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Abstract A distinct understanding for the degradation mech-
anism of phenol induced by ozone is very essential because
the ozonation process, one of the advanced oxidation process-
es (AOPs), is attractive and popular in wastewater treatment.
In the present work, the detailed reactions of ozone and phenol
are investigated employing the density functional theory
B3LYP method with the 6-311++G (d, p) basis set. The
profiles of the potential energy surface are constructed and
the possible reaction pathways are indicated. These detailed
calculation results suggest two degradation reaction mecha-
nisms. One is phenolic H atom abstraction mechanism, and
the other is cyclo-addition and ring-opening mechanism. Con-
sidering the effect of solvent water, the calculated energy
barriers and reaction enthalpies for the reaction of O3 and
phenol in water phase are both lower than those in gas phase,
though the degradation mechanisms are not changed. This
reveals that these degradation reactions are more favorable
in the water solvent. The main reaction products are CsHsOO-
radical, a crucial precursor for forming PCDD/Fs and one
ring-opening product, which are in good agreement with the
experimental observations.
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Introduction

Phenolic compounds are generally produced in the petro-
chemical, pesticide manufacture, coal conversion process,
additives and aromatic chemical, dye and pharmaceutical
industries and so on [1-6]. They are all toxic organic con-
taminants, and serious environmental risks and pollutions
are generated when they are discharged into water. They are
strongly harmful to aquatic life and human health even at
concentrations in the parts per billion range, and they impart
a disgusting odor [3, 7]. Of these, phenol is classified as a
priority pollutant in the list of United States Environmental
Protection Agency (USEPA) for its toxic, carcinogenic,
mutagenic, teratogenic and non-biodegradable properties
[8]. Therefore, intensive attention has been paid to remove
phenolic compounds from wastewater, and treatment tech-
nologies available are physical, chemical, biological pro-
cesses and so on [9—11]. Among these choices, advanced
oxidation processes (AOPs) which can completely mineralize
organic pollutants are probably the best option in treating such
wastewater [12, 13]. These processes mainly involve direct
ozonization, ozone in combination with UV, hydrogen perox-
ide oxidation, ozone plus hydrogen peroxide (Os/H,0,), UV
photolysis, Fenton’s reagent and photocatalysis, etc. [6,
14-18]. As one of the most attractive oxidizing agents, ozone
is widely used for disinfecting drinking water and oxidizing
various organic contaminants in industrial wastewaters [19].
In the water system, ozone is unstable and can decompose into
-OH radicals. Therefore, ozone can play an important role via
a direct reaction pathway involving molecular ozone or an
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indirect pathway involving -OH radicals to degrade organic
pollutants in wastewater treatment [20].

The simple phenol was investigated most frequently as a
model pollutant for other phenols and organic compounds
containing activated phenol rings in past studies [9, 21]. The
experimental results of Ning Bo et al. [22] revealed that alkyl-
chain plays a minor role during the reaction of ozone and
phenol with alkyl-chain. So, we take phenol as an example in
the present work. As for phenol, a great deal of researches on
the oxidizing mechanism by -OH radical has been carried out
experimentally and theoretically [13, 21, 23-26]. And the H-
atom abstraction and addition mechanisms have almost been
clarified. Moreover, some experimental and theoretical re-
search on the ozonation of the substituted hydrazines show that
the reactions are abstracting both aliphatic and aromatic hydro-
gen and adding to the unsaturated double bonds [27]. However,
phenol is different because of the carbon-carbon bonds in the
ring of phenol unlike the ordinary unsaturated double bonds.

The study for the reaction mechanism of O; and phenol
mainly focused on laboratory experiments, and possible reac-
tion pathways were proposed based on the data [6, 28-31].
However, the detailed reaction mechanism of ozone abstract-
ing phenolic H atom and adding to the benzene ring of phenol
has not been clarified clearly. In addition, studying the destruc-
tion mechanism of phenol by ozone is crucial to improve the
understanding for the degradation of its derivatives such as
chlorophenols, phenoxy herbicides and so on. Moreover,
quantum chemistry calculation is especially favorable for
establishing the feasibility of reaction paths [32]. Therefore, a
thorough study of O; abstracting phenolic H atom from phenol
and adding to the carbon-carbon bonds of phenol is undertaken
using the quantum chemical method. Moreover, the pathways
and intermediates of phenol degradation under ozonation are
identified.

Computational details

Theoretical calculations are carried out in the framework of
DFT using GAUSSIAN 03 program package [33]. The
choice of the basis sets and levels is considered on the basis
of the computational accuracy and feasibility as well as
economical computational time [34, 35]. All geometrical
parameters of reactants, intermediates, transition states and
products are optimized at the B3LYP [36, 37] level with a
standard 6-311++G (d, p) basis set. In addition, all structures
involved in the reaction have been located on the potential
energy surface (PES) by performing full geometry optimi-
zation without any symmetry restriction, and their natures
(local minima or first-order saddle points), the zero point
energies (ZPEs) and thermal contributions to the total energy
have been identified by performing frequency calculations,
and all transition states are characterized by one negative
eigenvalue and verified to connect the designated reactants
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with products by employing intrinsic reaction coordinate
(IRC) [38, 39] calculations. In the present study, the effect of
solvent water using the polarizable continuum model (PCM)
is taken into account and the solvation structures involved in
the reactions of ozone and phenol is all optimized with the
B3LYP/6-311++G (d, p) method. For all energies, the ZPE
corrections have been included.

Results and discussion

Figure 1 displays the structure and atom labels of phenol.
The molecular structure proposed as well as calculated
HOMO and LUMO of ozone are shown in Fig. 2.

The property of ozone molecular

With respect to the electronic structure and geometry of ozone,
there are several different theories proposed by researchers.
Pauling [40] developed the resonance theory by two equal
weighting structures (Fig. la). Three main coexisting struc-
tures of ozone proposed by Weinhold [41] are presented in
Fig. 2b. Moreover, the structure of three-electron bonding for
ozone proposed by Linnett [42] displays that singlet biradical
character on two terminal oxygens, which explains the fact that
ozone generally adds into the unsaturated bonds using the two
terminal atoms.

As illustrated in Table 1 and Fig. 2d, the electronic structure
of O3 we calculated is identical with the result of Pakiari [43].
The calculated result displays that ozone is a bent geometry
with inner-bond angle of 118.4° and bond length of 1.256 A.

Fig. 1 The structure of phenol
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Fig. 2 The structure as well as HOMO and LUMO of ozone (a) by
Pauling’s resonance theory; (b) by Weinhold’s resonance theory (NRT);
(c) by Linnett’s double quartet theory; (d) by B3LYP/6-311++G(d,p)

Also, Pakiari [43] obtains that the bond orders of O2-O3 and
03-04 are both about 2, indicating that these two bonds are
double bond. Seen from the frontier orbital analysis of ozone,
the eigenvectors of HOMO and LUMO for the two terminal

Table 1 Calculated eigenvalues and eigenvectors of HOMO and
LUMO of O3

Eigenvalues HOMO LUMO

E/Hartree —0.3548 —0.2044

Atoms Eigenvectors Eigenvectors

03 2Pz —0.138 2Px 0.226
3Pz —0.201 3Px 0.332
4Pz —0.138 4Px 0.333
5Pz —-0.016 5Px 0.095

02 2Pz 0.209 2Px —0.193
3Pz 0.308 3Px —0.282
4Pz 0.278 4Px —-0.292
5Pz 0.042 5Px —0.097

04 2Pz 0.209 2Px —0.193
3Pz 0.308 3Px —0.282
4Pz 0.278 4Px -0.292
5Pz 0.042 5Px —-0.097

oxygen atoms are the same and opposed to that of the central
oxygen. The orbital energy of LUMO of ozone is -0.2044
Hartree. Additionally, the calculated orbital energy of HOMO
of reaction phenol is -0.2344 Hatree and the difference between
them is 0.030 Hartree. According to the molecular orbital
theory by Fukui [44, 45], they can react easily. Theoretical
orbital analysis can well explain the experimental ozone treat-
ment technique in the advanced oxidation processes [12, 13].

Bond dissociation enthalpy (BDE)

Bond dissociation enthalpy (BDE) is a good thermodynamic
parameter for predicting the strength of the chemical H-X
bond of organic compounds [46]. To estimate which are the
vulnerable bonds of phenol, the O-H and C-H BDEs are
both calculated according to the defined of the reaction
enthalpy at 298 K and 1 atm [44], in which the thermal
corrections to the enthalpy is also considered. The detailed
Eq. (1) used to obtain the O-H BDE for the O-H bond of
phenol at 298 K and 1 atm is as follows [46]:

BDE(A — H) = A(HY® 4+ AfHZ® — A(HYS, (1)

where ArHZ®, AcHZ®, AgHZ®, are the heats of formation
of the radicals A and H and the molecule A-H, respectively. To
obtain a more reliable and accurate value of BDE, the B3P86/
6-311++G (d, p) method is carried out for the single-point
energy calculations on the optimization structure with the
B3LYP/6-311++G (d, p) level. The calculated results are
shown in Table 2. From Table 2, it can be seen that the
calculated BDE for the O1-H bond of 86.9 kcal'mol " is the
lowest, which is consistent with the experimental BDE (O-H)
of 86.2 kcal'mol-1 [47]. Besides, the calculated similar larger
BDE:s values of around 110 kcal-mol ™" for all the C-H bonds
prove that they are harder to be dissociated. Therefore, the O1-H
bond is indicated to be the easiest to cleavage, which is in
agreement with early research [48—51].

O3-initiated degradation mechanism

The possible pathways for the reactions of O3 and phenol
are presented in Scheme 1. -O5H radical, a crucially unstable

Table 2 Calculated

C-H and O-H bond dis- Bond Bond dissociation
sociation enthalpies position enthalpies (kcal-mol ")
of phenol at the B3P86/
6-311-++G(d,p)// Ol-H 86.9
B3LYP/6-311++G(d,p) C2-H 112.6
level and temperature
298.15 K C3-H 112.2

C4-H 113.4

C5-H 112.2

C6-H 114.4
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intermediate during the ozonization of phenol [29, 52], still
possess the capability of oxidizing organic pollutants. So the
pathways for the ‘OzH radical and phenol reactions are also
considered as shown in Scheme 2. The optimized geome-
tries including the various intermediates and transition states
involved in the reactions are displayed in Fig. 3. The pro-
files of the potential energy surface with the zero-point
energy (ZPE) correction are depicted in Figs. 4, 5 and 6,
and the relevant energies are given in Table 3.

H-atom abstraction mechanism

According to the analyses of the calculated static parameters
above, it can be conjectured that the O1-H bond is the most
vulnerable bond to be broken. So the phenolic H abstraction
reactions are first considered. We find three pathways denoted
R1-3 for the H abstraction reaction of O; and phenol, in which
O; abstracts the phenolic H with different orientations. Also,
there exist two pathways for the reaction of -O;H radical
abstracting phenolic H, denoted R7 and RS. In the three
pathways of Oj abstracting phenolic H, three H-bonded
pre-complexes, IM1, IM3 and IMS5, are first formed,
which are slightly more stable than the separate reactants
(2.17 kcal'mol' for IM1, 1.85 kcal'mol ' for IM3 and
2.82 kcal'mol ! for IM5) because of the stabilization of
three O2...H101 hydrogen bonds in them. Along the
pathway R1, IM1 is converted to IM2 via transition state
TSI with an activation energy of 14.53 kcal'mol ', and the
overall reaction is slightly exothermic by 7.29 kcal'mol . The
elongation of the bond being broken and the bond being
formed with regard to the equilibrium value in the reactants
and products is the most important character of the transition
state [52]. In the TS1 structure, the O1-H1 bond being broken
is elongated by 46.23% compared to IM1, while the O2-H1
bond being formed is slightly longer than the value 0.972 A in

Scheme 1 Possible pathways OH
for the reaction of O3 and phenol /L‘
L J + O3
S
—> Ml
—> IM3

—> IM5

—> i-IMl

—> p-IMI

p-IM2
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\\ + -O3H
N

—> IM7 ——> TS4 ——>» IM8——> HOOOH + *C4HsOH
— > IM9 ———> TS5 ——> IMI0 —» HOOOH + *Cg¢HsOH

Scheme 2 Possible pathways for abstracting H from phenol by -Oz;H

IM2 by 9.98%. Then C¢HsO- radical (denoted P1) and -OzH
radical are produced due to the decomposition of IM2. This
process is consistent with the result by Denisova et al. [53].
CsHsO- radical is the main intermediate during the reaction of
phenol and ozone. CgHsO- radical has a resonance structure,
and the radical character is localized on the phenolic oxygen,
as well as on the para- and ortho-carbons through delocaliza-
tion [54]. The association reactions of the phenoxy radicals
through these radical sites yield six different dimers, which
can also convert between each other [55-57]. Both the dimers
and their interconversions can form PCDD/Fs with lower or
no activation barriers [57, 58]. Therefore, identifying the
intermediate C¢HsO- radical is very important so that we can
take preventive measures to avoid generating it or add other
chemical reagents to react with it. In addition, -OsH radical is
also formed and can abstract a second H atom from phenol,
which is discussed later.

The R2 path proceeds via transition state TS2 with an
energy barrier of 12.31 kcal'mol!, and then an adduct
IM4 with high reaction energy of 23.85 kcal'mol ' is
formed. The decomposition of IM4 produces -HO, radical,
which is still highly reactive and can react with phenol, and
p-CsHsOO:- radical (denoted as P2), which can be transformed
into p-bezenoquinone by further oxidizing. The whole reac-
tion is exothermic by 8.57 kcal-mol .

There is a transition state TS3 identified along the reaction R3
with a potential barrier of 6.19 kcal-mol ', which is the lowest
energy of all three abstracting reactions. Thus, this process

o}
TSI ——> IM2 —>» <O;H + @ (P1) R1
[0}
TS2 —> M4 — ”‘ (P2) + * HO, R2
QH 96
TS3 — » IM6 —>» *HO, 4 @H (P3) R3
i-TS1 —>  i-IM2 Rda
i-IM2 —» i-TS2 —> i-IM3 R4b
o-TS1 —> o-IM2 RS5a
oIM2 —>» o-TS2 —> oIM3 R5b
p-TS1  —>  p-IM2 Réa
p-TS2  —>  pIM3 R6b
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i-TS2

Fig. 3 Optimized geometries of the intermediates and transition states at B3LYP/6-311++G** level (The gray-, white-, red-, and green-balls denote
carbon, hydrogen, oxygen, and chlorine atoms, respectively, and bond lengths are in angstroms.)

should be the easiest way to occur. Then one intermediate, IM6,
is generated owning a high energy of 22.91 kcal'mol . IM6 can
react via the cleavage of 03-O4 bond to produce -HO, radical
and 0-C¢HsOO- radical (denoted as P3), which can form o-
bezenoquinone by further oxidization. Therefore, the pathway
of O abstracting phenolic H and adding to ortho- site then

forming P3 is the most predominant in the phenolic H abstrac-
tion from phenol. According to the experiment of Eisenhauer
[29], o-bezenoquinone is one intermediate during the ozoniza-
tion of phenol. Comparing three O; abstracting the phenolic H
atom pathways (see Table 3 and Fig. 4) it is found that O,
abstracting the phenolic H atom and adding to the ortho- site
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Fig. 4 Calculated potential energy surface profile for the H abstraction reaction of phenol by O3 at theB3LYP/6-311++G(d,p) level and temperature

298.15 K (the values in parentheses are in the condition of water)

simultaneously (R3) is most energetically favorable, and then
the pathway R2 and R1, respectively. It may be the O; structure
that has difference attack orientation, which induces the reaction
occurring through TS3 has the lowest barrier.

It is interesting to compare the three product-like com-
plexes, IM2, IM4 and IM6. In IM2, the leaving -OszH
radical is loosely adhered to the CgHsO- radical. However,
in IM4 and IM6, the left -O;H radical adds to the para-C4
and the ortho-C2, respectively. Moreover, the energy of IM2
is 4.37 kcal'mol ™" higher than original reactants, but those
of IM4 and IM6 are 23.85 kcal'mol ' and 22.91 kcal-mol ™’
lower than the original reactants, respectively. Probably
because the adduct of four oxygen atoms in IM2 connected
together is incredibly unstable it leads to the energy of IM2
being much higher than those of IM4 and IM6.

After the three O3 abstracting the phenolic H atom
pathways, the reaction system might have the-O;H rad-
ical. Therefore, the -Os;H radical is active and could

J TS4
7.92
Epl (8.16)
—
keal mol™! K .
TS5
79
(8.16)
OH
++03H
M7
176,
0.00 @0
U ——
M9
176
(-2.03)

possibly react with the phenolic compound. In order to
investigate the reaction paths, -O3;H radical abstracting
phenolic H atom are also considered, which are illus-
trated in Scheme 2. It is interestingly noticed that the
corresponding intermediates and transition states of the
two paths are mirror symmetry (seen in Fig. 3) and the
related energies of them are identical (shown in Table 3),
so only the R7 pathway needs to be discussed as an instance in
detail. A complex, IM7, is formed in a fairly early stage of the
reaction, and the energy of it is 1.76 kcal'mol™' more stable
than that of the original reactants due to the weak stabilization
of the O4...H-O1 hydrogen bond with the distance of
2.256 A. Then, the transition state TS4, calculated to be
7.92 keal'mol ! less stable than that of the isolated reactants,
is located on the potential energy surface. After that, one
adduct, IM8 is formed with the migrating HOOOH loosely
being connected with the C¢HsO- radical. Finally, the decom-
position of IM8 yields C¢HsO- radical and hydrogen trioxide

7.41
(8.94)
e + HOOOH

M8
065
N (210) 7
. ,
IM10
-0.65
(-2.10)

\
\

Fig. 5 Calculated potential energy surface profile for the H abstraction reaction of phenol by ‘OzH at theB3LYP/6-311++G(d,p) level and
temperature 298.15 K (the values in parentheses are in the condition of water)
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(HOOOH), which is in consonance with the experimental
observations [27, 59]. The energy barrier of overall reaction
is 9.68 kcal'mol !, demonstrating that this channel is likely to
easily occur.

Cyclo-addition and ring-opening reaction mechanism

All possible situations that O3 adds to the aromatic ring are
taken into account, and we obtain three degradation

Table 3 Calculated relative energies (kcal'mol ') for ozone and phenol
reactions with the different reaction pathways at theB3LYP/6-311++G(d,p)
level and temperature 298.15 K

AEg* AH AE,° AHY
R1 14.53 -7.29 13.08 -8.86
R2 12.31 -8.57 9.52 -15.00
R3 6.19 -8.78 3.60 -14.07
R4a 12.37 -20.39 9.35 -21.86
R4b 11.16 -29.94 10.93 -26.38
R5a 13.98 -16.70 10.66 -19.10
R5b 12.37 -15.03 8.71 -17.80
Ré6a 11.88 -16.32 7.74 -19.00
R6b 10.99 -19.00 8.32 -2831
R7 9.68 7.41 10.19 8.94
RS 9.68 7.41 10.19 8.94

# Activation energies in gas phase
® Reaction enthalpies in gas phase
¢ Activation energies in water

9 Reaction enthalpies in water

pathways. First of all, the cyclo-addition of O5 to the ipso-
and ortho- sites (C1 and C6) are considered, and the reaction
paths R4a and R4b are found. A pre-reactive complex, i-IM1,
of which the energy is 1.89 kcal'mol ' lower than the total
energy of original reactants (phenol and O3), is first located. In
i-IM1, the distances between C1 and O2 as well as C6 and O4
are 2.827 A and 3.172 A, respectively. Then i-IM2 is formed
via a transition state, i-TS1, where the distances between
CI and O2 as well as C6 and O4 are reduced by 25.65% and
39.12%, respectively. IRC calculation indicates that i-TS1
connects i-IM1 and i-IM2. The R4a process has an activation
energy of 12.37 kcal'mol ™', and high reaction energy of
20.39 kecal'mol ! is retained in the adduct, i-IM2, which can
further react like the R4b path via opening the aromatic ring.
As shown in Scheme 1 and Fig. 3, a transition state, i-TS2 is
identified along the path R4b. In the i-TS2 structure, the bonds
being broken of C1-C6 and 02-O3 are 16.89% and 36.22%
longer than the equilibrium value in i-IM2. Finally, the
ring-opening product i-IM3 is obtained. The potential bar-
rier of R4b reaction is 11.16 kcal'mol ', and this process is
strongly exothermic by 29.94 kcal'mol .

With respect to adding to the ortho- and meta- sites (C6 and
C5), reaction paths R5a and R5b are indicated. It is intriguing
to notice that the transition state (0-TS1) shares the common
pre-complex (i-IM1) with the i-TS1 structure. Along the R5a
reaction path, 0-IM2 is formed from i-IM1 via the transition
state 0-TS1, where O2 and O4 atoms of O3 are adding to C6
and CS5 atoms of phenol to form a five-membered ring. This
process has an activation energy of 13.98 kcal'mol ', which is
only 1.61 kcal'mol™" higher than the R4a pathway, and the
reaction heat is -16.32 kcal'mol . The unimolecular
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decomposition of 0-IM2 occurs via fission of C5-C6 and O2-
03 bonds, yielding a ring-opening product, 0-IM3. A transi-
tion state, 0-TS2, is located in association with the decompo-
sition. In the 0-TS2 structure, the C5-C6 and O2-O3 bonds are
stretched by 19.11% and 45.84%, respectively. Calculations
indicate that the R5b reaction has an energy barrier of
12.37 kcal'mol ! and is exothermic by 15.03 kcal'mol .
Thus, 0-IM3 should be the possible products for the reaction
of O3 adding to the ortho- and meta- sites of phenol. And this
ring-open product is in correspondence with the experimental
result of Shen et al. [30, 31].

In addition, we analyze the direct addition of O; to the
para- and meta- sites (C4 and C5), and two channels R6a
and R6b are found. In the path R6a, p-IM1, a pre-complex,
is converted into p-IM2 via the transition state p-TS1, where
O; is added to C4 and C5 atoms of the aromatic ring to form
a five-membered ring. The activation energy of this process
is 11.88 kcal'mol !, which is the lowest of the three addition
pathways. Moreover, the energy of 16.32 kcal'mol ' as
internal energy retains in the adduct, p-IM2. Then, the
rupture of five-menbered ring in p-IM2 is invoked by the
cleavage of C4-C5 and O3-O4 bonds. The transition state
p-TS2, with the being ruptured C4-C5 and O3-O4 bonds
increased by 18.75% and 43.41%, respectively, is identified
as associated with the ring opening. Finally, p-IM3 is yielded.
And this R6b process has an energy barrier of 10.99 kcal-mol ',
and the whole reaction is exothermic by 19.00 kcal'mol . This
ring-opening product is supported by the observed experimen-
tal result [30, 31].

According to the reaction potential energy surface profiles
it can be assumed the R6a channel of O3 adding to the para-
and meta-sites as the most possible to occur due to its lowest
energy barrier. The R4a process of O3 adding to the ortho- and
ipso- sites is easier to occur than the R5a process. These
potential energy surface results are in good correspondence
with that para-positions have higher reactivity than ipso- and
ortho- position by analyzing the frontier orbital theory of
phenol [23].

The reaction mechanism of the ozonation of phenol is
explored using quantum chemistry methods in the gas phase
while some experiments were investigated in aqueous solu-
tion. For the purpose of estimating possible solvent depend-
ences on the mechanism, the PCM optimization calculations
for all reactants, intermediates and products are performed and
the energy results are displayed in Table 3. It is found that
though the mechanisms discussed above will not be changed,
the calculated energy barriers and reaction enthalpies of the
O3 and phenol reaction in water phase are both lower than
those in gas phase. This reveals that these reactions are more
favorable in the water solvent. Moreover, R5a, R5b, R6a
reactions reaction barriers are more influenced by the water
solvent than for other reactions, which indicates that the cyclo-
addition and ring-opening reaction mechanism is dominant. In
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addition R3 reaction has the lowest activation energy. How-
ever, the activation energies and reaction energies for the two
R7 and R8 pathways in water are somewhat higher than those
in gas. Maybe the hydrogen bonds between the -Os;H radicals
lead to this result. Further studies will be carried out to
investigate these phenomena.

Conclusions

In the present investigation, a comprehensive theoretical study
of the degradation mechanisms of phenol invoked by ozone is
performed by the density functional theory B3LYP method
with the 6-311++G (d, p) basis set. The detailed mechanisms
of phenolic H atom abstraction and addition to aromatic ring
are distinctly elucidated. The pathway of O; abstracting the
phenolic H atom and then adding to the ortho- position is the
most energetically and kinetically favorable process and the
dominant product is 0-C¢HsOO- radical. Moreover, the inter-
mediate ‘OzH radical abstracting phenolic H atom are also
feasible. One important intermediate C¢HsO- radical which is
a crucial precursor for forming the most toxic organic
pollutants-PCDD/Fs is determined. Regarding the cyclo-
addition and ring-opening reactions, three pathways are
found. Of these, the process that O3 adds to the para- and
meta- sites and then opens the ring is slightly easier to occur
than the others. The PCM optimization calculations for the
reaction of O3 and phenol in water phase show that the
calculated energy barriers and reaction enthalpies are lower
than those in gas phase, though the degradation mechanisms
are not changed. This suggests that these degradation reac-
tions are more favorable in the water solvent.
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