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ABSTRACT

NO-NO, cycle determines the formation of O; and hence plays a critical role in the oxidizing
capacity of troposphere. Traditional view concluded that the heterogeneous oxidation of NO to
NO, was negligible due to the weak reactivity of NO on aerosols compared to homogeneous
oxidation process. However, the results here reported the first time that SO, can greatly promote
the heterogeneous transformation of NO to NO, and HONO on MgO particles under ambient
condition. The uptake coefficients of NO were increased by 2-3 orders of magnitudes on SO,-aged
MgO compared to fresh sample. Based on spectroscopic characterization and density functional
theory (DFT) calculations, the active sites for the adsorption and oxidation of NO were determined
to be sulfates, where an intermediate [SO4-NO] complex was formed during the adsorption. The
decomposition of this species led to the formation of NO, and the change of sulfate configuration.
The formed NO, could further react with surface sulfite to form HONO and sulfate. The conversion
of NO to NO, and HONO on SO,-aged MgO surface under ambient condition contributes a new
formation pathway of NO, and HONO, and could be quite helpful for understanding the source of
atmospheric oxidizing capacity as well as the formation of air pollution complex in polluted

regions such as the northern China.
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INTRODUCTION

The importance of nitrogen oxides (NOx = NO + NO,) in atmospheric chemistry is their role
in the determination of O; formation.! NOx are introduced into the troposphere primarily in the
form of NO.? For example, NO contributes approximately 90% NOX in vehicles with selective
catalytic reduction (SCR) system.3® NO is further oxidized to NO, by oxidants in the atmosphere.
The photolysis of NO, results in the formation of NO and ground-state oxygen, O(°P) atoms, which
further reacts with O, to produce O3 in the troposphere. Thus, the oxidation of NO to NO, is of
particular importance in the formation of O; and hence determines the oxidizing capacity of
troposphere. The homogeneous oxidation of NO to NO, by O, has been widely studied and the
reaction rate was proved to be quite slow under room temperature.” # Gaseous oxidants including
ozone (03),7? organic peroxy radicals (RO,),'% ! and hydroperoxy radical (HO,)”- 1214 are efficient
to oxidize NO to NO,.

The oxidation of NO to NO; is also a key step both in the NOx reduction technologies as well
as the nitric acid production.!>!7 For example, the NH;-SCR reaction rate can be greatly enhanced
if a fraction of NO is converted to NO,, and the increase of NO, content greatly improves the
efficiency of the reduction catalysts and also decreases aging of the catalysts.'® 8 Supported
catalysts (included noble metals and metal oxides) are widely used in the catalytic oxidation of
NO.!92! However, these oxidation reactions always conducted under high NO concentration (up
to hundreds ppm) and high temperature (about 423-723 K).?2-2¢ In contrast, it was found that when
NO concentration was low to ppb level, the heterogeneous reaction of NO on atmospheric particles
was slow and supposed to hardly happen.?’- 28 Therefore, the heterogeneous conversion of NO to

NO; in the atmospheric chemistry has always been neglected.
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Recently, synergistic effect between NOx and SO, have been found in field campaigns,
laboratory experiments and model simulations.?°-3* Both coexisting NO,3-3 and NO*° were found
to improve the conversion of SO, to sulfate on mineral dust due to the oxidizability of NO,. On
the other hand, SO, was also demonstrated to change the reaction pathways of NO, in these
heterogeneous reactions on mineral dust. For example, N,O4 was detected as an intermediate on
the surface of mineral oxides while 100 ppm NO, and 100 ppm SO, were coexisting.>> Our
previous research found that when the concentration of NO, and SO, was decreased to 100 ppb,
SO, can initiate the efficient conversion of NO, to nitrous acid (HONO) on MgO surface.*! It
should be noted that the production of NO was not observed during this redox reaction between
NO, and SO,. However, previous studies observed NO as a product in the heterogeneous uptake
of NO, on mineral oxides.*>“3 It implies that the coexisting SO, not only plays an important role
in the heterogeneous uptake of NO,, but also may affect the interface process of NO. However,
the latter is poorly understood.

In this study, we further explored the role of coexisting SO, as well as the sulfate species on
the heterogeneous reaction of NO on MgO. MgO is considered to be a typical constituent of dust
aerosols, and is widely used as a model oxide for the study of trace gas heterogeneous reactions.*!-
4447 Coated-wall flow tube reactor, in situ diffuse reflectance Fourier transformed infrared
spectroscopy (in situ DRIFTS), and density functional theory (DFT) calculations were combined
to reveal the detailed mechanism and kinetic. A new heterogeneous oxidation mechanism of NO
to NO, under ambient atmospheric conditions was proposed. To our knowledge, this is the first
time to report efficient heterogeneous conversion of NO to NO, and HONO on atmospheric

particles under atmospheric conditions. This result could give new insight into the atmospheric
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83  nitrogen chemistry, and could help to understand the source of atmospheric oxidizing capacity in

84  polluted regions such as the northern China.

85 EXPERIMENTAL

86  Coated-wall flow tube reactor.

87 The uptake experiments were carried out in a horizontal cylindrical coated-wall flow tube
88  reactor which was previously described.*! The flow tube reactor was maintained at 295 K by
89 circulating water bath through the outer jacket of the flow tube reactor. The total flow rate of carrier
90  gas (high purity synthetic air) was 0.9 L-min’! to ensure a laminar regime. The relative humidity
91  (RH) for synthetic air was around 5% recorded by a hygrometer (RH-USB, Omega, USA) during
92  the whole experiment. 100 ppb NO was introduced into the flow tube through a movable injector
93  with 0.3 cm radius. The concentrations of NO, and NO were online measured using NOx analyzer
94  (42i, Thermo Scientific, USA). A long path absorption photometer (LOPAP-O3, QUMA, German)
95 was used to online monitor the concentration of HONO. All experiments were conducted at

96  ambient temperature (295 K) and 5% RH, with the total flow rate 0.9 L-min!,

97  Preparation of MgO for flow tube experiments.

98 The suspension of MgO powder (AR, Sigma-Aldrich) dissolved in ultrapure water was
99  dripped uniformly into a quartz tube (20 cm length, 1.1 cm i.d.) and dried overnight in an oven at

100 373 K. The BET (Brunauer-Emmett-Teller) surface area (Sggr) of MgO was measured to be 135.6

101  cm?mg . SOy-aged MgO samples were online prepared during flow tube experiments by exposing
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the quartz tube with fresh MgO film to 1 ppm SO, in air flow for 4 h, then purged with air for 2 h

to remove physically adsorbed surface species.
Uptake coefficient.

The kinetic behavior of NO can be well described by assuming a pseudo first-order reaction
with respect to the gas-phase NO concentration. The first-order rate constant (k) is related to the

geometric uptake coefficient (y,,,) according to the following equation:#2 48

d CO ygw(CNO)
Elna = kObS = 2T tupe (1)

where 7., t and <cyo> are the flow tube radius (0.3 cm), the exposure time, and the NO average
molecular velocity (498 m-s™), respectively. Cy is the initial NO concentration when there is no
contact between the MgO and NO. C; is the NO concentration detected during the uptake.

If the loss of NO at the particle surface is too rapid to be recovered with the NO supply, a
radial concentration gradient in the gas phase will be formed, which may cause diffusion
limitations. Therefore, a correction for diffusion in the gas phase should be taken into account.

Here, the Cooney-Kim-Davis (CKD) method was used to correct uptake coefficients. 4 3

In situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS)

measurements.

The heterogeneous reactions of NO and SO, on MgO were also studied by in situ DRIFTS
(is50, Thermo Scientific, USA), equipped with an in situ diffuse reflection chamber and a high-
sensitivity mercury cadmium telluride (MCT) detector cooled by liquid N,. Before the experiment,
MgO powder was finely ground and placed into a ceramic crucible in the in situ chamber. The

sample was first pretreated at 373 K for 180 min in air stream with a total flow of 200 mL-min-'.
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Then after 60 min the temperature was cooled to room temperature (295 K) and the sample was
exposed to NO and/or SO,. The infrared spectra were collected using a computer with OMNIC 6.0
software (Nicolet Corporation, USA). All spectra were recorded at a resolution of 4 cm! for 100
scans in the spectral range of 600 to 4000 cm!, and then Kubelka-Munk (K-M) conversion was
conducted. The low frequency cutoff of spectra was due to the strong lattice oxide absorption of

the samples.

Density functional theory (DFT) calculations.

Geometry optimizations and energy calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP 5.4.1).°! The projected augmented-wave (PAW) method was
employed to describe the interactions between ions and electrons.’> >3 The wave functions and
exchange-correlation function were elucidated by plane wave basis set and PBE generalized
gradient approximation, respectively.’* The cutoff energy for the plane-waves was set to 400 eV.
The Brillouin zone was sampled using 2 x 3 x 1 k points Monkhorst-Pack grid during the surface
and adsorption geometry optimization. The Gaussian smearing method with a smearing width of
0.2 eV was employed to accelerate the convergence of integration at the Brillouin zone. A 4x3
supercell with five atomic layers slab was built for MgO (001) surface. In the computation, the
bottom two layers of the slab were fixed and the top three layers and adsorbates were fully relaxed
until the forces on each atom were less than 0.02 eV-A-l. A vacuum layer of 15 A was used to
avoid the interactions between the surface slabs. The reaction pathways and transition states were
calculated via the climbing image nudged elastic band (CI-NEB) method with a 0.05 eV-A-! force
converged threshold.

The adsorption energies (E,4) of the isolated molecules (e.g. NO and NO,) on the surface

were calculated as:
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Eas = Esiabx~(Estap + E) (2)

where Ej.p, Ex and Eg,., refers to the energy of the MgO(001) surface slab model, NO or NO; in
the gaseous phase, and the slab-NO/slab-NO, supersystem. According to the above equation,
negative values of E,; indicate an exothermic reaction and positive values indicate that adsorption

does not occur.

RESULTS AND DISCUSSIONS

NO; and HONO formation in NO uptake.

The uptake of NO on fresh and SO;-aged MgO samples was measured by flow tube
experiments. SO,-aged MgO samples were online prepared by exposing the tube which is covered
with fresh MgO to 1000 ppb SO, in air flow for 4 h, then purged with air for 2 h to remove
physically adsorbed surface species. The change of concentrations of NO, NO,, and HONO during
the uptake were shown in Figure 1. Fresh MgO surface was inactive to NO since no obvious uptake
of NO was observed (Figure 1A). Coexisting SO, could promote the adsorption of NO and lead to
the release of NO, and HONO (Figure 1B and Figure 1C), especially when the SO, concentration
increased to 1000 ppb. When SO,-aged MgO was exposed to NO, abrupt decrease in the NO
concentration and the generation of NO, and HONO were also observed (Figure 1D). The blank
tests shown in Figure S1 implied that the formation of NO, and HONO is not due to the reaction

of NO on tube surface or by the gaseous reaction between NO and SO,.
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Figure 1. Concentrations of NO, NO, and HONO during flow tube experiments. (A) 100 ppb NO uptake on
fresh MgO (41.66 mg); (B) 100 ppb NO uptake on fresh MgO (51.68 mg) with the coexistence of 100 ppb SO,;
(C) 100 ppb NO uptake on fresh MgO (29.39 mg) with the coexistence of 1000 ppb SO,; (D) 100 ppb NO uptake
on SO;-aged MgO (30.14 mg). SO,-aged MgO samples were online prepared during the experiments by
exposing the tube which is covered with fresh MgO to 1000 ppb SO, for 4 h, then purged with synthetic air for
2 h to remove physically adsorbed surface species. Reaction conditions: RH=5%, T=295 K, total flow rate = 0.9

L-min’!.

The geometric uptake coefficient (yg.,) of NO on fresh and SO,-aged MgO as a function of
sample masses are displayed in Figure 2. For fresh MgO, none NO uptake was observed and y,,,
are less than 1.0 x 10, suggesting low reactivity of fresh MgO to NO. Unlike fresh samples, the
Jgeo 0f NO Increased significantly when NO coexisting with SO,. When SO, concentration was up

to 1000 ppb, the y,., of NO was quite similar to that on SO,-aged MgO.
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y = 2.48E-6x (R*=0. 97)

h%% f %

NO on SO,-aged MgO
NO + 1000 ppb SO,
NO + 100 ppb SO,
NO on fresh MgO

y = 1.38E-6x (R* =0.98)

O 0 Do

y=4.12E-Tx (R* = 0.96)

R

y=7.07E-9x (R* = 0.88)

0- —0— o
0 30 60 90 120 150 180 210 240
- Mass / mg

179  Figure 2. Mass dependence of initial geometric uptake coefficients (y4,) of 100 ppb NO on various MgO
180  surfaces: SO,-aged MgO (black), fresh MgO (olive), and fresh MgO coexisting with 1000 ppb SO, (red) and
181 100 ppb SO, (blue). RH=5%, T=295 K, total flow rate = 0.9 L-min!.

182

183 In an uptake experiment, the reactants will have a possibility to diffuse into the entire sample
184  and the effective area may become equal to the Spzr. If the geometric uptake coefficients are
185  proportional to the mass of the sample, then the effective surface area might approximate to the
186  Sper As seen in Figure 2, linear relationship between j., of NO and sample mass exists in all
187  samples. Then, the true uptake coefficient (yzzr) was obtained from the mass-dependence of y,.,

188  using Equation 3:3% 56

189

geo

S
VBET = x slope 3)

BET
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where S, is the geometric surface area (i.e. inner surface area of the sample tube, 69.08 cm?),
Sgeris 135.60 cm?-mg!, and slope is the slope of the plot of y,., versus sample mass in the linear
regime (mg™).

According to Equation 3, the yzz7 values of NO uptake were 3.60x10-, 2.10x107, 7.03x10~7
and 1.26x1076 on fresh MgO, on fresh MgO with coexisting 100 ppb or 1000 ppb SO,, and on SO,-
aged MgO, respectively. SO, aging process leads to an increase of yzgr by 2-3 orders of

magnitudes, changing the inactive MgO to active surface for NO adsorption and reaction.

Surface species detection by in situ DRIFTS.

In situ DRIFTS experiments were conducted to further investigate the reaction

mechanism of NO adsorption on SO,-aged MgO particles. 200 ppb NO reaction on fresh MgO

was firstly carried out and no surface species were observed after 4 h (as shown by the black line
in Figure 3). This means no reaction of NO occurred on fresh MgO surface, which is in agreement
with the results of flow tube experiments (Figure 1A).

For the reaction of NO on SO,-aged MgO, MgO sample was first exposed to 1000 ppb SO,
for 4 h and the surface was saturated with sulfur species (as illustrated by the red line in Figure 3).
The peaks at 1265, 1190, 1160 and 1038 cm! could be assigned to sulfate/bisulfate species while
the peak at 960 cm! was attributed to surface sulfite species on MgO.4!-37 These results indicated
that both sulfate and sulfite species were the surface products of SO, reaction on MgO, which is
consistent with previous studies.?> %7

After purging with synthetic air for 2 h to remove the weakly adsorbed species, the SO,-aged

sample was further exposed to 200 ppb NO for 4 h (blue line in Figure 3). The peaks at 1265, 1190
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and 1038 cm™! due to sulfate increased significantly while the peak at 960 cm™!' due to sulfite
decreased greatly, suggesting the conversion of sulfite to sulfate during the adsorption of NO. In a
previous study, Ma et al.#! found that a redox reaction between adsorbed sulfite and NO, could
happen on MgO surface which led to the formation of nitrite/HONO and sulfate. Therefore, in the
present study, we proposed that the gaseous product NO, from the heterogeneous oxidation of NO
might be further converted to HONO coupling to the oxidation of surface sulfite to sulfate through
a redox reaction.

It is interesting to note that the intensity of peak at 1160 cm! attributed to sulfate decreased.
Meanwhile, two new peaks at 1714 and 1303 cm! were observed during the adsorption of NO.
Previous study shown that when MgO particles were exposed to 200 ppm SO, and 200 ppm NO,
simultaneously, two peaks at 1731 and 1298 cm! were observed and were assigned to surface
N,0,4.3° However in the present study, it is not reasonable to assign these two peaks at 1714 and
1303 cm™! to surface N,Oy,. Firstly, the low NO concentration used in this work (ppb level) limited
the NO, generation and the consequent dimerization of NO, to N,O4. Secondly, these two peaks
here were stable under continuous NO reaction and air purging, in contrast to Liu et al.3> where
N,O, acted as an intermediate.

Previous studies about the interaction of NO, and SO, in solution proposed the initial step
involves the formation of an addition complex [SO3-NO,].2* This species could further undergo
subsequent reaction with NO, to produce long lived intermediate [NO,-SO;-NO,]. Two
intermediates [SO3NO;] and [SO;NO] were also proposed during the simultaneous adsorption of
SO, and NO on Al,05.?* In this work, we assigned the peaks at 1714 and 1303 cm™! to [SO,-NO]

complex species where SO, might be SO4 or SO;. Because both sulfate and sulfite were detected
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during the DRIFTS experiments, we further carried out DFT calculations to investigate the NO

adsorption and reaction on fresh and SO,-aged MgO surface.

1038

0.002

K-M

NO on SO,-aged MgO

SO, on fresh MgO

NO on fresh MgO

2200 2000 1800 1600 1400 1200 1000
Wavenumber/cm™
Figure 3. In situ DRIFTS spectra of 200 ppb NO reaction on SO,-aged MgO (blue) and fresh MgO (black), and
200 ppb SO; reaction on fresh MgO (red). SO,-aged MgO sample was prepared by exposing to 1000 ppb SO,
for 4 h, and then purged with synthetic air for 2 h to remove weakly adsorbed species. Reaction conditions:

T=295 K, RH=5%, total flow rate=200 mL-min’!, reaction time=4 h.

DFT calculations of NO and SO, individual adsorption on fresh MgO(001) surface.

NO adsorption on fresh MgO was first investigated and three configurations for the NO
adsorption on MgO(001) surface were taken into account. As shown in Figure 4A, the NO
molecule adsorbs preferentially by the N atom on a surface O anion (n'-N-top O) in a distance of
2.22 A, with an adsorption energy (E,4) of -0.20 eV. The calculated results are in good agreement
with the findings in previous theoretical works.*-%° The E,; of N-down on bridge position (Figure

4B) appears to be approximate to the n'-N-top O configuration, while N-down adsorption at Mg
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cation (Figure 4C) is higher in E,; compared to the most stable configuration (Figure 4A). The
high adsorption energy and the long interaction distance indicated that the isolated NO weakly
physisorbed on the fresh MgO(001) surface. In line with the flow tube and the DRIFTS

experimental results, NO just undergoes reversible adsorption on the fresh MgO surface.

E..=-020eV E,.=-0.18eV  E,,.=-0.13eV
Figure 4. Side and top views of optimized structures of NO adsorption on the MgO(001) surface. (A) n'-N-top
O configuration; (B) N-down top bridge configuration; (C) n'-N-top Mg configuration. Green, red, fuchsia, and
blue balls represent Mg, lattice O, adsorbate O and N atoms, respectively. Only a part of the super cell has been

visualized for a better overview. E,: adsorption energy.

The presence of surface adsorbed O, can oxidize NO to NO, via Elay-Rideal (Figure S2A)
or Langmuir-Hinshelwood (Figure S2B) routes. However, the high adsorption energy of O, on
MgO surface (-0.20 to 0.14 eV) restricted the occurrence of adsorbed O,. Besides, the difficulty in
NO adsorption, the high reaction energy barriers, as well as the low reaction heat also limited the

probability of NO oxidation on fresh MgO.
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As for sulfur species formed via SO, reaction on MgO(001) surface, in situ DRIFTS results
showed that both sulfite and sulfate species were formed on MgO surface. DFT calculations
identified that when SO, reacted on the MgO(001) surface, one sulfite configuration and four
sulfate configurations were optimized. For the sulfite configuration (Figure S3A), the S atom of
SO, adsorbs to the lattice O of the surface to form the SO;-like sulfite. As for the sulfate species,
the adsorption of SO; via S atom on a lattice O in the slab produced a SOy-like sulfate (Figure
S3B). Besides, three sulfate configurations formed via the binding of O atoms to surface Mg atoms
were also built, including bidentate sulfate (Figure S3C), tridentate sulfate (Figure S3D) and
quadridentate sulfate (Figure S3E). Compared to the bidentate and tridentate sulfates, the
quadridentate sulfate exhibits severe deformation, and the energy of this configuration is much
higher than those of other structures. Therefore, it is deduced that SOs-like sulfite, SO4-like,
bidentate and tridentate sulfates are present on the MgO surface, and the adsorption and reaction

of NO with these sulfur species were further conducted.

Mechanism of NO reaction on SO,-aged MgO.

The configurations of NO adsorption to S or O atoms of SOs-like sulfite are shown by Figure
5A and 5B, respectively. Compared to the NO adsorption on fresh MgO (Figure 4), both the
adsorption energy as well as the interaction distance between NO and MgO surface increased due
to the presence of SOs;-like sulfite. Besides, the long bond distance between NO and SOj;-like

species (4.26 A for N-S and 3.24 A for N-O) indicated that there is no interaction between NO and

SO;-like species. All these results suggested that sulfite on the SO,-aged MgO surface inhibited

the NO adsorption. As for the MgO surface which covered by SOy-like sulfate (Figure 5C), the
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interaction distance between NO and MgO surface and the adsorption energy of NO were similar
to those on fresh MgO, implying that SO,-like sulfate has no influence on the NO adsorption.

In cases of MgO surface covered with bidentate (Figure 5D) and tridentate sulfates (Figure
5E), the N terminal of NO adsorbed to the O atom of sulfate. The NO adsorption energies varied
from -2.19 to -1.95 eV, which are quite lower than the £, on fresh MgQO, indicating that NO could
chemisorb onto the surface via these sulfates. The vibration frequencies of N-O and S-O bands of
these NO chemisorption products were calculated to be around 1750 cm! and 1270 cm™! (Table
S1). These vibrations were close to peaks detected in the DRIFTS experiments at 1714 cm™!' and
1302 cm! (Figure 3). Thus, it is considered that the promoted adsorption of NO could attribute to
the presence of bidentate and tridentate sulfates, and [SO4,-NO] complex were the products for NO

adsorption and reaction.

Eans(NO)=-0.148V  E,(NO)=-0.09eV  E,(NO)=-0.16 eV E.g(NO)=-2.19 eV E.gs(NO) = -1.95 eV
Figure 5. Possible adsorption configurations of NO on MgO surface with (A, B) SOs-like sulfite, (C) SO4-like

sulfate, (D) bidentate sulfate, and (E) tridentate sulfate. Green, red, fuchsia, blue, and yellow balls represent Mg,

lattice O, adsorbate O, N, and S atoms, respectively. Bond distance is in A. E,4: adsorption energy.

The fates of these [SO4-NO] species were further calculated. As shown by the reaction
pathway in Figure 6A, the complex [SO4-NO] formed by NO adsorption on bidentate sulfate (as

illustrated in Figure 5D) can be oxidized by O, to [O3S-O-NO,] species. Although this process is
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AE,= -1.04 eV
L 4
Eges(NO) = 0.44 eV
(©) %
AE,= 0.73 eV~
‘ - P \\‘ .'. Q@
d "' ‘\\
AE,= -0.82 eV
v N
Eges(NO;) = 0.10 6V
RC TS PC

Figure 6. Reaction pathways of [SO4-NO] species. (A) Oxidation process of [SO4-NO] formed by NO

adsorption on bidentate sulfate; (B) Self-decomposition of [SO4-NO] formed by NO adsorption on bidentate
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sulfate; (C) Self-decomposition of [SO4-NO] formed by NO adsorption on tridentate sulfate. Optimized
geometries for the reactant (RC), transition state (TS) and product (PC) are also presented. AE,, AE, and E gz

refer to the reaction energy barrier, reaction heat, and the desorption energy of NO,, respectively.

[SO4-NO] formed by NO adsorption on bidentate sulfate could also undergo self-
decomposition via the breakage of S-O bond and leads to the formation of SO4-like species and
gaseous NO, (Figure 6B). It should be noted that the energy barrier for self-decomposition (0.65
eV) is much lower than the oxidation process shown in Figure 6A. It can be concluded that the
intermediate [SO4-NO] self-decomposition is easily accessible since the lower energy barrier from
the reactant to the product. Moreover, the heat released in this decomposition process (AE, = -1.04
eV) benefits the desorption of NO, from the surface.

As for the reactant formed by NO adsorption with tridentate sulfate which is corresponding
to [SO4-NO] species in Figure S5F, the adsorbed NO can also abstract the O atom of adsorbed
sulfate via the reaction pathway shown in Figure 6C. Similar to the reaction happened on bidentate
sulfate, the NO adsorbed on tridentate sulfate can decompose to NO, and SOy-like sulfate.
Although the formed NO, can desorb from the surface spontaneously, the higher reaction energy
barrier (0.73 eV) make this process is less possible compared to the reaction pathway in Figure
6B.

Combined the DFT calculation results and the DRIFTS experiments, we proposed a reaction
mechanism for the promoted NO oxidation on SO,-aged MgO. As shown by Scheme 1, NO
adsorbs on bidentate and tridentate sulfates to form surface complex species [SO4,-NO]. Some
[SO4-NO] species are products of NO adsorption as illustrated by the peaks at 1714 and 1303 cm'!
in DRIFTS experiments (Figure 3), whereas other [SO4,-NO] complex act as intermediate and

decompose to gaseous NO, and SOy-like species. According to our previous work, the formed
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NO; may further react with the surface sulfite to form nitrite, and the nitrite species could be

adsorbed on MgO surface or released as gaseous HONO.#!

0
O\s/ © O\s/ O\No S
2N v N

Q

(A) NO + ]\S[)g-O-Mg — > MgO-Mg —> MgO-Mg + NO,
! ! ?

_~ _IN__NO S\
o o (]

(B) NO + Mg-O-Mg-O-Mg —> Mg-O-Mg-O-Mg —> Mg-O-Mg + NO,
Scheme 1. Proposed mechanisms of NO adsorption and reaction on SO,-aged MgO. (A) NO adsorbed on

bidentate sulfate; (B) NO adsorbed on tridentate sulfate.

Atmospheric implications

In the past decades, heavy particulate pollution often occurs in winter in the northern China,
in which the loading of secondary aerosol in PM, 5 is very high.!- 92 It has been recognized that
these secondary components derived mainly from the oxidation of primary pollution due to
anthropogenic emissions in the atmosphere.®! However, for a long time, one of the puzzling
problems is how the atmospheric oxidizing capacity emerged in winter since the solar radiation is
weak, especially when the high concentration PM, 5 dissipates light and limits the formation of Os.
The synergistic effect between NO and SO, found in the present study is helpful to dispel this
puzzle. Mineral dust is a major aerosol composition. In China, it contributes ~35% of PM, mass,®
and accounts for 12-34% and 17-32% of winter and summer PM, s mass, respectively.®* Moreover,
the dust from the Gobi desert significantly contributes to the heterogeneous conversion of primary
components to secondary pollutions, and therefore is considered to be one of the important causes

of haze in the North China Plain.?? 6% As demonstrated in this work, the true uptake coefficient
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of NO on MgO with the presence of SO, was in the rage of 2.10x10-7-1.26x10-6, with the yields
of NO, and HONO about 40% and 13-33%, respectively (Figure S4). According to the field
measurement carried out in Beijing, the mean concentration of NO during a severe haze episode
was 94 ppb with a maximum 214 ppb.%” Thus, the mean formation rates of NO, and HONO via
the heterogeneous reaction of NO and SO, on aerosol surface is estimated to be about 0.03-0.17
ppt-h-! and 0.01-0.12 ppt-h-'during the haze days (see detail in the Supporting Information). The
promoted NO-NO, cycle and the enhanced HONO production will contribute to the atmospheric
oxidizing capacity. It should be noted that recent studies demonstrated the critical role of the
heterogeneous reactions in the formation of secondary particles during heavy haze.3% - 8 Qur
study not only proved the importance of heterogeneous reaction on mineral oxides for the
formation of secondary particles, but also revealed the role of these processes in enhancing the
atmospheric oxidizing capacity independent of solar radiation through the activation of O,

coupling with the conversion of NO to NO,.
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