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Abstract. The state of the art of studies on combustion of
organophosphorus compounds (OPC) is presented. The chem-
ical processes occurring in flames upon introduction of OPC
additives, the mechanisms of OPC transformations and effect
on the combustion rate and the structure and propagation
limits of hydrogen and hydrocarbon flames are considered.
The key results of experimental and theoretical studies and
simulation of the combustion chemistry of hydrogen and
hydrocarbon mixed and diffusion flames with and without
OPC are described. The mechanism of flame promotion and
inhibition by OPC is analysed. The prospects of practical
applications of phosphorus compounds as flame promotors
and suppressants are evaluated. The toxicity and environ-
mental impact of OPC are discussed. The bibliography
includes 124 references.

I. Introduction

The chemistry of phosphorus compounds is very extensive and
diversified. Phosphorus and its compounds are common in
nature ranging from Earth crust minerals to living organisms
where phosphorus is vitally important.

The first mention on the investigation into combustion of
phosphorus dates back to the 17th century. In 1680, R Boyle'!
burned phosphorus in air and obtained white vapour, which
turned into a white powder on cooling. On treating this powder
with water, he obtained a liquid with acid properties. Later in
has been found that during combustion of phosphorus and its
compounds, a large number of phosphorus-containing species
are present in the flame. The mechanism of phosphine com-
bustion proposed in 1993 included about 20 phosphorus
oxides and phosphorus-containing acids.> The existence of
numerous phosphorus derivatives in the flames attest to a
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complex chemical mechanism of transformations of phospho-
rus and its compounds.

The interest in the combustion chemistry of organophos-
phorus compounds (OPC) first arose in relation to the problem
of destruction of chemical weapons (first of all, nerve agents),
which present a serious hazard for both the environment and
human life. The combustion of war gases in furnaces formed
the basis of an advanced process for the destruction of chemical
agent stockpiles. This process was implemented in the USA in
the Johnston atoll.>* At that stage, researchers were mainly
interested in the mechanism of destruction of complex organo-
phosphorus molecules that simulate chemical agents in a
flame.

The term ‘destruction’ is used to mean the transformation
of a compound upon reactions with other flame components or
upon pyrolysis rather than its thermal decomposition. The
intermediate and final products of OPC destruction in the
flame were identified using dimethyl methylphosphonate
[DMMP, CH3PO(OCHs3),], trimethyl phosphate [TMP,
(CH30)3PO] and diisopropyl methylphosphonate [DIMP,
CH3PO(is0-OC3H7),] as models. On the basis of obtained
results, reactions of H and OH radicals with OPC molecules
were proposed, their rate constants were estimated and a
number of kinetic mechanisms of OPC combustion were
developed. Subsequently, OPC aroused interest as compounds
able to retard (inhibit) combustion.

For many years, halo-substituted, mainly bromo-substi-
tuted hydrocarbons (halons) such as CF3;Br have been
employed as flame suppressants. However, after these com-
pounds were found to deplete the Earth ozone screen, the
production of environmentally hazardous halons ceased in
industrially developed countries in conformity with the Mon-
treal convention (1990).° Environmentally safe halons like
CF;H and CyFsH had low flame suppression efficiency com-
pared to bromine-containing halons; therefore, search for a
substitute for halons among other classes of compounds was
started. The search led to the OPC family having good
prospects as combustion inhibitors.® 8

It is noteworthy that OPC do not merely dilute flames
(thermophysical flame suppression effect), but rather change
the concentration of the most reactive atoms and radicals in the
flame, first of all, H, O and OH (chemical suppression of flame
by additives), thus having considerable effect on combustion
parameters even at low additive concentration (0.03 vol.%).
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The purpose of this review is to generalise the data on the
chemistry and mechanism of OPC transformations in the
flames and non-thermal plasma published in the last decades.
The review considers in detail the mechanisms of flame
promotion, inhibition and suppression by OPC additives. The
specific features of inhibition processes for different types of
flames are analysed and the dependences of the efficiency of
these processes on their conditions (pressure, fuel type, and fuel
excess or deficiency) were found. The unique properties of
OPC (in particular, physicochemical and toxicological) that
distinguish them from other inhibitors were revealed, the effect
of OPC on the Earth ozone layer was estimated. On the basis of
all the available published data, the prospects for practical
applications of phosphorus-containing inhibitors were eval-
uated.

I1. Methods and approaches to investigation of the
combustion mechanism of organophosphorus
compounds

The chemistry of combustion of organophosphorus com-
pounds has been studied using special experimental and
computational methods. Since these processes occur under
extreme conditions, many of these methods are actually unique
and often poorly known; therefore, below they are described in
brief.

1. Experimental methods for investigation of combustion
mechanism of organophosphorus compounds

a. Study of the chemical structure of flames by molecular-beam
mass spectrometry

The understanding of the essence of chemical kinetic processes
taking place in the flames requires knowledge of gas composi-
tion in the flames and distribution of combustion product
concentrations over the combustion zone. The identification of
compounds in the flames and measurement of their concen-
trations and concentration profiles are usually performed by
probe sampling followed by mass spectrometric *- 1° or optical
spectroscopic analysis. Each of the procedures has its advan-
tages; they have repeatedly been used in the research of flames.

Some species found in the flames (atoms, free radicals and
ions) are too reactive and unstable to be sampled and analysed
by conventional methods; therefore, the sample was intro-
duced into the ionisation chamber of a mass spectrometer as a
molecular beam in which molecules did not collide with either
one another or the vacuum chamber walls. The profiled probe
nozzle and a large pressure differential promote efficient
freezing of reactions that occur in the flame, so that quite a
robust sample enters the analyser.

Probe molecular beam mass spectrometry (MBMS) is now
the only method to detect all species present in the flame
(including reactive species), measure their concentrations and
spatial distribution, i.e., determine the chemical structure of
the flame.!" However, this method requires additional meas-
ures for the separation of substances having similar mass
spectra. One of such measures is selective (or so-called soft)
ionisation of species in the sample by photoionisation '>13 or
electron impact.'*!> For this purpose, a setup with an
advanced ion source with a small energy scatter of electrons
(£0.25 eV) corresponding to thermal scatter was designed at
the Institute of Chemical Kinetic and Combustion of the
Siberian Branch of the RAS.

Owing to soft ionisation, analysis can be carried out at low
ionisation energies close to the ionisation potentials of atoms,
radicals and molecules and thus it serves for mitigation (or
elimination) of molecular ion fragmentation upon electron
impact and, hence, facilitates identification of compounds
based on their mass spectra.'415 Table 1 presents ionisation

Table 1. Tonisation potentials and ionisation electron energies for major
components of the flame with OPC additives.

Compound m/z Tonisation Tonisation electron
or species potential /eV energy in the
experiment /eV

PO 47 8.3+0.3 12.8

PO, 63 11.0+£0.5 12.8

HOPO 64 10.7+0.3 12.8

HOPO, 80 124+0.2 14.5

(HO);PO 98 11.5+0.5 17.5
(CH30),(CH3)PO 124 9.9+0.5 20.0
(CH30);PO 140 99+0.5 20.0

H 1 13.3+0.5 16.2

o 16 13.6+£0.2 16.2

OH 17 13.2+0.2 16.2

potentials and ionisation voltages (ionisation energies, IE)
used to measure the major components of flames with OPC
additives: atoms, free radicals and key phosphorus-containing
compounds. The ionisation potentials of compounds such as
PO, PO,, HOPO, HOPO; and (HO);PO were determined by
measuring the ionisation efficiency curves upon direct sam-
pling of flames with OPC additives. The relative error of
measurement of the concentrations of stable compounds in
the flame by this method is <10%, that for radicals is
<30% —50%. The perturbing effect of the sampler during
flame probing is an important aspect influencing correct
interpretation of the experimental results. In recent years, a
number of experimental and computational studies dealing
with the flame perturbation by the probe were published (see,
for example, Refs 16, 17). The results obtained in these studies
substantiate the efficiency of using the experimental temper-
ature profile for simulation of the concentration profiles of
compounds in the flame.

b. Measurement of flame temperature using thermocouples

The temperature distribution across the combustion zone is
usually measured by microthermocouples [Pt/(Pt + 10% Rh)
and so on] with different diameters. For preventing catalytic
processes, the thermocouple surface is coated by SiO» or
ceramics.'® The emission corrections were estimated by the
Kaskan formula ' or excluded by using compensation meas-
urements.”® The agreement between the temperature and
concentration profiles across the zone was attained by shifting
the concentration profiles with respect to the temperature
profile.?! The error of temperature measurement usually did
not exceed +30 K.

c. Methods of measurement of normal flame propagation speed
Several methods exist for measuring of the normal propagation
speed of the flame front in laminar pre-mixed gas mixtures.
One method is based on the use of the Mache — Hebra burner,??
which provides the contour of the visible image of the flame as
a regular cone. The accuracy of measurement of the flame
speed by this method is + 5%. This method for flame prop-
agation speed measurement is very convenient due to its
simplicity and availability but is considered to be least accu-
rate.

The technique of zero heat flux to the burner, which has
found wide use in recent years, is more accurate.?>2* This
method makes use of a flat burner consisting of a copper disc
with evenly distributed holes and the side surface cooled by tap
water. The radial temperature distribution over the burner
surface is measured by insertion of thermocouples into its holes
at different distances from the burner centre. When temper-
ature is evenly distributed over the burner disc surface, a heat
flux from the flame to the burner is absent, the flame existing
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under nearly adiabatic conditions. This means that the flow
rate of the combustible mixture is equal to the free distribution
speed of the flame.

The method of measurement of the normal speed of flame
propagation using a constant volume bomb also deserves
attention.? This measurement requires a special high-pressure
chamber, as ignition of the combustible mixture results in
substantial pressure rise in a closed vessel.

d. Methods of determination of the minimum quenching
concentrations of flame suppressants

The minimum quenching concentration (MQC) is a concen-
tration of a substance in the flame such that the flame is
quenched when this concentration has been attained. Thisis an
important characteristics for evaluating the prospects of using
a particular compound as a flame suppressant. A standard
method for determining the MQCs of flame suppressants 2627
is the cup burner method. It consists of suppression of the
diffusion methane —air or n-heptane —air flame by introducing
flame suppressant vapour into the air stream.?’ Poorly volatile
(liquid) compounds are injected into the air stream by means of
a nebulizer. Air is heated to enhance evaporation rate of the
aerosol of the liquid compound. Yet another, alternative
method for determination of MQC is the ‘cylinder’ method
described by Baratov et al.?®2° Whereas the cup burner
method implements a scenario of extinguishing a local ignition
source by an air stream with admixed flame suppressants, the
‘cylinder’ method is based on a fire extinguishing scenario in an
indoor area.

One more method, the fire chamber method, is used to
determine the MQC of flame suppressants under nearly
natural conditions. These measurements require a large
amount of flame suppressant; therefore, this method cannot
be used for screening.

A special setup was designed to study the quenching
efficiency of a turbulent ¥ flame upon short-term supply of a
flame suppressant.3? Using this setup, the dependence of MQC
on the supply time of the flame suppressant and the fuel
volumetric flow rate was studied. For the study of turbulent
flame quenching by poorly volatile liquid OPC, a setup similar
to that described previously3® was manufactured.?! Both
simulate aircraft engine fire extinguishing. Liquid flame sup-
pressants were supplied by a highly dispersed aerosol generator
(particle size <1 pm) of an original design.3!

2. Numerical simulation and quantum chemical calculations
a. Simulation software

The chemistry of OPC combustion is often studied by numer-
ical simulation, which allows one to calculate the propagation
speed and the chemical and thermal structures of multicompo-
nent laminar and diffusion flames. Model calculations use
thermochemical and transport characteristics of flame compo-
nents, detailed chemical mechanism of the combustion process
as a set of elementary steps with indicated rate constants for
each step. These calculations were carried out using PREMIX
and CHEMKIN softwares.?>33 The PREMIX programme
calculates (for a unidimensional case) the flame propagation
speed and the temperature and component concentration
profiles in a freely propagating flame or a flame stabilised on
a flat burner. The CHEMKIN-II programme and later ver-
sions CHEMKIN-III and CHEMKIN-IV softwares choose
the required thermochemical, kinetic and transport character-
istics of flame components from the databases included in the
program package. All calculations are based on solution of the
energy conservation equation with allowance for diffusion.

1 A turbulent flame site above a tank with liquid fuel is most difficult for
extinguishing, expecially if the tank is located behind a wedge-like barrier.

One can also use the HCT programme (Hydrodynamics,
Chemistry and Transport) 3* developed at the Lawrence Liver-
more National Laboratory (USA) and the OPPDIF pro-
gramme,>> which is a part of the CHEMKIN package. The
latter programme was used to calculate the temperature and
component concentration profiles, the radial and axial con-
stituents of the flow velocities along the burner axis in the
diffusion flame stabilised at the counterflow of the fuel and the
oxidant (the Potter burner 3%-37).

b. Kinetic mechanisms

Although the kinetic models of hydrogen and hydrocarbon
combustion bear only an indirect relation to the OPC combus-
tion chemistry, the results of simulation of the structure or
propagation speed of OPC-doped flames still depend appreci-
ably on the selected mechanism for hydrogen and hydro-
carbons. In this connection, we considered it necessary to
present brief information on the most often encountered
mechanisms of combustion of these compounds.

The rate constants for reactions that describe the hydrogen
combustion process have been reported.’®~4°. The H, com-
bustion was studied in detail by Dixon-Lewis et al.,*! Tsang
and Hampson“? and Yetter er al*> A kinetic scheme of
hydrogen combustion that includes 40 most important ele-
mentary steps involving 8 species has been described.**
Although this process has been well studied, a large number
of models that differ from one another in both the set of
reactions and the rate constants for these reactions can be
found in the literature. The latest model of hydrogen oxidation
under atmospheric pressure was developed in 2004.4°

Hydrocarbon flames can be simulated using the GRI-Mech
mechanism #® describing the combustion of natural gas in the
presence of nitrogen. A version of this mechanism, namely,
GRI-Mech 3.0 comprises 325 reactions involving 53 compo-
nents (including argon). One more, Konnov’s mechanism 4’
includes 1207 reactions involving 127 components. This is
used to describe the combustion of hydrocarbons (< Cs) and
their derivatives. The last-mentioned mechanism was success-
fully used to calculate the speed of free propagation of
propane —air flames.#” The results are in good agreement with
experimental results.*®-4° The kinetic mechanism of propane
combustion proposed by Conaire et al.>® and upgraded by
Curran et al.>' was used to describe the structure of propane —
oxygen flames with OPC additives stabilised on a flat burner 2
and to calculate the propagation speed of propane-—air
flames.>® The mechanism includes 469 steps which involve
77 components.

¢. Quantum chemical calculations
The thermochemistry of phosphorus-containing compounds
has little been studied until recently. Only recently, was this
field of OPC chemistry developed owing to quantum chemical
calculations,>* ¢ which became much more precise. This is
especially important, as phosphorus oxides are unavailable as
commercial chemicals due to their low stability. Table 2
presents the formation enthaplies of PO, PO,, POs;, HOPO,
HOPOz N (HO)ZPO, HPO, HPOz N P203 N P204 and PzOs(gaS).
Not only thermochemical parameters of OPC (enthalpy,
entropy), but also the rate constants for some key reactions of
phosphorus-containing species with atoms (H, O, C, N) and
radicals were calculated.>? 33

As shown below, these calculations identify more precisely
the previously developed kinetic mechanisms and provide
better agreement between the experimental data and the results
of simulation of the flame propagation speed and chemical
structure.

A considerable contribution to the development of OPC
combustion mechanism and the kinetic model of the process
was made by theoretical works carried out at the Lawrence
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Table 2. Formation enthalpies (AH { /kJ mol—!) of phosphorus-contain-
ing compounds calculated by various methods.

Compound BAC-MP4 CBS BAC-G2 G3X2
(Ref. 54) (Ref. 56) (Ref. 52) (Ref. 55)
PO —12.6 —33 —37 —38
PO, —283 —294.9 —298 —291
PO; —430 —450 —450
HOPO —452 —470 —468 —470
HOPO, —690 —717 —719 —713
(HO),PO —647 —661 — 664
HPO —175 —95 —96
HPO, —406 —425
P>0O3 —616 —658
P>04 —855 —908
P,Os —1072 —1135

Livermore National Laboratory (USA) . The OPC combustion
model proposed at this laboratory was based on quantum
chemical calculations of the thermochemical properties of
phosphorus-containing molecules and transition states and
reaction rate constants. This approach is more substantiated
from the kinetic standpoint as compared with mere variation of
the rate constants, as was done in the early investigations. The
thermochemical data (enthalpy, entropy and heat capacity)
were calculated for 25 compounds of pentavalent phosphorus
in which the phosphorus atom is bound to hydrogen, carbon,
nitrogen or sulfur atoms.

3. Integrated approach to elucidation of the combustion
mechanism of organophosphorus compounds

An efficient approach to investigation of the OPC combustion
chemistry is a comparison of experimental and simulated data.
The larger the number of combustion characteristics being
compared (propagation speed and chemical structure of the
flame, propagation limits, minimum quenching concentrations
and so on) the more thorough the verification of the proposed
kinetic model and the more reliable the model. A problem of
many (almost all) kinetic mechanisms is that they have been
validated against a limited number of data.

It is noteworthy that the combustion mechanism depends
on the stoichiometric composition of the fuel mixture. In the
fuel-rich flames, the processes are complicated due to the
formation of heavy hydrocarbons, soot precursors. These
flames are most often difficult to study, and general hydro-
carbon combustion models often poorly predict the character-
istics of these flames.

The most thorough verification for any mechanism is a
comparison of the calculated and measured flame structures,
first of all, a comparison of the concentration profiles of atoms,
radicals and other unstable species. This approach was used to
study the chemistry of OPC combustion and especially to study
the mechanism of inhibition of hydrocarbon flames by TMP.

I11. The mechanism of destruction of
organophosphorus compounds in the flame

The first soft ionisation MBMS study *7 devoted to the OPC
transformations in the flames (1994) reported the mass spectra
of samples taken from the flame and the intensity profiles for
ion peaks with m1/z corresponding to the initial compounds and
intermediate and final products of TMP and tributyl phos-
phate (TBP) combustion in a hydrogen—oxygen flame at a
pressure of 80 Torr. When measuring the TMP and TBP
concentration in the flame, it was shown that OPC in a low-
pressure hydrogen — oxygen flame are consumed faster than the
major flame components (H, and O,). Systematic research into
the mechanism of destruction of DMMP, TMP, DIMP, and
some other OPC was carried out in the subsequent studies.

1. Mechanism of destruction of dimethyl methylphosphonate
In a study of the structure of a hydrogen — oxygen flame doped
with DMMP at 47 and 76 Torr, key intermediates of DMMP
destruction with masses of 110 and 94 were detected and
identified as methyl methylphosphonate and methylphos-
phonic acid, respectively. The final phosphorus-containing
products of DMMP combustion with m/z 47, 63, 64 and 80
were identified as (PO), (PO;), (HOPO) and (HOPO,).!4 8,59

a. Intensity profiles of the mass peaks of the starting dimethyl
methylphosphonate and the intermediate and final products of its
destruction

In order to analyse the possible intermediates of DMMP
destruction, mass spectra of samples taken from the H»/O»/
Ar flame (P = 47 Torr) doped with 0.2 vol.% DMMP were
recorded. The flame samples were taken at distances of
<4 mm from the burner (within the DMMP destruction
zone in the flame).'* The ion peaks with m/z 79, 80, 81, 93, 94,
95, 96, 98, 109, 110 were found in the mass spectra of the
samples. The contributions of the fragment ions resulting from
ionisation of the DMMP molecule to these peaks were elimi-
nated using a mass spectrum of DMMP recorded in an argon
flow. Note that the mass spectrum of DMMP recorded in this
way does not contain ion peaks with m1/z 110 or 80.

Figure 1 shows the intensity profiles of the peaks of
DMMP with m/z 124 and ions with m/z 110, 94 and 80 (with
subtracting the contributions of fragment ion peaks) depend-
ing on the distance (/) from the burner surface to the probe at
P =43 Torr and 1IE = 12.1 eV. The intensity profiles of ion
peaks with m/z 110, 94 and 80 pass through maxima; the
intensity maxima of the peaks with m/z 110 and 80 are located
at a 1.5 mm distance from the burner, while that for the peak
with m/z 94 is at a 2.5 mm distance from the burner. Figure 2
shows the intensity profiles of the peaks of DMMP and ions
with m/z 95, 96, 98 and 110 (with subtracting the small
contributions of fragment ion peaks) depending on the dis-
tance [ for P =47 Torr and IE = 20 eV. The presence of
maxima in the intensity curves for ion peaks with m/z 80, 94,
95,96, 98 and 110 indicates that these peaks may correspond to
intermediates.
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Figure 1. Intensity profiles of ion peaks with m/z 80 (curve 1), 94 (2), 110
(3) and 124 (4) in the H»/O>/Ar flame with 0.2 vol.% DMMP at
P =43 Torrand IE = 12.1 eV.14

There are two intermediates with the mass 110: dimethyl
phosphonate [HPO(OCH3),] and methyl methylphosphonate
[HOPO(OCH3)(CH3)]. Under electron impact, both com-
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Figure 2. Intensity profiles of the peaks of initial DMMP (curve /) and
ions with m/z 110 (curve 2), 98 (3), 96 (4) and 95 (5) in the H»/O»/Ar flame
with 0.2 vol.% DMMP at P = 47 Torr and IE = 20 eV.!4
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Figure 3. Intensity profiles of ion peaks with m/z 47 (PO, curve [), 63
(PO3, curve 2), 64 (HOPO, curve 3), 80 (curve 4), 98 [(HO);PO, curve 5]
and 124 (DMMP, curve 6) in the H2/O»/Ar flame with 0.2 vol.% DMMP
at P =47 Torr and IE = 13.4 eV.14

pounds give species with masses of 95 and 80;%° therefore, ion
peaks with m/z 95 and 80 correspond to intermediate fragment
compounds (presumably, decomposition products of methyl
methylphosphonate '4). The peak with m/z 96 corresponds to
methylphosphonic acid [(HO)>PO(CH3)]. The intensity of the
ion peak with m/z 81 is approximately twice as high as the
intensity of the m/z 98 peak, and the behaviour of the intensity
curve of the m/z 81 peak fully reproduces that for the ion peak
with m/z 98. The ion with mass 81 may thus be a fragment ion
of a compound with mass 98 (this compound was identified as
orthophosphoric acid). The ion with mass 94 was identified as
the PO»(OCH3) molecular ion. The ion peaks with m/z 79, 93
and 109 correspond to the fragment ions formed upon bom-
bardment of DMMP with electrons. The mass spectra of
samples taken from flames were also found to contain peaks
corresponding to species with m/z 28 (CO), 44 (CO»), 47 (PO),
63 (PO-) and 64 (HOPO).

The intensity profiles of ion peaks with m/z 47, 63, 64, 80
and 98 recorded for flames doped by 0.2 vol.% DMMP at
P = 47 Torr are presented in Fig. 3. The ion peak with mass 80
has a maximum ata ~1 mm distance from the burner surface.
It was found that different substances are responsible for
contributions to the ion peak with m/z 80 at different distances
from the burner surface. Thus analysis of the curve of DMMP
ionisation efficiency has shown that the peak with m/z 80
recorded in the flame at a 1 mm distance from the burner
surface has the appearance potential AP =11.5+0.3 eV,
while the ion peak with the same mass detected at a distance
of 7—-10 mm has AP = 13.5+£0.5 eV. Analysis of the mass
spectra © of the presumed intermediate product, viz., methyl
methylphosphonate (mass 110), indicates that it is fragmented
upon electron impact to give an ion with mass 80. Thus, at
distances of up to 3 mm (where the ion with m/z 110 was
detected as an intermediate), the major contribution to the
intensity of the peak with m/z 80 is due to the methyl
methylphosphonate fragment ion. At distances / > 3—4 mm
from the burner surface (i.e., in the final products of DMMP
destruction), the molecular ion of HOPO; with the same mass
appears in the flame.

Analysis of the concentration profiles of intermediates
recorded in the H2/O»/Ar flame doped with 0.2 vol.% DMMP
suggests the following sequence of DMMP transformations in
the flames (possible compounds corresponding to these masses
are given in brackets):

124 (DMMP) — 110, 95, 80 [HOPO(CH;3)(OCH3)] —>
—> 96 [(HO)>PO(CH3)], 94 [PO>(OCH3)] —>
—> 98[(HO)3PO] —> 80 (HOPO,), 64 (HOPO), 63 (PO,), 47 (PO).

For interpreting the obtained experimental results, the
possible fragmentation routes of DMMP (subsequently, also
TMP) in the H>/O,/Ar flame were analysed. The following
types of reactions were considered:

(i) unimolecular decomposition and four-centre reactions;

(i1) bimolecular elimination of H, CHz and OCHj3 from the
DMMP molecule by H, O and OH radicals and the substitu-
tion of alkyl and alkoxyl groups;

(iii) bi- and trimolecular recombination reactions.

The enthalpies of the reactions were calculated using the
enthalpies of formation of some OPC estimated by Melius.* On
the basis of these data, a detailed kinetic mechanism of DM MP
destruction in the flame was proposed.’® Subsequently, this
mechanism was upgraded (reactions from the mechanism
proposed by Twarowski ¢! ~63 were also included).

b. The Twarowski mechanism

An important step towards the understanding of the mecha-
nism of OPC effect on flames was made after they were found
to be applicable for increasing the efficiency of a ramjet fueled
by hydrogen. It was found that combustion of hydrogen at
high altitudes and, hence, at low pressures gives H and OH
radicals in super equilibrium concentrations in the combustion
chamber. These radicals have no time to recombine in the
combustion chamber and are carried away to atmosphere,
resulting in a loss in the engine power. For increasing the
completeness of combustion, it was proposed to add phosphine
to the fuel; this additive ensured an additional kinetic channel
of recombination of H and OH radicals to give water.
Twarowski 26163 carried out a series of studies dealing with
the effect of phosphine additive on the H and OH radical
recombination rate in the flame. On measuring the variation of
the concentrations of OH radicals formed upon combustion of
a diffusion hydrogen —oxygen flame in the presence of phos-
phine vapour by laser-induced fluorescence, Twarowski?

1 Private communication (1996, the Lawrence Livermore National Labo-
ratory, USA).
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assumed that recombination of OH radicals is catalysed by
phosphorus oxides and phosphorus-containing acids: PO,
PO,, HOPO and HOPO,. He proposed a mechanism for
catalytic recombination of H and OH radicals with participa-
tion of these phosphorus compounds; in more recent
works,®! ~ 93 he supplemented this mechanism by new reactions
with modified rate constants.

c. Analysis of the destruction mechanism

In a study '* devoted to determination of the general mecha-
nism of OPC transformations in the flame, it was shown that
destruction of OPC takes place through replacement of CHjs
and CH;0 groups by H and OH radicals. The full spectrum of
the final phosphorus-containing products of OPC combustion
was also identified. The obtained results served as the prereq-
uisite for the design of other models for OPC destruction in
flames on the basis of detailed kinetics and calculations of
structures and propagation velocities of OPC-doped flames.

An essential contribution to the study of chemistry and
mechanism of OPC destruction in flames was made by Werner
and Cool,!? who investigated the chemical structure of rich
hydrogen —oxygen flames doped with 0.1 vol.% DMMP.§ On
the basis of the obtained results, they developed a kinetic model
for DMMP destruction in the flames. Using soft UV ionisation
MBMS, they identified a number of intermediates of DMMP
destruction in the flame such as (CH3)PO> (78), (CH30)PO
(78), (CH3)(CH30)(OCH»)PO (123), (HO),PO(CH3) (94) and
HOPO(CH3)(OCHs3) (110) (the values in parentheses are the
molecular masses of the products). It was shown experimen-
tally '3 that the destruction occurs upon the reaction of DMMP
molecule with H and OH radicals (mainly, with replacement of
alkyl and alkoxyl substituents by OH groups).

Werner and Cool 13 also calculated the rate constant for the
thermal decomposition of DMMP. According to their data,
the activation energy of the reaction of DMMP with OH equals
365 kJ mol—!, indicating a negligibly low contribution of
DMMP pyrolysis during combustion. On the basis of their
own experimental results '3 and earlier data ' and resorting to
quantum chemical calculation data obtained by Melius,
Werner and Cool '3 proposed the first detailed mechanism of
DMMP destruction in the flame. Using this mechanism, the
flame structure was simulated and the results were compared
with the experiment. Unfortunately, the researchers did not
measure the concentrations of final and intermediate phos-
phorus-containing combustion products (including stable
ones); therefore, the concentration intensity profiles across
the combustion zone were equated (in the maximum) to the
maximum concentrations of these compounds found by simu-
lation. This somewhat decreases the significance of the work, '3
as the lack of quantitative experimental results did not allow
them to verify whether the model can correctly predict the
distribution of combustion product concentrations across the
flame zone.

The knowledge of the presence of the above-listed com-
pounds in DMMP-doped flames was used by some researchers
to design their own models for DMMP destruction in the
flames and to calculate the chemical structure and the free
propagation speed of a flame with DMMP additive (see, for
example, Refs 64 and 65).

Quantitative measurement of the concentrations of com-
bustion products was the next step towards the understanding
of the OPC combustion chemistry.®® Thus the proposed
mechanisms of OPC destruction were verified by comparing
the simulation data with experimental results on the flame
structure, and this allowed the researchers to perfect the
mechanisms. Since direct calibration of a MBMS unit used to

§ The same authors published a special study dealing with determination
of the ionisation potentials of compounds (CH3)PO; and (CH30)PO, .!2

study the OPC transformations in the flame with respect to PO,
PO,, HOPO or HOPO; is impossible due to their instability
and, hence, the lack of these compounds, their calibration
coefficients were determined from the phosphorus material
balance in the flame. Metaphosphoric acid HOPO,, which
exists as the crystals (P>Os).(H20), , where x:y &~ 1:1, can be
considered an exception. However, the extremely low satu-
rated vapour pressure of this acid precludes direct calibration
of the unit with respect to this compound.

The calibration factors of phosphorus oxides and phos-
phorus-containing acids were determined by measuring the
intensities of peaks of ions with m/z 40 (Ar), 47 (PO), 63 (PO»),
64 (HOPO) and 80 (HOPO.), i.e., the final products of DMMP
and TMP combustion in hydrogen — oxygen flames with differ-
ent composition. The introduction of knowingly larger number
of equations than variables into the set of phosphorus balance
equations (the set of equations was overdetermined) owing to
the large number of peak intensity measurements in the flames
with different composition increased the calculation accuracy.
The calculated calibration coefficients were used to determine
the concentration profiles for PO, PO, HOPO and HOPO: in
a hydrogen —oxygen flame with OPC additive.

The structure simulation of burner-stabilised flames used,
as the input data, the temperature profiles measured by a
thermocouple with a junction located near the probe orifice.
Simulation of the structure of the H,/O»/Ar flames in the
presence of DMMP 38 in terms of the Twarowski mechanism 2
demonstrated that with reaction rate constants proposed by
Twarowski, the model predicts incorrectly the concentrations
of these components. Analysis of the sensitivity of the rate
constants of reactions comprised in the Twarowski kinetic
mechanism (Table 3) to the concentrations of phosphorus
oxides and phosphorus-containing acids showed that agree-
ment between the simulation and measurement results can be
attained by increasing the rate constants for trimolecular
reactions 3, 5, 10 and 13 and simultaneously decreasing the
rate constants for bimolecular reactions 2,4, 7, 8,9, 11, 12 and
14. Such changes in the rate constants resulted in an increase in
the calculated HOPO» concentration and a decrease in the PO
concentration. As a result, the concentration ratio
[HOPO]/[PO-] approached the experimental value.

Previously, incorporation of a number of primary steps
giving rise to HOPO(CH3)(OCHa3) (m/z 110), HOPO(OCH3)»
(126), HOP(CH3)(OCH3); (125) and PO(CH3)(OCH3)(OCH»)
(123) into the DMMP destruction mechanism has been pro-
posed.!® 14 In the study considered,”® reactions involving
HOP(CH3)(OCH3)> (m/z 125) were not included in the final
DMMP destruction model, as sensitivity analysis of the con-
sumption rate of DMMP revealed a negligibly low influence of
these steps on the kinetics of DMMP consumption. The
measurements also showed that only HOPO(CHj3)(OCH3)
was present in the flame in considerable amounts, while
HOPO(OCH3) and PO(CH3)(OCH3)(OCH,) were not
detected at all. Thus, the following route of DMMP destruc-
tion in the flame was proposed:>®

PO(CH;)(OCH3) + H (or OH) —»
— > HOPO(CH3)(OCH3) + CH; (or OCH3),
HOPO(CH3)(OCH3) + H (or OH) —»
—> (HO),PO(CH3) + CHj3 (or OCH3),
(HO):PO(CH3) + OH —» (HO);PO + CHj3,
(HO);PO ——> final products.
The assumption that the reactions of DMMP with
hydroxyl yield preferably methyl methylphosphonate rather
than dimethyl phosphate is supported by the fact that the

C—O0O bond energy is lower than the C—P bond energy.
The mechanism of DMMP destruction proposed by
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Table 3. Reactions included in the Twarowski mechanism ? and measured >® parameters 4, n and E of the equation k = AT"exp(— E/RT).

Number of the reaction Reaction A (from data of Ref. 2)2 A (from data of Ref. 58)# n E/kJ mol—!
1 OH + PO + M = HOPO + M 1.196 x 1020 1.19 x 1020 —1.8 5.81
2 H + HOPO = H,0 + PO 3.16 x 1013 6.32x 10! 0 49.87
3 OH + PO; + M = HOPO, + M 1.60 x 10%* 1.60 x 10%° —2.3 1.19
4 H + HOPO; = H,0 + PO, 3.16x 1013 6.32x 10! 0 49.87
5 H + PO, + M = HOPO + M 9.73 x 103 9.73 x 10 -2.0 2.7
6 OH + HOPO = H,0 + PO, 3.16 x 10! 3.16 x 10! 0 0
7 H + HOPO = H, + PO» 3.16 x 1013 7.90 x 10! 0 0.18
8 O + HOPO = OH + PO 3.16x 1013 1.58 x 1012 0 0
9 OH + PO = H + PO, 3.16 x 101! 6.32x 1010 0 2.49

10 O+PO+M=PO, +M 2.36 x 1023 2.36x 10%* —2.1 1.62

11 0, + PO =0 + PO, 3.16 x 10! 3.16 x 1010 0 2391

12 OH + HOPO = H + HOPO, 3.16 x 10! 6.32x 1010 0 40.63

13 O + HOPO + M = HOPO, + M 1.59 x 10%* 7.95x 1024 —2.1 4.16

14 O + HOPO, = O, + HOPO 3.16 x 1013 6.23 x 10! 0 34.43

15 PO + HOPO, = PO, + HOPO 3.16 x 10! 3.16 x 101! 0 40.71

2 The dimensionality of the pre-exponential factor 4 in the equation for the rate constant is s~! for a unimolecular reaction, cm® mol—! s—! for a
bimolecular reaction and cm® mol~2 s~ ! for a trimolecular reaction.

Korobeinichev et al.>® is presented in Scheme 1 (the corre- The proposed mechanism of DMMP destruction in the
sponding reaction enthalpies are given in brackets). flame was used to calculate the structure of a flame doped with
0.2 vol.% DMMP and the results of calculations were com-

heme 1
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pared with the results of measurements. The agreement was
satisfactory for almost all flame components. The concentra-
tion profiles of the following intermediates of DMMP destruc-
tion in the flame were reported:>® methyl metaphosphate
(CH30)PO,, methyl methylphosphonate, methylphosphonic
acid and orthophosphoric acid.

No direct calibration of an MBMS unit with respect to
intermediate organophosphorus products of DMMP destruc-
tion was carried out, as these compounds are lacking, unstable
or non-volatile (as, for example, methylphosphonic acid), and
calibration with respect to orthophosphoric acid proved to be
impossible, because this acid decomposed above 100 °C to give
water and pyrophosphoric acid. Therefore, the calibration
coefficients of the intermediate organophosphorus compounds
in the flame were found using the procedure of equating the
maximum measured and calculated concentrations, as this was
done before (see Ref. 13).

It should be borne in mind that PO, PO,, HOPO and
HOPO; are formed in the flame at high temperature, while
after cooling, the composition of combustion products may
change appreciably (apparently, various phosphorus-contain-
ing acids may form).

2. Mechanism of trimethyl phosphate destruction

The mechanism of destruction of TMP in the flame, unlike that
of DMMP, has been studied in detail.!3-58.64.67-69 Mass
spectra of the samples taken from the H»/O»/Ar flame doped
with TMP exhibited peaks for the intermediate and final
products of TMP destruction with m/z 80, 95, 96, 109, 110,
111, 112 and 126. The intensity profiles of some of these peaks
and the TMP peak with m/z 140, recorded with IE = 21 eV, are
presented in Fig. 4. Since the ion peak with n2/z 126 is missing
from the mass spectrum of TMP and its intensity profile passes
through a maximum, this peak may be related to an inter-
mediate of TMP destruction identified as dimethyl phosphate
HOPO(OCH3;), (DMP).

I;
14000
10000
6000 ~
2000
0 1 2 3 4 //mm
Figure 4. Intensity profiles of peaks of initial TMP (m/z 140) (curve I)

and ions with m/z 126 (2), 110 (3), 109 (4) and 80 (5) in the H,/O,/Ar flame
with 0.2 vol.% TMP at P = 47 Torr, IE = 21 eV.14

The mass spectra of tri- and dimethyl phosphates exhibit
ion peaks with m/z 80, 95, 96, 109, 110, 111 and 112. Figures 5
and 6 present the intensity profiles of these peaks in the flame
with subtracting the contributions of TMP and DMP. It can be
seen from Fig. 6 that the profile of the ion peak with m/z 110
has three maxima, the third one being feebly pronounced and
may be the result of overlap of two curves with maxima at

2000
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0 1 2 3 4

//mm

Figure 5. Intensity profiles of ion peaks with m/z 96 (curve /), 95 (2), 111
(3), 112 (4) with allowance for contributions of TMP and DMP fragment
ions at P = 47 Torr in the H»/O»/Ar flame with 0.2 vol.% TMP.

I;
4000
3000 -
2000 -
1000
0
1 2 3 4 //mm
Figure 6. Intensity profiles of ion peaks with m/z 110 (curve /), 109 (2),

80 (3) with allowance for contributions of TMP and DMP fragment ions at
P = 47 Torr in the Hy/O,/Ar flame with 0.2 vol.% TMP.!4

/=1.1 and 1.9 mm. The ion with m/z 110 can be identified
either as the molecular ion of dimethyl phosphonate
HPO(OCH3); or dimethyl phosphite HOP(OCH3), or as the
fragment ion formed from monomethyl phosphate
(HO)>,PO(OCH3) (molecular mass 112). It can be seen from
Figs 5 and 6 that the maximum of the ion peak with m/z 112
coincides with the third maximum of the m/z 110 peak. This
prompted the conclusion that the third maximum of the m/z
110 peak corresponds to monomethyl phosphate, while the
first one is due to dimethyl phosphite. The second maximum
has not yet been interpreted. The peaks with m/z 80 and 109
were attributed to fragment ions formed from monomethyl
phosphate and dimethyl phosphite. The ion peak with m/z 96
belongs apparently to monomethyl phosphite (the m/z 95 peak
is due to a product of its fragmentation). The intensity profiles
of ion peaks with m/z 47 (PO), 63 (PO-), 64 (HOPO) and 80
(HOPOy) in the flames with TMP and DM MP additives follow
the same pattern.

On the basis of these data, possible reactions for TMP
destruction in the flame were proposed. The kinetic model of
TMP destruction based on these studies was verified in relation
to different flames. The concentration profiles of the organo-
phosphorus products of TMP destruction were constructed by
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carrying out direct calibrations of an MBMS unit with respect
to TMP, DMP and dimethyl phosphite.®* Pure monomethyl
phosphate was not obtained; therefore, its concentration was
estimated from the phosphorus material balance for the
flames. Apart from the transformation steps of TMP and the
intermediate products of its combustion, which logically follow
from analysis of the composition of the combustion products,
the reactions of TMP with the OH radical were also consid-
ered. It was found that this reaction does not give dimethyl
phosphate and methyl alcohol, as was considered previously,
but gives water and organophosphorus radical resulting from
elimination of the H atom from a TMP molecule.”®

(CH30);PO + OH = (‘CH,0) (CH30),PO + H,0
(AH 305 = —79.09 kJ mol—1).

The rate constant for this reaction was measured at a
temperature of 300 K, and no activation energy was deter-
mined.”® This was taken to be equal to the activation energy of
a similar reaction of DMMP with OH,'3 i.e., 16.7 kJ mol 1.
The pre-exponential factor in the Arrhenius equation was
calculated proceeding from the accepted activation energy
and the measured rate constant.”® Thus, this reaction was
included in the mechanism as a possible primary step of TMP
destruction in the flame.

The mechanism of TMP destruction is presented in
Scheme 2.3% %41t is of interest to carry out the integral analysis
of the transformation routes of TMP and some products of its
incomplete destruction to elucidate the role of each step.
Analysis showed that the ((CH>O)(CH30),PO radical forma-
tion is a key step (consuming more than 70% of TMP), the

main bulk of products being formed via this step. The proposed
mechanism of TMP destruction was used to model the struc-
ture of the H>/O»/Ar flame with a TMP additive.

Figure 7 presents the measured and calculated concentra-
tion profiles for TMP and intermediate organophosphorus
products of its decomposition in the H>/O>/Ar flame at low
temperature. It can be seen from comparison of the calculated
and experimental data that, despite certain discrepancies, the
proposed *® model predicts with a satisfactory accuracy the
concentration profiles of intermediate organophosphorus
products of the destruction of the starting compound. Figure 8
shows the calculated and measured concentration profiles of
the final phosphorus-containing products of TMP combus-
tion, namely, PO, PO,, HOPO, HOPO, and (HO);PO.
Satisfactory agreement between the simulated and experimen-
tal results was obtained. [The experimental and simulated
results for stable substances (H>, O», H»O) are compared in
Section 1V.]

It follows from the series of studies devoted to the OPC
combustion chemistry that predicting the concentration pro-
files of the combustion products PO, PO, , HOPO and HOPO,
using the kinetic model is the most complicated task, but these
concentration profiles, in addition to the concentration pro-
files of the H and O atoms and OH radicals, allow one to find
whether the mechanism correctly describes the OPC combus-
tion, which is especially important for the description of OPC
as combustion inhibitors (or promoters).

Original mechanisms for DMMP and TMP destruction in
the flames based on quantum chemical calculations of thermo-
chemical data and on the estimation of rate constants for
separate steps were proposed almost simultaneously by two

C‘)CH_; Scheme 2
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Figure 7. Concentration profiles of TMP (a) and intermediate products
of its destruction: phosphites () and phosphates (¢) in the H»/O»/Ar
flame.>$

The dots show the experimental values and the continuous lines corre-
spond to calculations;

(b) (1, I") dimethyl phosphite; (2, 2') monomethyl phosphite;

(¢) (3, 3') dimethyl phosphate; (4, 4) monomethyl phosphate.
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Figure 8. Concentration profiles of phosphorus-containing products of
TMP combustion in the H2/O,/Ar flame.>®

Phosphorus-containing products: PO (curve /), PO, (2), HOPO (3),
HOPO, (4), (HO)3PO (5). The dots show the experimental values and
the continuous lines correspond to calculations.

research groups.? > (Glaude et al.>* took into account all the
possible intermediates of destruction of these OPC.) The
developed mechanisms were used to simulate the structure of
the low-pressure hydrogen—oxygen flame doped with
0.2 vol.% DMMP or TMP. A comparison of the calculation
results 54 with earlier experimental results ®+% demonstrated

good agreement between them as regards both the concen-
trations of stable components in the flame (H2, O2 and H>O)
and the concentrations of PO, PO,, HOPO, HOPO, and
(HO)3;PO, which is the most difficult-to-attain fitting criterion.
At that time, the developed mechanism was the most complete
(it included 202 reactions involving 41 phosphorus com-
pounds). This mechanism served as the basis for the develop-
ment of the mechanism of inhibition of methane and propane
flames by OPC additives under atmospheric pressure (see
below).

3. Mechanism of destruction of diisopropyl
methylphosphonate and sarin

The chemistry of DIMP combustion in the H/O» flame at low
pressure has been studied.”! Diisopropyl methylphosphonate
decomposes rather readily, unlike TMP or DMMP, when
heated in an inert gas flow; therefore the thermal decomposi-
tion reactions were included in the mechanism of DIMP
destruction in the flame. The kinetics and the products of
DIMP pyrolysis in a flow type reactor were studied by Zegers
and Fisher;’? the results are presented below.

. + -3
(ISO C3H7O)2(CH3)PO M 1823 kJ mol’l]

— = (is0-C3H,0)(CH3)PO(OH) + C3Hs,

—153.44+20

= 1012
k=10 exp< RT

) cm? mol—!s— 1.

While estimating the contribution of thermal decomposi-
tion of DIMP to the overall destruction rate of the substance in
the flame, it was concluded 7> that thermal decomposition
plays a minor role in the total mechanism of DIMP destruc-
tion. As in the case of other OPC, the major steps of DIMP
destruction include the reactions of the OPC molecule with the
H atom and OH radical, resulting in replacement or elimina-
tion of the CH3 and C3H-O groups, respectively.

By analogy with the DIMP destruction steps, Korobeini-
chev et al.’! proposed also the possible steps of sarin destruc-
tion. They carried out altogether 10 reactions and calculated
the heats of reactions based on the Melius thermochemical
data (the Lawrence Livermore National Laboratory).

The rate constants for unimolecular decomposition of
dimethyl ethylphosphonate, triethyl phosphate and DIMP
were calculated.>* The correctness of calculations was verified
by comparing the simulation data with the experimental results
on the pyrolysis of the above-mentioned OPC in a flow type
reactor.

As a continuation of their research, the same group”?
developed the destruction mechanisms for a number of fluori-
nated OPC and TMP, DMMP, DIMP and sarin. The hier-
archical schemes of reactions were based on previously
proposed mechanisms of OPC destruction using the principle
of chemical bond additivity. The kinetic models of combustion
of the above-listed OPC and sarin were used in the calculations
predicting their consumption rates during the combustion of
natural gas (94% of methane and 6% of ethane) with air in a
perfect-mixing reactor.¥ A comparison of the dependences of
concentrations of various OPC in the combustion on temper-
ature and residence time has shown that TMP and DMMP
consumption follow identical kinetics; the same is true for
DIMP and sarin. The researchers concluded that only DIMP is
a true mimic of sarin.

Scheme 3 shows simplified patterns of the thermal destruc-
tion of DIMP and sarin at high temperature in a perfect-mixing

9] This process simulates disposal of these compounds by incineration in a
furnace.
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reactor. [tis noteworthy that both DIMP and sarin destruction
mechanisms include not only thermal decomposition steps. A
full mechanism of sarin combustion that includes 24 steps most
of which are reactions of sarin with H and OH radicals has been
reported.”?

Comparative analysis of the mechanisms of destruction of
various OPC carried out by the researchers cited has shown
that the six-centred elimination of C3Hg present in the destruc-
tion mechanisms of DIMP and sarin is responsible for their
higher reactivity compared to that of TMP or DMMP. This
means that C — C bonds are most susceptible to cleavage in the
OPC molecule.

It is noteworthy that the conclusions drawn’3 are at
variance with the conclusions of an earlier publication.”! As
noted above, experimental study and numerical simulation of
the DIMP destruction mechanism in the low-pressure hydro-
gen—oxygen flame 7! led to the conclusion that the thermal
decomposition of DIMP gives a minor contribution to the
overall destruction rate. Apparently, these discrepancies can be
interpreted in the following way. The concentrations of H, O
and OH atoms and radicals in the hydrogen —oxygen flame at
low pressure are very high (according to a publication,’ the
H + O + OH molar concentration is about 10%). This sug-
gests that the role of thermal decomposition of even thermally
unstable compounds is negligibly low against the high rate of
DIMP consumption in reactions with the H, O and OH
radicals. In hydrocarbon flames, the total molar concentration
of active species was reported 7> to be two orders of magnitude
lower. In this case, the role of thermal decomposition markedly
increases.

4. Mechanism of destruction of organophosphorus
compounds in a non-thermal plasma

The mechanisms of OPC destruction in the flame and non-
thermal plasma have much in common. Therefore, it is
pertinent to consider briefly the works devoted to the chemistry
of OPC destruction in corona discharge plasma. From the
practical standpoint, the non-thermal plasma attracts atten-
tion of researchers as a medium for effective destruction of
toxic or hazardous compounds in low concentrations.

The identification of the OPC destruction products in a
non-thermal plasma’¢~7% made it possible to propose the
mechanism of their destruction. Among the stable intermediate
products of DMMP destruction in the corona discharge
plasma, methyl methylphosphonate and monomethyl phos-
phate were detected; methylphosphonic and orthophosphoric

acids were formed as the final products of DMMP destruction.
The same species are also the final products of DIMP destruc-
tion, whereas isopropyl methylphosphonate is an intermediate
product. The destruction of TMP yields dimethyl and mono-
methyl phosphates (intermediates) and orthophosphoric acid
(final product).

Thus, in a non-thermal plasma, DMMP, DIMP and TMP
undergo the following transformations:

DMMP: (CH30)(CH3)PO —> (CH30)(HO)(CH3)PO —
—> (CH;0)(HO),PO —> (HO)»(CH3)PO —> (HO);PO;
DIMP: (is0-C3sH;0)2(CH3)PO —>
— > (is0-C3H;0)(HO)(CH3)PO —>
—> (HO)»(CH3)PO —> (HO);PO;
TMP: (CH30);PO —> (CH3;0)>,(HO)PO —>
—> (HO)»(CH;0)PO —» (HO);PO.

The identification of the OPC decomposition products in a
non-thermal plasma showed that they are the same as many
OPC destruction products in the flame. Apparently, in a
corona discharge, as in the flame, the alkoxyl and alkyl groups
are replaced successively by H or OH. Two possible mecha-
nisms of OPC destruction in the nonthermal plasma, radical
and ionic ones, have been described. According to the radical
mechanism, OPC destruction occurs upon the reaction of the
atoms and radicals formed in the discharge with OPC, similarly
to the situation in the flame. The discussion of the ionic
mechanism in the OPC destruction in the nonthermal plasma
is beyond the scope of this review. It should be noted that no
unambiguous evidence supporting either of these two mecha-
nism is currently available.

IV. Mechanism of promotion and inhibition of the
H>/O- flames by addition of organophosphorus
compounds

Korobeinichev et al.'*37-64 first demonstrated experimentally
that the addition of 0.2 vol.% OPC to the H,/O»/Ar flames at
low pressure results in an increase in the final temperature of
the flame and the degree of combustion and in a decrease in the
combustion zone width. Figure 9 shows the measured and
calculated (at a 15 mm distance from the burner) final temper-
atures of the H,/O»/Ar flame stabilised on a flat burner at
47 Torr, depending on the initial concentration of the TMP
additive.”® Under these conditions, the increase in temperature

T)°C
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Q
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1200 ‘ ‘ ‘ ‘ ‘
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Figure 9. Maximum temperature of the H>/O»/Ar flame stabilised on a
flat burner at a pressure of 47 Torr vs. TMP concentration.”

The continuous line shows the calculated values; the light dots are
experimental values and the dark dots show the change in the adiabatic
equilibrium temperature.
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of the stabilised flame is not related to lower heat loss in the
burner, as is usually the case upon the addition of inhibitors;
conversely, on the addition of TMP, the flame temperature
increases simultaneously with the increase in the temperature
gradient at the burner surface, i.e., with an increase in the heat
loss. Thus, the increase in the flame temperature with an
increase in the TMP concentration is due not to the introduc-
tion of additional fuel into the flame but to more complete
combustion of the fuel already present as a result of the ability
of OPC combustion products to catalyse recombination of the
H and OH radicals to give water, i.e., to promote combustion.

The experimental and simulation results are in satisfactory
agreement, which confirms the consistency of the kinetic
model. For comparison, Fig. 9 shows also the equilibrium
temperatures of the adiabatic flames with the same composi-
tion. The difference between the adiabatic flames and flames
stabilised on a flat burner (cooled) is that in the latter case, a
large portion of heat is absorbed by the burner.

Figure 10 shows the concentration profiles of the stable
components H», Oz and H>O in the H>/O»/Ar flame stabilised
on a flat burner at a reduced pressure of 47 Torr without
additives or with 0.2 vol.% TMP.%® The narrowing of the
combustion zone (the final composition of the combustion
products is attained at a shorter distance from the burner
surface) and fuller combustion of the H, and O, components
attest to a promoting effect of TMP on the flame.

¢; /mole fraction a
0.25
0.20
0.15
0.10

0.05

0
¢; /mole fraction b

0.25
0.20
0.15
0.10

0.05

[ /mm

Figure 10. Concentration (c;) profiles of stable components H» (1), O2 (2)
and H,O (3) in the H»/O»/Ar flame stabilised on a flat burner at
P = 47 Torr without additives («) and with 0.2 vol.% TMP (b).%¢

The dots show experimental values and the lines correspond to simulation
results.

The observed promoting effect was confirmed by compar-
ing experimental data with simulation results obtained using
the mechanism proposed by Glaude er al.>* The promoting
effect of OPC increases with an increase in the concentration
and reaches a maximum at an OPC concentration of
~0.6 vol.%. This can be seen from the computational data
presented in Fig. 11, which shows the dependence of the free
propagation speed of the hydrogen—oxygen flame on the
additive concentration at a reduced pressure (47 Torr). In the

ujems—!

360 ¢

e O

N~

320 +

280

240

0.2 0.6  co(TMP) (vol.%)

Figure 11. Normal propagation speed of the H»/O> flames vs. the concen-
tration of TMP additive at pressures of 47 (curve /) and 760 Torr
(curve 2).

TMP concentration range from 0 vol.% to 0.6 vol.%, this
additive acts as a promoter. On further increase in the TMP
concentration, the flame propagation speed decreases. At a
pressure of 760 Torr (1 atm), OPC acts only as an inhibitor.
The effect of OPC on the concentration of the H, O and OH
radicals in the flame is shown in Fig. 12, which gives
the calculated and measured concentrations of these
radicals in the H2/O/Ar flame without additives and with
0.2 vol.% TMP.%¢ The introduction of OPC results in a
decrease in the concentration of hydrogen and oxygen atoms
and an increase in the hydroxyl concentration. It can be seen
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0.05

0.04

0.03

0.02

0.01

/ /mm

Figure 12. Concentration profiles of radicals H (curves 7, 1), 0 (2, 2') and
OH (3, 3') in the H»/O»/Ar flame stabilised on a flat burner at P = 47 Torr
without an additive (light dots) and with 0.2 vol.% TMP (black dots).%¢
(a) experimental data, (b) simulation results.
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from comparison of the concentration profiles that the com-
putation and experimental results are in satisfactory agree-
ment. The effect of OPC on the concentrations of H, O, and
OH radicals is an important feature of these compounds, which
accounts for their possible practical application as combustion
inhibitors and flame suppressants.

It was shown ©® that the addition of OPC to a metha-
ne—oxygen flame at a pressure of 0.1 bar decreases the flame
propagation speed. Thus, OPC are combustion promoters only
for low-pressure hydrogen flames. Note that an increase in the
propagation speed of flames with an increase in the concen-
tration of the inhibitor (bromoethane, dibromotetrafluoro-
ethane, bromine, diethylamine, methane, and methanol) in
lean and rich hydrogen—air flames at high pressures was
described previously.®? However, the mechanism of this effect
is different and is related, in the authors’ opinion, to the fact
that active additives can function as additional fuel or oxidant.

The additional heat release caused by combustion of the
additive (at a definite concentration) can counterbalance its
inhibiting action. However, the action of OPC is due to a
kinetic rather than thermophysical effect. The H and OH
radical recombination in the flame catalysed by OPC destruc-
tion products is yet another channel for water formation

HO + PO, + M = HOPO; + M,
H + HOPOZ = H2O + PO2’

which provides heat release. The evolved heat increases the
temperature and accelerates recombination of active species,
despite the decrease in their concentration in the flame.

A detailed interpretation of the promoting effect of OPC
based on the analysis of the kinetic model of OPC destruction
(see Ref. 58) has been proposed.”’®-8! The calculations of the
quadratic branching rate

H+ 0> = OH + O (Eae = 61.8 kJ mol—1) ™

for the combustion zone of a hydrogen —oxygen flame at low
pressure showed that the rate of this reaction considerably
increases with an increase in the TMP concentration and
reaches a maximum at c¢tmp = 0.5 vol.%.—0.6 vol.%. This
increase in the reaction rate is mainly due to an increase in the
flame temperature T as a result of increase in the recombination
rate of H, O and OH atoms and radicals. The quadratic
branching rate stops to grow following an increase in the
TMP concentration where the flame temperature reaches an
equilibrium.

A comparison of contributions of various reactions to the
flame propagation speed demonstrated that with an increase in
the TMP concentration, the contribution of branching exceeds
considerably the contributions of reactions (2)—(5) contained
in the hydrogen oxidation mechanism (Fig. 13).

OH + H, = H,0 + H, )
O+ H,=O0H +H, (3)
H+ O, +M=HO, + M, “
H + HO, = 20H. 5)

The increase in the branching rate with an increase in the
TMP concentration and saturation of this effect as the flame
temperature approaches the equilibrium value is shown in
Fig. 14. Among reactions involving phosphorus-containing

T The rate of branching reaction, which is proportional to the product of
H atom concentration by the rate constant for the reaction, increases with
an increase in the TMP concentration owing to the fact that the reaction
rate constant grows (with an increase in temperature) faster than the H
concentration drops.

u(k)/u(k/S)

1.8 1

1.6

0 0.10 0.40 0.80 crmp (vol.%)

Figure 13. Sensitivity coefficients [u(k)/u(k/5)] of reactions (1)—(5) taking
place in the flame comprising 26% H> + 13% O> + 61% Ar at
P = 47.5 Torr and Ty = 370 K for different TMP concentrations;8!

u(k) is the flame propagation speed calculated with the standard rate
constant for the reaction; u(k/5) is the rate calculated with the rate
constant decreased fivefold.

v/molecm—3s~!

2.5x104 |

20x10~% |

1.5x10~% |

1.0x10~% |

501075

500 1000
—50x10-73

1500 T/K

Figure 14. Rate constant for quadratic branching H+O, = OH+O as a
function of temperature of the flame comprising 26% H, +
13% O, + 61% Ar without additives (curve /) and with TMP (curves
2-5) added in different concentrations at P = 47.5 Torr and
To = 370 K.8!

crmp (%): 0.1(2),0.4(3), 0.8 (4), 1.0 (9).

compounds to which the flame propagation speed is most
sensitive (according to Ref. 81), the following reactions should
first be noted:

OH + PO, + M = HOPO, + M, (6)
H + PO, + M = HOPO + M, (7
O + HOPO = OH + PO, ®)
H + HOPO, = H,0 + PO, ()]
H + HOPO = H; + PO,. (10)

These reactions result in chain termination and play an
important role in the catalytic radical recombination cycle. The
calculation of the sensitivity coefficients of the flame propaga-
tion speed to the reaction rate constants for flames with
different OPC concentrations has shown that in the additive
concentration range from 0 vol.% to 0.5 vol.%, these coef-
ficients are positive, i.e., recombination reactions increase the
flame propagation speed. When the TMP concentration is
> (0.5 vol.%, the coefficients are negative and decrease with an
increase in the OPC concentration in the flame, i.e., the
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Figure 15. Sensitivity coefficients of key reactions (6)—(10) taking place in the H»/O»/Ar flame with participation of OPC for different TMP

concentrations.8!

hydrogen combustion is retarded. Thus, transition from pro-
motion to inhibition with the same reactions being responsible
for this attests to unique properties of phosphorus compounds.
Figure 15 presents the sensitivity coefficients (£) for the key
reactions that take place in the flame and involve phosphorus-
containing compounds at different TMP concentrations. The
sensitivity coefficients were determined from the relation

u(k) — u(k/5)

)

100%,

where u(k) is the free propagation speed of the H>/O»/Ar flame
with a TMP additive at a pressure of 47.5 Torr; u(k/5) is the
free propagation speed of the flame calculated using the
reaction rate constant reduced fivefold.

Under atmospheric pressure, the concentration of active
species in the flame is two orders of magnitude lower than
under reduced pressure, and the temperature of the adiabatic
flame is close to thermodynamic equilibrium; therefore, even a
minor additive of phosphorus compounds results only in flame
inhibition.

The chemistry of combustion of sulfur and nitrogen com-
pounds is similar to the phosphorus combustion chemistry.
The inhibiting action of SO on the hydrogen—oxygen flame
stabilised on a flat burner has been studied.®? The reactions

H + SO, + M = HOSO + M,
H + HOSO = H,+ SO»,

which play the key role in the inhibition mechanism and form
the inhibition cycle, are similar to the reactions of phosphorus
oxides and phosphorus-containing acids. However, the inhib-
iting efficiency of sulfur compounds is much lower compared
to phosphorus. This can be attributed to the lower rates of
catalytic reactions.

A computational theoretic analysis of the effect of nitrogen
oxide admixture on the ignition delay in a hydrogen-—air
mixture has been carried out.®? The calculations showed that
at temperatures above 1200 K, the addition of NO to a hydro-
gen—air mixture somewhat decreases the ignition delay, i.e.,
NO functions as a promoter. However, at lower temperature,
the ignition delay increases, i.e., the NO admixture functions as
an inhibitor. The researchers believe that the effect of nitrogen
oxide on the hydrogen oxidation kinetics is due to its ability to
catalyse radical recombination

H+NO+M —>HNO+M,
HNO+H —> H>+NO,
HNO+OH — H,O +NO.

These reactions are analogous to those presented for OPC.

V. Studies of the mechanism of inhibition and
quenching of hydrocarbon flames by
organophosphorus additives

1. Premixed laminar flames

a. The structure of flames with organophosphorus additives

The work of Hastie and Bonnell,® who studied the effect of the
classical inhibitor CF3Br and of TMP on the methane — oxygen
and hydrogen—oxygen flames of various types and composi-
tions by molecular-beam mass spectrometry and optical meth-
ods, should be considered the pioneering study dealing with the
effect of OPC on the combustion processes under atmospheric
pressure. The visual monitoring of the height of the flame cone
stabilised on the Bunsen burner allowed them to draw the first
conclusion that the introduction of a TMP additive resulted in
a decrease in the normal free propagation speed of the
methane —oxygen flame, i.e., they demonstrated that TMP is
a combustion inhibitor. Hastie and Bonnell ® were the first to
propose a series of reactions involving phosphorus compounds
(phosphorus oxides and phosphorus-containing acids), which
described recombination of H and OH radicals. This was
actually the first interpretation of the mechanism of flame
inhibition by OPC.

Numerous experimental data collected by these researchers
are unique and highly important. The key result of their studies
is the discovery of the change in the concentrations of H, O and
OH radicals upon the introduction of TMP into the flame.
Hastie and Bonnell ¢ obtained the first experimental proof for
the existence of a relationship between the addition of TMP
and the decrease in the concentration of active species in the
flame. They measured the intensity profiles for ion peaks of
PO, PO, and HPO> in the mass spectra. Noteworthy also is
Hastie’s contribution to the molecular-beam mass spectrome-
try studies of the behaviour of PO, PO, and HOPO; in the
flames.®* However, his paper 84 presents no consistent quanti-
tative experimental data that could be compared with simu-
lation results to verifiy the proposed inhibition mechanism.
This study seems not to be completed as yet, because the results
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were presented only in a report® and were not published in
refereed editions.

Korobeinichev et al.85 measured experimentally the con-
centration profiles of phosphorus oxides and phosphorus-
containing acids in the methane—oxygen flames with TMP
additive at a pressure of 1 atm and determined the dependences
of the flame propagation speed on the additive concentration.
A comparison of the results thus obtained with the data of
simulation of the flame structure and propagation speed in
terms of the mechanism proposed for the low-pressure flame >3
showed a discrepancy between the simulation and experimen-
tal results. Analysis of the sensitivity of flame propagation
speeds to the change in the rate constants for PO-, PO»-,
HOPO- and HOPO»-involving reactions and the effect of these
reactions on the concentrations of phosphorus-containing
products in the flame prompted the necessity of changing the
pre-exponential factor in the expression for the rate constants
for some key steps in the mechanism proposed by Korobeini-
chev et al.>®

Considerable progress in the understanding of processes
that take place in the flames with OPC additives was attained
owing to quantum chemical calculations,> which resulted in
upgrading of the Twarowski mechanism of flame inhibition by
organophosphorus compounds. By computation of the poten-
tial energy surfaces for the transformations

HOPO + H = PO + H;0,
HOPO, + H = PO, + HQO,

which were earlier regarded as elementary steps,>* Mackie et
al>> demonstrated that actually these reactions occur in two
steps:

HOPO + H —»> (HO)P —> PO + H,0,
HOPO, + H —»> (HO),PO —» PO, + H0.

The subsequent calculation of the potential energy surfaces
using more advanced methods 253 demonstrated that these
reactions may include even more steps:

HOPO + H =—= HOP(H)O =—= (HO),P —> PO + H,0,
HOPO; + H === HOP(O)(H)O === (HO),PO —> PO, + H>0.

According to the calculation,> the rate constant for the latter
reaction at a temperature of 1500 K was 10 times higher than
the value proposed previously.>* Figure 16 shows the potential
energy surfaces for the possible paths of the HOPO, + H
reaction. On the basis of quantum chemical calculations of
the rate constants for some reactions and calculation of the
thermochemical properties of phosphorus-containing mole-
cules and transition states, the most complete and currently
substantiated mechanism of flame inhibition by OPC additives
under atmospheric pressure was developed at the Lawrence
Livermore National Laboratory.%¢ This mechanism includes

1037
H 595 /kcal mol—!
—80
HPO, +OH (a)
—923
o0 L HOPO +OH (b)
100 —102:5
—~107.5
HOPO, +H
120 | - —1180° PO +H: (o)
—~119.8 —129.1
PO, +H,0 (d)
a0 b HOP(0)(H)O
—160 - (HO),PO

Figure 16. Potential surfaces of the possible transformation paths of the
system HOPO,+H (paths a—d) and the reaction products of HOPO,
with H.33

The enthalpies of formation (in kcal mol~"') for compounds and tran-
sition states are given.

210 steps involving 43 compounds. Apart from the above-
considered steps, the steps involving compounds like P,O,, and
reactions of phosphorus oxides with alkyl radicals such as CH3
and C,Hs were also included. The subsequent analysis showed
that these steps do not have a significant effect on the results of
flame simulation over a wide range of equivalence ratio. Thus,
this mechanism can be considered even somewhat excessive.

The mechanism of flame inhibition by OPC additives can
conventionally be divided into two parts. The first part
includes destruction of OPC (TMP and DMMP) to ‘light’
phosphorus-containing compounds like H,P,O:; the second
one includes reactions of H,P,O. with the H, O and OH
radicals, which ensure their removal from the flame through
their catalytic recombination. This part of the mechanism is
crucial in the description of flame inhibition phenomena by
OPC additives. Table 4 presents the reactions from the second
part of the mechanism and the corresponding rate constants.
The notes to the Table outline the methods used to estimate the
rate constants.

Note that Jayaweera et al.>® made considerable advances
not only in the development of the proper mechanism but in the
in-depth understanding of processes taking place in the flames
with OPC additives. They estimated the efficiency of action of
inhibitors on the premixed flames using two parameters: the
change in the concentrations of the H and OH radicals and the
flame propagation speed. Both parameters were discussed for
lean and rich flames with equivalence ratio ¢ = 0.8 and 1.3,
respectively.

It was mentioned above that the addition of OPC inhibits
flame propagation by accelerating the recombination of H and
OH radicals; therefore, the distribution of concentrations of

Table 4. Reactions of the key components in the flame with ‘light” phosphorus-containing compounds H,P,O. and their rate constants [the rate constant
is presented as AT" exp(— E,/RT), the pre-exponential factor A4 is expressed in s~ !, litremol—!s—! or litre> mol —2s—1].

Number of the reaction Reaction A n E,/Jmol—! Notes

1 PO, + PO+ M =P,03 + M calculation data
high pressure 4.00 x 1014 —1.00 0
low pressure 1.00 x 1020 -2 0

2 PO; + PO, + M = P,04 + M the same
high pressure 6.00 x 1014 —1 0
low pressure 2.00 x 1020 -2 0

3 P02+PO3+M:P205+M "
high pressure 6.00 x 1014 -1 0
low pressure 5.00 x 1020 -2 0
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Table 4 (continued).

Number of the reaction Reaction A n E,/Jmol~! Notes
4 PO, + OH + M = HOPO, + M 1.60 x 1024 —2.28 1193.8 see?
(low pressure) ®
5 PO; + H+ M = HOPO, + M 4.80 x 1024 —2.37 5977.4 "
(high pressure)
6 HOPO + O + M = HOPO, + M 1.20 x 1027 —2.99 8527.2 see?
(high pressure)
7 PO; + H, = HOPO> + H 2.00x 1012 0 0 see©
8 HOPO + OH = PO, + H,O 3.72x 1013 —0.22 13401.08 see d (date from
Ref. 55)
9 HOPO> + H = PO(OH)» 1.27 x 1032 —6.10 36391.08 see €
10 HOPO, + H = PO, + H,O 5.16x 10" —1.83 44726 "
11 PO(OH), = PO, + H,O 1.45x 1028 —4.97 186678.8 "
12 HPO; + OH = PO(OH),O 1.00 x 101 -2 0 calculation data
13 PO(OH),O + H = HOPO, + H>O 2.00 x 1013 0 0 the same
14 PO(OH), + H = HPO; + H,0O 4.00 x 101 -2 0 estimated by
Glaude et al.>*
15 PO(OH), + OH = HOPO, + H,O 2.00 x 1013 0 0 calculation data
16 PO(OH), + H = HOPO> + H» 5.00 x 1012 0 0 the same
17 PO(OH), + OH = PO(OH);3 1.00 x 1013 0 0 estimated by
Glaude et al.>*
18 PO(OH), + O = HOPO, + OH 5.00x 1013 0 0 the same
19 P,0O4 + H,O = HOPO + HOPO, 1.00 x 10! 0 0 calculation data
20 P,0Os + H,O = HOPO, + HOPO, 1.00 x 10! 0 0 the same
21 HOPO;, + O = OH + PO3 1.00 x 1013 0 51664.8 seefl
22 HOPO, + OH = H,O + POs 1.20 x 10°¢ 2 8360 see &
23 HOPO +HO, = HOPO, + OH 1.50 x 1014 0 98648 seeh
24 HOPO, + HO; = H,0; + PO;3 2.50 x 1012 0 103078.8 seel
25 HOPO; + O, = HO, + PO3 7.00 x 1012 0 276130.8 seel
26 HOPO, + CH; = CH4 + POs 1.50 x 1012 0 54758 seek
27 PO + OH + M = HOPO + M 1.00 x 102! —2.09 6646.2 see?
(low pressure) ®
28 PO, + H+ M = HOPO + M 4.87 x 102 —2.04 2698.6 see @ d.1
(low pressure) ®
29 HOPO + H = H; + PO, 1.00 x 1013 0 45980 calculation data
30 HOPO + O = OH + PO, 1.00 x 10'3 0 0 estimated by
Glaude et al.>*
31 HOPO + O = H + PO; 1.00 x 1012 0 62700 the same
32 HOPO + HO = PO, + H,O 1.20 x 106 2 —6270 see d-m
33 HOPO + HO, = H,0> + PO, 2.50 x 1012 0 97394 estimated by
Glaude et al.>*
34 HOPO + O, = HO; + PO, 7.00 x 1012 0 189354 seel
35 HOPO + CH; = CH4 + PO» 1.50 x 1012 0 54758 estimated by
Glaude et al.>*
36 PO+O0O+M=PO,+M 1.60 x 102° —2.63 7189.6 see?
(low pressure)
37 PO + OH = H + PO, 1.00 x 1013 0 0 see ™
38 PO + HO;, = PO, + OH 2.10 x 1012 0 —2090 see ©
39 PO + O, =PO, + O 1.00 x 1012 0 0 see P
40 PO + CHj; = CH;PO 1.00 x 1013 0 0 estimated by
Glaude et al.>*
41 PO, + O+ M =PO; + M 1.30 x 1027 —3.15 7858.4 see?
(low pressure) ®
42 PO; + H = PO, + OH 3.16x 1013 0 167.2 date from Ref. 62
43 PO, + HO> = OH + PO3 5.00 x 101! 0 0 estimated by
Glaude et al.>*
44 PO, + 0, =0 + PO3 1.00 x 1012 0 125400 the same
45 PO, + CH3 = CH3PO» 6.30 x 1014 —0.60 0 the same 9
46 PO, + CH3 = CH;0PO 2.10x 10'2 —0.60 0 the same "
47 PO, + CH; = CH;0 + PO 5.00 x 101! 0 180994 the same
48 PO, + CH5;0 = CH,O + HOPO 1.00 x 1013 0 0 "
49 HOPO + PO5; = PO, + HOPO, 5.00 x 101! 0 0 "
50 PO; + PO = PO, + PO, 5.00 x 10! 0 0 "
51 PO; + CH; = CH;0PO; 5.00 x 10! 0 0 "
52 PO; + CH; = PO, + CH;0 5.00 x 10! 0 63954 "
PO, + CH;0 = PO3 + CHj3 5.00 x 10! 0 45980 "
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Table 4 (continued).

Number of the reaction Reaction A n E,/Jmol~! Notes
53 PO; + CH3;0 = CH»0 + HOPO» 1.00 x 10'3 0 0 estimated by
Glaude et al.>*
54 CH; + H = CH; + HPO 1.00 x 1013 0 25080 the same
55 CH;PO + O = CHs + PO, 1.00 x 1013 0 0 "
56 CH;PO; = CH3;PO + O 1.00 x 104 0 555940 "
57 PO +H + M =HPO +M 1.80 x 1022 —1.95 5559.4 see?
(low pressure) P
58 HPO + H = H, + PO 2.40x 108 1.50 0 estimated by
Glaude et al.>*
59 HPO + O = OH + PO 1.70 x 108 1.50 0 the same
60 HPO + O = PO, + H 1.00 x 1013 0.00 12540 "
61 HPO + O, = PO + HO, 7.00 x 1012 0.00 83600 "
62 HPO + OH = PO + H,O 1.20 x 106 2.00 —8360 "
63 HPO + OH = PO(H)(OH) 1.40 x 1012 0 0 estimated by
Glaude et al.>*
64 HOPO + H = H,O + PO 3.00 x 1012 0 34694 see s
65 PO(H)(OH) + H = HOPO + H, 5.00x 1013 0 0 estimated by
Glaude et al.>*
66 PO(H)(OH) + OH = HOPO + H>0 1.00 x 1013 0 0 the same
67 PO(H)(OH) + O = HOPO + OH 5.00 x 1013 0 0 "
68 HPO + HO; = PO + H,0; 2.00 x 101! 0 20900 "
69 HPO + PO, = PO + HOPO 2.00-10" 0 0 "
70 HPO + PO; = PO + HOPO, 2.00 x 10! 0 0 "
71 HPO + CH; = PO + CHy 8.10x 10° 1.87 0 "
72 PO, + H+ M = HPO, + M 4.87 x 102! —2.04 2696.1 see d-t
(low pressure)
73 PO, + H+ M = HOPO + M 4.87 x 103 —2.04 2696.1 see d-u
(low pressure) P
74 HPO, = HOPO 2.35x 10 0 193952 seeV
75 HPO; + H = H, + PO, 2.40 x 108 1.50 20900 estimated by
Glaude et al.>*
76 HPO, + H = PO(H)(OH) 5.00 x 1012 0 20900 the same
77 HPO, + O = OH + PO, 1.70 x 108 1.50 10450 "
78 HPO; + O, = PO, + HO, 7.00 x 1012 0 143792 "
79 HPO, + OH = H,O + PO, 1.20 x 10° 2 —8360 "
80 HPO, + OH = H + HOPO, 1.00 x 1012 0 8360 "
81 HPOZ + HOz = HzOz + POZ 2.00 x 10“ 0 41800 "
82 HPO, + CH3 = CH4 + PO» 8.10x 10° 1.87 29260 "
83 HPO + PO, = HPO, + PO 1.00 x 10! 6.00 0 "
84 HPO, + PO, = HOPO + PO, 5.00 x 101! 0 0 "
85 HPO, + PO; = HOPO; + PO, 5.00 x 10! 0 0 "

aThe rate constant was taken from Ref. 62 (the expression for the rate constant was converted into the Arrhenius form). P The efficiency coefficients for a
third body M (H»O or H») are referred to N> (the efficiency factor of H,O is 16, that of H» is 2.5). ¢ The pre-exponential factor present in the equation for
the rate constant for forward reaction was calculated using the pre-exponential factor from the equation for the rate constant for the reverse reaction
taking into account partial equilibrium. The activation energy of the forward reaction CH3;OH + H = CH30 + H; (elimination of the hydrogen atom)
was equal to zero according to calculations. Estimated by Glaude et al.* 4 The proposed mechanism includes several reactions with identical initial
compounds and products but following different channels (for example, elimination and addition reactions). ¢ The rate constant was adjusted to the
temperature range of 3002400 K and P = 1 atm (see the text). fEstimated by Glaude et al.>* The pre-exponential factor of the forward reaction was
taken from reaction CH3;0H + O = CH;0 + OH.®7 The activation energy of the forward reaction was calculated from the activation energy of reverse
reaction taking into account the partial equilibrium. The activation energy of reverse reaction is equal to zero (from the Evans—Polanyi
diagramme %%). € According to calculation, the rate constant for reaction (22) is the same as that for H,O + OH = H,O + OH, estimated by Glaude
et al.>* M Calculated by analogy with the reaction CO + HO, = CO, + OH (Ref. 42). Estimated by Glaude et al.>* Calculated by analogy with the
reaction C;HsOH + HO;, = CoHsO + H,0, (Ref. 89). Estimated by Glaude et al.>* iBased on Walker’s recommendation for the reactions
RH + Oy = R + HO» (Ref. 90). Estimated by Glaude er al.>* * Calculated by analogy with the reaction CH;OH + CH; = CH30 + CHy4 (Ref. 91).
Estimated by Glaude et al>* ! Addition of the H atoms to the O atom in PO,. Rate constant calculated by Twarowski and increased threefold.®
m By analogy with the reaction ROH + OH = RO + H»O (Ref. 92). The activation energy was taken to be equal to the bond energy H— C (tertiary
carbon atom), which corresponds approximately to the H— O bond energy in HOPO. " Calculated on the basis of the radical recombination rate. ° Based
on the reaction NO + HO> = NO;, + OH (Ref. 93). Estimated by Glaude e al.>* P Calculated on the basis of compact transition state with a zero
activation barrier. 94 By analogy with the reaction CH; + NO, = CH3NO; (Ref. 94). * By analogy with the reaction CH3 + NO, = CH30NO (Ref. 95).
s The Mackie addition reaction,> the pre-exponential factor was decreased. ‘ Addition of an H atom to the P atom in PO, . It is assumed that 1% of all
reaction products is HPO, . " Addition of the H atoms to the P atom in PO; . It is assumed that virtually the whole reaction gives HOPO. The rate constant
was taken from Ref. 65. ¥ The rate constant was calculated from the BAC MP4 data. The cis transition state was used.”®°7
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these two radicals over the flame zone with and without OPC is
an important characteristics. As follows from computation
results,>> DMMP decreases considerably the concentrations of
these radicals in both types of flame; the concentration of the H
radical decreases faster in the rich flame than in the lean flame.
On the basis of foregoing, the authors concluded that there is a
difference between the inhibition efficiency of lean and rich
flames by OPC [the inhibition efficiency is the difference
between the flame propagation speed without an additive (uo)
and with DMMP additive (¥) normalised to the flame prop-
agation speed without DMMP: (up— u)/uo]. The experimental
and computation results were used to plot the dependence of
the inhibition efficiency on the equivalence ratio (¢). This value
proved to be very sensitive to the accuracy of measurement of
the combustion rate. The mechanism of flame inhibition by
OPC additives developed at the Livermore National Labora-
tory describes well the dependence of the inhibition efficiency
on the equivalence ratio.

According to simulation data,”® the efficiency of flame
propagation inhibition by the addition of DMMP increases
monotonically with an increase in the equivalence ratio from
0.8 to 1.3. However, when experimenting with rich and lean
flames, Jayaweera et al.> did not find any significant difference
between the DMMP action on these flames, and only calcu-
lations did show a slight difference in the inhibition efficiency.
To gain an understanding of how OPC inhibit lean and rich
flames, the inhibition cycles of these flames were studied in
detail.>3 Using PREMIX software,”® the authors simulated the
concentration profiles of OPC involved in the recombination
of H and OH radicals in freely propagating propane —air flame
with DMMP additive at P = 1 atm and calculated the profiles
for the formation rates of PO, in lean and rich flames
(Fig. 17 a and b, respectively). It follows from the obtained
data that the major reaction of PO, formation in both types of
flames is as follows:

HOPO + OH = PO, + H;O. (11)

This path to PO, is reasonable for a lean flame characterised by
high concentrations of OH radicals but for a rich flame
characterised by high concentrations of H radicals, it was
more reasonable to assume that reaction (10) would be the
major path to PO».

However, it was found that reaction (10) makes a minor
contribution to the formation of PO, due to its high activation
energy (11 kcal mol—1) [for comparison, the activation energy
of reaction (11) equals 1.5 kcal mol—1]. The major path of PO»
consumption in both flames is reaction (7). Reactions (7) and
(11) form together the catalytic cycle HOPO < PO, in which
the H and OH radicals recombine to give H»O.

The sensitivity coefficients (&) of reactions (6)—(11) to the
concentrations of H atoms were analysed >3 to determine those
having the most pronounced effect on the concentration of
hydrogen atoms and to identify the key inhibitor. The sensi-
tivity coefficients of particular reactions to the concentrations
of H atoms were determined as derivatives of the mass
fractions of H atoms with respect to the pre-exponential factor
present in the equation for the rate constant (Fig. 18). A
negative sensitivity coefficient means that an increase in the
reaction rate results in a decrease in the H atom concentration,
i.e., inhibition, while a positive coefficient means that an
increase in the reaction rate results in an increase in the H
atom concentration. Only reactions involving compounds like
H.PO, were taken into account. It was noted > that the
sensitivity coefficient of key reaction (1) to the H atom

i Note that the accuracy of measurements of propagation speeds of rich
flames is relatively low. This hampers comparison of the experimental and
calculation data.
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Figure 17. Rates of PO, formation and consumption (vpp,) along reac-
tions (6)—(9) and (11) in lean (a) and rich (b) flames.>3

(1, 2) PO, consumption by reactions (7) and (6), respectively, (3—35) PO»
formation by reactions (11), (8) and (9), respectively (3, through H
elimination, 3, through adduct formation).

concentration markedly exceeds in magnitude the sensitivity
coefficients of other reactions.

It was found 33 that the highest sensitivity of reactions
involving H,PO, to the H atom concentration in the flame is
observed in the post-flame zone. Reaction (7) and, for lean
flames, also reaction (9) are most sensitive to the H atom
concentration (the rate constant for the latter reaction
increases owing to the appearance of a new reaction channel,
which was described above).

A curious fact is the increase in the rate of reaction (6) in
the lean flame upon an increase in the concentration of H
atoms (in the rich flame, the sensitivity of this reaction to the
concentration of H atoms is insignificant). The authors
believe >3 that the sign of the sensitivity coefficient of reac-
tion (6) to the concentration of H atoms changes owing to the
fact that the concentrations of H and OH radicals in the cycle
HOPO < PO; decrease faster than in the cycle HOPO, < PO, .
The formation of HOPO, by reaction (6) results in a decrease
in the PO; concentration and a decrease in the rate of reaction
(7); as a consequence, smaller amounts of H and OH radicals
recombine. This suggests that HOPO is a better catalyst than
HOPO:.,. In a lean flame where the HOPO, concentration is
higher than in a rich flame, a lower inhibition efficiency should
be expected. The data of calculation of the relative change in
the flame propagation speed (see below) also demonstrate that
phosphorus inhibits flame less efficiently in lean mixtures than
in rich mixtures.
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Figure 18. Sensitivity of reactions involving H,PO,, taking place in lean
(@) and rich (b) flames to H atom concentration:33 (1, 1") reactions (11) (4,
through adduct formation, /', through H atom elimination); (2) reactions
(7); (3) reactions (6); (4) reactions (12); (5) reactions (9).

The sensitivity of other reactions was interpreted 33 pro-
ceeding from the fact that recombination of the H and OH
atoms is more efficient in the catalytic cycle HOPO < PO, than
in the cycle HOPO, < PO, . The increase in the rate constants
of reactions that direct the reaction stream along the more
efficient cycle HOPO < PO, leads to a decrease in the concen-
trations of the H and OH radicals (flame inhibition), while the
increase in the rate constants for reactions that direct the
reaction stream through the cycle HOPO, < PO, decreases
the overall recombination rate of the H and OH radicals and,
hence, increases their concentration in the flame.

The reaction

HOPO + O = HOPO, (12)

that directs the reaction stream along the less efficient cycle
accelerates the formation of the H and OH radicals. The same
is true for reaction (6). Both reactions have positive sensitivity
coefficients to the concentrations of H atoms. Meanwhile, an
increase in the rate constant for reaction (9) returns the
reaction stream to the more efficient cycle HOPO < PO, and
inhibits the formation of the H and OH radicals. The trans-
formation paths of the initial components and final and
intermediate products in lean and rich flames are sketched in
Figs 19 a,b, respectively [only reactions with the rates of
>2x10~% mol cm—3 s~ !, which make the greatest contribu-
tions to the formation and consumption of the H and OH
radicals (given in brackets?¥), are given)].

§ The reaction rates are given for the distance of 1.07 mm from the burner
surface where the PO, formation rate is maximum.

0,[3.99 x 10~6]

H,0

[7.91x 10-9]

OH o_~
0 K

Figure 19. Transformation paths of PO, in lean (a) and rich (b) flames.>?

It can be seen from Fig. 19 that HOPO < PO; (cycle A4)
and HOPO, < PO; (cycle B) are the key inhibition cycles. In
both cycles, phosphorus compounds act as catalysts of recom-
bination of H and OH radicals to give H>O. Reaction (12) also
takes place being a part of a large cycle. MacDonald et al.'%°
observed also the recombination of two H atoms with partici-
pation of PO, and HOPO in diffusion flames. Analysis has
shown that recombinations H + OH and H + O predominate
over the reaction H + H.

To understand how the two inhibition cycles change with
the variation of the equivalence ratio, the extent of oxidation of
key phosphorus-containing compounds in lean and rich flames
were studied. It could be expected (as was actually shown 52)
that in a lean flame, compounds with a higher oxidation state
(for example, HOPO,) would be present in higher concentra-
tions than compounds with lower oxidation state (for example,
HOPO). The opposite is true for a rich flame: the HOPO
concentration is higher than the HOPO, concentration. The
concentration of HPO is insignificant in both types of flame
and has no influence on the reaction rates. As a result of the
difference between the HOPO and HOPO; concentrations, i.e.,
depending on the equivalence ratio, the directions of the
reaction streams change. In both types of flame, the cycle
HOPO < POs is more efficient but in the rich flame where the
HOPO concentration is higher than in the lean flame, it is 30%
more efficient than the cycle HOPO, < PO, . In a rich flame,
the species PO plays a significant role in the inhibition, while in
lean flame, POs is such a species. In the lean flame, the cycle
HOPO, < PO, is approximately 5 times as significant as in the
rich flame owing to the much higher concentration of HOPO,.
For this reason, the inhibition path involving (HO),PO
becomes important.
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It should be noted that, although the inhibition efficiencies
of the flame involving the catalytic cycles HOPO, < PO» and
HOPO < PO, are different in lean and rich flames, their total
efficiency is comparable in these two cases, i.e., phosphorus
‘finds’ the most efficient route for flame inhibition. Thus, the
ability of phosphorus compound to inhibit flame is unique.

Yet another interesting issue is that the reactions of flame
inhibition by phosphorus-containing compounds are most
efficient in rather high-temperature regions of the flame at
T > 1600 K (this corresponds to a distance of 0.9 mm from the
burner surface). This is due to the fact that at 7 < 1300 K, the
concentrations of all key phosphorus-containing radicals are
low (the temperature of 1300 K, which was taken as the
reference point, corresponds to consumption of a half of
DMMP). The compound (HO),PO formed in the beginning
of the combustion zone, which is also an inhibitor, is consumed
at higher temperature.

The authors 3 pointed to a certain similarity between OPC
and the ‘ideal’ inhibitor described by Rumminger ez al.,'°! who
showed, using a stoichiometric methane—air flame as an
example, that at 1 atm an efficient inhibitor starts to operate
at T > 1700 K and does not lose activity at least up to 2150 K.
In the opinion of the researchers cited,!?! the inhibitor that is
active at low temperatures is inefficient. This conclusion is
based on numerical calculations of the flame propagation
speed and structure and on the calculation of the rate of
formation and consumption of radicals over the flame zone.
Calculations '°! showed that inhibition is most efficient in the
case where the maximum chain termination rate in catalytic
recombination of H and OH radicals involving the inhibitor
coincides with the maximum concentrations of these radicals.
Analysis of the model has shown that spatial coincidence of the
maximum rates of formation of H atoms according to the
quadratic chain branching reaction (1) with the maximum rate
of consumption of H atoms in catalytic recombination is the
actual criterion.

The studies,’® 192 which partly confirm the conclusions
drawn by Jayaweera et al.,>3 are devoted to the structure of
methane —oxygen flames with TMP additives stabilised on a
flat burner under atmospheric pressure. Figures 20 a—d show
the concentration profiles of the H and OH radicals in lean
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0.0015 0.0003

0.0005 0.0001
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Figure 20. Concentration profiles of H (b, d) and OH (a, ¢) radicals in lean
(a, b) and rich (¢, d) flames without additives (light dots and curves /) and
with 0.22 vol.% TMP (dark dots and curves 2).102

The dots show experimental values and the lines correspond to simulation
results.

(¢ = 0.8, Fig. 20 a,b) and rich (¢ = 1.2, Fig. 20 ¢,d) flames
without an additive and with 0.22 vol.% TMP. Note that in the
study cited,'%? the concentration profiles of the hydrogen atom
in the flame under atmospheric pressure were measured for the
first time. It was found that the introduction of the inhibitor
results in a sharper decrease in the concentrations of H and OH
radicals in a rich flame compared to the lean flame; the most
pronounced decrease in the concentrations of H and OH
radicals occurs in the zone of chemical reactions rather than
in the zone of formation of the final combustion products
(which is consistent with the simulation results 33).

It was found 7> 192 that the concentrations of radicals and
key phosphorus-containing compounds in the zone of com-
bustion products in inhibited flames under atmospheric pres-
sure are close to equilibrium values. A comparison of exper-
imental data with the results of calculation of the flame
structure using the inhibition mechanism >3 shows that in the
case of lean flames they are in satisfactory agreement. For rich
hydrocarbon flames, the agreement is less satisfactory, which is
apparently due to the fact that the inhibition mechanism of rich
flames needs to be further developed. This is also indicated by
the results of another work 193 dealing with the structure of rich
and stoichiometric methane —oxygen flames without additives
and with ~0.05 vol.% DMMP at a pressure of 660—670 Torr.
The experimental procedure used in the study cited 193 included
microprobe sampling of the flame followed by analysis of
gaseous products by FT IR spectroscopy. Although the sam-
pling procedure used precluded measurement of the concen-
trations of labile components, the researchers measured the
concentration profiles for formaldehyde, methanol, all C;
hydrocarbons and the oxides CO and COs in the flame.

It was found that the addition of DMMP into rich flame
results in an almost sevenfold increase in the concentration of
methanol and a twofold increase in the concentration of
acetylene, the ethylene concentration being somewhat
decreased. Since the transformation of the CHj3 radical into
CH3OH requires an oxygen atom, while the transformation of
CH3 into C; hydrocarbons requires only CH3, the increase in
the CH3OH concentration may be indicative of the change in
the concentration of oxygen atoms in the flame upon the
introduction of an inhibitor.

The simulation of the flame structure '°3 using two differ-
ent inhibition mechanisms by OPC additives proposed by
Glaude et al.>*%5 showed that neither of these mechanisms
predicts correctly the variation of the concentrations of CH»O,
CH3;OH and C; hydrocarbons caused by introduction of the
inhibitor. The disagreement between the experimental and
simulation results indicates that none of the models used in
calculations takes into account the most important processes
of the chemistry of inhibition of rich flames by OPC. Thus, a
mechanism of inhibition of rich flames by OPC additives that
would take into account the reactions of phosphorus-contain-
ing products with carbon-containing flame components has
not been developed so far, which is due to some extent to the
lack of understanding of the chemistry of hydrocarbon com-
bustion under conditions of excess fuel and to the lack of the
model describing the combustion of rich flames.

b. Propagation speed of flames with organophosphorus additives
The dependence of the speed of free propagation of a 4:96
propane—air flame on the concentration of the OPC additive
at an initial temperature of 95 °C has been studied.!** The
results of measurements of flame burning velocities with
addition of nineteen OPC, including fluorinated OPC, are
summarised in Fig. 21. The calculation results for TMP are
also presented. The compounds demonstrated similar efficien-
cies (to within the error of measurements).!®* The OPC used
and their boiling points are summarised in Table 5.



The chemistry of combustion of organophosphorus compounds

1043

@ / (aerosol + vapour)

1.0
§ CF;Br V 4 (aerosol + vapour)
o © 20 (aerosol)
@ 0.9
(=1
g A
5, 08 A
g A A
2 0.7
a,
g
s 0.6 I
% ©3 +9 ! %@5 [N
2 05r 05 O10 & 14 % b‘ﬁw%\wgu
g a6 Y11 95 ©1I8
50-4’17 02 v A9
- ®s a3 V7
’ Il Il Il Il Il Il Il
0 1000 2000 3000 4000 5000 ¢ /ppm

Figure 21. Propagation speed of the C3;Hg/O2/N, flame vs. inhibitor
concentration (cy,).'%*

The inhibitors were a number of OPC (presented in Table 5) and CF3Br.
The dots show experimental values and the lines correspond to simulation
results with addition of TMP.

The decrease in the normal propagation speed of the flame
upon injection of an inhibitor is due to two factors: chemical
(radical decay) and thermal (dilution of the flame with the
inhibitor and introduction of additional fuel). The contribu-
tions of each factor were identified by analysing the curve for
the flame propagation speed vs. the limiting concentration of
the inhibitor.!%5 (This method has been already successfully
used to compare the chemical efficiencies of the additives.!0¢)
After introduction of OPC in low concentrations
(<0.3%—-0.4%) into the flame, the decay of radicals in
recombination reactions involving these OPC becomes the
major factor responsible for the decrease in the combustion
rate. Therefore, all compounds show similar efficiencies (see
Fig. 21), which almost do not depend on their chemical
structure and are determined by the presence of a phosphorus
atom in their molecules.

Table 5. Flame suppressants and their boiling points.

Number of OPC Boiling Pressure /
the compound point/°C  Torr
i (CH;0);PO (TMP) 180 760
2 (C>H50);PO 215 760
3 (CF3;CH»0);PO 187 760
4 (HCF>CF>CH,0);PO 90 0.5
5 (C3F7CH»0);PO 97 2.5
6 (CH;0),P(0)CH; (DMMP) 181 760
7 (C,H50),P(O)CH3 194 760
8 (CF3CH,0),P(0)CH; 193 760
9 (C3F7CH»0),P(O)CHj3 92 9
10 (C3F7)3PO 144 760
11 (CH30)5P 111 760
12 (C2H50).P(O)H 204 760
13 (CF5CH»0),P(O)H 194 760
14 (C,H50);P 158 760
15 (CF5;CH0)sP 131 760
16 (HCF,CF,CH,0)sP 95 3
17 (CF3CH20),P(0)CF3 147 760
18 (CF3CH»0),PO(OCH(CF3),) 83 10
19 POCl; 105 760
20 H;PO4 (60% aq. solution) — —
21 (HCF,CF>CH>0),P(O)CHj3 115 6

The effect of TMP (0.06 vol.%) on the propagation speed
of methane —air flames at a mixture temperature of 35 °C has
been studied as a function of the composition of the mixture
(the ¢ value varied from 0.75 to 1.45).7> The flame propagation
speed was measured by measuring the heat flux to the
burner2*24 and calculated in terms of the mechanism of
flame inhibition by phosphorus compounds described by
Jayaweera et al.>* 3% and two mechanisms of methane oxida-
tion, namely, the GRI#® and the Curran>%3! mechanisms
(Fig. 22).
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Figure 22. Propagation speed of methane—air flames with 0.06 vol.%
TMP vs. ¢.7

The dots show experimental values, the continuous line corresponds to
simulation results in terms of the GRI mechanism,*® and the dashed line
corresponds to simulation in terms of the Curran mechanism.>% 3!

The calculated flame propagation speeds depended on the
selected mechanism of methane oxidation; none of the mech-
anisms used provided a satisfactory description for the meas-
ured dependence of the combustion rate on the equivalence
ratio over the whole range (this is one more piece of evidence
pointing to imperfection of the proposed multistage kinetic
models for hydrocarbon combustion).

Figure 23 shows the efficiency of flame inhibition (Ey) vs. ¢.
The value

Uy —u
E ="
Uy

was determined from the experimental and simulated data. All
curves (both those calculated from experimental data and
those obtained by simulation) had a maximum at
¢ = 1.1-1.3. The calculation data predict an increase in the
inhibition efficiency in the range ¢ = 0.7—1.2, which is attrib-

E¢
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Figure 23. Inhibition efficiency (Ep) vs. ¢.104

The dots show experimental values, the continuous line corresponds to
simulation results in terms of the GRI mechanism,*® and the dashed line
corresponds to simulation in terms of the Curran mechanism.*3!
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utable to higher efficiency of the cycle PO, < HOPO compared
to PO, < HOPO,. The inhibition efficiency calculated from
experimental data is almost invariable over this range of ¢». The
decrease in the inhibition efficiency in rich flames was attrib-
uted 7* to incomplete destruction of phosphorus-containing
products of TMP destruction into active inhibitors, viz.,
phosphorus oxides and phosphorus-containing acids. The
results indicate that further studies of the OPC combustion
chemistry are required in order to elucidate the inhibition
mechanism of flames with a large excess of fuel.

2. Diffusion flames formed at the counterflows of the fuel and
the oxidant

Diffusion flames have aroused enhanced interest in recent
years. The diffusion flame formed at the counterflows of the
fuel and the oxidant is a convenient investigation object for the
following reasons. This flame is stabilised in space between the
nozzles at a certain distance from them under nearly adiabatic
conditions. Although the diffusion flame is two-dimensional,
the simulation of its structure can be reduced to a one-dimen-
sional problem, which is implemented in the readily available
OPDIFF programme.?> This allows one to compare exper-
imental data on the flame structure with simulation results and
make counterflow flames a convenient investigation object in
the OPC combustion chemistry.

Consider the series of papers 3¢-37-107 devoted to the effect
of OPC on diffusion flames stabilised on the Potter burner with
fuel and oxidant counterflows. Diffusion flames are
‘stretched’. An important parameter of such flames is the
stretch ratio (a, s~ '), which is calculated from the relation

a= 2—V (1 + ﬁ \/E ),
L VOX pOX
where V' is the gas linear velocity, L is the distance between the
nozzles, p is the density (the subscripts f and ox refer to the fuel
and the oxidant, respectively). The stretch ratio is actually
inversely proportional to the residence time of the reaction
mixture in the flame. This value is also called the velocity
gradient (the change in the gas flow velocity in the space
between two nozzles).

Typical stretch ratio values for counterflow flames are 100
to 800 s—!. The higher the fuel and oxidant feed rates, the
greater the flame stretch ratio. Finally, at a certain stretch ratio
(quenching stretch ratio), the flame is quenched. The inhibitor
(flame suppressant) decreases the stretch ratio needed to
quench the flame; therefore, the efficiency of flame suppres-
sants can be conveniently determined from the dependence of
the quenching stretch ratio of a flame on the flame suppressant
concentration.

The parameter Ey calculated from the formula

— %0~ %
,

E
d a

q0

where aqo is the quenching stretch ratio for a pure flame, a4 in
the quenching stretch ratio for an inhibited flame, has been
proposed 1% for comparison of the efficiency of counterflow
flame quenching by various inhibitors. The subscript q
(quenching) implies that all parameters correspond to the
instant of quenching. It was found that DMMP and TMP are
2—4 times more efficient suppressants than CF;Br.”- 63,108,109
The introduction of a phosphorus-containing compound
(1500 ppm) decreases the quenching stretch ratio of the flame
by 35%. The injection of the additive into the oxidant flow in a
diffusion methane — air flame was found to be 2—4 times
more efficient than injection into the fuel flow (in this case, a
region with excess fuel is formed on the fuel injection side in the

diffusion flames).!° This is attributable to low inhibition
efficiency of rich flames (¢ > 1.2) by phosphorus compounds.”?

The efficiency of quenching of the counterflow
CH4/O2—02/N, flame (0.2/0.8—0.4/0.6) by fourteen OPC
and CF;Br was studied (Fig. 24, the OPC numbering is the
same as in Table 5).!19* The additives were injected into the
oxidant flow whose temperature was 100 °C. The plots for the
quenching stretch ratio vs. the inhibitor concentration were
compared with the quenching stretch ratios obtained with one
of the most effective inhibitors, viz., iron pentacarbonyl
Fe(CO)s (curve 2 in Fig. 24).110
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Figure 24. Quenching stretch ratio (£q) of counterflow flames vs. initial
concentration of the inhibitor (c,).'%

Inhibitor: OPC (compound numbering is the same as in Table 5), CF;Br
(curve 1), Fe(CO)s (curve 2); (3) calculation results for TMP.

According to the measurement results, at ¢, < 0.1 vol.%,
all of the OPC had equal efficiency, which was 7 times higher
than that of CF3;Br but 3 times lower than that of iron
pentacarbonyl. These results indicate that the efficiency of
OPC depends on the concentrations of phosphorus oxides and
phosphorus acids and hardly depends on the structure of the
initial molecule. The quenching stretch ratios (curve 3 in
Fig. 24) for the flames with 0.12 vol.% and 0.25 vol.% TMP
(designated by sk in Fig. 24) calculated in terms of the mech-
anism of inhibition by OPC proposed by Korobeinichev et
al %35 were compared with the experimental data. It was
found experimentally that the quenching stretch ratio
decreases by 10% and 20% in the presence of 0.12 vol.% and
0.25 vol.% TMP, respectively. The values predicted by numer-
ical simulation are 9.4% and 18.8%. Thus, the results of
measurements are in good agreement with the computation
data.

The chemical structure of counterflow flames (diffusion or
premixed) was studied by laser-induced fluorescence 7-8 111,112
and probe mass spectrometry techniques.!'3-115 The molec-
ular-beam mass spectrometry was first applied to probing of a
counterflow diffusion flame by Marinov er al.''® The concen-
tration profiles of stable components and phosphorus com-
pounds were obtained and the concentration profile of the OH
radical in the flame without additives and with 0.12 vol.%
TMP was measured.!13-118

Analysis of the concentration profiles of phosphorus
oxides and phosphorus acids shows that the composition of
these compounds in the ‘lean’ region of the diffusion flame
(where excess oxygen is present) is the same as their composi-
tion in a lean premixed flame in which HOPO, predomi-
nates.”> 102 In the ‘rich’ region of the diffusion flame, the
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HOPO is the main phosphorus-containing component, which
is typical of rich premixed flames.”> 92 The numerical calcu-
lation of the flame temperature and comparison of the
obtained data with the results of measurements have shown
that the temperature measurement by a thermocouple
arranged on the burner axis gives results that best coincide
with the computation results.

The flame structure was also calculated upon simulation in
terms of the mechanism of inhibition by OPC.5385 The
calculated concentration profiles describe experimental data
with a satisfactory accuracy; however, the experimental con-
centration profiles of compounds in the flame are somewhat
broadened compared to calculated profiles, which is due to
imperfection of the model used in the OPPDIF programme
(the model neglects the edge effects).

3. Air co-flow diffusion flames

The studies of air co-flow diffusion flames were aimed first of
all at determining the minimum quenching concentrations of
flame suppressants by the cup burner method. Studies of OPC
containing no fluorine atoms showed that they are combustible
and useless as flame suppressant; therefore, fluorine-substi-
tuted OPC were chosen. The MQC values for fluorine-con-
taining organophosphorus inhibitors were measured by the
cup burner method independently by Russian3' and Ameri-
can 9 research groups. In both cases, almost identical cup
burners were used, the flame suppressant was supplied through
a nebulizer, and the only difference was in the air flow temper-
ature: in one study,'!® the measurements were carried out at
55 °C and in the other study,?! at 75 °C. In the latter work,?!
five fluorine-containing OPC and CF;Br were additionally
studied (note that organofluorine compounds proved to be less
effective than OPC). The measured MQC values are summar-
ised in Table 6. The minimum quenching concentrations are
usually expressed as volume fractions or percent, but for
practical purposes it is required to know the mass MQC.
Analysis of the data presented in Table 6 shows that many
fluorine-containing OPC are capable of flame quenching when
present in low volume concentrations; however, owing to high
molecular masses, their weight consumption exceeds that of

Table 6. Minimum quenching concentrations of fluorine-substituted OPC
and CF;Br.!

Compound Minimum quenching concentration
vol.% gm—3
[(CF3),CHO],PO(C,H5) 2.0+0.2 366
[(CF3),CHO];P 224+0.2 523
(CF3CH20),PO(CF3) 23+0.2 322
(CF3CH20)sP 2.6+0.2(3.1)8 381
(CF3CH,0),PO[OCH(CF3),]  no quenching —
at 3% concentration
(CF3CH20)PO[OCH(CF3),]»  burns —
(CF3CH»0),PO(C>H5) " —
[(CF3),CHO],PO(CH3) 3.0+0.2 530
[(CF3),CHO]-,PO(CF3) 2.0+0.2 400
(CF3);PO no quenching —
at 5% concentration (see ?)
(CF3)2(CH30)P ignites in air 2 —
(CF3CH20),P(CF3) 3.02 400
(CH30)PO(CF3), 4.62 443
(CF3CH»0)P(CF3)» 1.82 215
(CF3CH>0)PO(CF3)» no quenching —
at 5% concentration (see?)
CF3Br 4.6 306

aData from Ref. 119.

less effective CF3;Br. Unfortunately, it was impossible to
extinguish the flame with (CF3);PO, which has low molecular
mass,!!? apparently due to its combustibility.

The results of cup burner experiments give not only the
MQC values, but also the dependence of the quenching
concentration of one flame suppressant (often an inert diluent,
for example, CO») on the quenching concentration of the other
one, often an active agent. Figure 25 shows the dependences of
the quenching concentration of CO; on the quenching concen-
tration of fluorine-containing OPC, organofluorine com-
pounds and CF;Br. It can be seen from the presented data
that despite the different MQC values, all phosphorus-con-
taining flame suppressants have similar efficiencies (when
present in concentration of ~0.5%). Note that the quenching
concentration of CO; ceases to decrease with an increase in the
quenching concentration of some OPC [for example,
(CF3CH;0)2(C,H5)PO], which is indicative of combustibility
of these compounds under these conditions (the heat evolved
upon their combustion counterbalances the inhibitory effect).

British researchers 120-121 ysed an advanced flame ionisa-
tion detector (FID) of a chromatograph to study quenching of
air co-flow diffusion flames (hydrogen —air and methane —air)
by flame suppressants. They tested a large number of OPC.
When methane —air flame was used, the MQC values of flame
suppressants determined by this and by the cup burner
techniques coincided with satisfactory accuracy. The advant-
age of the FID method 2% 121 is the possibility of using a small
amount of a flame suppressant for determining its MQC.
Despite the encouraging results and the simple design, the
FID method has not yet found extensive use.

Cco, /mole fraction

A
0.24 I <+> ; - ‘;
L] v 10
0.20 ¢ A4 Al
v © 12
&6 g 73
0.16 o 7 D 4

0.12

0.08

0.04

AN 1 1
cs /mole fraction

oA,
0.01 0.02 0.03
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Figure 25. Quenching concentration of CO; vs. quenching concentration
(crs) of fluorine-substituted OPC (curves /-9), organofluorine com-
pounds (curves 10— 13) and CF3Br (curve 14).3!

Compounds: (1) (CF3;CH20),PO(C,H5), (2) [(CF3),CHO],PO(C,H5),

(3) (CF3CH20).PO[OCH(CF3)y], (4) (CF;CH20)PO[OCH(CF3)2]2,

(5) [(CF3),CHOLPO(CH3), (6) [(CF3)2CHOLPO(CF3),

(7) (CF3CH20)3P, (8) (CF3CH20)2PO(CF3), (9) [(CF3):CHOJ5P,

(10) HCF>,CF>CH,OCF,CHFCF3, (11) CF5CF,CF,0CHFCF3,

(12) (CF3),C=CFCF,CF3, (13) (CF3),CFCF=CFCF3, (14) CF3Br.

4. Turbulent flames

The efficiency of quenching turbulent flames by short-term
injection of (CF3CH>0)s;P and CF;Br into the air stream was
determined 3! on a test bench analogous to that described in
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Table 7. Parameters GWP and HGWP calculated for different time ranges characterising the effect of OPC on climatic changes.

Compound HGWP GWP

20 years 100 years 500 years 0 20 years 100 years 500 years 0
P3;N;F¢ 0.1 43.5 12.9 4.0 6.9x1073 2.8x10-3 2.5%x10-3 0
(CF5CH20)sP 7.56 x 10—4 3.1x10-4 2.74%x 10—4 2.71x10~4 4.8 0.43 0.426 0.426

Ref. 30. A study of the temperature dependence of the MQC of
the phosphite (CF3CH»O)sP in the air temperature range of 35
to 86 °C showed 3! that at 7T < 60 °C some of the flame
suppressant occurs as an aerosol and some as vapour; therefore
MQC is the sum of concentrations. When 7' > 60 °C, MQC
corresponds only to the concentration of flame suppressant
vapour.

For T = 75 °C, the MQC measured for the turbulent flame
equals 4 vol.%, which is approximately 1.5 times higher than
the concentration measured for the diffusion flame by the cup
burner technique. The difference may be related to either the
loss of (CF3CH20)sP during its supply to the flame or to the
fact that quenching of the turbulent flame differs appreciably
from quenching of the laminar flame. No such difference was
observed in determination of the MQC of CF3Br;?! however,
the coincidence of its MQC values may be accidental.

It was impossible to determine the MQC of trimethyl
phosphate,3! because after the flame quenching, the mixture of
TMP vapour with air and combustion products self-ignited." It
was found that at an air temperature of 90 °C and a TMP
concentration of 8.5 vol.%, no repeated ignition of TMP
vapour takes place; however, this quenching concentration
can hardly be considered minimum.

VI. Toxicity and environmental impact of
organophosphorus compounds

1. Determination of toxicity

In order to evaluate the prospects of using OPC as flame
suppressants, the toxicity of a number of OPC was studied. For
example, the toxicities of TMP, DMMP, DEMP, tris(2,2,2-
trifluoroethyl) phosphate, trimethyl phosphite and tris(2,2,2-
trifluoroethyl) phosphite were assessed.!?3 The toxicological
parameters were measured for laboratory mice upon intra-
gastric administration of the tested compounds in various
doses. Dimethyl and diethyl methylphosphonates were dis-
solved in water prior to the measurements and
(CF5CH>0)3PO, which is almost insoluble in water, was used
as an emulsion in olive oil. Each test series was carried out for
4—8 mice.

The toxicity (LDsg) of the OPC upon intragastric admin-
istration was relatively low ranging from 0.27 to 10.5 £ 0.09 ml
per kg of live weight.'??> DMMP was least toxic, while
tris(2,2,2-trifluoroethyl) phosphite was the most toxic. No
action of these compounds to skin or mucous membranes was
observed.

The toxicity of tris(2,2,2-trifluoroethyl) phosphite vapour
upon inhalation was also assessed. The concentration of
tris(2,2,2-trifluoroethyl) phosphite vapour at 25°C is
0.4 vol.% (59 mg litre—!). This concentration was not lethal
for mice, which have spent 15 min in a chamber with atmos-
phere saturated with the phosphite vapour. They all survived
for 5 weeks. However, when the temperature in the chamber
was raised to 3035 °C and the OPC concentration increased
to 0.68 vol.% (100 mg litre 1), one mice died within 15 min

9| Previously, it has been shown '22 that TMP vapour burns at elevated
temperature.

after inhalation of (CF3CH>O)3;P vapour and the other four
mice died after 2 days. The animal death was due to lung
damage. Although the toxicological parameters (LCso) of the
tris(2,2,2-trifluoroethyl) phosphite vapour could not be deter-
mined, it is obvious that the vapour toxicity is much higher
than that of intragastrically administered liquid compound.

2. Environmental impact of organophosphorus compounds
When assessing the impact of various compounds on the
environment, two key factors are considered first of all: their
impact on the Earth ozone layer and the contribution to the
global warming. The impact on the ozone layer is determined
by the dimensionless parameter ODP (ozone depletion poten-
tial). Trichlorofluoromethane was used as the reference, its
ODP being taken to be unity. The efficient flame suppressant
CF;Br (halon 13B1) the production of which was forbidden by
the Montreal Convention efficiently depletes the ozone layer,
its ODP being 10.

The effect of (CF3CH»0)3P as a representative of OPC on
the environment was studied at the laboratory of the Chemical
Physics of Atmosphere of the Institute of Energy Problems of
Chemical Physics of the RAS.!?* The calculations showed that
ODP of this OPC can be considered to be zero. The presence of
(CF3CH20)3P in the atmosphere in a practically infinite
amount does not deplete the ozone layer. According to
calculation data, the existence time of (CF3CH,0O)sP in the
atmosphere is 0.019 years.

The contributions of compounds to the global warming
(enhancement of the greenhouse effect) are characterised by
two dimensionless parameters, the main parameter GWP
(Global Warming Potential) and additional parameter
HGWP (Halocarbon Global Warming Potential), which is
calculated with respect to the GWP of trichlorofluoromethane.
The GWP and HGWP parameters are calculated for particular
time intervals. The GWP of carbon dioxide for the interval
t = oo is taken to be unity. The GWP and HGWP values for
two OPC, viz., phosphazene P3N3F¢ and tris(2,2,2-trifluor-
oethyl) phosphite, were calculated.'?* The calculation results
are presented in Table 7. The data indicate that these OPC do
not possess properties of greenhouse gases and have almost no
impact on the Earth climate warming.

* * *

The information summarised in this review shows that consid-
erable progress in the understanding of OPC combustion
chemistry has been achieved in the last decade. However, a
number of problems still remain unsolved. First of all, this
refers to the chemistry of combustion of rich hydrocarbon
flames. No data on the combustion chemistry and the mecha-
nism of inhibition of atmospheric hydrogen—oxygen flames,
especially rich ones, by organophosphorus compounds are
available either, although they are much simpler as regards
possible combustion intermediates and final products than
hydrocarbon flames.

This review was written with the financial support of the
Russian Foundation for Basic Research (Project No. 07-03-
11 005-ano).
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