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Abstract

Phosgene (COCI,) is a toxic compound used or formed in a wide range of applications. The
understanding of its thermal decomposition for destruction processes or in the event of accidental
fire of stored reserves is a major safety issue. In this study, a detailed chemical kinetic model for the
thermal decomposition and combustion of phosgene and diphosgene is proposed for the first time.
A large number of thermo-kinetic parameters were calculated using quantum chemistry and reaction
rate theory. The model was validated against experimental pyrolysis data from the literature. It is
predicted that the degradation of diphosgene is mainly ruled by a pericyclic reaction producing two
molecules of phosgene, and, to a lesser extent, by a roaming radical reaction yielding CO, and CCla.
Phosgene is much more stable than diphosgene under high-temperature conditions and its
decomposition starts at higher temperatures. Decomposition products are CO and Cl2. An equimolar
mixture of these latter can be considered as a surrogate of phosgene from the Kinetic point of view,
but the important endothermic effect of the decomposition reaction can lead to different behaviors,

for instance in case of auto-ignition under high pressure and high temperature.



1. Introduction and background

Phosgene (carbonyl chloride COCI) is an important industrial substance used in organic
synthesis as highly reactive halogenation and acylation reagent for industrial production of
insecticides, isocyanates, plastics, aniline dyes, and resins with an estimated production of almost 1
billion pounds per year.} Liquid diphosgene (trichloromethyl chloroformate CIC(O)-O-CCls), has
been used in laboratories as a substitute to phosgene because of its greater stability at room
temperature compared to gaseous phosgene.*® Fire hazards associated with stored phosgene and
diphosgene raise crucial security issues.

Phosgene and diphosgene are highly toxic compounds in case of inhalation exposures. Severe
respiratory effects, including pulmonary oedema, pulmonary emphysema, and death have been
reported for humans. Severe eye irritation and skin burns may also result from exposure.® Chronic
long-term exposure to phosgene has resulted in some tolerance to acute effects to humans but may
also causes irreversible pulmonary damages, such as emphysema and fibrosis.”® Such levels of high
toxicity have resulted in the use of phosgene as chemical warfare agents during the First World
War.® The mandatory destruction of chemical weapons stockpiles or unexploded ammunitions
found in old battlefields (a 1996 NATO report'® estimated that over 10 million of chemical
munitions were yet to be retrieved and destroyed in Europe alone) requires efficient and extremely
safe processes. The thermal treatment of these toxics, with or without oxygen, is one the method of
choice to address this problem and the knowledge of the kinetics of combustion becomes crucial.

In addition, phosgene can be formed by the combustion of chlorinated hydrocarbon such as
poly(vinyl chloride), PVC, either in waste incineration or accidental fires.!* Combustion kinetic
studies of trichloroethane 1,1,1-C>HsClz have experimentally shown that phosgene is formed
directly in the gas phase with high yields.*?*3 Studies on the thermal decomposition of CHsCI** and
CCls* have demonstrated that there is a strong probability for the formation of the carbene CCl,
during polychloroalkane pyrolysis and combustion and, in the presence of excess O, this carbene
would yield a large concentration of phosgene and O atoms in a bimolecular reaction.®

The thermal destruction of phosgene and diphosgene have been investigated in few
experimental works.?*2° The high-level of toxicity of this compound induces a high level of
complexity for any experiments. Consequently, there is a considerable lack of knowledge on the
behavior of this chemical under high-temperature conditions with or without oxygen. The first
investigations on the thermal decomposition of phosgene were carried out in the 1920s.1"8 In 1930,
Bodenstein®® studied the thermal and photochemical synthesis of phosgene from CO and Cl, and

showed that phosgene is formed from temperatures ranging from 350 to 500°C, and accompanied



by the reverse reaction, leading to an equilibrium. In 1994, Lim and Michael*® have studied the
thermal decomposition of phosgene in incident shock waves, at different pressures, for temperatures
ranging between 1400 and 2000 K. According to this study, the authors proposed that phosgene
decomposes mainly by (1) COClz (+M) — COCI + CI (+M) and (2) COCl; (+M) — CO + Cl
(+M), with a branching percentage of 90.5 and 9.5%, respectively. In 2000, Battin-Leclerc et al.?°
have studied the thermal decomposition of phosgene and diphosgene in an isothermal close reactor
at temperatures ranging between 250 and 530°C and an initial pressure of 25 Torr (0.033 bar). In
this work, the authors used diphosgene as a precursor of phosgene, because the latter is known to be
the major product of decomposition of diphosgene: diphosgene completely yields phosgene at about
450°C. Starting from this temperature, the authors have measured the products of the thermal
decomposition of phosgene.

These experimental studies of the literatures gave some insights on the thermal decomposition
kinetics of phosgene and diphosgene at low pressures. However, to the best of our knowledge, no
kinetic model has been proposed in the literature to understand and simulate these data. In this
work, we followed a methodology established to simulate the thermal decomposition of yperite
(sulfur mustard)® and HN-3 (nitrogen mustard),?? to develop a detailed kinetic model for
diphosgene and phosgene. The model is validated against available experimental data of the
literature and allows to better understand phosgene and diphosgene thermal decomposition. In
addition, a comparison of simulated ignition delay times of diphosgene, phosgene and a newly

defined phosgene surrogate (mixture of CO and Cl») is presented and discussed.

2. Computational methods

Theoretical calculations were used to elucidate the decomposition routes of diphosgene and to
compute the kinetic data of several important reactions in the phosgene mechanism. The
methodology involves the use of theoretical methods of quantum chemistry to predict the potential
energy surfaces and statistical mechanics and reaction rate theory to calculate the high-pressure
Kinetic constants and thermochemical data (AH®298 k, S°208 k, C°p(T)).

The CBS-QB3 level of theory? has been used for the optimization of the structures and the
calculation of the electronic energies. This composite method has been widely used in the literature
and it provides an effective compromise between accuracy and computational time. It involves a
geometry optimization and a frequency calculation at the B3LYP/6-311G(2d,d,p) level, and single
point energy computations using several levels of theory with an extrapolation to the complete basis
set limit. In addition, an analysis of the vibrational frequencies was systematically performed to

confirm the nature of the transition states (TS). In cases where the imaginary frequency of the TS



was not unambiguously related to the reaction coordinate, Intrinsic Reaction Coordinate (IRC)
calculations®* were used to ensure that the optimized TS actually connected the desired reactant(s)
and product(s). In this study, all the calculations have been performed using the GAUSSIANQ09
Rev. B.01 software.?®

For all species for which thermochemical data have been calculated, the enthalpies of
formation were computed using atomization reaction energies. The high-pressure Kinetic constants
and the thermodynamic data were calculated using THERMROT.? This in-house code allows a 1-
DHR-U treatment of internal rotations and has been modified to avoid the difficult choice of the
low-frequency vibrations removing (regarded as internal rotations) by using a method proposed by
Vansteenkiste et al.?” 1-DHR treatment was used with torsional potential calculated from relaxed
scans computed at the B3LYP/6-311G(2d,d,p) level of theory. The temperature dependent kinetic
rate constants were fitted using the three parameter modified Arrhenius equation (AxXT"xexp(-
Eo/RT)) over the temperature range 300-2000 K.

3. Chemical Kinetic Model Development

The detailed kinetic model for the thermal decomposition and high-temperature combustion
of phosgene and diphosgene is composed of a comprehensive sub-mechanism dedicated to the
specific reactions of phosgene, diphosgene, and derived products and another one related to the
reactions of chlorinated species. The sub-mechanism for phosgene and diphosgene was developed
in a comprehensive way following radical chain reaction scheme: initiation, propagation, and

termination reaction were considered.

3.1 Reactions of diphosgene

Unimolecular decomposition reactions of diphosgene involve initial bond fissions and
pericyclic reactions, which have been investigated systematically. The energies involve in the initial
bond fissions, assimilated to the bond dissociation energies (BDE), are given in Figure 1. It can be
seen that the weakest bonds are the C—CIl and C—O bonds in the aliphatic carbon side (BDE4 and
BDE3 in Figure 1, respectively), whereas C—CI bond located on the carbonyl side implicates a
much higher BDE and leads to a more difficult bond fission. The case of the unimolecular
initiations involving the C—O bond fission (BDE3) attracts a particular attention because this
reaction leads to the formation of CO2 and CCls by a rearrangement reaction, typical of the thermal
decomposition of chloroformates.?®?® This reaction can be explained by a roaming radical
reaction,®® which occurs during radical-radical separation. The C—O bond fission leads to the

formation of two radicals, but as the radicals are separating, the chloromethyl fragment can rotate



and abstract the Cl-atom from the CI—CO. fragment (barrierless reaction). The reaction eventually
yields CO, and CCls. This reaction can explain early CCls; formation at very low conversion of
diphosgene, when the concentration is very low for the radicals promoting the Cl-abstraction (CI
and CClz). All of these initiation reactions were written in the reverse direction as radical
combinations, which involve no energy barrier. The Kinetic constants were estimated at high
pressure limit using the EXGAS correlations®! based on analogies with similar reactions with well-

defined Kkinetic parameters.

Possible unimolecular pericyclic reactions were considered by analogy with that of methyl
formate, which decomposition has been thoroughly investigated in the literature.3>>°> Methyl
formate has indeed a structure close to that of diphosgene, with H-atoms replacing Cl-atoms. Three
reactions can occur:

HC(O)OCHs— CH3OH + CO (a)

HC(O)OCHs— 2 CH20 (b)

HC(O)OCHs— CH4 + CO> (©)

Both theoretical calculations®*** and experiments in a shock tube® found that reaction (a) yielding
methanol and CO was, by far, the major products channel. From theoretical rate constants,
calculated at high pressure limit by Metcalfe et al.,> the branching ratios at 1300 K are 99.6%,
0.3%, and 0.1% for reactions (a), (b) and (c), respectively, whereas measurements in shock tube
between 1202 K and 1607 K under 1.3 to 1.7 atm® led to branching ratios of 91.5%, 3.2%, and
5.3% at 1300 K, respectively. Similar reaction routes were investigated in the case of diphosgene.
Transition states (TS) were searched with ab initio and DFT methods, at the B3LYP/6-
311G(2d,d,p) and MP2/6-311+G(2d,p) levels of theory. In the case of diphosgene, the reaction
channel (a) involves a 1,2-Cl-atom transfer from C- to-O-atom and no closed shell singlet TS could
be found for this mechanism. The attempts made to optimize a TS for this channel systematically
lead to dismutation saddle points featuring multi-reference characters with energy barriers higher
than 100 kcal mol?. Therefore, this reaction path was disregarded. No TS could neither be
characterized in DFT nor in MP2 methods in the case of the reaction channel (c) consisting in a Cl-
atom transfer to the CClz moiety yielding CCls and CO-. In both cases (a) and (c), it appears that the
biggest size of the Cl-atoms, compared to H-atoms, and the associated longer bond lengths lead to
geometries that prevent any easy concerted atom transfer in the molecule, leading to a different
behavior of diphosgene compared to methyl formate. In the latter reaction, the leaving Cl-atom
cannot approach the C-atom in CCls;, and tends rather to connect to another Cl-atom. A TS
corresponding to a pericyclic reaction could eventually be found in the case of the reaction route
equivalent to (b), at both B3LYP/6-311G(2d,d,p) and MP2/6-311+G(2d,p) levels of theories. This



four-centered pericyclic reaction implies the rupture of the C—O bond and an internal transfer of a
Cl-atom to produce two molecules of phosgene:
CIC(O)OCCls — 2 COCI

The CBS-QB3 structure of the TS is displayed in Figure 2. This reaction channel is consistent with
experimental studies on diphosgene thermal decomposition, which observed phosgene as the main
product?, whereas decomposition of methyl formate leads mostly to methanol.323% Reporting the
pericyclic reaction in Figure 1, it appears that the energy barrier of this reaction (44.3 kcal mol™* at
298 K) is well below the computed BDEs. The rate coefficients of the reaction have been obtained

from the computation method described in 82 and are reported in Table 1.
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Figure 1. Bond dissociation energies and the energy barrier of the pericyclic reaction of diphosgene at 298 K. The
calculations have been performed at the CBS-QB3 level of theory and the energies are expressed in kcal mol*
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Figure 2. CBS-QB3 geometry (bond lengths in A) of diphosgene transition state for the 4-centered pericyclic reaction;
COCO dihedral angle is 121.5°.

In addition to unimolecular initiations, Cl-abstraction reactions by abundant radicals of the
system (CCls; and CI) that cannot decompose by easy unimolecular reactions, such as B-scission
reactions (B-radicals®®), have been included in the mechanism. The kinetic constants of these
reactions are presented in Table 1. They were calculated theoretically at the CBS-QB3 level of
theory following the methodology described above. In the case of the Cl-atom bounded to the
carbonyl group, we have not been able to find a transition state and the kinetic parameters were
consequently estimated by analogy with the Cl-abstraction in phosgene as proposed by Leylegian et
al.®" in the sub-mechanism of the decomposition of chlorinated species. According to Table 1, we
can observe that abstraction of the Cl-atom bounded to the aliphatic carbon is easier than that
bounded to the carbonyl group, which can be explained by the lower bond dissociation energy
calculated in the first case (75.3 against 85.2 kcal mol™* at 298 K).

Table 1. High-pressure limit rate constants considered for unimolecular decomposition and Cl-abstraction in
diphosgene. Units are cm?, mol, s, cal with k = A T" exp(-E/RT).

Reaction A n E Ksook

CIC(0)-0-CCl; 5 2 COCl, 9.73x10** -0.333 44290 5.35x10°® theory
CIC(0)-O-CCl; + Cl 5 CIC(0)-0-CCl; + Cl; 4.85x10°  1.590 14680  3.63x107 theory
CIC(0)-O-CCl; + Cl 5 C(0)-O-CCl; + Cl; 3.20x10* 0.0 23500 1.71x10* analogy ref. 33

CIC(0)-0-CCl3 + CCl; 5 CIC(0)-0-CCl, + CCl,  5.12x10> 3.086 13610 1.23x10° theory
CIC(0)-0-CCl3 + CCl; 5 C(0)-O-CCls + CCls ~ 8.78x10° 1.780 22850 5.74x10' theory




The decomposition reactions of the radicals formed during the Cl-abstraction reactions from
diphosgene were also included in the propagation reactions. The reactions considered involve ao-
and B-scissions. The rate constants of these reactions, computed at the CBS-QB3 level of theory,

are shown in Table 2.

Table 2. High-pressure limit rate constants calculated at the CBS-QB3 level of theory for the (a,f)-scissions in
diphosgene radicals. Units are cm?, mol, s, cal with k = A T" exp(-E/RT).

Reaction A n E Ksook

CIC(0)-0-CCl, s COCI, + CCIO 5.20x10'?  0.495 17690  2.08x10°
C(0)-0-CCl3; 5 CCl3 + CO; 2.75x10*  -0.322 21240 1.93x10*
C(0)-0-CCl; 5 CCIs0 + CO 1.27x10*2  0.629 16510  3.84x10°

The products formed in Table 2 are mainly chlorinated species as well as CO and CO; which
react in a specific reactions database described below. In addition to this primary mechanism of
diphosgene thermal decomposition, a detailed mechanism of the decomposition of phosgene was

written in this work.

3.2 Reactions of phosgene

Phosgene can react through unimolecular decomposition reactions (reactions (2) and (3))
involving a bond fission for the first reaction (bond dissociation energy CICO—CI of 77.6 kcal mol
1 and a 3-centered molecular elimination for the second.

COCl, = CCIO + Cl @)

COCl; =CO + Cl, 2
An interesting question concerns the branching ratio and the pressure effect on these two

reactions. Their kinetic data were measured by Lim and Michael.*® The authors have studied the
thermal decomposition of COCI: in incident shock wave. The produced Cl-atoms were monitored
using atomic resonance absorption spectrometry (ARAS), for three different loading pressures, over
temperatures ranging from 1400 to 2000 K. In this work, the authors proposed the high-pressure
(k) and the low-pressure (ko) limit kinetic constants and the parameters for the theoretical
evaluation of rate constants as a function of the pressure. From these data, we calculated from a

mathematical fit the fall-off parameters in Troe formalism.®® The results are presented in Table 3.



Table 3. Pressure dependent rate constants in Troe formalism derived from from Lim and Michael'6. Units are cm?,
mol, s, cal with k = A T" exp(-E«/RT).

Reactio  Pressure-

> _ *kk T*
0 limit A n Ea Troe’s fall-off parameters (@ T T*)
High 5.71x10%° 0 72330
) 0.326 20.0 3052.0
Low 2.80x10%7 0 61760
High 1.45%x10% 0 82470
(2 0.703 20.0 3840.0
Low 3.51x10% 0 68860

Figure 3 presents the evolution of unimolecular decomposition branching ratios of phosgene,
as a function of pressure, for temperatures ranging from 1200 to 1500 K. Above 1 bar, branching
ratios are nearly pressure independent (kinf) for the temperature range studied. As pressure
decreases, the initial C—CI bond fission in phosgene (reaction (2)) is favored over the elimination
of Cl> (reaction (3)). A pressure drop from 1 to 0.01 bar, leads to an increase of the CCIO + ClI
channel yield, from 1.2 to 66.5 % at 1400 K, while the branching ratio of CO + Cl. falls from 98.8
to 33.5 %. Within this semi-quantitative treatment of pressure effects in the thermal decomposition
of phosgene, it is shown that at atmospheric pressure and above, using high-pressure limit rate
constants should be a good approximation. Nevertheless for pressures below 1 bar, the effect of the

pressure on the product branching ratios remains important.
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Figure 3. Branching ratios of COCI, unimolecular decomposition as a function of temperature computed at various
pressures.

Propagation reactions involving Cl-abstraction by Cl and O-atoms were included in the
mechanism of phosgene decomposition with rate constants taken from the work of Leylegian et al.*’
Addition of O-atom on the double bond of COCI: has been considered by analogy with the reaction

of formaldehyde, with rate coefficients proposed by Dean and Kistiakowsky.2® The mechanism also



implies some coupling reactions between products from phosgene and diphosgene, like CI-
abstraction reactions by the CCls radicals. The rate coefficients for propagations reactions are
summarized in Table 4. The Cl-abstraction with CClz has been calculated using the CBS-QB3
method.

Table 4. High-pressure limit rate constants calculated for Cl-abstraction from phosgene and O-atom addition on the
double bond. Units are cm?, mol, s, cal with k = A T" exp(-E/RT).

Reaction A n E Ksook

COCl; + Cl 5 CCIO+Cl2 3.20x10% 0.0 23500 1.71x10*
COCI2 + O S CCIO+ CIO 2.0x10% 0.0 17000  7.41x10°
COCI2 + CClz S CCIO+ ClCCl4 6.09x10%  3.206 16100  2.51x10°
COClz+O—ClIO+CO+Cl 6.310% 0.0 0.0 6.03x10%°

3.2 Reactions of chlorinated species

The thermal decomposition of phosgene and disphosgene leads to Co-C. chlorinated species
(molecules and radicals) and their reactions have been taken into account in this work. These
reactions are mainly composed of those proposed by Leylegian et al.3’ for the combustion of
chloromethanes and validated against experimental laminar flame structures. We have also included
some reactions involved in the model recently developed by Pelucchi et al.*° for HCI combustion,
which updates the mechanism of the chlorinated species of Leylegian et al. and re-examines the
mechanism of flame inhibition involving the HCI/CIl, system. We added all the reactions not
included in the model by Leylegian and updated kinetic data of some reactions that appeared in both

mechanisms.

4. Results and discussion

The detailed kinetic model for the thermal decomposition and the combustion of phosgene
and diphosgene, developed in this work, was used to simulate the reaction of diphosgene and
phosgene in a close vessel using the Chemkin Il program suite.** Simulations were performed under

pyrolysis and combustion conditions and compared to available experimental results for validation.

4.1. Pyrolysis of diphosgene

The simulation conditions for the pyrolysis of diphosgene were taken from the experimental
work carried out by Battin-Leclerc et al.?® for the thermal decomposition of phosgene and

diphosgene. The simulations were performed for temperatures ranging from 250 to 500°C, the



volume of the batch reactor was 350 cm?, the initial pressure was set at 25 Torr (0.033 bar) and the
residence time was kept constant at 10 minutes.

Figure 4 shows the evolution of the partial pressures of the products measured experimentally
as a function of the temperature, for a residence time of 10 min. In this figure, we can observe that
the simulations are in good agreement with the experimental results for the main products, i.e.
phosgene, CO, and CCls. The experimental partial pressures of phosgene are well reproduced by the
model. This species is the major decomposition product of diphosgene and is mainly formed by the
addition-elimination pericyclic reaction. For this residence time, a total conversion of diphosgene to
phosgene is achieved around 330°C in simulation. Phosgene partial pressure is then close to twice
the initial pressure of diphosgene, in accordance with the reaction stoichiometry. Phosgene has a
very good thermal stability and is almost unreactive up to 450°C. At higher temperature, phosgene
starts to react and produces CO and Cl,. Note that the reactive Cl, molecules were not quantified in
the experiments. The simulations of minor products (CCls and CO) profiles are in very good
agreement at all temperatures. The partial pressure of CCls increases almost linearly with
temperature. This can be related to the minor decomposition pathway of diphosgene by the roaming
reaction yielding CCls and CO., which ratio increases with temperature. Partial pressure of CO
remain negligible up to 450°C, then increases strongly. This behavior is related to the onset of the
decomposition of phosgene.

Experiments were performed in a Pyrex glass reactor, and questions can be raised on the wall
catalytic effects on the kinetic measurements. Indeed, it is well known that chlorinated species are
prone to interact with surfaces.*? The catalytic action of Pyrex can be accounted for by the polar
surface facilitating the separation of charges within the carbon-chlorine bond. However,
experiments seem to be little affected by heterogeneous reactions in this work. Diphosgene
decomposed mostly by the pericyclic reaction to phosgene and no evidence of radical reactions
initiated at the wall can be seen, until temperatures at which phosgene begins to decompose. The
model predicts fairly well the temperature corresponding to phosgene decomposition and CO
formation, with gas phase rate constants measured by Lim and Michael.'® Therefore, wall catalytic

phenomena seem to have a negligible effect here.
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Figure 4. Products quantified during the thermal decomposition of diphosgene vs. temperature. Initial pressure, 25 Torr;
residence time, 10 min; symbols: experimental results;° lines: simulation.

5.2. Pyrolysis of phosgene

In the experimental work by Battin-Leclerc et al.,?® the authors studied the pyrolysis of
phosgene using diphosgene as a precursor of phosgene. As shown above, the former decomposes
completely to phosgene in a very short time at temperature above 330°C. The authors have studied
the pyrolysis of phosgene at 470, 500, and 530°C (maximum temperature reached with a Pyrex
glass reactor), for an initial pressure of 25 Torr of diphosgene (0.033 bar) and residences times
ranging from 0 to 60 min.

Figure 5 shows the evolution of the total pressure and the partial pressures of phosgene and
CO as a function of the residence time for temperatures of 470, 500, and 530°C. The simulations
are in very good agreement with the experimental results. For all the temperatures studied, the total
pressure instantaneously reaches 50 Torr, which implies that diphosgene has been completely
decomposed and that the starting reactant is effectively phosgene. A gradual increase in total
pressure implies that phosgene is decomposing until a maximum total pressure of 100 Torr, which
correspond to a complete decomposition of phosgene, mainly to CO and Cl,. Note that CO partial
pressure was experimentally recorded only at 500°C. The model reproduces very well the
experimental profile of CO in Figure 4b. Both experimental and simulated profiles illustrate well
the conversion of phosgene to carbon monoxide, which is by far the most important carbon product

resulting from the decomposition of phosgene.
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Figure 5. Evolution of the total pressure and the partial pressure of COCI, and CO with residence time during the
thermal decomposition of diphosgene at (a) 470°C, (b) 500°C and (c) 530°C. Initial pressure, 25 Torr of diphosgene;
symbols: experimental results;? lines: simulations.

5.3. Reaction flux analysis

Figure 6 presents a reaction flux analysis in the case of the pyrolysis of diphosgene at 400°C.
Diphosgene is mainly decomposed by the 4-membered pericyclic reaction yielding two molecules
of phosgene and by the roaming radical reaction into small fraction of CO2 and CCls. The role of
this latter pathway increases with the temperature, accounting for 1.8%, 4%, 9%, and 24% of
diphosgene consumption at 300 K, 350 K, 400 K, and 500 K, respectively. The formation of these
species was observed during the pyrolysis of diphosgene as a function of the temperature (Figure
4). Concerning reactions of phosgene, the only sensitive reactions are the initial bond breaking and

the Cl-atom abstractions. The reaction flux analysis shows that the decomposition of phosgene is



mainly due to Cl-abstraction by Cl-atoms (70%) and CCls radicals (28%), forming the CCIO
radical. Finally, CCIO decomposes by a-scission into CO and CI. In the conditions of Figure 4, at
400°C, phosgene is thermally stable and reacts very slowly. The onset of the decomposition of
phosgene is observed above 450°C and the profile of CO increases then significantly. At all
temperatures, COCI» reacts mainly by Cl-atom abstractions by Cl-atoms and CCls radicals, yielding
Clz and CCly, respectively.

In the experiments on phosgene pyrolysis, presented in Figure 5, the authors assumed that 25
Torr of diphosgene would solely yields 50 Torr of phosgene above 470 K2°. However, it can be
noticed in Figure 4 that at higher temperatures (above 450°C) the branching ratio of the channel
CCls + CO is not negligible. In order to check the influence of this minor channel on the conversion
of phosgene, simulation were performed with pure phosgene (initial partial pressure of 50 Torr) and
compared to that of phosgene produced from diphosgene (25 Torr initial pressure of diphosgene) in
the conditions of Figure 5. At the same temperature, simulations showed a greater reactivity of pure
phosgene. For a residence time of 10 min, conversion of pure phosgene reached 25%, 64%, and
94%, at 470°C, 500°C, and 530°C, respectively, whereas phosgene obtained from the dissociation
of diphosgene was converted to 4.3%, 36%, and 88%, respectively. The difference is due to minor
products of diphosgene dissociation, mainly CO2 and CCls, which inhibit the radical reaction. In the
case of pure phosgene, Cl-atoms are the only chain carrier and propagate the reaction by abstracting
another Cl-atom from the reactant. When diphosgene is the reactant, small amounts of CCls are
produced together with phosgene. Cl-atoms react with CCly yielding the less reactive CCls radicals.
These latter can react slowly with phosgene but also in radical-radical combinations producing

chlorinated C,, which lead to a loss of reactive species and a lessening of the reactivity.
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Figure 6. Reaction flux analysis for the pyrolysis of diphosgene. Initial pressure, 25 Torr; residence time, 1 s
(corresponding to 50 % of diphosgene conversion).



5.4. Auto-ignition delay times of phosgene, CO and CO/Cl, mixture in air

Accidental fires or waste incineration can involve phosgene. It appears also as an important
by-products during chlorinated hydrocarbons or polymer combustion. In order to assess the
reactivity of phosgene in the presence of oxygen, ignition delay times in air were simulated in an
isochoric homogenous reactor for temperatures ranging from 1000 to 2000 K and an initial pressure
of 10 bar. Simulations were effectuated in air at a stoichiometric equivalence ratio for three
mixtures: COCl/air, CO/air, and CO/Cl,/air. The second mixture allowed to compare phosgene
reactivity to that of carbon monoxide, which is the main combustible product of decomposition of
COCl,. The last mixture was designed to represent full products of thermal decomposition of
phosgene and could be used to define a surrogate for phosgene. It also allows to test the influence of
Cl, on the reactivity of CO. Figure 7a presents the auto-ignition delay times obtained using the
detailed kinetic model developed in this work. Figure 7b displays the profiles of temperature and
species as a function of time in the case of the COClx/air mixture at an initial temperature of 1300K.
It appears that phosgene induces the longest ignition delay time, pure CO has a shorter ignition
delay time than phosgene but the mixture CO/CI; leads to the fastest ignition.

The low reactivity of phosgene in auto-ignition is actually due to the fast endothermic
decomposition of COCI», which leads to a dramatic drop of the temperature. Initiations are mainly
due to unimolecular CO—CI bond breaking (BDE 77.6 kcal mol™); phosgene reacts thereafter with
Cl-atoms yielding Cl.and COCI. This latter decomposes fast to CO and Cl-atoms, which are chain
carriers. The global reaction COCl, = CO + Cl, is endothermic by 25.1 kcal mol* at 1300 K. In the
conditions of Figure 7b, about 60% of initial phosgene decomposes during the first seconds of the
reaction. The thermal effect of the reaction leads to a temperature dropping from 1300 K to about
840 K. The reaction is then frozen. The slow oxidation of CO with oxygen to produce CO; starts
then. Cl, also reacts with oxygen to form CIO, which reacts with CO to form CO,. These
exothermic reactions eventually cause an increase of temperature and an auto-ignition at a residence
time of 37 s. The long ignition delay time of phosgene is due to the competition between the fast
endothermic decomposition of the reactant and the somewhat slow exothermic oxidation of the
main products. Thermal evolution of the mixture explains the difference in the behavior compared
to CO and CO/CI; blends.
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Figure 7. (a) Ignition delay times for stoichiometric fuel/air mixtures in an isochoric homogenous reactor at 10 bar
initial pressure, and (b) temperature and species profiles for COCly/air mixture at an initial temperature of 1300K.

Mixtures of CO/air and CO/Cl/air lead to shorter auto-ignition delays because of the absence
of an endothermal reaction causing a temperature drop, as in the phosgene mixture. The oxidation
reactions involved during the oxidation of these blends are presented in the Table 5. It appears that
50% of initial CO reacts with molecular oxygen to produce CO; and one O-atom, whereas the other
50% of CO react with the oxygen atom formed to produce COx. In presence of Cl, CO is no longer
directly oxidized into CO2 by molecular oxygen. Cl acts as a homogeneous catalyst, which reacts
with molecular oxygen to produce a radical intermediate, CIO, which reacts with CO to form CO:
and a Cl-atom. Cl-atoms mostly add to CO to produce CCIO. The latter reacts with another Cl-atom
and regenerate Cl and CO, or to a lesser extent, with O to produce CO> and CIO. Note that a small
fraction of CCIO can combine with chlorine atoms to yield phosgene, as seen during chloromethane

combustion.*?



Table 5. Reactions involved in the decomposition of the mixtures CO/air and CO/Cl./air.

COlair COICly/air

CO+0,=C0O,+0 (50%) Cl; + 0, =2CIO

CO+0=CO0; (50%) 2CI0 +2C0O =2CO0; + 2Cl
2CI+CO=Cl;+CO

Global reaction: 2CO + O, = 2CO; Global reaction: 2CO + Cl, + O, = 2CO; + Cl;

To illustrate the favorable reaction of chlorine with molecular oxygen compared to CO,
Figure 8 displays the branching ratio for the oxidation reaction of Cl, and CO, based on their
kinetic constants, in an equimolar CO/Cl, blend. We can observe that the oxidation on Cl. is much

more favorable and increases even more as the temperature increases.
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Figure 8. Branching ratios for the oxidation reaction of Cl, and CO as a function of the temperature.

In so far, as differences in self-ignition behavior in the adiabatic close vessel between
phosgene and CO and CO/CI; blends were mostly influenced by thermal effects, simulations were
performed in an isothermal continuous stirred reactor to assess chemical kinetic influence on
reactivity. Stoichiometric oxidation of phosgene, CO and CO/Cl, were simulated as a function of
temperature for 10% of combustible and 5% of O diluted in nitrogen, under atmospheric pressure
and for a residence time of 6 s. Figure 9 presents the profiles of reactants for the three mixtures,
and CO, obtained during reaction of phosgene. It appears that phosgene is the most reactive fuel, as
it starts to decompose at 800 K, yielding CO and Cl,. CO is the less reactive fuel, whereas CO/Cl;
reacts at intermediate temperatures thanks to the promoting effect of Cl; and chlorine atoms as
described above. Phosgene reacts promptly by thermal decomposition at a lower temperature than
the beginning of CO consumption. In these isothermal conditions, it appears that the reactivity of
the resulting mixture is very close to that of CO/Cl» used as reactants, as shown by the profile of
CO produced from phosgene, which joins in Figure 9 the profile of CO in the CO/Cl; blend. This

latter mixture is therefore a good phosgene surrogate from a chemical kinetics point of view, but the



global reactivity in modeling a fire or an explosion can be different due to the strong endothermal

initial pyrolysis reaction of phosgene compared to CO/Cls.
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Figure 9. Oxidation of phosgene, CO, and CO/Cl, blend in a perfectly stirred reactor. P = 1 atm, t = 6 s, stoichiometric
conditions, dilution by nitrogen.

6. Conclusion

The first detailed kinetic model for the thermal decomposition and combustion of phosgene
and diphosgene was developed in this work. The mechanism involves a recent validated sub-
mechanism from the literature for reactions of chlorinated species. This mechanism has been
combined with a primary decomposition mechanism of phosgene including pressure effects for
initial reactions, and some coupling reactions with the products of decomposition of diphosgene. A
specific mechanism for the decomposition of diphosgene was proposed. Most sensitive reactions
were theoretically investigated. The model reproduces well experimental results from the literature
for both reactants under pyrolysis conditions in an isothermal closed reactor. The conversion and
the main products are well reproduced. Around 600 K, diphosgene is completely decomposed in
these conditions, yielding mainly phosgene, and, to a lower extent, CCls and CO,. Phosgene starts
to react above 623 K and solely leads to the formation of CO and Cl..

Simulations in combustion showed that phosgene does not oxidize directly, but first
decomposes into CO and chlorine by a fast pyrolysis mechanism. Ignition delay times simulated in
a batch adiabatic vessel showed a late ignition for phosgene compared to CO and the most reactive
COICl; blend. This surprising low reactivity of phosgene is actually due to a freezing of the reaction
caused by the endothermicity of the pyrolysis step. Conversely, isothermal simulations shown that
phosgene is much more reactive than CO in combustion at a given temperature. Reaction products
of phosgene are then similar to the CO/Cl. blend, in which Cl> enhance the oxidation reaction
thanks to a homogeneous catalytic cycle. The CO/ClI> blend can be considered as a correct surrogate

for phosgene as far as thermal effects are of minor importance.
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