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ABSTRACT: The persistent and fast formation of sulfate is a
primary factor driving the explosive growth of fine particles
and exacerbating China’s severe haze development. However,
the underlying mechanism for the persistent production of
sulfate remains highly uncertain. Here, we demonstrate that
soot is not only a major component of the particulate matter
but also a natural carbocatalyst to activate molecular O, and
catalyze the oxidation of SO, to sulfate under ambient
conditions. Moreover, high relative humidity, typically
occurring in severe haze events, can greatly accelerate the
catalytic cycle by reducing the reaction barriers, leading to
faster sulfate production. The formation pathway of sulfate
catalyzed by carbonaceous soot aerosols uses the ubiquitous
O, as the ultimate oxidant and can proceed at night when photochemistry is reduced. The high relative humidity during haze
episodes can further promote the soot-catalyzed sulfate-producing process. Therefore, this study reveals a missing and
widespread source for the persistent sulfate haze formation in the open atmosphere, particularly under highly polluted conditions
characterized by high concentrations of both SO, and particulate carbon, and is helpful to the development of more efficient

Soot aerosol

policies to mitigate and control haze pollution.
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1. INTRODUCTION

In China, extremely severe and persistent haze pollution has
been a serious environmental problem that causes the
deterioration of air quality and regional climate change and
threatens the health of hundreds of millions of people."” An
outstanding feature of the fine haze particles is the high
secondary aerosol contribution (up to 60—70% of PM,;),
especially sulfate.””~” Sulfate is the fastest-forming species and
rapidly becomes the main component of secondary aerosols
during the evolution of haze.”®'* It was observed that sulfate
production rates were 6 times higher during severe haze
episodes in comparison to clean episodes in the Beijing haze
event of January 2013."" The formation of sulfate is therefore
considered as a primary factor driving the explosive growth of
fine particles and exacerbating severe haze development.
However, current air quality models that have implemented
the oxidation of SO, by OH radical, H,0,, and O; fail to
reproduce the exceedingly high levels of sulfate under polluted
conditions.”'"'* Moreover, photochemical oxidants, such as
OH radical and O;, are significantly reduced during haze
episodes due to the aerosol dimming effect. Therefore, the
remarkable and puzzling gap between modeled and observed
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sulfate implies the existence of large missing sources of sulfate.
At present, the predominant sulfur oxidation mechanisms
leading to heavy haze pollution remain uncertain, hindering the
development of efficient policies to mitigate its regional and
global effects.

High particulate matter levels associated with high gaseous
pollutant and water vapor concentrations are typical features of
atmospheric chemistry in haze pollution episodes, which
provide the necessary conditions for heterogeneous reactions.
Moreover, the enhanced stagnation of air under polluted
conditions is conducive to trapping of pollutants and water at
the surface.'”"’ Extensive studies have indicated that the
heterogeneous processes on particle surfaces play an important
role in the production of secondary aerosols and haze
formation, such as the synergistic oxidation of SO, and NO,
on the surfaces of mineral aerosols’ and the aqueous oxidation
of SO, by NO, in aerosol water under high relative humidity
and neutralization conditions.”'' Novakov et al. first exper-
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imentally observed that soot particles could catalyze the
oxidation of SO, to sulfate.'* Our previous studies demon-
strated that soot can catalyze the sunlight-irradiated photo-
oxidation of organic carbon by O,.'° These experimental
observations imply that soot particles may have a significant
effect on the activation of molecular O, and the conversion of
SO, to sulfate. Soot, produced from the incomplete combustion
of fossil fuel and biomass, contributes 10—50% of the total
tropospheric particulate matter.'® Rapid economic develop-
ment and accelerating industrialization has been accompanied
by high emissions of soot particles in China (up to about 2.0
Tg/yr,"” more than one-fourth of global emissions'®'"). A soot
mass concentration of up to 20 yg/m> was observed during the
pollution events in north China." However, the mechanism for
the soot-catalyzed oxidation of SO, to sulfate is unknown.
Here, by means of first-principles calculations and IR spectra,
we identify the catalytic centers for O, activation and SO,
oxidation on carbonaceous soot particles and then elucidate the
mechanism of SO, conversion to sulfate catalyzed by soot.

2. EXPERIMENTAL SECTION

2.1. Soot Production and Characterization. Soot
samples were produced by burning n-hexane (AR, Sinopharm
Chemical Reagent Co.) in a coflow homemade diffusion
burner. This burner consisted of a diffusion flame that was
maintained in a synthetic airflow (80% N, + 20% O,), which
was controlled by mass flow controllers to regulate the fuel/
oxygen ratio. The fuel was fed by a cotton wick extending into
the liquid fuel reservoir. The combustion conditions were
expressed as the molar ratio of the consumed fuel (measured by
the mass of consumed n-hexane) to the introduced oxygen
(obtained from the entrained airflow volume) during the
combustion process. The fuel/oxygen ratio was maintained at
0.16, and the obtained soot was identified as fuel-rich flame
soot according to our previous studies.">*° The organic carbon
(OC) content of soot samples was characterized using
thermogravimetric analysis (TGA) with a TGA/DSC1 STAR®
system (Mettler Toledo). About S mg of soot was heated to
300 °C under 100 mL/min N, flow at a heating rate of 10 °C/
min. The mass content of OC of the as-prepared soot was
estimated to be 9.4 + 0.9% (n = 4) (see Figure S1).

2.2. ATR-IR Measurements. The in situ attenuated total
internal reflection infrared spectra (ATR-IR) were recorded
using a NEXUS 6700 (Thermo Nicolet Instrument Corp.)
Fourier transform infrared (FT-IR) spectrometer equipped
with a high-sensitivity mercury—cadmium—telluride (MCT)
detector cooled by liquid N,. Soot samples from the diffusion
flame were directly deposited on the ZnSe crystal of the ATR-
IR cell. The spectra of soot were recorded (100 scans, 4 cm™
resolution) using the blank ZnSe as reference. The ATR-IR cell
was sealed with quartz glass. Soot was first purged with 100 mL
min~! synthetic air (80% N, + 20% O,) at 298 K until the
infrared spectrum was unchanged. Our previous studies have
demonstrated that photochemical oxidation by O, under
sunlight irradiation is a very important aging process for soot
due to the abundance of O, in the troposphere and its high
photoreactivity rate.'> Therefore, the soot was exposed to a
synthetic air (80% N, + 20% O,) flow for 24 h under Xenon
lamp (500 W) irradiation to simulate the atmospheric
photochemical aging process. The xenon lamp has a continuous
emission in the 350—700 nm range and a dominant wavelength
at 480 nm. The light of the xenon lamp was transmitted by an
optical fiber located at 10 cm over the soot samples, and the

total irradiance of light was 25 mW/cm?” at the soot surface.
Then we introduced 20 ppm of SO, flowed over the aged soot
samples in the dark under different atmospheric conditions
(ie., dry N, dry synthetic air, and synthetic air of 35% relative
humidity). The spectra of SO,-containing gas flowed soot were
subtracted by the spectra of aged soot.
2.3. Computational Details. Geometries and energies
were calculated using the Perdew—Burke—Ernzerhof (PBE)
functional’’ with van der Waals correction proposed by
Grimme (ie, DFT-D2 method)*” as implemented in the
Vienna ab initio simulation package (VASP 5.4.1).”>** The
projector augmented wave method (PAW) was used to
describe the interaction between the ions and the electrons.”>*°
The energy cutoff of the plane wave was set to 400 eV. A
functionalized graphene plane with a rectangular boundary
(17.04 X 17.22 A; see Figure S2) was used as the substrate. The
defected basal plane has been widely used to construct the
carbonyl and ether groups on the graphitic carbon sheets under
periodic boundary conditions.””*® A vacuum region of 20 A
was used to avoid the periodic image interaction normal to the
surface. The Brillouin zone was sampled using a Monkhorst—
Pack 2 X 2 X 1 mesh. The Gaussian smearing method with a
smearing width of 0.2 eV was employed to accelerate the
convergence of integration at the Brillouin zone. The reaction
pathways and transition states were traced by the climbing
image nudged elastic band (CI-NEB) method with a spring
constant of 5.0 eV/A? to restrain the images on the elastic
band.*”** All atoms were relaxed until the forces on each atom
were less than 0.02 eV/A. No obvious differences in the
structural properties (<0.01 A) and energy barriers (<0.01 eV)
were observed when k points were increased from 2 X 2 X 1 to
3 X 3 X 2 and the energy cutoff from 400 to 600 eV (see Table
S1), indicating that the calculations have converged, and the
computational settings used here are reliable for describing
current issues. The VASPsol implicit solvation model was used
to simulate the average effect of water solvent on the solute and
to compute the reaction barriers under aqueous conditions.
The solvation model treats the solute quantum mechanically
and treats the solvent as a continuum, which is generally
applicable to various molecular and extended systems.”’ A
single-point calculation at the VASP-optimized §eometry was
performed at the MO062X/6-311G(d,p) level’*® with the
Gaussian 09 package’® to produce a standard wave function
(WEN) file. The electron localization function (ELF),>> Mayer
bond order (MBO),***” and reduced density gradient
(RDG)*® were analyzed using the WEN file with the Multiwfn
package.*”*” The reaction rate constants (k) were calculated on
the basis of the transition state theory formula including the
Wigner tunneling correction (eq 1) using the KiSThelP code,*'
where y is the Wigner transmission coefficient (eq 2), k; is the
Boltzmann constant, h is Planck’s constant, T is the
temperature, Im(¥) is the imaginary frequency, and AE is
the difference in energies between the transition state and the
reactant complex. The reaction rate was further estimated by
the half-life (t,/,, eq 3).

kT
k= y—2— exp(—ﬂ)

h kT (1)
o, L rmeHY
r= 24 k,T )
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3. RESULTS AND DISCUSSION

3.1. O, Activation on Soot Surfaces. Soot mainly
consists of graphitic carbon, with a number of C=0 and C—
o oxyigen-containing functional groups within the graphene
sheets.””**~*> Once emitted into the atmosphere, soot particles
undergo aging processes,'® and the carbonyl C=0 and ether
C—O0 groups on soot surfaces increase significantly during the
atmospheric photochemical aging process'® (see Figure S3).
When SO,-containing dry air (80% N, + 20% O,) was flowed
over an aged soot sample in the dark, the SO, was oxidized to
sulfate species, denoted by a rapid increase of the IR spectral
intensity in the region of 990—1325 cm™' (Figure Ia).
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Figure 1. (a) ATR-IR spectra of soot exposed to SO,-containing dry
synthetic air (80% N, + 20% O,). The absorption band in the region
of 990—1325 cm™" originated from the vibrations of sulfate species
(see Table S2). (b) Integrated absorbance between 990 and 1325
cm™! for the samples under different atmospheric conditions.

Moreover, the production of sulfate over the soot particles in
the absence of O, was significantly lower than that under O,
conditions (Figure 1b). The result shows an obvious catalytic
effect of soot on the oxidation of SO, by O, to form sulfate.
The production of sulfate was further enhanced under elevated
relative humidity (RH) conditions, indicating that increasing
humidity promoted the catalytic process (Figure 1b).

Determination of the active sites that enable the dissociation
of unreactive O, to reactive atomic oxygen species under
ambient conditions is the key to unraveling the mechanism of
the oxidation of SO, catalyzed by carbonaceous soot particles.
Reaction pathways of O, dissociation at carbonyl, ether, and
pristine graphitic C sites were identified using first-principles
calculations (Figure 2). At the carbonyl and pristine C sites, the
O, molecule is dissociated and converted to two epoxide
groups endothermically with rather high barriers (2.31 and 1.87
eV, respectively), implying that the reactions are prohibited
under normal conditions. In contrast, the overall energy barrier
for O, dissociation into two epoxide groups at the ether site is
0.75 eV, much lower than that at the carbonyl and pristine
graphitic C sites, and is surmountable at room temperature.*’
Moreover, this process is exothermic by 0.29 eV. Therefore, the
dissociation of O, at the ether C—O site is both thermodynami-
cally and kinetically favorable, indicating that the ether groups
are the active sites on soot for O, dissociation.
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Figure 2. Energy profile of the reaction pathways of O, dissociation at
carbonyl C=0, ether C—O, and pristine graphitic C sites. The
energies are given in eV relative to the reactant complex.
Abbreviations: RC, reactant complex; TSI, the first transition state;
IM, intermediate species; TS2, the second transition state; PC,
product complex.

The dissociation of O, proceeds via two steps (Figure 3).
When the O, molecule approaches the surface ether group, it is
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Figure 3. Gas-phase and aqueous-phase energy profiles of the reaction
pathway of O, dissociation at the ether C—O site as well as the
optimized geometries of the reactant, transition states, intermediate,
and product. Red, cyan, and white circles denote O, C, and H atoms,
respectively. The two C atoms bonded to the O1 atom are denoted C1
and C3, while C2 and C4 are the two C atoms bonded to the O2
atom. The imaginary frequencies of the transition states are presented.
All lengths are given in A. The optimized geometries of the reactants,
transition states, intermediate, and products of O, dissociation at
carbonyl and pristine graphitic C sites are shown in Figures S4 and SS.

first chemisorbed on the C site (named C1) of the ether group
by the O1 atom, with the O1—02 bond being elongated from
1.26 to 1.44 A. Then, the O2 atom gets closer to the surface
and forms an intermediate with a square geometry.
Subsequently, the O1-02 bond is completely broken,
synchronized with the formation of C3—0O1 and C4-02
bonds. The O, molecule is finally converted into two epoxide
groups.

Fresh soot is hydrophobic, while the aged soot particles
become significantly hydrophilic and can be incorporated into
existing liquid droplets or activated as cloud condensation
nuclei (CCNs) in the atmosphere.'®*” Typically, severe haze
pollution episodes occur with concurrent high relative
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Figure 4. Mayer bond order (MBO) and two-dimensional electron localization function (ELF) color-filled maps for the minima and transition states
along the pathway of O, dissociation at the ether C—O site. An MBO value lower than the default threshold of 0.0S is regarded as 0. The atoms used
to define the plane of ELF maps are labeled. Areas beyond the interaction are omitted for clarity. All lengths are given in A.

humidity.”"" Abundant aerosol water is conducive to forming

aqueous solution environments at the surface of aged soot and
enables reactions to take place in aqueous medium. It is notable
that the overall energy barrier of O, dissociation at the ether
site is significantly decreased to 0.57 eV in aqueous media
(Figure 3), indicating that the reaction is faster under high
relative humidity and aqueous conditions, which is qualitatively
consistent with our experimental results (Figure 1b). According
to transition state theory,' at 278 K (a typical temperature
during the winter in north China), the halflives (,,,, the time
required for the reactant concentration to fall to half of its
initial value) are predicted to be 4.6 s in the gas phase and 2.5 X
107% s in aqueous solution, showing that the O, dissociation at
the ether C—O site is fairly easy and the reaction rate under
aqueous conditions can be up to 3 orders of magnitude greater
than that under gas-phase conditions. The energy barriers of O,
dissociation are 2.09 eV at the carbonyl site and 1.68 eV at the
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pristine C sites in the aqueous phase (see Figures S4 and S5),
both of which are significantly higher than that at the ether site
and are not surmountable at room temperature. Therefore, the
dissociation of O, at the carbonyl and pristine C sites is still
unlikely to proceed in the aqueous phase.

In order to clearly characterize the bond breaking and bond
formation during the reaction process, the electronic local-
ization function (ELF) and Mayer bond order (MBO) were
analyzed for the minima and transition states along the reaction
pathway (Figure 4). The ELF value is in the range of 0 to 1. A
high value of ELF at a given region denotes high electron
localization therein and vice versa.”> Regions of the greatest and
smallest localization electron density are represented by red and
blue colors, respectively.

In the first reaction step, from reactant complex to
intermediate, the C1—O1 and C2—02 MBO values increase
from O to about 1.0, as the ELF values in their intermediate

DOI: 10.1021/acscatal.7b04195
ACS Catal. 2018, 8, 3825—-3832


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b04195/suppl_file/cs7b04195_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b04195

ACS Catalysis

Research Article

location increase from 0 to about 0.85, indicating that the
electrons locally concentrate and form C1—O1 and C2—-02
covalent bonds (see Figure 4a). Meanwhile, the MBO value of
the O1—02 bond decreases from 1.76 to 0.88, and the
corresponding ELF value in their intermediate location
decreases from about 0.80 to 0.70, which suggests that the
01-02 bond is being weakened.

As the electron density between the Ol atom and the O2
atom is further decreased as the reaction proceeds (ELF value
decreased from 0.70 to 0), the O1—02 bond is finally broken
(MBO value decreased from 0.88 to 0) during the second
reaction step. After the O1—0O2 bond breaks, the electron
localization in C3—O1 and C4—02 intermediate locations is
greatly enhanced (ELF values increased from 0 to about 0.80),
showing a strong covalent interaction, which increases the C3—
O1 and 04—02 MBO values to 0.93 and 1.01, respectively,
when the reaction ends at the product complex (see Figure 4b).
The ELF and MBO give a good description of the O—O bond
breaking and the C—O bond formation during the activation
process of O,.

3.2. Catalytic Oxidation of SO,. The reaction pathways
for the oxidation of SO, by the two epoxide groups generated
from O, dissociation are presented in Figure 5, and a detailed
description of the breaking of C—O bonds and the formation of
S—O bonds during the reaction processes is shown in Figure
S6. When the SO, molecule reacts with the epoxide group away
from the ether site (see Figure Sa), the C2—02 bond breaks
first. Then, the SO, molecule continues to attack the O2 atom,
synchronized with the breaking of the C4—02 bond, leading to
the formation of a SO; molecule. The energy barrier of this
process is 0.73 eV in the gas phase, suggesting that this
oxidation reaction can occur under ambient conditions.
Moreover, the energy barrier is decreased to 0.47 eV in
aqueous solution. At 278 K, we obtain the half-life of 2.0 s
under gas-phase conditions, whereas the half-life is decreased to
3.9 X 107 s under aqueous conditions, showing that the
oxidation of SO, is more rapid than the activation of O, in both
the gas phase and solution. As shown in Figure Sb, the
oxidation of SO, by the epoxide group connected to the ether
site takes place without any energy barrier, indicating that this
epoxide group is more active. When the two oxidation reactions
of SO, to SO; end, a catalytic cycle is completed.

These results demonstrate that the epoxide groups are the
reactive oxygen species for SO, oxidation, while the carbonyl
groups have low reactivity for SO, oxidation due to the high
barrier of 2.26 eV (see Figure S7). The ether sites on soot
surfaces that enable the dissociation of molecular O, to epoxide
groups under ambient conditions constitute the -catalytic
centers for SO, oxidation. According to the energy barriers
and half-lives, both the activation of molecular O, and the
oxidation of SO, catalyzed by soot are easy and rapid. The rate-
determining step in the catalytic cycle is the dissociation of O,
in both the gas phase and solution, and the whole catalytic cycle
can be greatly promoted in solution environments. This
promotion mechanism is consistent with the experimental
observations of the heterogeneous oxidation of SO,.”""** The
higher the polarity of the solute, the more negative the
solvation energy in polar aqueous solvents. Therefore, the
promotion results from the higher polarity of the transition
states relative to the reactants in the reactions above.

It is well-known that the SO; can be facilely converted into
H,SO, by reaction with a water molecule, especially under high
relative humidity conditions.'”*™>" The reduced density
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Figure S. Gas-phase and aqueous-phase energy profiles of the reaction
pathways of SO, oxidation by the epoxide group away from the ether
C—O site (a) and by the epoxide group connected to the ether C—O
site (b) as well as the optimized geometries of the reactant, transition
state, and product. Yellow circles denote S atoms, and other legends
are the same as those in Figure 3.

gradient of the electron density (RDG(r)), defined as
IVp(r)/p*3(r)I,** was analyzed to identify the nature of the
interaction of formed SO; and H,SO, species with the
carbonaceous surfaces (Figure 6). The shortest interatomic
distances from SO; and H,SO, to the substrates are greater
than 2.2 A, and there is a significant green region between the
S0O;/H,S0O, molecule and the surfaces, clearly indicating that
the formed SO; and H,SO, interact with the surfaces mainly
through weak van der Waals forces. The calculated interaction
energies of SO; and H,SO, with the substrate are 0.38 and 0.34
eV, respectively, typically 1 order of magnitude smaller than
that of the chemical interaction. The low affinity for the formed
SO; and sulfate species allows the soot to maintain a long
catalyst lifetime.

4. CONCLUSION

Our study reveals the mechanism of carbonaceous soot aerosol-
catalyzed persistent sulfate formation, where soot is not only a
major component of the particulate matter in the atmosphere
but also an important catalyst to activate molecular O, and
catalyze the conversion of SO, to sulfate under ambient
conditions. The catalytic oxidation of SO, by soot aerosols uses
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strong attraction van der Waals interaction

strong repulsion

Figure 6. Optimized geometries (side view) and RDG isosurfaces
colored by the values of sign[4,(r)]p(r) (top view). (a) and (c) show
SO, interacting with the substrate. (b) and (d) show H,SO,
interacting with the substrate. 4, is the second largest eigenvalue of
a Hessian matrix of the electron density. The color bar shows the
blue—green—red scale ranging from —0.04 to 0.02 au. Blue, green, and
red represent the strong attraction (e.g, hydrogen bonding), van der
Waals interaction, and strong repulsion (e.g, steric repulsion),
respectively. Areas beyond the interaction are omitted for clarity. All
other legends are the same as those in Figure S.

the ubiquitous O, as the ultimate oxidant, and could proceed at
night when photochemistry is reduced. Moreover, the reaction
can be further accelerated by the high relative humidity under
haze pollution conditions, leading to faster sulfate production
and hence more severe haze. Thus, we believe that the principle
of soot-catalyzed sulfate formation and its acceleration driven
by humidity described here may play an important role in the
open atmosphere and especially under polluted conditions,
where both SO, and soot concentrations and relative humidity
are high. This study will help us to develop more efficient
policies to mitigate and control the severe haze pollution
occurring in China and much of the developing world, because
reductions of soot emissions from industry and traffic are
expected to reduce haze more efficiently than previously
anticipated.

Soot particles would be coated with organic and inorganic
species and undergo morphology variations during the
atmospheric aging processes,”” >° which may enhance or
reduce their catalytic reactivity for SO, oxidation. The
thermogravimetric analysis (9.4 + 0.9 wt %, Figure S1) and
ATR-FTIR data (vibrations of C—H species in the range of
750—900 cm ™!, Figure S3) show the existence of organics in
the as-prepared soot samples. However, we did not observe
obvious adverse effects of the organics on the catalytic reactivity
of soot for SO, oxidation (Figure 1). Moreover, the
photooxidation of organics has been demonstrated as a source
of the ether groups on soot surfaces."> Soot can also engage in
reactions with other inorganic species, such as NO,, under
atmospheric conditions.”® Whether there is a competition for
the active sites or a synergistic effect between SO, and NO, on
the surfaces of soot aerosols needs to be carefully investigated
in future studies.
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