F(Z)

Where, kprim = 3.32, ksec = 8.34, keere = 6.09 all k in units of ( x 107!
cm3.molecule’l.s’l). F(X) F(Y) F(Z) are the moieties factors of the
substituent groups X, Y and Z, respectively (Aschmann and Atkinson,
1995). The SAR values were calculated using the available substituent
factors reported in many studies. This is compiled in Table 2.

The SAR value for the reaction of EG with Cl atoms has been esti-
mated as: 4.35 x 107! em®molecule 157! using the data listed in
Table 2 with a similar procedure as the SAR estimations of the OH
radical reaction. The expected and experimental values of k have a good
agreement, within the experimental errors.

3.1.1. Reactivity trends

Table 3 shows the rate coefficients for the reactions of OH and Cl
with hydrogenated esters, hydroxy esters, and hydroxy ketones that
were reported in the literature as well as the rate coefficient investigated
in this work, in order to study reactivity trends and evaluate how the
functional groups, alcohol (-OH) and ester (-C(O)O-) affect the reac-
tivity of EG in reaction with OH radicals and CI atoms.

The main pathway by which esters and ketones react with OH rad-
icals or Cl atoms is by H-atom abstraction from the C-H bonds of the
alkyl groups. According to (Mellouki et al., 2003), the H-atom abstrac-
tion from the OH moiety in alcohols is less favorable at room tempera-
ture, considering the thermochemical data available for methanol: D
(H-CH,OH)~ 92 kcal mol ! and D (CH30-H) ~ 104 kcal mol L.

Table 3 shows the comparison of the rate coefficient for the reactions
of EG, towards OH radicals in units of cm3.molecule’1.s’1, (4.13 £+
0.97) x 107'2, and Cl atoms, (6.40 + 0.72) x 10™*!, with the kinetic
data for the reactions of the hydrogenated ester, ethyl acetate, (CH3C(O)
OCH,CHj3), with both oxidants, kop=(1.54 + 0.22) x 107'? and
ka=(1.76 £+ 0.22) x 1071, The substitution of the (OH-) moiety by an
H-atom in the structure results in a significant decrease in the reactivity
of these compounds on its reaction with OH radicals and Cl atoms. The
decrease is around 2.6 times for OH and 3.6 times for Cl. The increase in
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Fig. 3. IR spectra of the mixture EG/H,05/air a) before and b) after irradiation; IR reference spectra of c) formic acid; and d) residual spectrum obtained after

subtraction of features belonging to EG, formic acid, CO,, and CO.

Table 1

Rate Coefficient Ratios kgg/Kreference and Rate Coefficients for the Reactions of OH radicals and Cl atoms with EG using different reference compounds at (298 + 5) K in

960 mbar of pressure.

Kphotolysis EG X S~ Technique Reference Kreference X 102 kizG/Kreference kgg x 10
cm?®.molecule!.s7!
Ethyl Glycolate 5.31 x 1073 FTIR CoHy 9.00 £ 0.30 0.50 £+ 0.05 4.41 £0.97
HOCH,C(0)OCH,CH; 0.49 + 0.08 4.47 £0.72
+ CoHgO 2.77 £ 0.07 1.56 + 0.04 4.33 £0.22
OH 1.53 £ 0.16 4.24 £+ 0.56
Average 4.36 + 1.21
227 x 1072 GC-FID C,HCl3 2.23 £ 0.10 1.75 + 0.10 3.90 + 0.39
1.73 £ 0.09 3.86 £ 0.37
1.77 £ 0.04 3.94 £ 0.30
CsHio 4.93 £ 0.05 0.78 + 0.04 3.84 + 0.23
0.79 £+ 0.04 3.90 £ 0.23
0.78 £+ 0.05 3.88 £0.24
Average 3.90 + 0.74
Kphotolysis EG X 8 Technique Reference Kreference X 10! kiG/Kreference krg x 10!
em® molecule 57!
Ethyl Glycolate 2.27 x 1073 GC-FID CoHCly 8.08 £ 0.10 0.83 £ 0.03 6.71 + 0.33
HOCH,C(O)OCH,CH3 0.81 + 0.03 6.55 + 0.57
+ 0.80 + 0.04 6.46 £+ 0.40
Cl Z-CoH,Cly 9.65 £ 0.10 0.64 + 0.02 6.18 £ 0.45
0.65 + 0.01 6.27 + 0.65
0.65 + 0.02 6.27 £ 0.74
Average 6.40 + 0.72
a similar analysis can be performed. OH has a higher activation effect
g:;le 2 divity factors for th " ith Cl at compared to CHs. As a result, the methyl substituent makes the rate
roup reactivi actors 1or the reaction wi atoms. “ o .
group y coefficient of ethyl propionate (CH3CH2C(O)OCH2CH3), ko =(2.14 +
Substituent Factor Reference 0.21) x 107'2 and kg =(3.76 + 0.35) x 10~!1, higher than the rate
(-CHs) 1 Aschmann and Atkinson (1995) coefficient of ethyl acetate, (CH3C(O)OCH>CH3s), which has an H-atom.
(-CHy) 0.79 On the other hand, if the ester group (-COO-) is replaced by the keto
E:C(%%R; 8'(1)26 gf“"g et “ll' ((22;)01 95)) group (—-CO-) with the same number of carbons, it is possible to compare
- X ing et al. . . . . .
(OH) 118 Calvert et al. (2011) the kinetic data for the reaction of OH radicals with the compound 1-hy-

the reactivity of OH substituents compounds has been explained in terms
of the decrease in the C-H bond strength of the carbon atom attached to
the OH group (Calvert et al., 2011). The available kinetic data from
Table 3 further demonstrate that if the (OH- group) is replaced by a CHs,

droxy-2-butanone, (OHCH,C(O)CH,CHj3), with the data obtained for
EG. There is a substantial increase in reactivity for 1-hydroxy-2-buta-
none, koy = (7.70 + 1.70) x 10712, compared to the studied ester.
This fact is explained due to the stabilizing resonance delocalization in
the ester, ketones are more reactive than esters. Compared to the
carbonyl carbon in a ketone, the ester carbonyl carbon is a stronger
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Table 3

Chemosphere 339 (2023) 139726

Comparison of the rate coefficients of several esters and ketone in reaction with OH radicals and Cl atoms at 298 K.

Compound Structure kou x 10" em® molecule .51 ka x 10! ecm®.molecule 157! ko SAR x 107'2 cm®.molecule 157!
Ethyl glycolate o) (4.13 + 0.97) (6.40 + 0.72) 2.81
no
o
Ethyl propionate O (2.14 + 0.21) (3.76 + 0.35)" 2.12
\)l\o/\
Ethyl acetate (@) (1.54 + 0.22)° (1.76 £ 0.22)° 1.70
n
o/\
1-hydroxy-2-butanone (7.70 + 1.70)° - 3.83

(0]
HO\)J\/
2 (Andersen et al., 2012).

b (Cheramangalath Balan and Rajakumar, 2018).
¢ (Andersen et al., 2011).
d (Aschmann et al., 2000).

nucleophile and less vulnerable to nucleophilic attack (Moloney, 2015;
Board, 2023).

3.2. Products

In order to determine the oxidation products, mixtures of EG and
either molecular chlorine or hydrogen peroxide in air were photolyzed.
Similar conditions to those of the kinetic experiments were used for
these experiments. All of the studies were conducted to around 50% of
consumption of the original ester concentration.

The atmospheric degradation reaction of hydrogenated esters
including EG, by Cl atoms or OH radicals, is initiated by H-atoms
abstraction from the alkyl groups of the molecule. The stability of the
alkyl radical produced after the abstraction process determines the
distribution of the products, with the reactivity trend being as follows:
CH > CH2>CHjs (Lin and March 2001). Estimations made by SAR for EG
indicated that the abstraction of H-atoms will be 55% at —-CH,—, 38% at
OHCHjy- and 6% at —CHj. These percentages obtained suggested that
secondary carbons will be the primary source of H-atom abstraction.

Figs. 2 and 3 shows the IR spectrum of the mixture of EG with HyO5
in air prior to irradiation with the UV lamps, and after the radiation.
Additionally, it shows the IR reference spectra of the identified products,
formic acid, and the residual spectrum after subtraction of the spectral
features of EG, formic acid, CO,, and CO. It is observed in the residual
spectrum that there are some overlapping absorption bands; this could
consider the presence of some compound that has not been identified
such as esters, ketones and/or hydroxy esters.

Complementary experiments using GC-MS were conducted to iden-
tify the reaction products of EG with Cl atoms. The identified products,
glycolic and formic acid were identified in the experiments using the
sampling method (1). While the products identified as formaldehyde
and acetaldehyde were identified with the sampling method (2), it
involved exposing the SPME (DVB/CAR/PDMS) microfiber in the
PFBHA before exposing it to the gas reaction in the Pyrex chamber.
PFBHA reacts with short aldehydes to produce PFBHA carbonyl oximes.
The PFBHA carbonyl oximes detected were: formaldehyde oxime, o-
[(pentafluorobenzyl) methyl]; and acetaldehyde oxime, o-[(penta-
fluorobenzyl) methyl].

Fig. 4 shows the chromatograms obtained before and after reaction
of EG with Cl atoms in air as the bath gas, where EG was observed at a
retention time of 4.77 min. Additionally, in Fig. 4, are shown the
characteristic fragments (m/z) of 4 main products at the following
retention times: formaldehyde at 9.87 min, acetaldehyde at 12.35 min,
formic acid at 3.44 min, and glycolic acid at 5.51 min.

The following products, with the corresponding (m/z) ratios and the

percentage of coincidence (match), were identified: formaldehyde = 47,
61, 81, 99, 117, 131, 161, 167, 181, and 225 with a match = 98%;
acetaldehyde = 58, 81, 99, 117, 131, 161, 167, 181, and 209 with a
match = 97%; formic acid = 17, 29,30, 44, and 46 with a match = 86%;
and glycolic acid = 31, 49, and 76 with a match = 93%; All of these
fragments m/z are characteristic of these identified compounds (“NIST
Standard Reference Database 1A,” 2014). Formaldehyde and acetalde-
hyde were identified by their corresponding oximes.

Taking into account the products identified and the SAR estimations
of the reactive sites of the EG, we postulate a degradation mechanism
with two possible channels in Scheme 1.

Scheme 1 shows the possible reaction pathways that can be devel-
oped in the reaction of atmospheric oxidants with EG via H-atoms
abstraction at the -CHy- in channel A and OHCH,- in channel B.

In channel A, the H-atoms abstraction from —CHy— produces the alkyl
radical HOCH,C(O)OC®HCH3;, followed by O2 addition to form the
peroxy radicals HOCHZC(O)OHC(OO.)CHg with further alkoxy radicals
formation (HOCH2C(O)OHC(O®)CH3). These HOCH,C(O)OHC(O®)CH;
radicals can follow different reaction pathways: 1) reaction with O5 to
produce the polyfunctional compound acetic 2-hydroxy acetic anhy-
dride, HOCH3C(O)OHC(O)CHs; 2) decomposition, with a C-O bond
cleavage generating a stable product, acetaldehyde CH3C(O)H and
HOCH,C(0)O® radicals. Further, this radical will be decarboxylated to
form CO, and the OH(®)CH, radical. The OH(®)CH, radicals will form
formic acid in the presence of oxygen, and peroxy radicals. 3) can un-
dergo an o-ester rearrangement followed by a C-O scission, which oc-
curs in cases where the H-atom abstraction takes place at the carbon
attached to the non-carbonyl oxygen of the ester groups to form a car-
boxylic acid (Tuazon et al., 1998). Glycolic acid was successfully iden-
tified. The ®C(O)CH; radicals will produce carbon dioxide, CO, and
formaldehyde HC(O)H.

On the other hand, channel B shows the H-atoms abstraction from
the OHCH,— moiety. This H abstraction generates the HOC®HC(O)
OCH,CH3 radicals. These radicals can lead the formation of an alkoxy
radical HO(O®)CHC(O)OCH,CH3 by Oy addition. These radicals can
follow two different reaction pathways: 1) They can react with Oy to
produce 2-ethoxy-2-oxoacetic acid (HO(O)CC(O)OCH2CH3) and HO-0®
radical, or 2) can undergo a C-C bond cleavage to give formic acid and
.C(O)OCHchg radicals. These .C(O)OCHZCH;,» radicals will produce
carbon dioxide and acetaldehyde.

According to the SAR estimations, channel A will be the main reac-
tion pathway (55%), followed by channel B (38%). Abstraction from
CHj3 group will be a minor pathway that accounts only 6%. Unfortu-
nately, we could not compare with products yields due to the scant
reference products we had in our laboratory. In order to elucidate this, it
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Fig. 4. GC-MS chromatogram of mixtures of EG + Cl on air obtained before and after photolysis, where products were observed. Mass spectra were obtained for
formaldehyde, acetaldehyde by their corresponding oximes, and glycolic acid.

is necessary to perform additional product experiments to quantify the reaction of EG with Cl atoms and OH radicals. Hence, this is the first

yields of the products observed at different conditions, eg presence or reported product distribution study of the reactions above.

absence of NOx coupled with theoretical studies. The product distribution obtained by two different analytical tech-
As far as we know there are no previous product studies of the niques, and the mechanism postulated, is in agreement with the
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Scheme 1. Mechanism of the OH radical, or Cl-atoms, initiating the oxidation of EG via H-abstraction. Products identified in full line and unidentified products in

dotted line.

pathways for the OH and Cl initiated degradation of other esters pre-
viously reported (Blanco and Teruel, 2007; Christensen et al., 2000;
Ifang et al., 2015; Tuazon et al., 1998).

4. Atmospheric chemistry implications

The oxidation processes initiated by tropospheric oxidants such as
OH radicals, Cl atoms, O3 molecules, or NO3 radicals can be used to
calculate the residence time (t) of a particular VOC in the troposphere.
Using the rate coefficients determined of this work and average tropo-
spheric oxidant concentrations, the tropospheric residence time is
calculated through the expression T = 1/kgg x [Oxidants], where [OH]
(Hein et al., 1997) = 2.0 x 10° radicals.cm™> and [Cl] (Wingenter et al.,
1996) = 3.3 £ 1.1 x 10* atoms cm 3. Table 4 shows the estimated
values of tropospheric residence times of Tog = 34 h, and t¢; = 5.5 days.

With both radical lifetimes for EG being only a few hours or days, it is
expected that this compound will be rapidly eliminated from the at-
mosphere near its source of emission with limited transport and with a
local and regional impact. For all we know, there is no published kinetic

Table 4
Atmospheric implications of EG in the atmosphere.
Reaction Kaverage (em®.molecule ™. T [05]" POCP"
s ppm
Ethyl Glycolate + (4.13 + 0.97) x 1072 34h 0.75 38

OH
Ethyl Glycolate + (6.40 + 0.72) x 10~ 1 5.5
a days

Reference compounds.
# [03] Ethene = 3.30 ppm;.
b POCP-Ethene =100.

data for this compound in reaction with O3 molecules and NOj3 radicals
in the literature. Based on reported values for the rate coefficient for the
reactions of ethyl acetate and ethyl propionate with NO3 radicals, (1.3

+ 0.3) and (3.3 + 0.4) x 1077 e¢m3.molecule 1.s7! (Langer et al.,
1993), it could be expected that by EG the rate coefficient should be in
that order of magnitude with negligible contribution to the removal for
reaction with NOgs radicals. In earlier experiments, EG showed a
decrease brought on by photolysis and wall loss. Therefore, the removal
of EG from the atmosphere may play a significant role in the process of
solar radiation-induced degradation.

According to atmospheric lifetime estimated, EG has a minor impact
on stratospheric ozone depletion. In emission areas, this compound will
probably contribute to the creation of tropospheric ozone. To evaluate
the potential consequences that the EG emission has, the POCP, was
calculated using the modeling method given by (Jenkin et al., 2017),
with the following equation:

POCP=(AXys XxRxSxF)4+P+Rp;-Q (15)
where: A, vs, R, and S are principal parameters for all VOCs; F, P, RO3,
and Q are parameters used for specific compounds, and which take
default values of 1 for F or 0 for P, RO3 and Q. The parameter A is a
multiplier, and vys is a variable connected to the VOC’s structure. (Jenkin
et al., 2017) The POCP for EG is calculated in relation to ethene, which is
given the value 100. The estimated POCP value for EG was 38. This
value indicated that the degradation of EG could have a moderate or low
contribution to the production of photochemical smog. This value can be
supported by calculating the average production of [O3] during the re-
action of VOCs with OH radicals using the method reported by (Dash
and Rajakumar, 2013) with equation (16).
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In the presented equation, 16 n’ is the maximum possible ozone
molecules that can be produced from one molecule of VOC based on the
number of nC + nH atoms present in that molecule, k, is the rate coef-
ficient, and (OH) is the global weighted-average OH radical concentra-
tion. The average ozone production during the reaction of EG with OH
radicals was estimated to be 0.75 ppm, about 20% below the value for
the reference used, ethene, of 3.30 ppm. As a result, EG has a small
contribution to ozone production in the troposphere.

The degradation of EG in the troposphere with OH radicals or Cl
atoms leaves some reaction products such as glycolic acid, formic acid,
formaldehyde, acetaldehyde, CO,, and CO.

The atmospheric photochemistry and air quality are significantly
influenced by formaldehyde, a common carbonyl molecule such as
acetaldehyde. The oxidation of formaldehyde is the main source of OH
radicals (Ling et al., 2017), which can therefore be precursors of ozone
molecules (Long et al., 2022), and Particulate Matter 2.5 (Li et al.,
2020). Additionally, this compound is classified as a human carcinogen
(Ling et al., 2017).

Formic acid has not been classified as a dangerous chemical or a
polluting agent in the air by the Environmental Protection Agency (EPA)
(Cheremisinoff and Rosenfeld, n.d.).

5. Conclusions

There are no previous kinetic and products distribution data for the
reactions of OH radicals and Cl atoms with EG in atmospheric condi-
tions. Therefore, this work presents the first data for the gas-phase
degradation reaction of the mentioned hydroxy ester initiated by at-
mospheric oxidants.

It has been observed that using two analytical techniques, the
infrared spectroscopy in situ and gas chromatography with sample
extraction by SPME similar values were obtained, within the experi-
mental error, for the rate coefficient of reactions with OH radicals with
EG that gives confidence to the present recommended kinetics results of
our work.

Esters reactivity is significantly reduced when the (OH-) moiety is
changed out for an H-atom or a CHz moiety in their structure due to OH
having a higher activation effect compared to CH3 and H atoms.

Formic acid was successfully identified as product reaction by FTIR.
While, formaldehyde, acetaldehyde, glycolic acid and formic acid were
identified as products reaction by GC-MS using two sampling methods,
with and without derivatizing agent. Oxidation of EG initiated by Cl
atoms or OH radicals; occur via H-atoms abstraction from the alkyl
groups of the molecule with two possible channels of degradation. The
fate of alkoxy radicals could include decomposition, reaction with Og;
and/or a-ester rearrangement.

The tropospheric resident time were estimated for both oxidants, the
values found are tog = 34 h, and t¢ = 5.5 days. The concentration of Cl
atoms could produce competitive reactions with the OH radical initiated
degradation.

The estimated POCP value indicated that the degradation of EG does
not contribute significantly to the photochemical smog production.
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