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ABSTRACT: The kinetics of the reactions of ethylene and propene with oxygen atoms have
been studied over a wide temperature range, T = 230 — 900 K, using a low pressure (P = 1
Torr) flow tube reactor coupled with a quadrupole mass spectrometer: O + C;Hs — products
(1) and O + C3Hg — products (2). The rate constants of the title reactions were determined
under pseudo-first order conditions, either monitoring the kinetics of O-atom or alkene
consumption in excess of alkene or of the oxygen atoms, respectively. The temperature
dependence of the rate constant of the reaction of oxygen atoms with ethylene, k; = 8.64x10™""
T exp(-206/T) cm’molecule™s™ (uncertainty of 20%), was found to be in excellent
agreement with multiple previous data that can be considered as a validation of the
experimental approach. The measurements of the rate constant of the reaction of O atoms with
propene, k, = 3.65x10"* T exp(455/T) em’molecule’s” (uncertainty of 20%), allowed to
harmonize the results of previous low and high temperature measurements and to recommend

the expression for k; in a wide temperature range, 200 - 1200 K.
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INTRODUCTION

Ethylene and propene are important intermediates in the oxidation of methane and larger
hydrocarbons and, hence, are the key species of the kinetic mechanisms in combustion
chemistry [1]. Once formed, they may decompose or react with atoms or radicals (mainly OH,
O, HO;). Reaction with oxygen atoms is one of the dominant degradation pathways of the
alkenes and is an important step in combustion process particularly affecting the profiles of
intermediate species and flame speed. In addition to their importance in combustion, reactions
of alkenes with triplet oxygen are of great fundamental interest as reactions proceeding
through a complex mechanism with a variety of competitive reaction pathways [2,3].

The theoretical and practical interests to reactions of O-atom with ethylene and
propene have initiated an extensive research, experimental and theoretical, of these reactive
systems over the past few decades ([2-4] and references therein). Currently, the rate constants
of the reactions can be considered as more or less well known (especially for O+C,H4
reaction) over a rather wide temperature range extending from atmospheric temperatures to
those in combustion [4]. As for the mechanism of these multichannel reactions, the relative
importance of different reaction pathways has not yet been fully established. Determination of
the primary reaction products and branching ratios for different reaction channels as a
function of temperature remains essential for modeling combustion systems.

One of the ongoing projects in our group is focused on a detailed study of the reactions
of O atoms with olefins, in particular regarding the products of these multichannel reactions.
This work, being a first step of the investigation, deals with the measurements of the rate
constants of the reactions (1) and (2) over an extended temperature range, 230 — 900 K:

O+C,H4 — products (D)

O+C;3H¢ — products 2)
One of the objectives of the study was the testing and validation of the experimental approach
for detection by mass spectrometry with electron impact ionization of low concentrations of
oxygen atoms via their chemical conversion to BrO radicals. For this purpose, the O+C,Hy
reaction with well-known rate constant was chosen as a reference one. As for the reaction of
O atom with propene, the existing kinetic data are scattered by a factor of 1.4+1.7 in the

temperature range covered by previous studies (198 — 1215 K) [4].



EXPERIMENTAL

Experiments were carried out in a discharge flow reactor using a modulated molecular beam
mass spectrometer as the detection method. Two flow reactors were used in the present work.
The first one, used at low temperatures (230 — 313K), consisted of a Pyrex tube (45 cm length
and 2.4 cm i.d.) with a jacket for the thermostated liquid circulation (water or ethanol) [5].
The walls of the reactor as well as of the movable injector of O atoms were coated with

halocarbon wax (HW) in order to minimize their heterogeneous loss.
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Figure 1 Diagram of the flow reactor.
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The second flow reactor, operating at high temperatures (T = 298 — 900 K), consisted of an
electrically heated Quartz tube (45 cm length and 2.4 cm i.d.) with water-cooled extremities
(Fig. 1) [6]. Temperature in the reactor was measured with a K-type thermocouple positioned
in the middle of the reactor in contact with its outer surface. Temperature gradients along the
flow tube measured with a thermocouple inserted in the reactor through the movable injector
was found to be less than 1% [6].

Oxygen atoms were generated from the microwave discharge in O,/He mixtures. Two
methods were used for the detection of oxygen atoms. At high concentrations of O atoms
(experiments in excess of O atoms over C,H4 or C3Hp), they were detected at their parent peak
at m/z=16 (O"). The absolute concentrations of the atoms were determined from the fraction
of O, dissociated in the microwave discharge (A[O;] = 2[O]). At low concentrations of
oxygen atoms (experiments in excess of alkenes over oxygen atoms), another method for their
detection was preferred to the direct one at m/z = 16 due to significant residual signal at this
mass. Br, was added at the end of the reactor through inlet 4 (located 6 cm upstream of the

sampling cone) in order to transform O atoms to BrO detected at m/z=95/97 as BrO":



O +Brn, — BrO + Br 3)

ks = (1.4 -2)x10™"" cm’molecule™s™ (T =300 K) [7,8]
The used concentrations of Br, (~5x10" molecule cm™) were high enough to insure rapid
scavenging of oxygen atoms. The possible impact of the recombination reaction of BrO
radicals (4) can be considered as negligible due to relatively low concentrations of BrO
(initial concentration of oxygen atoms was < 4x10'" molecule cm™):

BrO+BrO — products 4)

ky=1.6x107"2 exp(210/T) cm’molecule's™ over T = 230-390K [9].
Reactions of BrO with C;H4 and CsHg (present in the reactor in high concentrations, Tables I
and II) also have little effect on [BrO], considering the upper limits of the rate constant of

these reactions determined in the present study:

BrO+C,Hs — products &)
ks < 4.5x107'% cm®molecule's™ at T =299 K,
BrO+C;Hy — products (6)

ke < 7.0x107 cm’molecule”’s! at T =299 K.
The possible impact of the reactions of BrO with multiple primary product-radicals of
reaction (1) also appears to be insignificant considering (i) low initial concentrations of
oxygen atoms used in kinetic experiments and (ii) expected rapid trapping of the radicals in
their reactions with Br,.

Absolute calibration of BrO signals was realized by chemical conversion of BrO to
NO; through reaction (7) in excess of NO (inlet 4) with subsequent detection of NO, formed
([BrOJo = [NO2]formed):

BrO+NO — Br + NO, (7)

k; = 8.7x107% exp(260/T) cm’molecule™s™ over T = 220-430K [9].
In this case, BrO was formed through reaction (3) in the movable injector or in the reactor,
Br; being added through inlet 2 or 3, respectively. The absolute concentrations of NO, as well
as of other stable species (Br,, C,Ha, C3Hg) in the reactor were calculated from their flow
rates obtained from the measurements of the pressure drop of their mixtures in He stored in
calibrated volume flasks.

All species, except ethylene, were detected by mass spectrometer at their parent peaks:
m/z= 42 (propene, C;Hg"), 160 (Bry"), 95/97 (BrO"), 46 (NO,"). C,H; was monitored at its
fragment peak m/z= 26 (C,H,") in order to avoid the important contribution at m/z = 28 of N,

traces present in the reactor.



RESULTS AND DISCUSSION

Rate Constants of Reactions (1) and (2).

The rate constants of the title reactions were determined under pseudo-first order conditions
either from kinetics of O-atom consumption in excess of alkene or from alkene decays
monitored in excess of oxygen atoms. In experiments carried out in excess of alkene, the
initial concentration of O atoms was between 2 and 4x10'" molecule cm™ , the concentrations

of olefins are shown in Tables I and I1.

Table I Reaction O + C,H, = products: Summary of the Measurements of the Rate Constant

T (K) Numbe.r of [laxcess reactant_]3 . n ki . Reactog
Kinetics (10" molecule cm™) (107 cm” molecule™ s7) surface
230 9 0.35-7.38 0.37 HW
240 7 0.30-3.98 0.43 HW
265 9 0.36-4.34 0.52 HW
300 9 0.30-4.18 0.71 HW
339 10 0.38-8.16 0.95 Q
375 8 0.06-0.51 1.12 Q
409 10 0.14-2.85 1.38 Q
425 6 0.25-1.38 1.59 Q
493 8 0.10-1.84 2.11 Q
522 7 0.08-0.77 2.39 Q
579 10 0.07-1.45 3.11 Q
623 8 0.09-0.50 3.41 o
673 7 0.08-1.12 4.23 Q
776 7 0.07-1.07 5.42 Q
829 7 0.05-0.64 6.18 Q
902 8 0.10-1.51 7.20 Q

& Excess reactant: oxygen atom at T = 375, 522 and 623K, C,H, at all other temperatures
btypical uncertainty on K; is nearly 15%

“HW: halocarbon wax, Q: quartz

Table II Reaction O + C;Hg = products: Summary of the Measurements of the Rate Constant

T (K) Numbgr of [1;33xcess reactant_]3 ] n s k . Reactog
Kinetics (10" molecule cm™) (107 cm” molecule™ s7) surface
230 7 0.91-6.30 4.11 HW
243 8 0.33-5.27 4.01 HW
253 7 0.68-10.2 4.23 HW



265
278
298
313
329
373
422
483
577
711
900

o O O O
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0.24-4.66
0.34-6.85
0.11-5.64
0.22-9.81
0.19-8.16
0.16-6.89
0.15-7.28
0.15-6.03
0.15-6.46
0.14-6.05
0.09-4.55

4.38
4.57
4.65
491
5.03
5.51
6.61
7.24
9.47
12.9
19.0

HW
HW

HW

oo LR

& excess reactant: oxygen atom at T = 243 and 265K, C;Hg at all other temperatures
® typical uncertainty on k; is nearly 15%

“HW: halocarbon wax, Q: quartz

The flow velocity in the reactor was in the range (1070-2650) and (1158-3500) cm s™ in the
study of the reactions (1) and (2), respectively. The concentrations of O and ethylene/propene
were simultaneously measured as a function of reaction time. As a rule, the consumption of
alkenes was negligible as a result of their high excess over oxygen atoms. Examples of O-

atom decays observed at different concentrations of ethylene and propene are shown in Fig. 2

and S1 (Supporting Information), respectively.

Figure 2 Reaction O + C,H,
230 K.
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Figure 3 shows the pseudo-first order rate constant, k;' = kj[C,H4] + Ky, as a function of the
concentration of ethylene. k, represents the rate of O decay in the absence of C,Hy in the
reactor and was measured in separate experiments. Example of the pseudo-first order plots
observed in reaction O+Cs;Hg is shown in Fig. S2 (Supporting Information). All the measured
values of k;' and k,' were corrected for axial and radial diffusion [10] of oxygen atoms. The
diffusion coefficient of O in He was calculated using Dy = 770 Torr em’s ' at T=298K [11]
and assuming T'7’-dependence on temperature. Corrections were generally less than 10%,
and only in a few kinetic runs they were higher, up to 30%. The slopes of the straight lines in
Fig. 3 and S2 give the values of k; and k, at respective temperatures. The intercepts were in
the range (25 + 15) s without a marked dependence on temperature and were always a bit

higher than the corresponding O loss rate measured in the absence of alkene in the reactor.
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Figure 3 Reaction O + C,H,: example of pseudo-first order plots obtained from O decays in excess of C,Hy
at different temperatures.

All the results obtained for k; and k at different temperatures are shown in Table I and
Fig. 4 (black filled circles) and Table II and Fig. 5 (black filled circles), respectively. The
combined uncertainty on the measurements of the rate constants was estimated to be nearly
15%, including statistical error and those on the measurements of the flows, pressure,

temperature and the absolute concentration of alkenes.
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Figure 4 Reaction O + C,H4: summary of the measurements of the temperature dependence of the rate
constant. Error bars correspond to 15 % uncertainty on K;.

100 ~ S
B Reference / T-range (K):
| O Atkinson & Cvetanovic / 298-476 Y% Mahmud & Fontijn / 297-1215
- % Kurylo/201-424 @ This study / excess C3Hg
| \ (O Singleton&Cvetanovic / 298-483 B This study / excess O
< \ Y& Atkinson & Pitts / 298-439 —— Fit to this work
1 -
o \ % Perry /258-861 — = Fit to this work + 20%
'CD i\( Browarzik & Stuhl / 198-368 )
= "’
)
Q P
g
o 10
£ L
o -
~ -
5 [
- -
& F
] 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5

1000/T (K1)

Figure 5 Reaction O + C;H: summary of the measurements of the temperature dependence of the rate
constant. Error bars correspond to 15 % uncertainty on K;.

Secondary Reactions.

Reactions (1) and (2) are multichannel reactions leading to formation of numerous chemically

active products, for instance, CHj;, C,Hs, HCO, CH; radicals [2,3], which can react with



oxygen atoms in secondary reactions. Indeed, the reactions of O-atoms with these species are

known to be very rapid, with a rate constant of ~10"'° cm’molecule’’s™

in the temperature
range of this study [4].

In order to check for the possible impact on the measurements of k, of the secondary
chemistry we have carried out a series of experiments, where the rate of reaction (2) was
measured as a function of initial concentration of oxygen atoms. Experiments were carried out
with a fixed concentration of C3Hg (4.7x 10" molecule cm'3) and O-atom concentration varied
in the range (0.2 — 3.9)x10'* molecule cm™. The pseudo-first order rate constant k' was
observed to be independent of the initial concentration of O for [O]yp < 0.8% 10" molecule cm™
and to increase at higher initial concentrations of oxygen atoms, indicating that the
contribution of the secondary chemistry to O-atom loss under experimental conditions of the
study ([O]o = (0.2-0.4)x10" molecule cm™) is negligible.

Although in kinetic experiments relatively low concentrations of oxygen atoms were used
((2-4)x10"" molecule cm™) and no appreciable effect on k; and k, was observed when [O]o
was varied in this range, we have carried out another series of test-experiments where the
reaction rate constant was measured from decays of C,Hs (C3Hs) in excess of O-atoms, i.e.
under conditions where secondary chemistry can be excluded. In fact, the only likely reaction
which can contribute to secondary C,H4 (CsHg) consumption is the reaction with hydrogen

atoms, which are among the products of reactions (1) and (2) [2,3]:

H + C;H,4 — H, + CoH;3 (8a)
H + CHy (+M) — C,Hs (+M) (8b)
H + C3Hg - H, + CsHs (9a)
H + CsHg (+M) - n-C;H7 (+M) (9b)
H + C3Hg (+M) - iso-CsH7 (+M) (9¢)

Under experimental conditions of the present study (T = 230-900K) both reactions, (8) and
(9), are dominated by the addition channels with the rate constants ks, ~ 10" [4], ko, =
4.15x10°Texp(-1323/T) and ko = 7.04x107°T*'exp(-622/T) cm’molecule’s™ [12].
Experiments were carried out with initial concentration of C,Hy < 102 molecule cm™ ;
accordingly the impact of reactions (8) and (9) could be neglected (under the temperatures of
the experiments).

The measurements of k; from decays of C;H, in excess of O-atoms were carried out at
three temperatures: 375, 522 and 623K. The respective initial concentrations of oxygen atoms

are presented in Table I. Flow velocities in the reactor were in the range 1140-1840 cm s™'.



Consumption of the excess reactant, O-atom (due to its heterogeneous loss, reaction with
C,Hy4 and secondary reactions with products of reaction (1)), was observed to be lower than
10% and mean concentration of the oxygen atoms along the reaction zone was used in the

calculations of k;. The pseudo-first order plots measured from decays of C,Hy4 in excess of O
are shown in Fig. 6. The pseudo-first order rate constants, k' = -d(In[C,H4])/dt = k,[O], were
corrected for the axial and radial diffusion of C;Hy4 [10]. The diffusion coefficient of C,H, in
He, Dy = 375%(T/298)"" Torr em? s, was calculated using Fuller’s method [13]. The
corrections on the measured values of K;' were less than 6%. The final values of k; obtained
from the linear through origin fit to the experimental data (Fig. 6) are presented in Table I and
in Fig. 4 (black filled squares). Similar experiments were conducted for the reaction O+C;Hs
at two temperatures, T = 243 and 265 K. Example of kinetic runs of CsHg consumption in
excess of O-atoms are shown in Fig. S3 (Supporting Information). The pseudo-first order
plots observed at T = 243 and 265 K are demonstrated in Fig. S4 (Supporting Information).
The final data for k, from these experiments are shown in Table II and in Figure 5 (black
filled squares). One can note an excellent agreement between the values of k; and k, obtained
in the present study using two different approaches, which seems to exclude any noticeable

impact of the secondary reactions.
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Figure 6 Reaction O + C,H,: example of pseudo-first order plots obtained from decays of C,H, in excess
of oxygen atoms at different temperatures.
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Comparison with Previous Data.

Figure 4 summarizes the results of temperature dependent studies [14-26] of the rate constant
of reaction (1). One can note good agreement of the results reported by almost all the research
groups. The rate constant data from this study can be represented as three parameter
expression (in cm’molecule™'s™, black line in Figure 4):

ki =8.64x107"" T""% exp(-206/T) at T = (230 — 902) K.

The dashed lines in Fig. 4 correspond to £20% deviation from this expression showing that
practically all existing data fall into this range. Above expression is in good agreement with
the current recommendation for k; (red continuous line in Fig. 4):
ki =2.25x10""7 T"*¥ exp(-92/T) em’molecule™'s™ at T = (220 — 2000) K [4].

The two expressions give practically identical values for k; at T > 300K and slightly diverge at
low temperatures. The good agreement of the present data for k; with those from previous
studies seems to indicate the correctness of the approach employed in the present study for the
detection of small concentration of oxygen atoms.

The results of our measurements of k, are shown in Fig. 5. together with those from
previous studies [14,15,23,24,27-29]. Three parameter fit to the present data (black
continuous line) provides the following expression for the rate constant of O+C3;Hjg reaction:

ks = 3.65x10™"* T**® exp(455/T) cm’molecule's™ at T = (230 — 900) K.

One can note that the most of the previous data (except two earliest studies [14,24]) fall into
the area delimited by black dashed lines which correspond to £20% deviation from the above

expression.

Finally, comparison of the present data with previous work (Fig.4 and 5) seems to show
that the expressions obtained for ki and k; in the present study can be recommended for use in
the temperature range 195-2300 K and 200-1200 K, respectively, with conservative 20%
uncertainty. Concerning the mechanism of the reactions (1) and (2), the branching ratios for
different reaction pathways of these multichannel reactions, which are of great fundamental

and practical interest for combustion modeling, are the subject of our current research.

CONCLUSION

In this work, using two (low and high temperature) flow reactors, we have measured
the rate constants of the reactions of OCP) atoms with ethylene and propene over

extended temperature range, 230 — 900 K. The temperature dependence of the rate

11



constant of the reaction of oxygen atoms with ethylene was found to be in excellent
agreement with multiple previous data for this well-studied reaction that can be
considered as a validation of the experimental approach especially regarding the
detection of low concentrations of oxygen atoms via their chemical conversion to BrO
radicals. The measurements of the rate constant of the reaction of O atoms with
propene allowed to harmonize the results of previous low and high temperature
measurements and to recommend the temperature dependence of the reaction rate

constant in a wide temperature range, 200 - 1200 K.

This study was supported by CAPRYSSES project (ANR-11-LABX-006-01) funded by the French National
Research Agency (ANR) through the PIA (Programme d'Investissement d'Avenir).
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Figure 1S Reaction O + C;Hg: example of the exponential decays of O atoms in excess of propene at T =

711 K.
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