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The heterogeneous oxidation of SO, has been the subject of intense scrutiny in atmospheric chemistry
because of the adverse effects of sulfate particles. Although it has been found that the soot particles
with a graphene-like structure play an important role in the oxidation of SO,, little is known about the
atomic-level mechanism involved. Here, we studied the oxidation of SO, on oxygen-functionalized
graphene using density functional theory (DFT) calculation. The results showed that SO, is oxidized by
the epoxide group via a two-step mechanism, where the C-O bond away from the SO, is broken first,
followed by the breaking of the other C-O bond and the synchronous formation of a new S-O bond.
The energy barriers are significantly decreased when solvation free energies are involved, suggesting that
humidity is favorable for promoting the oxidation by reducing the reaction barrier. The energy barriers
for H,SOz oxidation are much higher than that for SO, oxidation, indicating that the direct conversion of
SO, to SOs is the main pathway for the oxidation of SO, by oxygen-functionalized graphene sheets in
both the gas phase and solution. The reduced density gradient (RDG) analysis showed that the hydrogen
bond formed between H,SO3z and epoxide groups enhances the stability of the reaction complex, and
is responsible for the high energy barrier that has to be overcome for the reaction to proceed. These atomistic
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1. Introduction

Sulfur dioxide (SO,) is a global atmospheric pollutant that is
generated from the combustion of sulfur-containing fossil fuels
and volcanic activity, and is closely linked to many environ-
mental and human health problems such as acid rain, haze,
corrosion and respiratory diseases."”” The removal and capture
of SO, is important from both environmental and public health
aspects.s’4 On the other hand, the oxidation of SO, in the
atmosphere results in new particle formation that is thought
to play significant roles in heavy haze events.>® Therefore,
investigation of the heterogeneous conversion processes of
SO, is of significant interest in atmospheric chemistry.”
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carbonaceous surfaces under ambient conditions.

The heterogeneous adsorption and oxidation of SO, on
carbonaceous surfaces, including amorphous and graphene-
like carbon materials, have attracted considerable attention
during the past years.®*'" It has been revealed that SO, molecules
interact with the graphene sheets mainly via physisorption.'**?
The presence of polar and oxidative functional groups may
dramatically influence the electronic structure of graphene,
and yields a reactive site."*'> The oxidation of SO, by graphene
oxide has been observed in experiments,'® and is demonstrated
by the reduction of graphene oxide and the production of
SO,>~ when the reacted graphene oxide is placed in distilled
water. These experimental observations motivate the theoreti-
cal investigation on the mechanism, and it has recently
been found that the SO, molecule is oxidized by the epoxide
groups on graphene oxide."”'® The experiments showed that
the oxidation of SO, was more rapid in aqueous solutions,'® and
humidity can also accelerate the oxidation of SO,.'° However,
the underlying principle is not clear, and needs to be investi-
gated further. Under moist conditions, SO, can be partially
converted to sulfurous acid (H,SO;). Therefore, the oxidation
pathway of H,SO; should be examined in humidity and
solution environments.

Elemental carbon soot particles are ubiquitous in the
lower atmosphere, which are produced from incomplete com-
bustion processes and consist mainly of graphene sheets.?
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Graphene sheets have been widely used as a model for the
surface of porous carbon and soot to investigate the interaction
(including adsorption, storage and dissociation) of various gas
molecules with the graphene-like carbonaceous surfaces.>*™*
The soot particles were frequently observed to be internally
mixed with sulfates in urban and marine atmospheres,”>° and
it has been realized that the soot particles play a significant role
in the oxidation of SO,."*’ It can be expected that the reactive
oxygen functional groups on soot surfaces resulting from
combustion conditions®®?® may be critical for the SO, oxidation.
To elucidate the mechanism involved, an atomic-level under-
standing of the effect of the reactive oxygen functional groups
is required.

In this work, the reaction pathways and activation barriers of the
SO, molecule reacting with oxygen-functionalized graphene sheets
were investigated by the density functional theory (DFT) calculation.
The reaction pathways were traced by the intrinsic reaction coordi-
nate (IRC) method, and the activation barriers and reaction rate
constants were computed accordingly. A reduced density gradient
(RDG) analysis was carried out to interpret the origin of the
difference in barrier height between the reactions starting from
SO, and H,S0;. The electronic localization function (ELF) and Mayer
bond order were used to characterize the bond breaking and
formation during the reaction process.

2. Computational methods

The M06-2X functional®® and 6-311G(d,p) basis set were used
for unconstrained geometry optimization and transition state
searches. Vibrational frequency calculations were carried out
at the same level to identify the minima and transition states
on the potential energy surface and to estimate the thermal
correction to the Gibbs free energy. To confirm the transition
states and their connected minima, intrinsic reaction coordi-
nate (IRC) calculations®' were performed to follow the reaction
pathways. Coordinates of the stationary points on the potential
energy surface and results of the IRC calculations are presented
in the ESL.{ To improve the accuracy of electronic energies,
single-point energies at converged geometries were evaluated at
the M062X/6-311+G(2df,2p) level using the DFT-D3 method.*?
The interaction energies between the sulfur oxide molecules and
graphene were calculated at this level using the counterpoise
procedure to correct the basis-set superposition error (BSSE).*?
The SMD solvation model was used to represent the solvent in
terms of its average effect on the solute and to compute the
aqueous solvation free energies at the M052X/6-31G(d) level.**
The solvation free energy is defined as®

AGsolv = Esol - Egas (1)

where Eg, and Eg, refer to the electronic energy in the presence
and absence of the continuum solvent field. All the DFT calcula-
tions were performed using the Gaussian 09 package.*®

We applied the conventional transition state theory formula,
including the Wigner tunneling correction, to calculate the
reaction rate constant [eqn (2)] using the KiSThelP code,®”
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where y is the Wigner transmission coefficient [eqn (3)], kg is
the Boltzmann constant, # is the Planck constant, T is the
temperature, Im(v”) is the imaginary frequency, and AG is the
difference in Gibbs free energies between the transition state in
each pathway and the reactant complex.

kgT AG
k = X exp (_kB—T) (2)
1 (m#))?

The electron localization function (ELF),*® reduced density
gradient (RDG),*® and Mayer bond order were analyzed using
the Multiwfn package.”” Geometries and the isosurface of
RDG(r) were visualized using VMD software.""

3. Results and discussion
3.1. Reaction pathway

Schematic reaction pathways including Gibbs free energies at
298 K and 1 atm as well as the optimized geometries of the
reactants, transition states, intermediates, and products are
shown in Fig. 1 and 2. The oxygen-functionalized graphene sheet
was modeled using a polycyclic CgoH,, planar cluster with one
oxygen functional group (stabilized at the epoxide structure) at
the center of the basal plane. Due to the size and edge effects, the
properties estimated using the finite-size model may vary from
those of the real system to some extent. However, it can be
expected that the results obtained with the current model would
be qualitatively reliable in predicting the chemical processes
occurring in the local region of graphene oxide surfaces.

Our DFT calculation showed that the oxidation of SO, pro-
ceeds via two steps. When the SO, molecule approached the
epoxide group, the C-O bond away from the SO, broke first and
formed an intermediate. Then, the SO, molecule got closer to the
surface oxygen group, synchronized with the breaking of the
other C-O bond, leading to the final formation of a SO; molecule.
The overall energy barrier for this pathway is 17.8 kcal mol ™" in
the gas phase. This activation barrier is below 21 kcal mol %,
which is surmountable at room temperature,** suggesting that
the oxidation of SO, by surface epoxide groups can occur under
ambient conditions. This process is exothermic by 42.1 kcal mol .
From the analysis of the activation barriers of the two steps, the
rate-limiting step in the oxidation is the breaking of the first C-O
bond, and the subsequent process of the second C-O bond
breaking and the S-O bond formation is, instead, very fast due
to the rather low energy barrier (2.0 kcal mol ).

It is notable that the overall energy barrier is significantly
decreased to 9.2 kcal mol™' when aqueous solvation free
energies are involved (see Fig. 1), suggesting that the oxidation
of SO, can be promoted in humidity and solution environments.
This result is qualitatively consistent with the experimental
observation.'® The higher the polarity, the more the energy is
reduced by the solvation effect. Therefore, the promotion mecha-
nism is attributed to a higher polarity of the transition state
relative to the reactant.
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Fig. 1 Energy profile of the reaction pathway of SO, oxidation by the oxygen-functionalized graphene sheet. Gibbs free energies are given in kcal mol™
relative to the reactant complex. Red, yellow, blue, and white circles denote O, S, C, and H atoms, respectively.
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Fig. 2 Energy profile of the reaction pathway of H,SOz oxidation by the oxygen-functionalized graphene sheet. The units of energy and the color

legend are the same as that of Fig. 1.

In a moist environment, some SO, can be converted to
sulfurous acid (H,SO3). An alternative oxidation pathway may
start with H,SO;. This process was found to be a simple one-step
reaction (see Fig. 2). The energy barriers are 43.7 kcal mol™ " in
the gas phase and 36.8 kcal mol " in the aqueous phase, both of
which are significantly higher than that for the conversion of SO,
to SO; and are prohibitive under normal conditions. Therefore,
this pathway is unlikely to proceed at room temperature.

According to the energies of the activation barriers, the rate
constants for the two pathways can be calculated through
transition state theory.>” At room temperature (298 K), under
gas-phase conditions, we obtain the overall rate constant of
6.8 x 10 * s ! for SO, oxidation, whereas the rate constant
for H,SO; oxidation is only 8.1 x 10 2° s, showing that the

This journal is © the Owner Societies 2016

oxidation of SO, is favored over the oxidation of H,SO; by a
factor of 8.4 x 10", In the aqueous phase, the rate constants are
increased to 1.4 x 10° s~ and 9.0 x 10~ ** s™* for the oxidation
of SO, and H,S0;, respectively, yielding a ratio of 1.6 x 10%°. This
result indicates that the direct conversion of SO, to SO; would be
the main pathway for SO, oxidation by oxygen-functionalized
graphene sheets in both the gas phase and solution.

3.2. Interaction properties of reactant and product complexes

To interpret the origin of the difference in barrier height between
the reactions starting from SO, and H,SOs;, the reduced density
gradient of the electron density [RDG(r)], defined as |V p(r)/p*3(r)],
was analyzed. RDG(r) is a very efficient method for describing weak
interactions, including hydrogen bonding, van der Waals force,
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and steric effects.®**?

The isosurface of RDG(r) mapped by a
colored A(r) parameter is capable of visually revealing not only
the region of weak interaction, but also the type and strength.
The A(r) parameter denotes Sign[/,(r)]o(r), where 1, is the second
largest eigenvalue of a Hessian matrix of the electron density.

As shown in Fig. 3a, there is a significant green region
between the SO, molecule and the oxygen-functionalized gra-
phene sheet, clearly indicating that the principal stabilizing
component for the reactant complex of SO, is the van der Waals
attraction. The calculated interaction energy of SO, with the
substrate is 7.3 kcal mol~'. However, the reaction complex of
H,S0s; is stabilized by hydrogen bonding (see the blue isosurface
between the epoxide group and the H atom of H,SOj; in Fig. 3c)
and van der Waals attraction together. The corresponding
interaction energy is 12.8 kecal mol ', much stronger than that
of the SO, reactant complex. The higher stability of the reactant
complex leads to a higher energy barrier that has to be overcome
for the reaction to proceed. The results of RDG analysis and
interaction energies indicate that the strong attraction from
hydrogen bonding is responsible for the high degree of stabili-
zation of the H,SO; reactant complex and hence the high energy
barrier that has to be overcome.

RDG analysis also verifies that the products of the two
reaction pathways (i.e., SO; and H,SO,) are physisorbed on
the graphene sheet mainly through van der Waals attraction
(Fig. 3b and d). The corresponding interaction energies are

strong attraction van der Waals interaction

strong repulsion

Fig. 3 RDG isosurfaces are colored to show the values of Sign[Zx(nlp(r):
(@) and (b) are the reactant and product complexes for the reaction starting
from SO,; (c) and (d) are the reactant and product complexes for the
reaction starting from H,SOs. The color bar shows the blue-green-red scale
ranging from —0.04 to 0.02 a.u. Blue, green, and red represent the strong
attraction (e.g., hydrogen bonding), van der Waals interaction, and strong
repulsion, respectively. Areas beyond the interaction are omitted for clarity.

31694 | Phys. Chem. Chem. Phys., 2016, 18, 31691-31697

View Article Online

PCCP

8.3 and 9.0 kcal mol™', respectively. The small yellowish
regions shown in Fig. 3a-d suggest the coexistence of a weak
repulsion. The red spindle-shaped isosurfaces show the strong
steric repulsion in the inner region of the aromatic ring.

3.3. Transformation of bonding structures during reaction

In order to clearly identify the change in the chemical bonding
character during the reaction process, electronic localization
function (ELF) analysis was performed for the minima and
transition states along the pathway of SO, reacting with the
oxygen-functionalized graphene sheet (see Fig. 4). ELF = 1
corresponds to perfect electron localization, while ELF = 0 denotes
a completely delocalized situation. A high value of ELF at a given
point represents the existence of covalent bonds, lone pairs,
or core electrons therein.*®** Regions of the greatest and the
smallest localization electron density are represented by red
and blue colors, respectively. The O atom of the epoxide group
is named O1, and the two C atoms bonded to O1 on graphene
are named C1 and C2, respectively (see Fig. 5).

In the first reaction step, from the reactant complex to the
intermediate, the ELF value between the S atom and the O1
atom increases from about 0.05 to 0.60 (Fig. 4a—-c) as the S-O1
distance decreases from 2.75 A to 1.91 A (Fig. 5), indicating that
the electrons begin to locally concentrate between the two
atoms. Meanwhile, the C1-O1 distance is lengthened from
1.43 A to 2.23 A, and the corresponding ELF value is signifi-
cantly decreased from about 0.85 to 0.40, which suggests that
the C1-O1 bond is being broken in the intermediate species.
The ELF analysis clearly shows that the S atom and the O1 atom
begin to interact with each other and the C1-O1 bond is broken
during the first reaction step.

After the breaking of the C1-O1 bond, SO, may continue to
attack the surface O species from the intermediate. As the
electron density between the S atom and the O1 atom is further
increased, the two atoms show a strong covalent interaction
(ELF value = 0.85, Fig. 4f), which decreases the S-O1 distance to
1.43 A when this half-reaction ends at the product complex. The
Mayer bond order analysis corroborates the formation of the
new covalent S-O1 bond with a significant value of 1.71 (Fig. 5).
On the other hand, further interaction between the S atom and
the O1 atom enhances the delocalization between the O1 atom
and the C2 atom (ELF value = 0). As a result, the C2-O1 bond
is completely broken, at a distance of 3.24 A. The ELF maps
shown in Fig. 4d-f show that there is a high degree of
synchronization of C2-O1 bond breaking with S-O1 bond
formation in the second reaction step.

As shown in Fig. 5, the higher the ELF value, the higher the
Mayer bond order. The ELF value and Mayer bond order increase
with the decrease of the corresponding atomic distance, and
vice versa. Both ELF analysis and Mayer bond order describe
well the C-O bond breaking and the S-O bond formation
processes in the reaction. The natural population analysis
(NPA) shows that the NPA charge of the S atom increases from
+1.61 to +2.41 during the reaction (Fig. 5), suggesting that the
electrons transfer from the S atom to the O atom and result in
the oxidation of SO, to SO;.
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Fig. 4 The two-dimensional electron localization function (ELF) color-filled maps of SO, reacting with the oxygen-functionalized graphene sheet: (a—c)
the ELF maps of the reactant complex, first transition state, and intermediate in the C1-O1-S plane; (d—f) the ELF maps of the intermediate, second
transition state, and product complex in the C2-0O1-S plane. Areas beyond the interaction are omitted for clarity.
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Fig. 5 Atomic distance, Mayer bond order, and natural population analysis (NPA) charges for the minima and transition states along the pathway of SO,
reacting with the oxygen-functionalized graphene sheet. RC: reactant complex; TS1: the first transition state; IM: intermediate species; TS2: the second
transition state; PC: product complex. The Mayer bond order lower than the default threshold of 0.05 is regarded as zero. All lengths are given in A.

4. Conclusions

The DFT-calculated results in this study indicate that epoxide
groups on the graphene sheet are able to oxidize SO, at room
temperature, and the solvation effect can promote the oxida-
tion by reducing the reaction barrier, which explained theore-
tically the experimental observation.’® A two-step oxidation

This journal is © the Owner Societies 2016

mechanism was identified based on the DFT-calculated reac-
tion pathway and the detailed picture of bond breaking and
bond formation along the reaction pathway. The energy barrier
for H,SO; oxidation is predicted to be significantly higher than
that for SO, oxidation, indicating that the direct conversion of
SO, to SO; would be the main pathway for the oxidation of SO,
by oxygen-functionalized graphene sheets.

Phys. Chem. Chem. Phys., 2016, 18, 31691-31697 | 31695


http://dx.doi.org/10.1039/C6CP06665H

Published on 28 October 2016. Downloaded by RESEARCH CENTRE FOR ECO-ENVIRONMENTAL SCIENCES, CAS on 07/12/2016 05:51:37.

Paper

The present work implies that the oxidation of SO, on
oxygen-functionalized graphene-like carbonaceous materials
such as soot may occur extensively. The oxidation of SO, in the
atmosphere results in new particle formation that is thought to
play significant roles in heavy haze events. Therefore, this work
could help enhance our understanding of the atmospheric sulfur
cycle. The mechanism described here may also provide new
insights into developing a cost-effective and efficient approach
for SO, removal that is based on direct oxidation at the gas-solid
interface and requires no additional oxidants, because conven-
tional flue gas desulfurization (FGD) methods require high
energy consumption.*’
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