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A B S T R A C T   

Ozone is considered to be an effective combustion promotor and has the potential to be applied to a variety of 
fuels. In this work, the reaction mechanism for thermal conversion of ozone in the absence and presence of 
hydrogen was updated, based on theoretical work and novel flow reactor experiments. The H2-O3 reaction 
subset, which is the foundation for modeling ozone-assisted combustion of any hydrogen-containing fuel, was 
further validated against experiments from literature. Experiments for conversion of O2-O3 and H2-O2-O3, highly 
diluted in N2, were conducted in an atmospheric pressure flow reactor at temperatures of 400–575 K. In 
establishing the kinetic model, special attention was paid to the key ozone reactions: O3 (+M) = O2 + O (+M) 
(R1), O3 + O = 2O2 (R2), and O3 + OH = O2 + HO2 (R4). For ozone dissociation (R1), relative third-body 
collision efficiencies compared to N2 were calculated for Ar, O2, and O3, allowing a more accurate assessment 
of k1(N2), k1(O2) and k1(O3). The flow reactor data for H2-O2-O3 provided information on the competition be-
tween hydrogen and ozone for radicals and served to constrain the rate constants for O3 + O (R2) and O3 + OH 
(R4). Comparison between experiments and model predictions show that all current H2-O3 mechanisms predict 
well ozone dissociation, but only the present mechanism provides a good agreement for the hydrogen-ozone 
reaction rate. A sensitivity analysis showed that the competition for oxygen atoms and hydroxyl radicals be-
tween ozone and hydrogen molecules has a profound influence on both the flow reactor reaction rate and flame 
speed.   

1. Introduction 

The demand for high-efficiency clean combustion motivates the 
development of new combustion technologies such as low-temperature 
combustion, ultra-lean combustion, and homogeneous charge 
compression ignition (HCCI). However, all these technologies are faced 
with the challenge to control the combustion process because they are 
operated closer to the flame extinction limit than conventional com-
bustion technologies. One way to overcome the challenges with flame 
initiation and stabilization is ozone-assisted combustion, which has 
received attention recently. 

Ozone is a highly reactive oxidizer, which can be generated rapidly 
in-situ from air by electrical plasma [1,2]. Ozone is stable for hours 
below 373 K [3], enabling long distance transportation to the combus-
tion chamber. Thermal decomposition of ozone leads to the formation of 
reactive atomic oxygen, thereby accelerating the fuel branching reaction 
[4]. Addition of ozone into combustion has been tested for cool-flame 

combustion [5-8] and for various fuels including methane [9], pro-
pane [6], octane [7], ethylene [10], diesel [11], and dimethyl ether 
[12]. 

Positive effects of ozone on combustion have been widely reported. 
Masurier et al. [7] found that the addition of 20 ppm ozone in a 
compression ignition engine could reduce the ignition delay of octane by 
more than 60% in the 873–973 K range. It was suggested that ozone 
strongly enhances the combustion stability under low temperature 
conditions [11,13], which is a significant benefit for the cold start. Ji 
et al. [9] applied ozone seeding in methane combustion in a constant 
volume bomb. They reported an extended lean combustion limit, a 50% 
increase to the flame speed, as well as a strengthened low temperature 
heat release. Although ozone is a highly oxidative species, ozone- 
assisted combustion is capable of reducing nitrogen oxide formation 
by up to 30% by lowering the combustion temperature [13]. The effect 
of ozone is more prominent in the initiation stage than in the reaction 
stage when the radical pool has been fully developed [4]. The promoting 
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effect of ozone is mainly the result of the highly reactive oxygen atoms 
formed from ozone dissociation that facilitate chain branching re-
actions. When ozone is added, the O/H radical pool grows dramatically 
in the initiation stage of the combustion [9]. Therefore, coordination 
between ozone addition and fuel injection is important for the ozone- 
assisting technology [14]. 

In order to more precisely control the effect of ozone on fuel com-
bustion, chemical kinetic mechanisms of fuel combustion with ozone 
participation have to be comprehensive and validated. Among the ki-
netic mechanisms involving ozone, the H2-O3 sub-mechanism is the 
most important one since it plays a fundamental role for ozone-assisted 
combustion of all hydrogen-containing fuels. The oxygen atoms gener-
ated from ozone dissociation rapidly abstract fuel hydrogen, forming 
hydroxyl radicals and accelerating the overall reaction. The work by 
Smekhov et al. [15] and Ibraguimova et al. [16] provided the basis for 
the mechanisms by Ombrello et al. [6] and Halter et al. [17] which have 
been frequently adopted in recent studies The predictions from these 
two mechanisms are almost identical [17]. Starik et al. [18] established 
a subset for H2-O3 from studying premixed O2-H2 combustion. More 
recently Konnov [19] developed a kinetic model for ozone decomposi-
tion, which was later incorporated as part of an updated hydrogen 
mechanism [20] with excited species taken into account. The ozone 
mechanism by Konnov [19] was validated against flame speed mea-
surements reported in literature [21-23]. 

None of the reported H2-O3 mechanisms has been validated directly 
over a wider range of conditions. Available experimental data are scarce. 
Streng and Grosse [24] reported flame speeds for H2-O3 mixtures, while 
Liu et al. [25] studied photolysis-assisted ignition of H2-O2-O3 mixtures. 
More recently, Seignour et al. [26] tested ozone addition to hydrogen 
oxidation in a HCCI engine but didn’t compare measurements with 
model predictions. 

The present work aims to improve the H2-O2-O3 mechanism. Ex-
periments on O3 decomposition and oxidation of H2 in the presence of 
O2 and O3 are conducted in an atmospheric pressure flow reactor. 
Particular attention is paid to low reaction temperatures (400–575 K) for 
which O3 is most likely to have a significant effect. A chemical kinetic 
model for O3 conversion in the absence and presence of H2 is developed, 
based on recent progress in ozone and hydrogen chemistry. The relative 
third-body collision efficiencies of different gas species are calculated 
using ab initio–based potential energy surfaces (PESs), classical trajec-
tories, Troe’s weak collider approximation, and the two-dimensional 
master equation. The kinetic model is validated against the flow 
reactor results, as well as data from the literature. 

2. Experimental and simulation 

2.1. Flow reactor experiment 

Quartz tube flow reactors coupled with an electrically heated oven 
were employed in the present work. Experiments on the O3 self- 
decomposition reaction as well as the H2-O2-O3 reaction were carried 
out at atmospheric pressure and temperatures in the range 400–575 K at 
intervals of 25 K. Measurements, conducted with type K thermocouples, 
confirmed that radial variations in temperature in the reactor were 
negligible. Each measured value was accurate within 2 K. However, due 
to a relatively high gas flow rate, the gas temperature distribution inside 
the oven was not homogeneous and an isothermal zone could not be 
established, as shown in Fig. 1. Therefore, in this work, the reaction 
temperatures refer to a profile rather than a specific value. 

Water vapor was introduced in selected experiments. In order to 
investigate possible surface reactions on the quartz surface, flow re-
actors of different diameters (6 and 16 mm) were used for the O3 
decomposition experiments. The data presented below were obtained in 
the 6 mm flow reactor, except where specifically stated. 

The premixed reactant gas, composed of ozone, oxygen, hydrogen, 
and water vapor with nitrogen as carrier gas, was controlled at a 

constant total flow rate of 1.5 L/min. As described in Table 1, different 
gas compositions were set to study ozone decomposition and the effect 
of adding hydrogen or of water vapor. The ozone was generated from 
pure oxygen by using a dielectric barrier discharge ozone generator 
(BMT 802 N). The target ozone concentration was achieved by adjusting 
the input voltage of the ozone generator together with the oxygen flow 
rate. The ozone concentration was measured by an O3 analyzer (BMT 
964), with an accuracy better than 0.5%. The hydrogen concentration in 
the exhaust gas from the reactor was measured by a gas chromatography 
analyzer (Agilent 3000A) with an uncertainty of about 10%. H2O was 
added to the reaction gas by purging N2 gas through an evaporator filled 
with water. Assuming the N2 to be saturated with water vapor, the H2O 
concentration was calculated to be 9000 ppm. 

The measurements for the ozone and hydrogen gases were all online. 
The ozone analyzer continuously monitored the concentration of the 
ozone from the outlet. The ozone concentrations were collected when 
the fluctuation was no more than ± 10 ppm within 5 min. Each of the 
reported hydrogen concentrations were an average of 6 measurements 
by the GC, with standard deviations no higher than 30 ppm. 

2.2. Simulations 

Simulations for the reacting mixtures were conducted with the 
CHEMKIN-PRO software. Details of the mechanism and relevant dis-
cussions are provided in Section 3. The flow reactor experiments were 
simulated assuming plug-flow; a good approximation in the laminar 
flow regime in the reactor. The measured temperature profiles were 
input to the model rather than using a homogeneous temperature 
assumption. Rate of production and sensitivity analyses were obtained 
from batch reactor simulations. Loss of atomic oxygen on the walls of the 
quartz reactor was accounted for in the simulations, following the 
approach outlined by Glarborg et al. [27] and adopting the sticking 
probability of oxygen atom on quartz from Kim and Boudart [28]. 
However, due to the fast reaction between oxygen atoms and ozone, 
heterogeneous reactions were found to be unimportant under the pre-
sent conditions. 

Fig. 1. The measured temperature profiles in the flow reactor.  

Table 1 
Experimental gas composition.   

O3 H2 O2 H2O 

O3 decomposition 2450 ppm 0 ppm  2.1% 0/9000 ppm 
H2-O2-O3 reaction 2450 ppm 2300 ppm  2.1% 0 ppm 
H2-O2 reaction 0 ppm 2450 ppm  2.1% 0 ppm  
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3. Kinetic mechanism 

The starting mechanism was drawn from Burke et al. [29], with the 
updates proposed by Hashemi et al. [30]. This mechanism provides a 
good agreement with experimental results for H2-O2 combustion [30], in 
particular for species concentration profiles and ignition delay times at 
high pressure. In the present work, this mechanism was extended with 
an O3 subset as well as with a few other reactions, as discussed below. 
The updated reactions are listed in Table 2. The ozone reaction may 
involve excited species, but these steps have little influence on the global 
reaction [19] and were not included in the present mechanism. 

3.1. Ozone dissociation 

The thermal dissociation of ozone, 

O3 + M = O2 + O + M (R1b) 

initiates the ozone reaction and is the most important step in the 
ozone subset. In the mechanism and in Table 2, it is represented by the 
reverse reaction, 

O2 + O + M = O3 + M (R1) 

The rate of recombination of O with O2 has been measured exten-
sively at low temperature for different collision partners, including Ar, 
N2, and O2. Arrhenius plots are shown in Figs. 2-4. The data for Ar as 
third body agree within about 50% at room temperature (Fig. 2), while 
data obtained in N2 and O2 (Figs. 3 and 4) are slightly more scattered. At 
higher temperatures, rate constants have been determined for dissoci-
ation of O3 with different collision partners. The results for R1b have 
been converted to values for k1 through the equilibrium constant. For 
O3 + Ar, the measurements, covering temperatures in the range 
525–925 K, are in good agreement. For N2 and O2, only few data are 
available at elevated temperature and for these collision partners, the 
rate coefficients for R1 are more uncertain. 

Due to the limitations in the reported results, the following proced-
ure has been followed to obtain reliable rate coefficients for reaction R1. 
The data obtained for O2 + O + Ar are more comprehensive and show 
less scatter than those for other collision partners. We derive the rate 
constant for k1,Ar from a best fit match to the reported experimental 
data, as shown in Fig. 2. Values for k1,N2, k1,O2, and k1,O3 are then ob-
tained by combining calculated third body efficiencies of N2, O2, and O3, 
compared to Ar, with the proposed value of k1,Ar. The theoretical colli-
sion efficiencies relative to that of Ar are calculated as described in 
section 3.2. 

The rate constant k1,Ar (Fig. 2) is based on the reported 

measurements for the forward reaction from Lin and Leu (298–353 K) 
[36] and results from Park [37], Endo et al. [38], and Lunin et al. [36] 
for the reverse step (530–920 K). The proposed rate constant agrees 
within the uncertainty with all the experimental determinations re-
ported in literature for Ar as collision partner. In the 300–1000 K range, 
it is 20–30% lower than the rate constant from Luther et al. [39], 
adopted by Konnov [19]. 

The proposed rate constants for O2 + O + N2 (k1,N2, Fig. 3) and O +
O2 + O2 (k1,O2, Fig. 4), derived from the value of k1,Ar and the relative 
collision efficiencies, are in satisfactory agreement with experimental 
results. For simplicity, we have assumed the relative collision effi-
ciencies compared to Ar to be independent of temperature for both N2 
and O2, even though the calculations in Section 3.2 indicate a minor 
variation with temperature. For N2, the proposed rate constant falls 
slightly below most observed values at room temperature, while at 
elevated temperature k1,N2 is faster than the best fit values from 

Table 2 
Selected reactions in the H2-O3 kinetic mechanism. Units: A (cm3, mole, s), Ea 
(cal).  

No Reaction A N Ea Source 

1 O2 + O + M = O3 + M 1.0E19  − 2.000 0 pw  
Enhanced third-body efficiency: Ar = 1.0, N2 = 1.3, Kr = 1.0, O2 =

1.2, O3 = 0  
O2 + O + O3 = O3 + O3 1.0E23  − 3.000 0 

2 O3 + O = O2 + O2 1.1E13  0.000 4300 pw 
3 O3 + H = OH + O2 8.4E13  0.000 934 [31] 
4 O3 + OH = HO2 + O2 1.2E05  2.500 800 pw 
5 O3 + HO2 = OH + O2 + O2 1.2E08  4.570 − 1377 [32] 
6 H + O2 = OH + O 8.0E13  0.000 14,636 [33] 
7 H + O2 (+M) = HO2 (+M) 1.2E12  0.580 871 [34]  

Low pressure limit 4.6E20  − 1.670 − 213   
α = 0.6417, T***=3.91E-04, T*=8681, T**=6061 
Enhanced third-body efficiency: Ar/1/H2O/22.6/N2/1.53/ 

8 H + O2 + H = H2 + O2 8.8E22  − 1.835 800 [35] 
9 H + O2 + H = OH + OH 4.0E22  − 1.835 800 [35] 
10 H + O2 + O = OH + O2 7.4E22  − 1.835 800 [35] 
11 H + O2 + OH = H2O + O2 2.7E06  − 1.835 800 [35]  

Fig. 2. Experimental data for O + O2 + Ar (open symbols): Kaufman and Kelso 
[45], Slanger and Black [46], Huie et al. [47], Ball and Larkin [48], Bevan and 
Johnson [49], Lin and Leu [36], Sehested et al. [50]. For O3 + Ar, reversed 
through the equilibrium constant (closed symbols): Jones and Davidson [40], 
Park [37], Endo et al. [38], and Lunin et al. [51]. The solid curve denotes a fit to 
the experimental data with k1,Ar = 1.0E19 T− 2.0 cm6 mol− 2 s− 1. 

Fig. 3. Experimental data for O + O2 + N2 (open symbols): Slanger and Black 
[46], Stuhl and Niki [52], Huie et al. [47], Ball and Larkin [48], Rosenberg and 
Trainor [53], Arnold and Comes [54], Klais et al. [55], Lin and Leu [36], Borrell 
et al. [56], and Anderson et al. [57]. For O3 + N2, reversed through the equi-
librium constant (closed symbols): Jones and Davidson [40]. “pw” denotes best 
fit values from modeling the present flow reactor experiments on dissociation of 
O3 in N2. The solid curve denotes the proposed value of k1, N2 = 1.3E19 T− 2.0 

cm6 mol− 2 s− 1, based on k1,Ar and the calculated collision efficiency of N2 
compared to Ar. 
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modeling the present experiments (discussed below) and slightly below 
the values obtained by Jones and Davidson [40]. For O2 as collision 
partner, the proposed rate constant k1,O2 is in very good agreement with 
the experimental results, in particular the high temperature data from 
Park [37]. 

In addition to the data from Jones and Davidson [40], high tem-
perature results for ozone dissociation were reported by Center and 
Kung [41], who did not derive a rate constant, and by Michael [42] and 
Peukert et al. [43] who used Kr as the collision partner. Peukert et al. 
[43] and Cobos and Troe [44] investigated the pressure dependence of 
R1b. It is likely that some of the scatter in the results shown in Fig. 2 is 
caused by fall-off effects. 

The proposed rate constant for O2 + O + O3 (k1,O3, Table 2) was also 
derived from the value of k1,Ar and the relative collision efficiency for 
ozone (see section 3.2). Unlike the other collision partners investigated, 
the third-body efficiency of ozone changes significantly with tempera-
ture. Therefore, in the mechanism, R1 with ozone as third body is 
written as a separate reaction as shown in Table 2. 

3.2. Theoretical third-body collision efficiencies for O3 (+M) 

Relative third-body collision efficiencies were calculated using a 
combination of newly fitted ab initio–based potential energy surfaces 
(PESs), classical trajectories, Troe’s weak collider approximation, and 
the two-dimensional master equation. These strategies were used 
recently to predict relative collision efficiencies for NH3(+M) and 
N2H4(+M) [27] and for HO2(+M) and H2O2(+M) [65] for several baths 
M, and the predicted collision efficiencies were typically found to be 
within ~25% of available measured values, which agrees with a priori 
determinations of the errors of this theoretical approach [66]. 

Briefly, a previously described [67] automated strategy for A(+M) 
PES construction was used for M = N2, O2, Ar, Kr, and O3. The inter-
action potentials were represented using permutationally invariant 
polynomials [65,68] (PIPs) fit to large (>64,000) training data sets 
comprised of counterpoise corrected MP2 energies with two-point cc- 
pVTZ and cc-pVQZ complete basis set extrapolations. The energy 
transfer rates were found to be insensitive (differing by <5%) to the 
order of the PIP expansion. The intramolecular O3 PES was described 
using a molecular mechanics force field with parameters adjusted to give 
the rotational constants 0.39, 0.44, and 3.53 cm− 1 and the frequencies 

690, 1133, and 1151 cm− 1, which may be compared with experimental 
values of 0.39, 0.45, and 3.55 cm− 1 and 716, 1089, and 1135 cm− 1, 
respectively [69]. 

Collision efficiencies, defined as the ratio of a bath’s low-pressure- 
limit rate constant to that of a reference bath (N2, in our case), were 
calculated using two kinetic models. First, we used Troe’s weak collider 
model, where the collision efficiency is given by ZMβM/ZN2βN2, ZM is the 
total bimolecular collision rate constant for O3 + M, and βM is the weak 
collider correction [70,71]. Collision rates ZM were calculated using the 
“one dimensional minimization” method [72] to determine effective 12/ 
6 Lennard–Jones parameters from the parametrized interaction poten-
tials. [73] Following Troe, we calculated βc = (<ΔEd>/ 
(<ΔEd>+FEkBT)) [65], where < ΔEd > is the average energy transferred 
in deactivating collisions computed using classical trajectories[74,75] 
and again using the parametrized PESs. FE is related to the thermal 
fraction of the reactant’s population above threshold and was computed 
using experimental molecular constants [76] and the rigid-rotor, har-
monic oscillator approximation; the computed values of FE for O3 varied 
from ~1 to 1.7 over the temperature range 300–2500 K. 

For M = O3 and T <1500 K, we found that βc > ½, and so for these 
conditions we employed a model more appropriate for strong colliders. 
Specifically, we solved the so-called “two-dimensional” master equation 
(2DME) using an a priori collision kernel parametrized to reproduce <
ΔEd > along with 134 other low-order trajectory-based moments 
describing collisional energy transfer [77]. The 2DME approach has 
been validated against experimental kinetics and shown to predict low 
pressure limit and falloff rate constants with errors of just ~25% 
[66,78]. At 1500 K, the βc and 2DME models predict collision effi-
ciencies for O3 relative to N2 that differ by just ~5%, whereas at 300 K 
the model predictions differ by nearly a factor of 4. Table 3 summarizes 
the calculated collision efficiencies for M = N2, O2, Ar, Kr, and O3. 

3.3. Other ozone reactions 

Oxygen atoms formed from dissociation of ozone in R1, in return, 
react with ozone in R2, 

O3 +O = O2 +O2 (R2) 

Fig. 5 presents the available experimental data for R2. The rate 
constant from Atkinson et al. [32], which is the most widely used in 
current O3 mechanisms [6,12,17], is based on measurements over 
200–400 K, especially the results of Wine et al. [79]. More recently, 
Suzuki et al. [80] re-evaluated the rate constant for R2 over 293–423 K 
with particular attention to the impact of surface loss of O, finding a 
value almost identical to the expression proposed by Atkinson et al. The 
only high temperature data were reported by Jones and Davidson [40], 
who conducted shock tube experiments in the range 827–910 K. Taking 
the high-temperature data from Jones and Davidson into account, we 
arrive at a slightly faster rate constant than the recommendation by 
Atkinson et al. The preferred value is shown as a solid line in Fig. 5. 

The reaction between ozone and hydrogen atoms forming hydroxyl 
and molecular oxygen, 

O3 + H = O2 + OH (R3) 

is an important step in the H2-O3 mechanism. The rate constant for 

Fig. 4. Experimental data for O + O2 + O2 (open symbols): Intezarova and 
Kondrat’ev [58], Kaufman and Kelso [45], Meaburn et al. [59], Mulcahy and 
Williams [60], Stuhl and Niki [52], Ball and Larkin [48], Bevan and Johnson 
[49], Snelling [61], Hogan and Burch [62], Aref’eva et al. [63], Flesca et al. 
[64], Klais et al. [55], and Lin and Leu [36]. For O3 + Ar, reversed through the 
equilibrium constant (closed symbols): Park [37]. The solid curve denotes the 
proposed value of k1, O2 = 1.2E19 T− 2.0 cm6 mol− 2 s− 1, based on k1,Ar and the 
calculated collision efficiency of O2 compared to Ar. 

Table 3 
Calculated third body efficiencies for O3 (+M) relative to M = N2.  

T, K M = N2 Ar Kr O2 O3 

300  1.00  0.76  0.75  0.87  13.4 
600  1.00  0.74  0.75  0.86  7.9 
1000  1.00  0.78  0.74  0.90  5.0 
1500  1.00  0.78  0.74  0.85  3.6 
2000  1.00  0.77  0.79  0.80  3.1 
2500  1.00  0.79  0.77  0.76  3.0  
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R3 is relatively well established from the evaluation of DeMore et al. 
[31]. Their recommendation, which was adopted by Halter et al. [17] 
and Konnov [19], is an average of data from Lee et al. [85] and Keyser 
et al. [86] and is in good agreement with other measurements [87,88]. 
The value is also supported by recent theoretical work [88,89]. 

Reactions of ozone with hydroxyl and hydroperoxyl radicals, 

O3 + OH = HO2 + O2 (R4)  

O3 +HO2 = OH+O2 +O2 (R5) 

are important in atmospheric chemistry, and measurements of these 
two steps were carried out at low temperature. In the H2-O3 system, R4 is 
an important path for O3 conversion. Atkinson et al. [32] derived an 
expression for k4 based on reported experiments. More recently, Man-
sergas et al. [90] and Ju et al. [91] evaluated k4 from theory. 

Fig. 6 compares the reported rate constants for R4. The experimental 
data are limited to temperatures up to 450 K. The variational transition 
state theory study of Ju et al. [91] indicates a strong curvature in the 
Arrhenius expression above 500 K. This behavior is supported by the 
present experiments. As discussed in Section 4.3, the relative con-
sumption rates of H2 and O3 in the H2-O2-O3 mixture provide a measure 
of the competition for radicals between these two species. Due to un-
certainty in side reactions, it is not possible to determine the rate con-
stant for R4 based on the flow reactor results. However, they indicate 
that a direct extrapolation of the recommendation of Atkinson et al. 
underestimates the rate above 500 K, in agreement with the theoretical 
work of Ju et al. The preferred expression, shown as a solid line in Fig. 6, 
is based on an extrapolation of the experimental results of Ravishankara 
et al. [92], assuming a T2.5 dependence of the pre-exponential factor. 
The rate constant is roughly a factor of two larger than the value from Ju 
et al. 

For reaction R5, expressions from evaluations of available experi-
mental data in the 233–400 K range have been reported by Atkinson 
et al. [32] and DeMore et al. [98]. The two recommendations involve 
similar activation energies, but the value from Atkinson et al., which 
introduces a temperature-dependent pre-exponential factor, is preferred 
in the present work. Extrapolation of the rate constant to elevated 
temperature involves a significant uncertainty. More recent work 
[99,100] on R5 mainly focus on the involvement of water molecules, 
which is important in the natural cycle. 

3.4. H2-O2 chain reactions 

The competition of the reactions between atomic hydrogen and ox-
ygen, 

H + O2 = OH + O (R6)  

H + O2( + M) = HO2( + M) (R7) 

is important for the reactivity of hydrogen oxidation at lower tem-
perature (<1000 K) [101], where ozone addition is of interest. R6 is the 
main chain branching reaction determining, while the R7 is effectively a 
chain termination reaction due to the low reactivity of the hydroperoxyl 
radical.R6 has been extensively investigated in the past decades and 
reviewed by Hong and coworkers [33,102]. The expression derived from 
measurement by Hong et al. [102] is employed by this work. Recently, 
Wang et al. [103] re-evaluated this reaction from shock-tube experi-
ments, recommending a slightly lower rate constant than the expression 
from Hong et al. [101] at low temperature. 

The rate constant for R7 has been in discussion. Choudhary et al. 
[104] derived a value based on their measurements and the earlier re-
sults from Shao et al. [105]. Recently, Lei and Burke [34] and Yang et al. 
[106] investigated the pressure dependence of R7. Yang et al. [106] re- 
evaluated the rate constant based on previous experimental work. Lei 
and Burke tested bath gas mixture effects and derived a single reaction 
expression based involving Ar, N2 and H2O as collision partners, which 
is preferred in the present work. 

Reactions R8 – R11 are kinetic pathways for the H-O2 reaction 
complex with other radicals, recently proposed by Burke and Klippen-
stein [35], 

H + O2 + H = H2 + O2 (R8)  

H + O2 + H = OH + OH (R9)  

H + O2 + O = OH + O2 (R10)  

H + O2 + OH = H2O + O2 (R11) 

Burke and Klippenstein found that introducing these reactions 
considerably reduced flame speeds and global reactivity [35]. Thus 
these reactions are taken into account in the present mechanism. 

Fig. 5. Arrhenius plot for O3 + O = O2 + O2 (R2). Experimental data (symbols): 
Suzuki et al. [80], Wine et al. [79], Arnold and Comes [54], Davids et al. [81], 
Jones and Davidson [40], Husain and Kirsch [82], Balakhnin and Egorov [83], 
McCrumb and Kaufman [84]. The solid curve denotes the proposed value of k2 
= 1.1E13 exp(-4300/RT) cm3 mol− 1 s− 1. 

Fig. 6. Arrhenius plot for O3 + OH = HO2 + O2 (R4). Experimental data 
(symbols): Turnipseed et al. [93], Smith et al. [94], Zahniser and Howard [95], 
Ravishankara et al. [92], Kurylo [96], and Anderson and Kaufman [97]. The 
black solid curve denotes the proposed value of k4 = 1.2E5 T2.5 exp(-800/RT) 
cm3 mol− 1 s− 1. The blue dash line denotes the expression by Ju et al [91]. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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4. Results and discussion 

In this section, experimental results from the present work and from 
literature are compared with the mechanism from the present work, as 
well as the models from Konnov [107], Zhao et al. [12], and Halter et al. 
[17]. In addition to the flow reactor data and flame speed measurements 
from literature [21,22,24], Rousso et al. [108] presented results for 
ozone decomposition in a jet-stirred reactor. We have chosen not to 
include these data in the model validation, because a significant fraction 
of the O3 conversion occurred in the inlet section prior to the JSR, 
introducing some uncertainty in the data interpretation. 

4.1. Ozone decomposition in the flow reactor 

Fig. 7 compares results for ozone decomposition in the flow reactor 
as a function of temperature (400–575 K) with model predictions using 
the present mechanism as well as mechanisms from the literatures. The 
initiation of ozone conversion occurs at around 425 K and ozone is fully 
converted at around 550 K. The present mechanism provides a satis-
factory agreement with the experimental results, while the literature 
mechanisms slightly over-predict the conversion rate at 450–500 K, 
especially the mechanism by Halter et al. [17]. The differences in pre-
dictions are mainly due to the choice of rate constant for R1. The 
agreement with experiment supports the present value of k1, which is 
slightly lower than values used in the literature models. 

The effect of adding water vapor to the reactant mixture is shown in 
Fig. 8. The experimental results show that addition of 9000 ppm of H2O 
has only a very small influence on the ozone conversion, slightly 
increasing the consumption rate. This trend is in agreement with 
modeling predictions. 

Presence of water vapor may influence the composition of the radical 
pool through the chain-branching reaction O + H2O = OH + OH, 
thereby promoting the ozone conversion. However, a sensitivity analysis 
(Fig. 9) shows negligible sensitivity towards O + H2O = OH + OH 
because this step is too slow to compete with O3 + O (R2). It is seen that 
the presence of water does not cause notable changes in reaction 
sensitivities. 

Water molecules have been reported to occupy active sites on the 
reactor surface. Materials such as silica [109,110], glass [110], and sand 

[111] have been reported to catalyze ozone decomposition by co-ions 
absorption and reaction with surface oxygen species [109]. The results 
of Fig. 8 show no indication of surface promotion or inhibition. In order 
to further investigate the influence of surface effects, the ozone 
decomposition behavior in reactors of 6 and 16 mm diameter is 
compared. The 6 mm reactor has a surface to volume ratio 2.67 times 
that of the 16 mm reactor, implying that the smaller reactor should be 
more sensitive to surface reactions. The results, shown in Fig. 10, are not 
directly comparable, since the residence time for the larger reactor is 
longer than that for the smaller reactor at the same flow rate. Conse-
quently, the conversion curve shifts to lower temperature for the larger 
reactor. However, the agreement with modeling predictions for the two 
conditions is similar; in both cases the model slightly over-predicts the 
reaction rate. The results indicate that heterogeneous reactions have at 
most a small impact on the chemistry. This is in agreement with 
modeling predictions, as incorporation of loss of O-atoms on the surface 
in the mechanism (as discussed in section 2.2) does not lead to any 
change in modeling result; the heterogeneous O-loss cannot compete 
with the fast O3 + O reaction. 

4.2. O3-O2 flame speed 

Fig. 11 compares O3-O2 mixture flame speeds from experiments re-
ported in literature [21,22] with modelling results. The two experi-
mental data sets are in good agreement at O3 fractions below 40%, but 
deviates at higher values. At O3 fractions below 45%, all the mechanisms 
over-predict the flame speed. This is in line with the result from flow 
reactor (Fig. 4) in which over-prediction of the O3-O2 reaction rate was 
found for O3 = 2450 ppm. At higher O3 fractions, the mechanism by 
Zhao et al [12] significantly underestimates the flame speed while the 
other mechanisms are in agreement with the experimental results within 
the expected uncertainty. 

The discrepancies between the modeling predictions are mainly due 
to different expressions for O3 + M (R1b) in the mechanisms. Konnov 
[107] and Halter et al. [17] used the rate constants from Luther et al. 
[39] and Smekov et al. [15], respectively. Zhao et al. [12] employed the 
recent rate constant by Peukert et al. [43] that was determined in high- 
temperature shock tube experiments and may not extrapolate accurately 
to low temperature. The present model benefits from the re-evaluation 
of the third-body collision efficiencies in the O3 + M reaction. The 
calculated collision efficiency for O3 is temperature-dependent, contrary 

Fig. 7. Ozone decomposition as a function of temperature under dry condi-
tions. Symbols correspond to experimental data from the flow reactor experi-
ments (including a repetition) while the lines indicate the modeling results. 
Predictions are shown for the present mechanism, as well as for the models by 
Konnov [107], Zhao et al. [12], and Halter et al. [17]. The inlet gas composition 
is as follows: O3 = 2450 ppm, O2 = 2.1%, H2O = trace, balance N2. The 
pressure is 1 bar. 

Fig. 8. Ozone decomposition with and without water vapor as a function of 
temperature. Symbols correspond to experimental data from the flow reactor 
while the lines indicate the modelling results with the present mechanism. The 
gas composition is as follows: O3 = 2450 ppm, O2 = 2.1%, H2O = trace or 9000 
ppm, balance N2. The pressure is 1 bar. 
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to the fixed values used in other mechanisms, but at elevated tempera-
ture it is in reasonable agreement with the value estimated by Konnov. 

4.3. The H2-O2-O3 reaction in a flow reactor 

Fig. 12 shows results for oxidation of hydrogen by O2 and O2/O3 
mixtures, respectively. As expected, the presence of ozone strongly en-
hances reactivity above 500 K. While the H2-O2 system shows little 
conversion of H2 within the studied temperature range, the addition of 
ozone significantly promotes the H2 conversion, which is about 15% at 
575 K. 

The present model provides a good agreement with the experimental 
data, while modeling predictions with the literature mechanisms tend to 
overestimate the reactivity of the H2-O2-O3 system, most pronounced for 
H2. 

According to the reaction pathway analysis, the initiation of 

hydrogen oxidation in the absence of ozone relies on the direct reaction 
between hydrogen and oxygen molecules through R14, 

H2 + O2 = H + HO2 (R14) 

The introduction of ozone significantly changes the hydrogen con-
version path. Decomposition of ozone by reaction R1b, 

O3 +M = O2 +O+M (R1b) 

provides a large amount of active oxygen atoms which then abstract 
H from H2, forming hydroxyl radicals by R13, 

H2 +O = H+OH (R13) 

The hydroxyl radical easily reacts with molecular hydrogen through 
R12, 

H2 + OH = H + H2O (R12) 

Fig. 9. Sensitivity analysis for O3 dissociation reaction at 500 K with and without water vapor.  

Fig. 10. Ozone decomposition as a function of temperature in flow reactors of 
6 mm and 16 mm diameters. Symbols correspond to experimental data. The 
solid lines show the modelling by the present mechanism while the dash line is 
the modelling by the present mechanism incorporated with the surface O-loss 
calculation. O3 = 2400 ppm, O2 = 2.1%. The pressure is 1 bar. 

Fig. 11. Laminar flame speeds of O3-O2 mixtures at atmospheric pressure. 
Symbols represent experiments by Streng and Grosse [22] and Lewis and von 
Elbe [21] while lines represent calculation from mechanisms by Konnov [107], 
Zhao et al. [12], Halter et al. [17], and the present work. 
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Hence the introduction of ozone into the system strongly increases 
the hydrogen conversion. 

The predictions of the selected mechanisms for the H2-O2-O3 reaction 
are depicted in Fig. 12. The present mechanism provides a good agree-
ment with the measured profiles of H2 (Fig. 12a) and O3 (Fig. 12b). Also 
the models from literature predict reasonably well the ozone conversion, 
despite a minor over-prediction, in accordance with the results for the 
ozone decomposition reaction (Fig. 7). However, none of the models 
from literature captures the hydrogen profile, over-predicting the 
hydrogen conversion roughly by a factor of three. The improved per-
formance of the present mechanism is due to the re-evaluation for R1, R2 
and R4 discussed above. 

The rate of production analysis reveals that most of the ozone is 
consumed by self-decomposition, i.e., O3 + M = O2 + O + M (R1) and 
O3 + O = 2O2 (R2), rather than by reactions with hydrogen atom (R3) or 
hydroxyl radicals (R4). The oxygen atoms formed from R1 mainly react 
with ozone by R2, while the reaction with hydrogen molecules is a minor 
pathway. However, hydrogen molecules compete for hydroxyl radicals 
with ozone. The reaction rates of H2 + OH (R12) and O3 + OH (R4) are 
comparable at 6.5E-8 and 7.0E-8 mol cm− 3 s− 1, respectively. The hy-
droxyl radicals contribute the most to hydrogen molecule conversion. 

A sensitivity analysis for hydrogen is shown in Fig. 13. The hydrogen 
conversion is most sensitive to ozone dissociation reaction (R1) and 

reaction of hydrogen with hydroxyl radicals (R12), which both promote 
hydrogen conversion. In addition, reaction of oxygen atoms with 
hydrogen (R13) and ozone (R2) are important. Reactions that lead to 
formation of reactive species such as O and OH boost the conversion of 
hydrogen, while reactions that lead to chain termination or competition 
with hydrogen molecules for these reactive species are inhibiting. 

4.4. The H2-O3 flame speed 

Fig. 14 compares modelling predictions by different mechanisms 
with the H2-O3 flame speeds measured by Streng et al. [24]. The mea-
surements were conducted at an initial gas temperature of 195 K. The 
flame speeds calculated from this work are slightly lower than those 
predicted by the other mechanisms, but all mechanisms provide a good 
agreement with the measurements. Both the modelling and experiment 
show that the flame speed peaks at an ozone fraction of approximately 
25%. 

Fig. 15 shows a sensitivity analysis for the H2-O3 flame speed. The 
predicted flame speed is mainly dependent on chain branching reactions 

Fig. 12. H2-O2 and H2-O2-O3 reaction in the flow reactor. H2 (a) and O3 (b) 
mole fractions as a function of temperature are shown. Symbols are experi-
mental data with repetition while lines are predictions using the mechanisms 
from Konnov [107], Zhao et al. [12], Halter et al. [17], and the present work. 
O3 = 0 or 2440 ppm, H2 = 2300–2400 ppm, O2 = 2.1%. The pressure is 1 bar. 

Fig. 13. Sensitivity analysis for H2 in the H2-O2-O3 reaction at 575 K.  

Fig. 14. Comparison between H2-O3 flame speeds measured at different O3 to 
H2 ratio by Streng et al. [24] and modelling results from mechanisms: Konnov 
[107], Zhao [12], Halter [17], and the present work. 
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of hydrogen and oxygen molecules (R13 and R6) and the chain- prop-
agation reaction R12. In addition, ozone dissociation (R1) and reaction 
with H (R3) promote the flame speed. The consumption of hydroxyl 
radicals by ozone inhibits the flame while the consumption by hydrogen 
promotes the flame. This finding is in accordance with the sensitivity 
analysis for the flow reactor H2-O2-O3 reaction (Fig. 13). However, the 
sensitivity to the ozone reactions for the flame is not as large as in the 
flow reactor experiment. In the flame, reaction is initiated by upstream 
radical diffusion while the experiments in the flow reactor emphasize 
the initiation stage of the reaction when ozone is having its greatest 
effect. 

5. Conclusions 

The H2-O2-O3 mechanism has been updated based on theory, review 
of data for specific reactions, and flow reactor experiments. The third- 
body efficiencies of selected collision partners in O3 + M = O2 + O +
M were calculated by ab initio methods. The rate constants for the key 
reactions O3 + M = O2 + O + M, O3 + O = O2 + O2, and O3 + OH = O2 +

HO2 were re-evaluated based on results from literature and from the 
present work. Experiments for conversion of O2-O3 and H2-O2-O3, highly 
diluted in N2, were conducted in an atmospheric pressure flow reactor at 
temperatures of 400–575 K. Predictions with the model were compared 
to the data from the flow reactor experiments, as well as flame speed 
measurements for O3 and H2-O3 reported in literature. The present re-
action mechanism provides a satisfactory prediction of both the flow 
reactor data and the flame speed results. Selected models from literature 
tend to over-predict the reaction rate, most pronounced for the H2-O2-O3 
mixture where the predicted hydrogen consumption is too fast. A 
sensitivity analysis reveals that the competition between ozone and 
hydrogen for oxygen atoms and hydroxyl radicals has a significant effect 
on the rate of the global reaction. 
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