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ABSTRACT: A detailed chemical kinetic model for oxidation of carbonyl sulfide (OCS) has been
developed, based on a critical evaluation of data from the literature. The mechanism has been
validated against experimental results from batch reactors, flow reactors, and shock tubes. The
model predicts satisfactorily oxidation of OCS over a wide range of stoichiometric air-fuel ratios
(0.5 < A < 7.3), temperatures (450—-1700 K), and pressures (0.02-3.0 atm) under dry conditions.
The governing reaction mechanisms are outlined based on calculations with the kinetic model.
The oxidation rate of OCS is controlled by the competition between chain-branching and
-propagating steps; modeling predictions are particularly sensitive to the branching fraction
for the OCS + O reaction to form CO + SO or CO, + S. © 2013 Wiley Periodicals, Inc. Int ]

Chem Kinet 45: 429-439, 2013

INTRODUCTION

Reduced sulfur species such as H,S, carbonyl sulfide
(OCS), and CS, are formed in thermal conversion of
solid fuels such as coal and biomass, and they are
important as reactants or by-products in a number of
industrial processes, such as the recovery of sulfur
from acid gases. Interest in sulfur chemistry in com-
bustion [1], in industrial processes such as the Claus
process [2], and in the atmosphere [3] has lead to ex-
tensive research in sulfur chemistry. Much of the work
has been motivated by emissions and operational issues
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related to the Claus process [2,4—8]. While the thermal
conversion and sulfidation of H,S have received con-
siderable attention [9—15], in fact OCS and CS, can
contribute up to 20% to the sulfur emissions from Claus
plants [6]. Understanding the kinetics of the formation
and consumption of OCS and CS; in the front end of
the Claus process will be a significant step toward re-
ducing the environmental impact of these plants [5].
Despite the research in sulfur chemistry, the detailed
kinetics of the thermal conversion of OCS and CS, are
still in question. The early work was reviewed in 1972
by Cullis and Mulcahy [16]. Significant progress has
been made since then, but the complexities of the sul-
fur chemistry, as well as the experimental challenges
including a high sensitivity toward surfaces, have pre-
vented the establishment of a validated, comprehensive
reaction mechanism for oxidation of reduced sulfur
species.
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The simplest of the reduced sulfur species is OCS.
OCS is formed in gasification of coal [17], in chemical
looping combustion of coal [18], and in biomass py-
rolysis [19]. In the recovery of sulfur from acid gases,
OCS can be formed from oxidation of CS, [4] or from
reaction of H,S with carbon oxides [6]. Thermal de-
composition and oxidation of OCS have been studied
in batch reactors [20-23], flow reactors [4,5,24], shock
tubes [25-34], and laminar premixed flames [35-39].
Detailed chemical kinetic modeling of OCS oxidation
has mostly been limited to shock tube conditions, sim-
ulating ignition delays [28], or atomic S or O pro-
files [29,31-34] in OCS/O,/Ar mixtures.

The objective of the present study is to develop
a detailed chemical kinetic model for oxidation of
OCS. Important kinetic parameters are drawn mostly
from experimental determinations or recent theoreti-
cal work. The resulting model is validated against data
from batch reactors, flow reactors, and shock tubes
from the literature and used to analyze OCS oxidation
pathways and rate-limiting steps over a wide range of
conditions.

DETAILED KINETIC MODEL

In the present study, the starting mechanism and corre-
sponding thermodynamic properties were drawn from
earlier work by the authors on oxidation of CO/H, [40]
and on sulfur chemistry [41-47]. The OCS oxida-
tion subset of the mechanism was developed in the
present work. The thermodynamic properties for se-
lected species in the sulfur subset are shown in Table I.
The data were drawn from the Goos et al. database [48],
except for the properties of OCS,; [49].

Table II lists the key reactions in the OCS oxidation
scheme with the rate coefficients used in the present
work. The full mechanism is available as supplemen-

tal material. The published experimental data on OCS
oxidation are largely obtained under conditions with
at most trace concentrations of water vapor. For this
reason, the important radicals are O, S, and SO, while
chain carriers such as H, OH, HO,, and SH have at
most a minor influence. In industrial processes, how-
ever, OCS is typically formed in gases that also contain
H,S, and we have chosen to include in the mechanism
species and chain carriers involving hydrogen, even
though this part of the model could not be validated.
The formation of carbon sulfides has been disregarded,
since the C=0 bond in OCS is too strong to be broken
under the conditions of interest in this study.

The thermal dissociation of OCS proceeds by S
elimination:

OCS+M=CO+S+M R1)

An Arrhenius plot for the reaction is shown in
Fig. 1. It has been characterized in a number of shock
tube studies [25,26,30,32,34], which are in good agree-
ment. We have adopted the rate constant for (R1) from
the work of Oya et al. [32]. Remarkably, a linear extrap-
olation of the rate constant of Oya et al. (1900-3230
K) to the conditions of the batch reactor work of Part-
ington and Neville [23] (823—-873 K) shows agreement
within a factor of two.

Reactions of OCS with the O/H radical pool have
been studied both experimentally and theoretically.
The rate constant for the reaction with atomic hydrogen

OCS+H=CO+SH R2)

has been measured at low temperatures by Rommel and
Schiff [60], Tsunashima et al. [61], and Lee et al. [62],
and at high temperatures (1170-1830 K) by Woiki and
Roth [63]. In addition, the reaction has been studied
theoretically by Rice et al. [64] and very recently by

Table I Thermodynamic Properties of Selected Species in the Reaction Mechanism

Species Haog So98 Cp,300 Cp,400 Cp.500 Cp,600 Cp,800 Cp,1000 Cp,1500 Ref.
OCS —33.86 55.35 9.95 10.96 11.68 12.22 13.02 13.56 14.27 [48]
SO 1.20 53.04 7.21 7.55 7.84 8.08 8.42 8.62 8.95 [48]
SO, —70.94 59.31 9.54 10.40 11.13 11.72 12.53 13.02 13.61 [48]
S 66.19 40.11 5.66 5.57 5.44 5.32 5.21 5.13 5.06 [48]
Sy 30.68 54.56 7.77 8.12 8.36 8.52 8.71 8.91 9.29 [48]
SH 34.18 46.78 7.75 7.61 7.49 7.44 7.61 7.83 8.34 [48]
0OCS, 6.17 66.85 14.03 15.45 16.43 17.12 17.97 18.50 19.19 [49], pw

Units are kcal mol™' for H, and cal mol~' K~' for S and C,,.
The temperature (T) range is in K.
“pw” denotes present work.

The heat of formation for OCS,, as well as rotational constants and frequencies to calculate entropies and heat capacities, was derived from

the computational results of Lu et al. [49].

International Journal of Chemical Kinetics DOI 10.1002/kin.20778



OXIDATION OF REDUCED SULFUR SPECIES: CARBONYL SULFIDE 431

Table Il Reaction Subset for Carbon Disulfide Oxidation

A E
Reaction (cm, mol, s) B (cal/mol) Source

1 OCS+M=CO+S+M 2.5E14 0.000 61,400 [32]

2 OCS+H=CO+ SH 2.2E11 1.022 5,584 [50]

3 OCS+0=CO+ SO 4.7E13 0.000 5,200 See the text?

-2.0E13 0.000 7,385

4 OCS+0=CO2+S 2.0E13 0.000 7,385 See the text

5 OCS 4+ OH = CO;, + SH 4.6E11 0.000 16,040 [50]

6 OCS + 02 = CO + SO, 1.0E12 0.000 32000 Estimated as CSy+0

7 OCS+S=CO0+S; 4.0E04 2.570 2,345 [49]

8 OCS + S = 0CS, 4.6E33 -8.220 9,476 0.066 atm [49]¢
1.1E31 —6.980 8,357 0.066 atm
2.4E34 -8.220 9,476 0.66 atm®
5.7E31 —6.980 8,357 0.66 atm

9 OCS + SH = CS, + OH 1.2E12 0.000 51,000 Estimated as SH+CO» (ksp)

10 OCS + SO = CO + S,0 2.0E12 0.000 37,700 See the text

11 S+H+M=SH+M 6.2E16 —-0.600 0 [14] estimated

12 S+H,=SH+H 1.4E14 0.000 19,300 [11]

13 SH+0=SO+H 43E11 0.724 -1,027 [51]

14 SH+0O=SO+H 1.8E12 0.000 0 [51]¢
4.3E06 2.103 3,583

15 SH+ OH = S + H,0 1.0E13 0.000 0 [41] estimated

16 SH + HO, = HSO + OH 1.0E12 0.000 0 [41] estimated

17 SH + 02 = SO + OH 7.5E04 2.052 16,400 [52]

18 SH+ 0, = HSO+ 0 2.3E06 1.816 20,000 [52]

19 SH + O2(+M) = HSOO(+M) 2.0E14 —-0.260 298 [53]

Low-pressure limit 3.3E14 -0.201 20

20 S+OH=SO+H 1.5E13 0.191 -1,361 [51]

21 S+0,=S0+0 5.4E05 2.110 -1,450 [54]

22 SO+M=S+0+M 4.0E14 0.000 107,000 [55]

23 SO+H+M=HSO+M 1.9E20 -1.310 662 [45]

24 SO+0+M=S0,+M 4.1E22 -2.170 0 [56]

25 SO+ OH = SO, + H 1.1E17 -1.350 0 [57]

26 SO + OH(+M) = HOSO(+M) 1.6E12 0.500 —-400 [58]

Low-pressure limit: 9.5E27 —-3.480 970

27 SO + HO, = SO, + OH 3.7E03 2.420 7,660 [45]

28 SO+ 0, =S0,+0 7.6E03 2.370 2,970 [59]

29 OCS,; + 0 = OCS 4SO 6.0E13 0.000 0 Estimated

30 OCSy +S = 0CS + S, 6.0E13 0.000 0 [49]

Parameters for use in the modified Arrhenius expression k = AT? exp(—E /[RT]). Units are mol, cm, s, cal.
“Duplicate reaction: The rate constant is calculated as the sum of the two Arrhenius expressions.

Saheb et al. [50]. The experimental results, which
are captured well by the theoretical expression of
Saheb et al., show that the reaction exhibits non-
Arrhenius behavior, and a direct extrapolation of the
low-temperature results yields too small a rate constant
at combustion conditions.

The reaction of OCS with atomic oxygen has been
characterized experimentally in a wide range of tem-
perature [65-76]. This work was reviewed thoroughly
by Singleton and Cvetanovich [77], who found the
measurements to be in good agreement and recom-
mended kinetic parameters for the overall reaction for

International Journal of Chemical Kinetics DOI 10.1002/kin.20778

the temperature range 239-1900 K. The OCS + O
reaction has two product channels:

OCS + 0 = CO+ SO (R3)

OCS +0 = CO, + S (R4)

The dominant product channel at lower tempera-
tures is (R3), whereas (R4) becomes more important
with increasing temperature. There are only few data
available for the branching fraction, defined here as
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Figure1l Arrhenius plot for the reaction OCS +M = CO +
S + M. Experimental results (symbols) from Partington and
Neville [23], Hay and Belford [25], Schecker and Wagner
[26], Woiki and Roth [30], Oya et al. [32], and Murakami
et al. [34]. The solid line denotes the recommendation of Oya
et al., which is the preferred value in the present model.

o = ky/(k3+ky). Figure 2 compares the reported data.
Singleton and Cvetanovich based their evaluation of
k4 on the shock tube results of Topaluglu [76], cover-
ing the temperature range 1200-1900 K. Later, Isshiki
et al. [78] determined o between 1120 and 1540 K,
reporting values significantly higher than those recom-
mended by Singleton and Cvetanovich. The theoretical
studies [50,78,79] of the reaction are inconclusive re-
garding the branching fraction. Isshiki et al. performed
quantum chemical calculations on this system with
G2M(CC1) and CCSD-based G3 methods. The rate
coefficients they derived by using transition-state the-
ory (TST) with Wigner tunneling corrections are much
smaller than experimental values; in contrast, the pre-
dicted branching fraction is similar to their experimen-
tal values. Chiang et al. [79] argued that the failure of
Isshiki et al. to predict the overall rate constant came
from neglecting intersystem crossing from the triplet
to the singlet surface. We comment that these crossings
would have to occur with high probability to be impor-
tant. Chiang et al. [79] note that at high temperatures
the crossing becomes less important, and the Isshiki
et al. calculation of o becomes more accurate. We note
that the barriers obtained by Isshiki et al. with their G3-
type approach are ca. 2.4 kcal mol~! below the G2M
values they used for their kinetics calculations, and the
G3 barriers might give better accord with experiment.
Saheb et al. [50] explored the reaction by using various
quantum chemical methods, with their most sophisti-
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Figure 2 Arrhenius plot for the branching fraction
k3/(kz+kq) for the reaction OCS + O. Experimental re-
sults (symbols) from Topaloglu [76], Isshiki et al. [78], and
Homann et al. [24] (see text). “pw” denotes present work.
The long-dashed line denotes the recommendation of Single-
ton and Cvetanovic [77], the dot—dashed line the calculated
branching fraction from Saheb et al. [50], and the solid line
the branching fraction used in the present model.

cated being W1BD, which also yielded lower barriers
than derived by Chiang et al. TST was employed to cal-
culate the thermal rate coefficients. Their calculations
support the recommendation of Singleton and Cve-
tanovich, both for the overall rate and the branching
ratio, without invoking intersystem crossing.

Owing to the significant scatter in the reported data
for the branching fraction «, we made an independent
determination in the present work, based on the flow
reactor results by Homann et al. [24]. As discussed in
more detail below, Homann et al. measured concen-
tration profiles of reactants and products as a function
of time for a dry mixture of OCS and O, in Ar at
1273 K. Under these conditions, the CO/CO, ratio in
the products is a measure of the relative importance of
(R3) and (R4), since OCS is largely consumed by a
reaction with O, and CO oxidation will be very slow
at dry conditions. We find o ~ 0.18 at 1273 K; a value
roughly averaging the results of Singleton and Cve-
tanovich [77] and Isshiki et al. [78] at this tempera-
ture. We extrapolate this value to other temperatures
assuming a temperature dependence similar to that re-
ported by Isshiki et al. An accurate experimental de-
termination of the branching fraction for OCS + O is
desirable.

The reaction of OCS with OH is of interest in atmo-
spheric chemistry and has been studied by a number of
groups in the low-temperature range [80-86]. There is

International Journal of Chemical Kinetics DOI 10.1002/kin.20778
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considerable scatter in these data. Atkinson et al. [3]
based their recommendation on the work of Cheng and
Lee [85] and Wahner and Ravishankara [86]. Theoreti-
cal studies [50,87,88] have improved the understanding
of the reaction. Saheb et al. [50] report that it has a pro-
nounced pressure dependence at temperatures below
700 K where OCS and OH form an adduct. However,
the pressure dependence is reduced at higher tempera-
tures so that the reaction is nearly pressure independent
at temperatures above 1500 K. Under these conditions,
the dominant product channel is CO, + SH:

OCS + OH = CO, + SH (R5)

We adopt the rate constant for (RS) from Saheb et al.
[50] and disregard formation of the adduct, which we
believe will have a short lifetime under most practical
conditions. Reaction (R5) has a significant barrier, and
it is slower than other reactions of OCS with the O/H
radical pool.

Atomic sulfur, formed from dissociation of OCS at
high temperature, reacts with OCS to form CO and S,:

OCS+S=CO+S, (R7)

This reaction is an important consumption step for
OCS at higher temperatures, and it has been stud-
ied experimentally over a wide range of conditions
[25,30,32,49,89-92]. We adopt the rate coefficients of
Lu et al. [49]; their recommendation provides a good fit
of available data over an extended temperature range.
At high pressure and low temperatures, the OCS + S
reaction may form a stabilized adduct:

OCS + S = 0CS, (R8)

This channel was included in the model with the rate
coefficients calculated by Lu et al. [49], but it is of
minor importance under the conditions of the present
study due to the low thermal stability of OCS,.

For reactions of OCS with O,, SH, and SO, there are
no measurements available in the literature. All of these
steps are presumably quite slow. We have included the
reaction of OCS with O,:

OCS + 0, = CO + SO, (R6)

assuming that the rate constant is similar to that of
CS, + O,. By analogy with (R5), we consider that the
reaction of OCS with SH may yield CS, and OH:

OCS + SH = CS, + OH (R9)

International Journal of Chemical Kinetics DOI 10.1002/kin.20778

We have estimated the rate constant to be similar to that
of the CO, + SH reaction (R5b); this yields a value
that is consistent with the measured room temperature
upper limit for CS, + OH (R9b) [3,93]. The reaction
is very slow and can be disregarded under most con-
ditions of interest. The reaction OCS + SO has two
possible product channels:

OCS 4+ SO = CO + S,0 (R10)

OCS + SO = CS + SO, (R10a)

Reaction (R10) is spin-forbidden. We assume that
the transition state (TS) occurring on the triplet po-
tential energy surface (PES) is the bottleneck for this
step and that the intersystem crossing occurs on the
downhill path toward CO + S,0. Even though (R10)
is exothermic by 7.4 kcal mol~1, it is a slow reaction.
At the CBS-QB3 level, the 0 K enthalpy of this triplet
TS is 37.7 kcal mol~! above OCS + SO. For kjo, we
use this value as the activation energy and estimate
the A factor by analogy to the spin-forbidden reaction
SO + O,. The channel to CS + SO; is endothermic by
27.7 kcal mol~! and, we speculate, slower than (R10).

In the S/H/O subset of the mechanism, particularly
the reactions of S and SO with O, are important:

S+0,=S0+0 (R21)
SO+ 0, =S0,+0 (R28)

Both of these reactions are characterized quite accu-
rately over a wide temperature range [54,59].

RESULTS AND DISCUSSION

The available experimental data for thermal conver-
sion of OCS are derived under pyrolysis or oxida-
tion conditions. Data for thermal conversion of OCS
in an inert atmosphere (pyrolysis), reported from
batch reactors [23], flow reactors [5], and shock tubes
[25,26,30,32,34], were not considered for model vali-
dation in the present work. The results are consistent
with the reaction sequence,

OCS+M =CO+S+M R1)

OCS+S=CO0+ S, R7)

and the rate constant for (R1), derived from the
batch reactor (823-873 K) and shock tube work
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(1500-3230 K), is mostly in agreement within a fac-
tor of two (see Fig. 1). However, the flow reactor data
obtained by Karan et al. [5] indicate an OCS consump-
tion rate in the 1073-1223 K range that is too fast to be
understood only in terms of the sequence of (R1) and
(R7). The reason for the enhanced conversion rate for
OCS under the conditions of Karan et al. is presently
not known.

To evaluate the model, we have focused on oxida-
tion of OCS, comparing predictions with experimen-
tal data for oxidation of OCS obtained in batch reac-
tors [21,22], flow reactors [24], and shock tubes [28].
All these experiments were conducted under condi-
tions with only trace amounts of water vapor. Levy
and Merriman [38] reported detailed concentration
profiles measured in low-pressure, laminar premixed
OCS/0,/N, flames. They stated that addition of 0.2%
H, O to the reactants did not affect the concentrations in
the zone of OCS oxidation, but enhanced strongly the
CO oxidation downstream. Unfortunately, we could
not include these data in the model evaluation since
insufficient details were given on the conditions of the
flames.

Explosion Limits

To evaluate the performance of the chemical kinetic
model at low temperatures, predictions have been com-
pared to measured explosion limits in batch reactors at
temperatures between 450 and 620 K. Results have
been reported by Bawn [20], Thompson et al. [21],
and Gutschmidt and Clusius [22]. For comparison with
modeling predictions, we have chosen the data from
Thompson et al. [21] and Gutschmidt and Clusius [22],
which are in good agreement.

The data reported are dependent on the surface to
volume ratio of the reactor [22], and the (first) explo-
sion limit is controlled mainly by competition between
a gas-phase chain-branching reaction sequence and ter-
mination of radicals at the wall of the reactor. The ex-
perimental data chosen for comparison were obtained
in reactors with diameters in the range 30-40 mm. For
modeling purposes, it is necessary to include a wall ter-
mination reaction. We assume that termination occurs
by diffusion of atomic oxygen to the wall, followed
by deactivation of the radical. The loss rate of O is
approximated by a pseudo—first-order reaction, fitting
the rate constant to match predictions for the limiting
pressure at a temperature of 500 K to the experimental
value of approximately 0.04 atm. The loss rate con-
stant is then extrapolated to other conditions, using the
temperature and pressure dependence of the diffusion
coefficient.

&  Gutschmidt and Clusius
0.4 ®  Thompson et al

----- 1st explosion limit {calc.)
2nd explosion limit (calc.)

02

Pressure (atm)
[ |

400 450 500 550 800 650
T(K)

Figure3 Comparison of experimental and predicted explo-
sion limits for OCS in a batch reactor. The experimental data
are taken from Thompson et al. [21], and Gutschmidt and
Clusius [22]. The symbols mark experimental data, whereas
solid and dashed lines denote model predictions. Inlet com-
position is 40% OCS, and 60% O,. In the modeling, sur-
face loss of atomic oxygen is modeled as a first-order re-
action with the rate constant kjoss = 4350 - (0.04 atm/P) -
(T/500 K)!3 (s71).

Figure 3 compares the measured and calculated ex-
plosion limits. The experimental results indicate the ex-
istence of a temperature range, located in the 450-500
K range, where there is both a lower and an upper crit-
ical pressure limit. The lower limit is only slightly de-
pendent on temperature, whereas the upper limit would
be expected to exhibit a stronger temperature depen-
dence. Similar to the first limit, the second limit is
controlled by a competition between chain-branching
and chain-terminating reactions, but the second limit
is generally not affected by surface reactions. Thomp-
son et al. [21] report that the dependence of the second
limit on pressure and temperature is uncertain and pro-
vide only one data point. However, they are convinced
about the existence of the second limit, even though it
may exist only in a narrow temperature range.

The agreement between the reported observations
and the calculations is satisfactory. The model pre-
dicts correctly that the lower limit pressure at which
explosion occurs has only a small dependence of
temperature in the investigated range. Also, the low-
temperature limit for explosion, which according to the
reported data is approximately 450 K, is predicted well.
Interestingly, the model also captures the existence of
an upper critical pressure in a very narrow temperature
range.

International Journal of Chemical Kinetics DOI 10.1002/kin.20778
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Figure 4 Comparison of experimental and predicted mole
fractions for oxidation of OCS in a flow reactor at low
pressure. The experimental data are taken from Homann
et al. [24], as reported by Cullis and Mulcahy [16]. The
symbols mark experimental data, whereas solid lines denote
model predictions. Conditions: 7= 1273 K, P = 0.0566 atm,
inlet composition is 0.6% OCS, 6.6% O, balance Ar. In the
comparison, the modeling predictions are shifted 2 ms to the
left to match the observed time for 50% conversion of OCS.

Oxidation in a Flow Reactor

Homann et al. [24] reported detailed species measure-
ments as a function of time (distance) in a low-pressure
flow reactor. The data were obtained by molecular
beam mass spectrometry. Homann et al. measured con-
centrations of OCS, CO, CO,, SO, SO,, as well as a
number of minor species, at a temperature of 1273 K
and a pressure of 0.057 atm. The experimental results
are compared with modeling predictions in Fig. 4. In
addition to the sulfur species shown, S, S;, S,0, and
S,0, were also detected in small quantities. Homann
et al. assumed that atomic oxygen was partly destroyed
at the wall; however, such a reaction is not taken into
consideration in the present modeling.

Figure 4 compares modeling predictions with the
measured species profiles. In this comparison, we have
chosen to shift the predicted concentration profiles to
match the observed time for 50% conversion of OCS.
From the description of the experimental setup [68], we
assume that the reactants OCS and O, were preheated
separately and mixed at the entrance to the reaction
zone. The mixing process of the reactants may affect
the induction time of reaction, justifying this correc-
tion. However, a shift of only 2 ms serves to match the
profiles at 50% conversion of OCS.

With the slight correction for the onset of reaction,
the modeling predictions are in very good agreement

International Journal of Chemical Kinetics DOI 10.1002/kin.20778
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Figure 5 Comparison of experimental and predicted ig-
nition delays for OCS/O,/Ar mixtures. The experimental
data are taken from Lifshitz et al. [28], obtained in reflected
shock tube experiments. The symbols mark experimental
data, whereas solid lines denote model predictions. The re-
sults were obtained for three fuel/oxidizer compositions. Ini-
tial pressure P; was 0.066 atm in all experiments. The pres-
sure Ps was calculated as Ps (atm) = 2.55 - 10737 (K) -
1.3844, based on a least squares regression of the listed val-
ues for the total concentration Cs from Lifshitz et al.

with the measured concentration profiles of Homann
et al. The major species are captured well by the model,
and even for the SO radical the peak concentration is
predicted within 20%.

Ignition Delay

Lifshitz et al. measured ignition delays for OCS/O,/Ar
mixtures in a reflected shock tube as a function of tem-
perature (1200-1700 K), pressure, and reactant com-
position. The time for ignition was determined from
the pressure and temperature profiles.

Figure 5 compares experimental data with model-
ing predictions for three mixture compositions ranging
from rich to lean. The results of Lifshitz et al. show
that the ignition delay for OCS is a strong function of
the temperature and oxygen concentration, while it has
only a small dependence on the OCS concentration.
Correlating all their data, Lifshitz et al. found T, to
be proportional to [0CS]%3% and [0,]"!2. This is in
agreement with the results shown in Fig. 5, where a
change in [O;] from 6% to 12% has a much larger
impact than reducing [OCS] from 8% to 2.67%.

The calculations are seen to be in good agreement
with the experimental data, with the model predict-
ing correctly the effect of temperature and stoichiom-
etry. The model appears to underpredict slightly the
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OCS+M=CO+S+M
OCS+0=C0,+5 |
OCS+0=CO+50 |

OGS + 0,500+ 805 |
0GS+5=C0+5; |
540,=50+0 |
S0+0+M=50,+M |
S0+0;250;+0 |
0;+0+M=0y3+M

Hormabkzed sersiaty coelioents

Figure 6 Sensitivity coefficients for the induction time at
different reaction conditions. The coefficients show the rela-
tive change in the predicted induction time caused by a factor
of two increase in the rate constant of the specific reaction.
Conditions correspond to those of the experiments conducted
in a batch reactor (Fig. 3, 490 K, 0.224 atm), flow reactor
(Fig. 4, 1273 K, 0.0566 atm), and shock tube (Fig. 5,
1600 K, 2.7 atm).

ignition delay, but the difference is probably within the
experimental uncertainty.

Reaction Paths and Bottlenecks

In this section, we discuss the oxidation pathways for
OCS and identify the reactions that are rate limiting for
the oxidation rate. Figure 6 shows the results of a sen-
sitivity analysis for selected experimental conditions.
The analysis of the calculations with the model
shows that the same set of key reactions plays an im-
portant role over the range of conditions investigated,
from the low-temperature batch reactor experiments to
the high-temperature shock tube experiments. The key
reactions involve the chain-propagating sequence (P),

OCS +0 = CO+ SO (R3)

SO+ 0, = S0, + 0O, (R28)

OCS 4+ O, = CO + S0,

and the chain-branching sequence (B),

OCS +0 = CO, + S (R4)
S+0,=S80+0 (R21)
SO +0, = S0, +0 (R28)

OCS +20, = CO+S0,+0

The propagating and branching sequences compete
with terminating steps that are specific for the type
of reactor and the temperature/pressure range of the
experiment.

Under the conditions of the batch reactor experi-
ments (450-620 K), the ignition delay and explosion
limits are controlled by the competition of the (P) and
(B) sequences with chain termination. The terminating
reaction depends on the pressure. At the lower limiting
pressure, termination is dominated by radical diffusion
to the wall and subsequent deactivation:

Il

0 2% inert
At approximately 450 K and increased pressure, the
model also predicts an upper limiting pressure. This
explosion limit is controlled by a gas-phase termination
sequence:

0, +0+M=0;+M

O3+O\:‘02+02

Only the first of these steps, the O, 4+ O recombination,
shows up in the sensitivity analysis, as the O3 + O
reaction is fast.

Despite the large sensitivity coefficients for the two
OCS + O product channels (Fig. 6), it is not possible
to estimate a value of the branching fraction o from
the observed explosion limits. This is due to the uncer-
tainty in the wall termination rate (the first explosion
limit) and in the limiting pressure and temperature (the
second explosion limit).

For the flow reactor conditions corresponding to
the experiments of Homann et al. (Fig. 4), the mecha-
nisms of chain propagation (P) and branching (B) are
the same as for the low-temperature batch experiments.
The temperature of 1273 K in the flow reactor is suffi-
ciently high for thermal dissociation of OCS

OCS+M =CO+S+M (R1)

to promote ignition, and it appears in the sensitivity
analysis. The reaction of OCS with O,

OCS 4+ 0, = CO+ SO, (R6)

is not important as an initiation step, because CO is
largely inert under the conditions of the flow reactor
experiments with only trace amounts of water vapor.
We have used the data from Homann et al. to esti-
mate the OCS + O branching fraction at 1273 K. As
discussed above, the determination was based on the
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measured CO/CO; in the products. However, the pre-
dicted time for onset of reaction is also very sensitive
to o. The value of the branching fraction that yields
the best agreement for the ignition delay under these
conditions (disregarding any influence of mixing) is
a = 0.19; very close to the value of 0.18 determined
from the CO/CO; ratio.

The modeling of the shock tube experiments (Fig. 5)
allows us to extend the analysis to temperatures of
1700 K. Again, ignition is promoted by the chain-
branching sequence (B) and inhibited by the chain-
propagating sequence (P). At the high temperatures,
the reaction of OCS with atomic sulfur,

OCS+S=CO+S, (R7)

also becomes important as a chain terminating step.
Reaction (R7) is the step that exhibits the largest sen-
sitivity coefficients for the shock tube calculations
(Fig. 6). However, three independent studies of this
step in the 1200-1700 K range [32,91,92] are in ex-
cellent agreement and we expect the uncertainty in the
modeling predictions for oxidation of OCS at high tem-
peratures to be mainly related to the uncertainty in the
OCS + O branching fraction.

CONCLUSIONS

A detailed chemical kinetic model for oxidation of
OCS has been developed and validated against exper-
imental results from batch reactors, flow reactors, and
shock tubes. All the selected experimental data were
obtained under conditions with only trace amounts of
water vapor. However, reported data from premixed
flames indicate that larger levels of H,O enhance
oxidation of CO to CO,, but do not affect the OCS
consumption rate. The model predicts satisfactorily
oxidation of OCS over a wide range of stoichiome-
try, temperature, and pressure. The governing reactions
for oxidation of OCS are outlined based on calcula-
tions with the kinetic model. The oxidation rate of
OCS is controlled by the competition between chain-
branching and -propagating steps; modeling predic-
tions are particularly sensitive to the branching fraction
for the OCS + O reaction to form CO + SO or CO, + S.
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