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In order to improve the technology of emission of volatile organic compounds removal by ozone, the destruction mechanism and kinetics
of degradation of toluene by O; was investigated employing quantum chemical calculations. Theoretical results showed that, toluene was
gradually degraded by Os via three times cleavages of C=C bonds. All the microcosmic reaction processes were analyzed and depicted in
detail based on geometry optimizations made by the UB3LYP/6-31G(d) method. Furthermore, the kinetic parameters were also calculated
by the transition state theory. The activation energy obtained by the QCISD(t)/6-311g(d,p)//UB3LYP/6-31G(d) method was 48.53 kJ/mol,

also in good agreement with the experimental result. This indicate that the destruction mechanism and kinetics of degradation of toluene

INTRODUCTION

Emission of volatile organic compounds (VOCs) into the
atmosphere is one of the most important problems with respect
to the depletion of the stratospheric ozone layer and the
formation of photochemical oxidants under the presence of
NOx. Moreover, even at very low concentrations', emission
of volatile organic compounds still have great adverse effects
on human health. Thus, the removal of emission of volatile
organic compounds from combustion and incineration proce-
sses became an important issue for engineers and researchers.
There are various emission of volatile organic compounds
control methods presently available. These include thermal
incineration, carbon adsorption, membrane separation, conden-
sation, biofiltration and catalytic combustion®®,

As a strong oxidizer, ozone is used to remove emission of
volatile organic compounds by many researchers. Regretfully,
the removal efficiency of emission of volatile organic com-
pounds by only injecting ozone was quite low. Therefore, to
obtain much higher removal efficiencies, ozone was generally
used in cooperation with other technologies, including catalytic
incineration, carbon adsorption and ultra-violet light'*". In
the past few years, due to its wide application prospect, the
emission of volatile organic compounds destruction by using
ozone has been widely studied'". However, most of the
investigations directed at the macroscopical removal efficien-
cies and few investigations were concerned with the micro-
cosmic mechanisms, which radically limit the development

by Os investigated employing quantum chemical calculations in this paper was fair and reliable.

which was in rough agreement with the experimental result (55.81 kJ/mol). The rate constant obtained from the transition state theory was |
Key Words: Ozone, Volatile organic compounds, Toluene, Degradation mechanism, Kinetics, Qquantum chemistry. |

of this technology. It is essential to the destruction mecha-
nism and kinetics of emission of volatile organic compounds
by ozone.

Because the mechanism of degrading emission of volatile
organic compounds by using ozone in cooperation with other
technologies is very complicated, only the mechanism of
degrading emission of volatile organic compounds by using
ozone alone was considered in the present work. Among
various emission of volatile organic compounds, aromatic
hydrocarbons are generally considered to be the priority
objective for the investigations because aromatic hydrocarbons
are of strong toxicity and act as precursors for the formation
of polycyclic aromatic hydrocarbons (PAHs) and dioxins'®".
As known to all, common examples of emission of volatile
organic compounds emitted from combustion and incineration
processes are toluene, xylene, dichloromethane, methanol and
isopropyl alcohol. Therefore, for simplicity, toluene was
chosen as the representative aromatic hydrocarbon in this paper.
Nowadays, quantum chemical calculation is popularly consi-
dered as a well-established method on studying chemical
reactions. Therefore, the destruction mechanism and kinetic of
toluene by O; was investigated employing quantum chemical
calculations.

CALCULATIONS

Quantum chemical calculations in this study were carried
out using the Gaussian suite of programs'®. All geometries of
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TABLE-1
ENERGIES OF THE STATIONARY POINTS WHEN ADDING OZONE TO TOLUENE

Stationary points Eywm (a0.)  Boogpm (@0.)  Egp(au)  Eguwe (@)  E.yue (kJ/mol) E\ o qcispen (a.0.) E..i. gcisper (kJ/mol)
Toluene+0; -495.7543 -495.7257 0.1356 -495.6187 -495.7257
a-exo-TS -495.7292 -495.8402 0.1375 -495.5917 70.85 -495.7027 60.40
a-exo0-POZ -495.7721 0.1404 -495.6317 -34.10
a-endo-TS -495.7356 -495.8448 0.1376 -495.5979 54.52 -495.7071 48.78
a-endo-POZ -495.7706 0.1403 -495.6303 -30.61
B-exo-TS -495.7280 -495.8389 0.1375 -495.5906 73.95 -495.7014 63.76
B-exo0-POZ -495.7694 0.1408 -495.6286 -25.98
B-endo-TS -495.7333 -495.8425 0.1378 -495.5955 60.95 -495.7047 55.20
B-endo-POZ -495.7686 0.1407 -495.6278 -24.03
v-exo-TS -495.7258 -495.8375 0.1374 -495.5883 79.75 -495.7001 67.30
Y-ex0-POZ -495.7678 0.1407 -495.6272 -22.25
Y-endo-TS -495.7314 -495.8412 0.1377 -495.5937 65.74 -495.7035 58.26
Y-endo-POZ -495.7671 0.1406 -495.6265 -20.40

the reactants, products and stationary points were fully
optimized by the unrestricted B3LYP method'**° using the
6-31G(d) basis set. The character of all stationary points was
confirmed by a frequency calculation at the same level. If no
imaginary frequency is shown, the stationary point was confir-
med as intermediate. And if only one imaginary frequency is
obtained, the stationary point was confirmed as transition state.
The energies of stationary points were calculated by the UMP2/
6-311g(d,p) method*'** based on the geometry optimizations
of the UB3LYP/6-31G(d) method. After corrected with zero-
point energies (Ezpr), the relative energies of stationary points
along the reaction processes and the activation energy (AE)
were calculated. To improve the calculation precision, the
activation energy was also calculated by the QCISD(t)/
6-311g(d,p)***/UB3LYP/6-31G(d) method. Owing to average
over estimation of the UB3LYP/6-31g(d) method®, the raw
calculated values of Ezpr were scaled by 0.9613. For all the
calculations, the spin contaminations were carefully checked
and no significant spin contamination was found, which
indicates that the quantum chemical calculations in this paper
are reliable.

Based on the mechanism study, the reaction rate constant
was calculated by the transition state theory (TST). The

involved equations®?’ are in below.
kT * E
k() = AL exp(-—2)
h " Q,Q; RT
#*
PR
24 K, T

here, A is the correct factor for the quantum effect, kg is
Boltzman constant, T is the temperature, h is Planck constant,
v*is the imaginary vibrational frequency of transition state,
E. is the activation energy, Q*and Qa/Qg are the total partial
functions of the transition state and reactant respectively.

RESULTS AND DISCUSSION

Reaction processes: To our best of knowledge, theoretical
investigations concerning the destruction mechanism of toluene
by Os are scarce in the literature. Therefore, we use quantum
chemical calculations to study the destruction reaction of
toluene + Os in detail. The stationary points along reaction
processes were optimized by the UB3LYP/6-31g(d) method

and the microcosmic reaction process was analyzed. According
to the cleavage of C=C bonds, the reaction process of toluene
+ O; was divided as three stages, which were discussed in the
following text.

Stage I: First cleavage of C=C bond: This stage is the
first and the most important stage for the overall reaction. As
can be supposed from the structure of toluene, the addition of
O; to toluene occurs in three ways i.e. on C=C bonds in the
o-position, B-position and y-position of the methyl group. For
each adding way, we can find two mechanistically different
routes: the middle O atom of Os is either directed away the
benzene ring (exo-route) or directed toward from this ring
structure (endo-route). Therefore, six similar routes can be
found when adding ozone to toluene (Fig.1). Based on the
geometry optimizations, energies of stationary points along
the reaction process were calculated by the UMP2/6-311g(d,p)
and QCISD(T)/6-311G(d,p) method respectively. Theoretical
results were shown in Table-1. E. is the sum of Eqcisp (1) (or
Euwmr: ) and Ezpe. E. is the relative energy between the transi-
tion states and reactants. As shown in Table-1, for each additing
way, the energy barrier of the endo-routes was lower than that
of the exo-routes, which indicated that the endo-routes took
place more easily than the exo-routes. By comparing the
energy barrier in the three adding ways, the energy barrier in
the a-way was lowest, which indicated that the o-way was the
favoured one. Therefore, the a-endo route was believed to be
the predominant route during the adding of O; to toluene.

For the a-endo route, the detail reaction process was
calculated and depicted in Fig. 2. Firstly, the primary ozonide
(o-endo-POZ) is formed via a-endo-TS. And then, the primary
ozonide splits into intermediates (1-a-endo-M/2-o-endo-M)
via 1-clea-endo-TS/2-clea-endo-TS. Because toluene is not a
symmetrical structure, there are two ways in the cleavage of
the primary ozonide: the middle O atom of the primary ozonide
is directed toward either the side with methyl group or the
other side. As shown in Fig. 2, the changes of geometric confi-
gurations of the stationary points can clearly describe the
reaction process. During the reaction process, the distance
between two attacked carbon atoms increases gradually
(1.401A—1.458A—1.573A—1.854A/1.886A— A, o
denotes the distance exceeding the range of bond forming),
which means the cleavage of C=C bond.
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Fig. 1. Optimized geometries of the stationary points along the reaction process when adding ozone to toluene. Angles are given in degrees and bond

distances are given in angstroms
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Fig. 2. Optimized geometries of stationary points along the reaction process of toluene + Oj;: Stage I. Angles are given in degrees and bond distances are

given in angstroms

Based on the geometry optimizations, energies of stationary
points along the reaction process for the a-endo route were
calculated by the UMP2/6-311g(d,p) method and the result
was shown in Fig. 3. Since the energy of the primary ozonide
(o-endo-POZ) was lower than that of the reactants, the primary
ozonide can be believed as quite stable intermediate. From
the Table-1, similar findings can be obtained in another five
routes. And so, the formation of the primary ozonide can be
believed as the rate-determining step for the overall reaction.
Since the o-endo route was the predominant one, the formation
of a-endo-POZ can be believed as the rate-determining step
for the overall reaction. The calculated activation energy of
the overall reaction by the UMP2/6-311g(d,p)//UB3LYP/6-
31G(d) method was 54.52 kJ/mol (Fig. 3). To improve the
calculation precision, the activation energy was calculated by
the QCISD(t)/6-311g(d,p)//UB3LYP/6-31G(d) method and its
value was 48.53 kJ/mol. As shown in Fig. 3, the energy of 2-o.-
endo-M was a little lower than that of 1-0i-endo-M, which means
that 2-o-endo-M is a little more stable than 1-o-endo-M. This
indicated that 2-o-endo-M could be believed as the favoured
product from the first cleavage of C=C bond.

60 a-endo-TS

40

204 Qcl

Ea=13.68

Relative Energy (kdJ/mol)
o

toluene+O, 1-clea-endo-TS
-20 2-clea-endo-TS
S
40 a-endo-POZ Ea=6.9
Ea:kJ/mol

60 UMP2/6-311G(d,p)/UB3LYP/6-31G(d) 1_5 ondo:M 2-a-ando-M

Fig. 3. Relative energies of stationary points along the reaction process of
toluene + Oj: Stage I

Stage II: Second cleavage of C=C bond: Since 2-a-
endo-M was believed as the favoured product from the first
cleavage of C=C bond, 2-o.-endo-M was chosen as the reactant
for the second cleavage of C=C bond. As shown in Fig. 4, two
C=C bonds can be found in the structure of 2-a-endo-M. There-
fore, the adding of O; to 2-a-endo-M occurs in two ways i.e.
on 2,3-C=C and 4,5-C=C bonds. Similar to the stage I, there
are two mechanistically different routes in the adding of O; to
2-o-endo-M: the middle O atom of Oj is either directed away
(exo-route) or directed toward from (endo-route) the ring struc-
ture. And so, four similar routes can be found in the adding of
ozone to 2-o-endo-M (Fig. 4). For each route, the primary
ozonide of 2-a-endo-M is formed via a transition state firstly;
and then, the primary ozonide splits into various carbonyl
oxides via another transition states. There are two ways in the
cleavage of the primary ozonide: the middle O atom of the
primary ozonide is directed toward either the side with four C
atoms or the side with two C atoms. Similar to the route in the
stage I, the changes of geometric configurations can describe
the reaction process of each route clearly.

For the stage II, the energies of stationary points were
calculated by the UMP2/6-311G(d,p)//UB3LYP/6-31G(d)
method and the energies variation along the reaction process
was shown in Fig. 5. For the four similar routes, the energies
of the primary ozonides were much lower than that of the
reactants, which indicated that the primary ozonides were the
stable intermediates. Therefore, similar to the stage I, the forma-
tion of the primary ozonide was the rate-determining step for
this stage. However, the calculated energies of the transition
states were lower than that of the reactants. This anomalous
behaviour could be ascribed to energy values referred to non-
equilibrium geometries because the energies of these transition
states were calculated by UMP2/6-311G(d,p) based on the
geometries optimized of UB3LYP/6-31G(d). If the reaction is
nearly barrierless, this anomalous behaviour often occurs.
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Fig. 4. Optimized geometries of stationary points along the reaction process of toluene + O;: Stage II. Angles are given in degrees and bond distances are

given in angstroms

Based on the above analysis, the formation of the primary
ozonide in stage II could be considered as a direct reaction
and its activation energy can be believed as 0 kJ/mol. And so,
by comparing, the activation energy of the stage II (0 kJ/mol)
was much smaller than that of the stage I (54.52 kJ/mol). That

is to say, the second C=C bond was much easier to destruct
than the first C=C bond. The reason for this fact may be that,
toluene is more stable because of its aromatic ring structure
and the 2-a-endo-M is much easier to destruct because of its
chain structure.
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Fig. 5. Relative energies of stationary points along the reaction process of
toluene + Os: Stage II

Stage III: Third cleavage of C=C bond: After the second
cleavage of C=C bond in the stage II, toluene splits into various
carbonyl oxides. Those carbonyl oxides with four C atoms
also have a C=C bond (Fig. 6). For the simplicity, only a
carbonyl oxide (1-clea-4,5-endo-1-M) was chosen as an
example for the third cleavage calculation (Fig. 6). Similar to
the adding of O; in the stage I and II, the addition of O; to
1-clea-4,5-endo-1-M has two mechanistically different routes:
the middle O atom of O; is either directed away (exo-route) or
directed toward from (endo-route) the ring structure with four
C atoms. Furthermore, the reaction process for each route is
quite similar to that of the route in the stage I and II and the
reaction process of each route can be clearly described by the

changes of geometric configurations of the stationary points.
Similar to the stage I and II, the energies variation along the
reaction process in the stage III were obtained by the UMP2/
6-311g(d,p)//UB3LYP/6-31G (d) method and shown in Fig. 7.
Similar to the stage II, the formation of the primary ozonide
was believed as the rate-determining step for this stage and its
activation energy was 0 kJ/mol. This indicated that, the 1-clea-
4,5-endo-1-M in the stage I1I is very easy to destruct because
of its chain structure, which is similar to the 2-0-endo-M in
the stage II.
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Fig. 6. Relative energies of stationary points along the reaction process of
toluene + Os: Stage III

As shown in Figs. 2 and 3, after the three times cleavage
of C=C bonds, toluene splits into various carbonyl oxides such
as glyoxal. And also, OH was produced via the isomerization
of those carbonyl oxides with three or four O atoms®. There-
fore, a series of complicated reactions were initiated by the
carbonyl oxides, O; and OH. And at last, smaller radicals and
molecules, such as CO,, O,, OH and aldehydes, were produced.
In the Toby's experiment®™, CO,, OH and glyoxal was also
found as products. This indicated the mechanism study by
using quantum chemical calculations is fair and reliable.

Kinetic study: As has been said, the formation of a-endo-
POZ of toluene was believed as the rate-determining step for
the overall reaction and the calculated activation energy by
the UMP2/6-311g(d,p)//UB3LYP/6-31G(d) method was 54.52
kJ/mol. To improve the calculation precision, the activation
energy was also calculated by QCISD(t)/6-311g(d,p)//
UB3LYP/6-31G(d) and its value was 48.53 kJ/mol. This
result was lower than the experimental result (55.81 kJ/mol)*.
For calculating the pre-exponential factor (A), the total partial
function of transition state (c-endo-TS) and the reactants
(toluene + Os) were calculated at the UB3LYP/6-31G(d) level:
Q7 (0-endo-TS): 2.29 x 10" L mol™ s™', Qa (toluene): 2.87 x
10" L mol's™, Qp(03): 4.37 x 10" L mol™ s™. The pre-expo-
nential factor obtained from theoretical calculation was 4.18
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x 10" cm’mol”s”, which was lower than the experimental
result (1.41 x 10"2 cm® mol's™1)*. Moreover, the rate constant
of the toluene + O’ reaction was calculated and shown in Fig. 8.
By comparison with the theoretical result, the rate constant
derived from the experiment® was more sensitivity with the
temperature. This may be ascribed to the lower experimental
activation energy in comparison with the theoretical value.
However, this theoretical result was still in agreement with
the experimental result®
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Fig. 8 the rate constant k calculated from TST
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Optimized geometries of stationary points along the reaction process of toluene + Os: Stage III. Angles are given in degrees and bond distances are

Conclusion

The destruction mechanism and kinetic of toluene by Os
was investigated employing quantum chemical calculations
in detail in this paper. The products, activation energy and
rate constant obtained from quantum chemical calculation was
in agreement with the experimental result. This indicated that
the mechanism and kinetic investigation by using quantum
chemical calculations was fair and reliable. The theoretical
results in this paper can be believed to lay an important foun-
dation for the further research on aromatic hydrocarbons and
other emission of volatile organic compounds removal by using
Os.
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