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INTRODUCTION

At present, the pollution of indoor air has considerably
been taken attention abroad as an important environmental
problem. As a ubiquitous pollutant in the indoor air, formal-
dehyde has great adverse effects on human health and is
considered to cause cancer and abnormality by WHO'?. Great
efforts have been made for economical and effective destruc-
tion of formaldehyde. Nowadays, the catalytic oxidation
technology has been considered as the most promising
technology of formaldehyde destruction because of its high
efficiency, thorough destruction and easy application®"'.

According to different catalytic ways, the catalytic
oxidation technology can be classified into three kinds: (1)
photo-catalysis®*: strong oxidants such as O; and OH radicals
are produced via photo-chemical reaction by making use of
sunlight in the near-UV irradiation and then the O; and OH
radicals destruct formaldehyde effectively; (2) electro-catalysis™:
strong oxidants such as O; and OH radicals are produced via
plasma chemical reaction by various techniques of plasma
discharge; (3) semiconductor metal oxides catalysis™: in
virtue of many activity photo-holes, TiO,, MnO, and other
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semiconductor metal oxide adsorb H>O and O, on their surface
and convert them into O; and OH radicals to achieve the aim
of destructing formaldehyde effectively. The efficiency of
electro-catalytic destruction of formaldehyde up to 80 %>,
but the efficiency destruction of formaldehyde of only using
semiconductor metal oxide catalysis or photo-catalysis is quite
low. Therefore, these two catalytic ways are always used
together to improve the destruction efficiency. UV/TiO, techno-
logy is its typical technology”'’. The other way to increase the
destruction efficiency is adding the generated ozone'"'?. On
the one hand, it can increase Oz content. On the other hand,
the added Os can react with H,O to yield the OH radical via
semiconductor metal oxide catalysis or photo-catalysis. Both
the increasing of Os content and enhancing the formation of
OH can significantly improve the destruction efficiency of
formaldehyde.

As noted above, the catalytic oxidation technology is that
O; and OH radicals are produced by various ways of catalysis
in order to destruct formaldehyde effectively. As shown in
Table-1, O; and OH radicals are the strongest natural oxidants
after fluorine. They can destruct formaldehyde unreservedly.
To promote the further development of catalytic oxidation
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TABLE-1
ELECTRODE POTENTIALS OF NATURE OXIDANTS

Standard electrode

W2 gl potentials (V)
Fluorine F, 2.87
Hydroxide radical OH 2.80
Ozone 0O, 2.07
Hydrogen peroxide H,0, 1.78
Potassium permanganate KMnO, 1.67
Chloride dioxide CIO, 1.50
Chlorine Cl, 1.36
Oxygen 0, 1.23

technology, basic investigation on the destruction mechanism
of formaldehyde by O; and OH radicals is essential. With
the development of modern physical chemistry theory and
modern computer technology, quantum chemical calculation
has become an important method for investigating chemical
reactions. Thus the destruction mechanism of formaldehyde
by Os; and OH radicals was investigated by employing
quantum chemical calculation. For simplicity, the following
reactions were calculated and analyzed in detail to investigate
the destruction mechanism of formaldehyde by Os; and OH
radicals.

HCHO + O; —— Products

HCHO + OH —— Products

CALCULATION DETAILS

Quantum chemical calculations in present studies were
carried out using the Gaussian 2003 suite of programs". All
geometries of 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
confirmed 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
QCISD(T)/6-311g(d,p) method'®'” based on the geometry
optimizations of the UB3LYP/6-31G(d) method. After corrected
with zero-point energies (Ezpg), the relative energies of statio-
nary points along the reaction processes and the activation
energy (AE) were calculated. Owing to average overestimation
of the UB3LYP/6-31g(d) method'®, the raw calculated values
of Ezpe 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 given below.

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

RESULTS AND DISCUSSION

Reaction processes: For the HCHO + O; and HCHO +
OH reactions, the geometry optimizations of stationary points
such as reactants, products, intermediates (M) and transition
states (TS) along reaction processes were performed by
UB3LYP/6-31g(d) method. Based on the analysis of each
stationary point, the microcosmic reaction processes were
depicted in Figs. 1, 2 and 5.

As shown in Figs. 1 and 2, the reaction process of HCHO
+ Os can be divided as two steps, which were discussed as
follows.

Section-I: The cleavage of HCHO was not only the first
step but also the key step during the overall reaction. The
cleavage of HCHO stands for the destruction of HCHO. The
attacking of ozone to formaldehyde occurs on one of the H
atoms. For the attacking, two mechanistically different routes
were found: the terminal oxygen atom of ozone (O7) and the
oxygen atom of HCHO (0O2) are either on the different side
(trans-route) or on the same side of the O6-O5-H4-C1 ring
(cis-route). The reaction processes of these two different routes
are similar to each other. For each route, HCHO are attacked
by O; to form the intermediates (HCO and HO3) via transition
state directly. During the process of the trans-routes, the
distance between OS5 atom of O; and H4 atom of HCHO
reduces gradually (co A —2.082 A — 1.425 A, oo denotes the
distance exceeding the range of bond forming, as the same in
the following text), which indicates the formation of O5-H4
bond and the distance between H4 atom and C1 atom of HCHO
increases gradually (1.206 A — 1.328 A — o A), which
indicates the breaking of H4-C1 bond. The similar changes of
geometric configurations can also be found during the process
of the cis-route. All the changes of geometric configurations
on the reactants, transition states and intermediates can
describe the reaction process clearly.

Section-II: The cleavage of the intermediate HO3 was
the second step of the overall reaction. As shown in Fig. 2,
HO3 are destructed to form the products (O2 and OH) through
the transition state. During the reaction process, the distance
between O35 atom and O6 atom increases gradually (1.503 A
— 1.871 A — o0 A). The changes of bond distance indicated
the formation of O5-O6 bond.

Based on geometry optimizations made by UB3LYP/6-
31G(d) method, all potential energies of stationary points along
the HCHO + O; — products reaction were calculated by
QCISD(T)/6-311g(d,p) method. After corrected with ZPE, the
energies variation in reaction processes of the HCHO + O; —
products reaction were illustrated in Figs. 3 and 4. According
to transition state theory (TST), the activation energies of the
correlative reactions were calculated. The calculated activation
energies in the section I and II of the HCHO + O; — products
reaction were 21.20/20.20 kcal/mol and 1.45 kcal/mol, respec-
tively. By comparing, the section I can be considered as the
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Optimized geometries of the stationary points along the HCHO + O3 reaction: section-I. Angles are given in degrees and bond distances are given in

0(06-07-08-H4)=180.0 A

9(06-07-08-H4)=180.0 A

Fig. 2. Optimized geometries of the stationary points along the HCHO + O; reaction: section-II. Angles are given in degrees and bond distances are given

in angstroms

rate-determining step for the overall reaction. As shown in
Fig. 3, for section I, the calculated activation energies in the
trans-route and cis-route were 21.20 and 20.20 kcal/mol,
respectively. Since the reaction always process along the path
with lower activation energy. The trans-route in section I
can be believed as the rate-determining step for the overall
reaction.

For the HCHO + OH reaction, the reaction process began
with the attacking of the O atom of OH to the H atom of HCHO.
As shown in Fig. 5, the intermediate was formed via transition
state and then, the intermediate break to form smaller molecules
(H>O and HCO). During the process of the HCHO + OH reaction,
the distance between OS5 atom of OH and H4 atom of HCHO

reduces gradually (0 A — 1.607 A — 1.040 A — 0.969 A),
which indicates the formation of O5-H4 bond and the distance
between H4 atom and C1 atom of HCHO increases gradually
(1.110 A = 1.161 A — 1.622A — o A), which indicates the
breaking of H4-C1 bond. The changes of geometric configu-
rations of the reactants, transition states and intermediates can
describe the reaction process clearly.

As well as the HCHO + O; reaction, the energies variation
along the reaction process of the HCHO + OH reaction were
obtained by the QCISD(T)/6-311g(d,p)//UB3LYP/6-31G (d)
method and illustrated in Fig. 6. Since the energy of the inter-
mediate was lower than that of the reactant, the intermediate
can be believed to be quite stable. Therefore, the formation of
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the intermediate turned out to be the rate-determining step
and the calculated activation energy of the overall reaction
was 3.57 kcal/mol.

Kinetic study: The calculated activation energies of the
HCHO + O3 and HCHO + OH reaction were 20.20 and 3.57
kcal/mol, respectively. Based on the calculation and analysis
above, the rate constant of these two reactions were calculated
by the transition state theory (TST) and the results were illustrated
in Figs. 7 and 8. Moreover, the Arrhenius expressions and the
reaction rates at 298 K were also obtained and compared with
the experimental results were shown in Table-2.

TS/-161.4cm™

0(05-H4-C1-02)=63.0 A
0(05-H4-C1-H3)=-121.7 A

0(02-CA-H3-HA)=180.0 A 6(H4-C1-02-H3)=174.7 A

TABLE-2
KINETIC PARAMETERS OF THE HCHO + O,
AND HCHO + OH REACTIONS (k: cm® mol™ s)

Reacti HCHO + OH —» HCHO + O;—
eaction
products products
Arrhenius 2.60 x 10" exp 4.53 x 10" exp
expression (TST) (-18267/RT) (-84766/RT)
Arrhenius 3.89x10" exp
expression (exp.)!'”” (-5857/RT) a
K8 (TST) 1.66 x 10" 6.36 x 10°
K (exp.) 3.68 x 10" [Ref. 21] 1.26x10° [Ref. 22]

For the HCHO + OH reaction, the calculated reaction rate
constant was a little larger than the experimental result at lower
temperature and a little lower than the experimental result at
higher temperature, which can be seen in Fig. 7. Considering
the system error of theoretical calculation, the rough agreement
between the calculated results and the experimental results is
tolerable. For the HCHO + Os reaction, the Arrhenius expression
was unfortunately not found in literature to compare with the
theoretical results and only the reaction rate constant at 298 K
was found. By comparing, the calculated reaction rate constant
at 298 K was in rough agreement with the experimental result®',
which can be seen in Table-2. The rough agreement between
the calculated results and the experimental results both for the
CHO + Os reaction and for CHO + OH reaction indicated that
the mechanism and kinetic study by employing quantum
chemical calculation was reasonable and reliable.

By comparing (Figs. 7 and 8), it can be found that the
calculated rate constant of the HCHO + OH reaction was much
larger than that of the HCHO + O; reaction, which was in
conformity with the activation energies of the HCHO + OH
reaction (3.57 kcal/mol) and much lower than that of the HCHO
+ 05 (20.20 kcal/mol). This finding was in good agreement
with the experimental result. Since the rate constant of the
HCHO + OH reaction is much larger than that of the HCHO +
O; reaction, it can be believed that the OH radical has much
stronger ability to degrade formaldehyde than the O; radical.
This may be explained by suggesting that the OH radical has
much stronger oxidation character than the Os radical (Table-1).
Conclusion

The destruction mechanism of formaldehyde by O; and
OH radicals was investigated by employing quantum chemical
calculation. The microcosmic reaction process was calculated
and discussed by the UB3LYP/6-31G(d) method and the acti-
vation energies were calculated by the QCISD(T)/6-311g(d,p)

Intermediate

8(06-05-H4-C1)=32.4 A
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Fig. 5. Optimized geometries of the stationary points along the HCHO + OH reaction. Angles are given in degrees and bond distances are given in

angstroms
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Fig. 8. Rate constant k calculated from TST: the HCOH + Oj; reaction

method. Furthermore, the kinetic parameters were also calcu-
lated by the transition state theory. Theoretical results showed
that the activation energies of the HCHO + OH reaction (3.57
kcal/mol) was much lower than that of the HCHO + O5 (20.20

kcal/mol) and the rate constant of the HCHO + OH reaction
was much larger than that of the HCHO + O; reaction. This
indicated that the OH radical has much stronger ability to de-
struct formaldehyde than the Os radical, which was in confor-
mity with that the OH radical has much stronger oxidation
character than the O; radical. And so, by comparison with the
O; radical, the OH radical should be considered in the further
investigation on the catalytic oxidation technology. It can be
believed that the theoretical results in this paper will supply
useful theory basis for further investigation on the destruction
of the formaldehyde by the catalytic oxidation technology.
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