
Science of the Total Environment 649 (2019) 1393–1402

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Impact of adsorbed nitrate on the heterogeneous conversion of SO2 on
α-Fe2O3 in the absence and presence of simulated solar irradiation
Chengtian Du a, Lingdong Kong a,b,⁎, Assiya Zhanzakova a, Songying Tong a, Xin Yang a, LinWang a, Hongbo Fu a,
Tiantao Cheng a,b, Jianmin Chen a,b,⁎, Shicheng Zhang a

a Shanghai Key Laboratory of Atmospheric Particle Pollution and Prevention, Institute of Atmospheric Sciences, Department of Environmental Science & Engineering, Fudan University, Shanghai
200433, China
b Shanghai Institute of Eco-Chongming (SIEC), No. 3663 Northern Zhongshan Road, Shanghai 200062, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Important impacts of adsorbed nitrate
on heterogeneous conversion of SO2

• Significant roles of adsorbed H2O and
light in formation of sulfate

• Nitrate photolysiswas coupledwith SO2

oxidation.
• New insights on formation pathway and
mechanism of adsorbed N2O4
⁎ Corresponding authors at: Shanghai Key Laboratory
Engineering, Fudan University, Shanghai 200433, China.

E-mail addresses: ldkong@fudan.edu.cn (L. Kong), jmc

https://doi.org/10.1016/j.scitotenv.2018.08.295
0048-9697/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 June 2018
Received in revised form 10 August 2018
Accepted 22 August 2018
Available online 23 August 2018

Editor: Lidia Morawska
Adsorbed nitrate is ubiquitous in the atmosphere, and it can undergo photolysis to produce oxidizing active radicals.
Nitrate photolysis may be coupled with the oxidation conversions of atmospheric gaseous pollutants. However, the
processes involved remain poorly understood. In this study, the impact of adsorbed nitrate on the heterogeneous ox-
idation of SO2 onα-Fe2O3 was investigated in the absence and presence of simulated solar irradiation by using in situ
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). The results indicate that for α-Fe2O3 particles
with no adsorbed nitrate, the formation of adsorbed sulfate on humid particles is stronger than that on dry particles.
Meanwhile, light can also promote the heterogeneous conversion of SO2 and the formation of sulfate on dry particles
becauseα-Fe2O3 is a typical photocatalyst. However, the heterogeneous conversion of SO2 on humidα-Fe2O3 particles
is somewhat suppressed under light, suggesting the occurrence of photoinduced reductive dissolution. For the hetero-
geneous conversionof SO2onα-Fe2O3particleswith adsorbednitrate, the formationof sulfateonhumidparticles is still
higher than that on dry particles. For the dryα-Fe2O3 particles with adsorbed nitrate, light promotes the formation of
adsorbed sulfate. For the humid α-Fe2O3 particles with adsorbed nitrate, the heterogeneous conversion of SO2 under
light is stronger than that under no light, indicating that thephotolysis of adsorbednitrate is coupledwith theoxidation
of SO2 and the formation of sulfate. The consumption of adsorbed nitrate and the formation of adsorbed N2O4 are ob-
served during the introduction of SO2. A possible mechanism for the impact of adsorbed nitrate on the heterogeneous
conversion of SO2 onα-Fe2O3 particles is proposed, and atmospheric implications based on these results are discussed.
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1. Introduction

With the deepening of industrialization and urbanization in China,
both the population of vehicles and energy consumption are increasing
rapidly. These lead to considerable primary emissions of gaseous pollut-
ants including SO2, NOX and VOCs. Heterogeneous reactions of SO2, NOX

and VOCs are found to play significant roles in the formation of second-
ary aerosols in haze events in China (Fu and Chen, 2017; Huang et al.,
2014; Wang et al., 2016). Therefore, their atmospheric heterogeneous
reactions have attracted much attention. Recently, the interactions
among these atmospheric pollutants during the atmospheric heteroge-
neous reactions have been revealed in several previous studies (Huang
et al., 2017; Kong et al., 2014b; Liu et al., 2012; Qiao et al., 2015; Sun
et al., 2016; Zhao et al., 2018), which can improve available atmospheric
chemistry models for evaluating the formation of secondary aerosols
(Barrie et al., 2001; Kasibhatla et al., 1997). However, there is still a
large uncertainty about themechanism of atmospheric secondary aero-
sol formation.

Sulfur dioxide is an important precursor of atmospheric sulfate aero-
sol. It can undergo several pathways to produce sulfate aerosol, includ-
ing gas-phase oxidation, aqueous-phase oxidation in cloud and fog
droplets, and the heterogeneous reactions on the surfaces of particles
(e.g. TiO2, ZnO, Al2O3, Fe2O3, CaCO3 and mineral dust) (Gao and Chen,
2006; Li et al., 2011; Qiao et al., 2015; Shang et al., 2010; Zhang et al.,
2006). Several atmospheric chemistry models have demonstrated that
the gaseous oxidation by OH radical and the aqueous oxidation by
ozone andhydrogen peroxide are insufficient to bridge the gap between
field and modelling studies on a global scale (Barrie et al., 2001;
Kasibhatla et al., 1997; Luria and Sievering, 1991) Therefore, heteroge-
neous conversion of SO2 has attracted wide attention. For example, lab-
oratory studies have found that NO2 can promote the heterogeneous
conversion of SO2 to sulfate (Liu et al., 2012; Ma et al., 2008). However,
the heterogeneous conversion of SO2 on α-Fe2O3 can be suppressed by
the presence of CH3CHO (Zhao et al., 2015), whereas the formation of
sulfate is not affected by the presence of formic acid (Wu et al., 2013).
These studies imply that the heterogeneous conversions of SO2 in the
real atmosphere are complicated and susceptible to other species.

NOx emitted from natural and anthropogenic sources can be
adsorbed on the surfaces of mineral particles to form adsorbed nitric
acid, nitrite and nitrate (Anttila et al., 2011; Goodman et al., 1998;
Underwood et al., 1999). Adsorbed nitrite and nitrate can undergo pho-
tolysis and produce OH and O (3P) (Chu and Anastasio, 2007; Goldstein
and Rabani, 2007; Schuttlefield et al., 2008). These active species are im-
portant oxidants for the heterogeneous oxidations of atmospheric SO2

and organic species. Nitrate photolysis may be coupled with the oxida-
tion conversions of atmospheric gaseous pollutants. However, the pro-
cesses involved remain poorly understood. Moreover, the
accumulation of generated adsorbed nitric acid, nitrite and nitrate on
the particle surfaces will change the physicochemical properties of
these particles, which will further affect their hygroscopicity, optical
properties and heterogeneous reactivities.

In addition, field measurements showed that a linear correlation ex-
ists between nitrate and sulfate in PM2.5, indicating the mutual influ-
ence between the formation processes of sulfate and nitrate in the
atmosphere (Kong et al., 2014a; Kong et al., 2014b). Wang et al.
(2016) found that the oxidation of SO2 byNO2 occurs efficiently in aque-
ous media including in-cloud oxidation and on fine particulate matter
with NH3 neutralization. Xie et al. (2015) found that the formation of
sulfate can be enhanced by NO2 in mineral dust surface catalytic reac-
tions of SO2 and in dust-induced photochemical heterogeneous reac-
tions of SO2, as well as aqueous oxidations of S (IV) under foggy/
cloudy conditions with high NH3 concentration. The role of NO2 in the
production of sulfate during Chinese haze-aerosol episodes has also
been observed (Li et al., 2018). These field observations indicate an im-
portant role of NO2 in SO2 oxidation in the real atmosphere. Several lab-
oratory studies have focused on the synergistic effects betweenNO2 and
SO2. For example, the synergistic reaction between SO2 and NO2 on dif-
ferent mineral oxides has been observed (Huang et al., 2017; Liu et al.,
2012; Ma et al., 2008; Ma et al., 2017), and it is found that the presence
of NO2 can promote the oxidation of SO2, whereas SO2 can alter the re-
action pathways of NO2 and lead to the transformation of intermediate
from nitrite to N2O4 (Ma et al., 2008). On the other hand, SO2 can also
initiate the efficient conversion of NO2 to HONO on MgO surface (Ma
et al., 2017). Zhao et al. (2018) found that the CaCO3 solid particle was
first converted to the Ca(NO3)2 droplet by the reaction with NO2 and
the deliquescence of Ca(NO3)2, and then NO2 oxidized SO2 in the
Ca(NO3)2 droplet forming CaSO4 under the introduction of the SO2/
NO2/H2O/N2 gas mixture. However, all the laboratory studies men-
tioned above have been performed in the absence of light, and few stud-
ies have focused on the interactions between NO2 and SO2 or between
adsorbed nitrate and SO2 under light.

In this study, the impact of adsorbed nitrate on the heterogeneous
conversion of SO2 on α-Fe2O3 in the absence and presence of simulated
solar irradiation was investigated using an in situ diffuse reflectance in-
frared Fourier transform spectroscopy (DRIFTS). The roles of adsorbed
nitrate itself and its photolysis in the heterogeneous reaction of SO2

have been revealed, and the possible heterogeneous reaction mecha-
nism was discussed. This study will provide significant information
about the roles of adsorbed water, light, and adsorbed nitrate itself
and its photolysis in the atmospheric chemistry, and help us to have a
better understanding of the formation of secondary inorganic aerosols
in the real atmosphere.

2. Experimental section

2.1. Materials

α-Fe2O3 powder was prepared according to the method in the pre-
vious study (Kong et al., 2014b). Powder X-ray diffraction confirmed
the prepared sample as pure hematite, and the Brunauer–Emmett–Tell-
er (BET) area was 13.2 m2 g−1 (Micromeritics TriStar 3000,
Micromeritics Instrument Co., USA). O2 (99.999% purity, Shanghai
Qingkuan Chemical Co., Ltd.) and N2 (99.999% purity, Shanghai
Qingkuan Chemical Co., Ltd.) were introduced into a reaction chamber
through gas dryers before use. The selected standard gases NO2

(200 ppm, NO2/N2) and SO2 (100 ppm, SO2/N2) (Shanghai Qingkuan
Chemical Co., Ltd.) were used as reactant gases. Dry α-Fe2O3 powder
sample was prepared in the DRIFTS reaction chamber by heating at
723 K for 8 h under the introduction of synthetic air, and then it was
cooled down to 298 K for subsequent reaction. In addition, humid α-
Fe2O3 particles were prepared by placing them in a desiccator for 48 h
where the sample powder was equilibrated at 68% relative humidity.
The relative humidity was controlledwith a saturated solution of potas-
sium iodide (Sigma-Aldrich). The obtained humid α-Fe2O3 sample in
our experiment was still loose powder rather than being immersed in
a solution after the equilibration, and several adsorbed water layers
were present on the humid sample surface (Ma et al., 2010).

2.2. In situ DRIFTS experiments

The impact of adsorbed nitrate on the heterogeneous conversion of
SO2 on α-Fe2O3 in the absence and presence of simulated solar irradia-
tion has been studied by using in situ DRIFTS as previous studies (Kong
et al., 2014b; Sun et al., 2015, 2016). Data of infrared spectra were re-
corded by using a Nicolet Avatar 360 FTIR spectrometer which was
equipped with a MCT detector and a diffuse reflectance accessory. An
automatic temperature controllerwasused to control the chamber tem-
perature and the sample temperature. A ceramic crucible in the cham-
ber was used as a container for holding α-Fe2O3 particles. Before the
reaction started, the synthetic air was introduced at a total flow rate of
100ml/min for 1 h to purge the reaction chamber andα-Fe2O3 particles.
After a background spectrumwas collected, a mixture of NO2 (40 ppm),
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O2 (21% v/v) and N2 (ca. 79% v/v) was introduced into the chamber at a
total flow rate of 100 ml/min for different time to obtain adsorbed ni-
trate, and then the synthetic airwas used to purge the chamber and par-
ticle sample again at a total flow rate of 100ml/min for another 60min.
A background spectrum was recorded. After collecting the background
spectrum, a mixture of SO2 (3 ppm), O2 (21% v/v) and N2 (ca. 79% v/v)
was introduced into the chamber at a total flow rate of 100 ml/min,
and infrared spectra were recorded during the reaction processes. All
the spectra reported here were recorded at a resolution of 4 cm−1 for
100 scans, and the measurements were repeated three times. In addi-
tion, a model CEL-TCX250 xenon lamp coupled with an optical fiber
(Beijing Jin Yuan Science and Technology Co., Ltd.) was used to provide
simulated solar irradiation.

3. Results and discussion

To investigate the impact of adsorbed products from the uptake of
NO2 on the heterogeneous conversion of SO2, the following aspects
are involved: (1) Investigations of the heterogeneous uptakes of NO2

on dry and humid α-Fe2O3, respectively. (2) Investigations of the im-
pacts of adsorbed products from NO2 preadsorption for 30 and 90 min
on the heterogeneous reactions of SO2 on α-Fe2O3 particles with and
without illumination, respectively.

3.1. Uptake of NO2 on α-Fe2O3 particle surfaces

Firstly, the uptake of NO2 on the surface ofα-Fe2O3 was investigated
at 298 K. The α-Fe2O3 sample was exposed to NO2 (40 ppm) balanced
with synthesized air at a total flow rate of 100 ml/min and in situ
DRIFTS spectra were collected. Fig. 1 shows the DRIFTS spectra of
formed products after the introduction of NO2. The exposure of dry α-
Fe2O3 powder to NO2 results in the appearance of two prominent
peaks around 1540 and 1285 cm−1 (Fig. 1a). These peaks grow in inten-
sity with the increase of reaction time. The two peaks are assigned to
monodentate and bidentate nitrate, respectively (Niu et al., 2017; Sun
et al., 2016; Underwood et al., 1999, 2001). The results indicate that
adsorbed nitrate is the main product during the heterogeneous uptake
of NO2 on the dry particle surfaces. In addition, two negative peaks at
3664 and 3631 cm−1 assigned to isolated hydroxyl groups are also ob-
served, indicating that the isolated hydroxyl groups bonding to the par-
ticle surfaces are consumed during the heterogeneous reaction of NO2

(Watanabe and Seto, 1993). This result reveals that the isolated hy-
droxyls are important reaction active sites for the heterogeneous con-
version of NO2 on α-Fe2O3.

Compared to the dry α-Fe2O3 sample, humid sample presents simi-
lar results as shown in Fig. 1b. However, the prominent peaks at 1540
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Fig. 1. DRIFTS spectra of surface products as a function of reaction time during the rea
and 1285 cm−1 increase significantly, indicating that surface adsorbed
water greatly promotes the formation of adsorbed nitrate. Meanwhile,
two weak shoulder peaks appear at 1363 and 1343 cm−1, and these
two peaks increase with the increase of reaction time. These peaks are
assigned to water-solvated nitrates (Niu et al., 2017), indicating the for-
mation of water-solvated nitrate during the heterogeneous uptake of
NO2 on the humid α-Fe2O3 particles. The in situ DRIFTS spectra of the
heterogeneous reaction processes of NO2 verify that the uptakes of
NO2 on the dry and humid α-Fe2O3 particles can produce adsorbed ni-
trate at different stages, which provide the source of adsorbed nitrate
used in this study. Besides, it should be pointed out that no formation
of adsorbed nitrite and N2O4 is observed in Fig. 1a and b.

Furthermore, during the reactions of dry or humid α-Fe2O3 with
NO2, a weak broad absorption peak extending from 3700 to
2600 cm−1 slowly increases in intensity with the increase of reaction
time. This broad peak is primarily associated with O\\H vibrations of
hydrogen-bonded OH groups of acid (Börensen et al., 2000; Goodman
et al., 1999; Ramazan et al., 2006), indicating the enhanced surface
acidity.
3.2. Heterogeneous reaction of SO2 on α-Fe2O3 particle surfaces

In order to investigate the impact of adsorbed nitrate on the hetero-
geneous conversion of SO2 onα-Fe2O3, it is necessary to understand the
heterogeneous conversion processes of SO2 on the surface of α-Fe2O3

under different conditions. Fig. 2 shows the in situ DRIFTS spectra of het-
erogeneous reaction processes of SO2 on the surfaces of α-Fe2O3 parti-
cles. Fig. 2a–d represents the spectra under four different reaction
conditions, including dry particles + no light, dry particles + light,
humid particles + no light and humid particles + light, respectively.
Fig. 2a shows typical spectra of surface products on dry particles record-
ed as a function of the exposure time of SO2 in the absence of light. Sev-
eral peaks appeared at 1337, 1243, 1158 and 1058 cm−1 are observed in
the spectra, and these peaks increase with the increase of reaction time.
The broad peak around 1243 cm−1 is actually composed of two major
peaks at 1261 and 1219 cm−1. The peaks at 1261, 1158 and
1058 cm−1 can be assigned to surface bidentate sulfate complexes
(Kong et al., 2014b; Wu et al., 2013). The increase in the peak intensity
at 1219 cm−1with the increase in exposure time indicates the increased
surface acidity (Hug, 1997; Kong et al., 2014b). These results are consis-
tent with previous studies (Hug, 1997; Kong et al., 2014b; Persson and
Lovgren, 1996; Sugimoto and Wang, 1998; Wu et al., 2013). Under
other conditions, similar peaks shown in Fig. 2b–d are observed, indicat-
ing that adsorbed sulfate are still main product during the heteroge-
neous reaction of SO2 on the sample particle surfaces. In addition, it
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ction of α-Fe2O3 particle surfaces with NO2: (a) dry α-Fe2O3; (b) humid α-Fe2O3.
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Fig. 2. DRIFTS spectra of surface products as a function of reaction time during the reaction of SO2 with α-Fe2O3 particle surfaces: (a) dry particles + no light; (b) dry particles + light;
(c) humid particles + no light; (d) humid particles + light.
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should be noted that adsorbedwater can greatly promote the formation
of adsorbed sulfate.
3.3. Impact of adsorbed nitrate from NO2 preadsorption for 30 min on the
heterogeneous conversion of SO2 on α-Fe2O3 particle surfaces

Fig. 3 shows the heterogeneous reactions of SO2 on the surfaces ofα-
Fe2O3 particles with adsorbed nitrate from NO2 preadsorption for
30 min under four different reaction conditions, including dry
particles + no light (Fig. 3a), dry particles + light (Fig. 3b), humid
particles + no light (Fig. 3c) and humid particles + light (Fig. 3d), re-
spectively. Fig. 3a shows that several peaks appeared at 1746, 1300,
1231, 1153 and 1058 cm−1. These peaks increase as a function of in-
creasing time. As discussed above, these peaks indicate the formation
of sulfate (Hug, 1997; Kong et al., 2014b; Persson and Lovgren, 1996;
Sugimoto and Wang, 1998; Wu et al., 2013). At the same time, the
peaks at 1746 and 1300 cm−1 are attributed to asymmetric νas (NO2)
and symmetric νs (NO2) stretch of N2O4 (Niu et al., 2017), indicating
the formation of adsorbed N2O4 during the introduction of SO2. In addi-
tion, weak negative peaks in the range from 1600 to 1400 cm−1 are ob-
served. These peaks are assigned to adsorbed nitrate, indicating that a
small amount of adsorbed nitrate is consumed. Our previous study has
revealed that in the absence of light nitrate can promote the heteroge-
neous oxidation of SO2 on the sample prepared bymixingα-Fe2O3 par-
ticles with sodium nitrate, and lead to the consumption of adsorbed
nitrate and the formation of surface-adsorbed N2O4 (Kong et al.,
2014b). Therefore, this result mentioned above is consistent with our
previous study.
Compared to Fig. 3a, some differences in intensity are shown in
Fig. 3b. The intensities of the peaks of sulfate in Fig. 3b are higher than
those in Fig. 3a. The result clearly indicates that the simulated solar irra-
diation can greatly promote the formation of adsorbed sulfate on the
dry particles. In addition, the negative peaks at 1529, 1498, 1443 and
1286 cm−1 are more obvious than those in Fig. 3a. The peaks at
1529 cm−1 and 1498 cm−1 are assigned to monodentate nitrate, the
peak at 1286 cm−1 is assigned to bidentate nitrate, and the peak at
1443 cm−1 is assigned to bridging nitrate (Niu et al., 2017;
Underwood et al., 1999; Underwood et al., 2001). These negative
peaks increase with the increase of reaction time, indicating the con-
sumption of adsorbed nitrate with the reaction time. Compared to
those peaks in Fig. 3a, the enhanced consumption of adsorbed nitrate
is observed in Fig. 3b. This result indicates the enhanced consumption
of adsorbed nitrate from its photolysis during the reaction, though
adsorbed nitrate may also be consumed through the reaction pathway
under no light.

Moreover, DRIFTS spectra from humid particles in the absence of
simulated solar irradiation (Fig. 3c) and in the presence of simulated
solar irradiation (Fig. 3d) show similar spectra to Fig. 3a. Positive
peaks appear at 1746, 1300, 1253, 1219, 1158 and 1058 cm−1 in
Fig. 3c and d. These positive peaks in Fig. 3c are higher than those in
Fig. 3a, and these positive peaks in Fig. 3d are also higher than those
in Fig. 3b. These results indicate that the presence of adsorbed water
can significantly promote the formation of adsorbed N2O4 and sulfate
on the samples. Meanwhile, compared to those peaks in Fig. 3c, light
can also promote the formation of adsorbed sulfate on the humid parti-
cles (Fig. 3d). In addition, it should be noted that somenegative peaks in
the range from 1600 to 1400 cm−1, which indicates the loss of adsorbed
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Fig. 3. DRIFTS spectra of surface products as a function of reaction time during the reaction of SO2 with α-Fe2O3 particles preadsorbed by NO2 for 30 min: (a) dry particles + no light;
(b) dry particles + light; (c) humid particles + no light; (d) humid particles + light.
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nitrate, are not apparent in Fig. 3c and d due to the presence of strong
sulfate absorption peaks, but these peaks with very low intensity are
still observed when this range is enlarged (not shown here).

3.4. Impact of adsorbed nitrate from NO2 preadsorption for 90 min on the
heterogeneous conversion of SO2 on α-Fe2O3 particle surfaces

Fig. 4 shows the heterogeneous reactions of SO2 on the surfaces ofα-
Fe2O3 particles preadsorbed by NO2 for 90 min under four different re-
action conditions, including dry particles + no light (Fig. 4a), dry
particles + light (Fig. 4b), humid particles + no light (Fig. 4c) and
humid particles + light (Fig. 4d), respectively. As can be seen in
Fig. 4a–d, the positive peaks at 1746, 1300, 1230, 1153 and 1058 cm−1

and the weak negative peaks at 1525, 1498 and 1457 cm−1 appear.
These peaks increase with the reaction time. The results are similar to
those in Fig. 3b, indicating the formation of adsorbed N2O4 and sulfate
and the consumption of adsorbed nitrate. However, these peaks have
some differences in their intensity under the four different conditions,
though Fig. 4b–d show similar peaks to Fig. 4a. The intensities of the
peaks of adsorbed sulfate under the four different reaction conditions
are shown as follows: dry particles + no light b dry particles + light
b humid particles + no light b humid particles + light, indicating that
the presence of light and adsorbed water can promote the formation
of sulfate.

Meanwhile, the appearance of weak negative peaks at 1525, 1498
and 1457 cm−1 in Fig. 4a and c indicates that adsorbed nitrate is con-
sumed on the dry and humid particles in the absence of light during
the reaction. However, more obvious negative peaks at 1525, 1498
and 1457 cm−1 can be observed in the presence of light in Fig. 4b and
d, indicating that the consumption of adsorbed nitrate can be promoted
by light. This result further demonstrates the occurrence of the photol-
ysis of adsorbed nitrate. On the other hand, the intensities of these neg-
ative peaks on the humid particles are higher than those on the dry
particles. This result verifies that surface adsorbed water can also pro-
mote the consumption of adsorbed nitrate. The most obvious negative
peaks are shown in Fig. 4d among these spectra, implying a combined
effect of surface adsorbedwater and light on the heterogeneous conver-
sion of SO2 and the formation of sulfate.

3.5. Comparison of heterogeneous conversion of SO2 on different α-Fe2O3

particle surfaces

In order to further investigate the influence of different conditions
on sulfate formation, the amount of the formed sulfate is compared in
this study. Fig. 5 shows the variations of total integrated absorbance
areas of adsorbed sulfate as a function of reaction time during the het-
erogeneous reactions of SO2 on α-Fe2O3 particles with and without
adsorbed nitrate. As can be seen from Fig. 5a, the formation of sulfate in-
creases first and then tends to be stable with the increasing reaction
time. The amount of the formed sulfate on the humid particles is higher
than that on the dry particles, indicating the presence of surface
adsorbed water can greatly promote the formation of sulfate. This sug-
gests that surface adsorbedwater has a significant impact on the forma-
tion of sulfate during the heterogeneous conversion of SO2 as discussed
above. Meanwhile, light can also promote the heterogeneous conver-
sion of SO2 on the dry particles because α-Fe2O3 is a typical
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photocatalytic material, which results in more sulfate on the dry parti-
cles under light. However, an opposite result appears on the humid par-
ticles. That is, the heterogeneous conversion of SO2 on the surfaces of
humid α-Fe2O3 particles is somewhat suppressed in the presence of
light. Compared the role of surface adsorbed water with that of light,
adsorbed water has a more significant impact on the heterogeneous re-
action of SO2 than light. In addition, it should be pointed out that the en-
hanced formation of sulfate aerosols in haze episodes has been found by
many previous studies and it is usually attributed to heterogeneous re-
actions (Hua et al., 2015; Kong et al., 2018; Qiao et al., 2015). This result
may help to better elucidate the enhanced formation of sulfate when
haze episode occurs.

On the surfaces of the dryα-Fe2O3 particles, the adsorbedwater and
the moisture inside the particles can be considered to have been re-
moved through long-time heating process at 723 K under the introduc-
tion of synthetic air. Therefore, a relatively low heterogeneous reactivity
of SO2 on the dry particles is expected due to the mere availability of
surface active sites for the heterogeneous conversion of SO2 in the ab-
sence of adsorbed water and light. However, the photocatalytic activity
ofα-Fe2O3 can promote the heterogeneous conversion of SO2 on the dry
particles in the presence of light, which leads to the formation of more
adsorbed sulfate. For the humid α-Fe2O3 particles, more adsorbed
water exists on the humid α-Fe2O3 particles than on the dry α-Fe2O3

particles. On the one hand, previous studies demonstrated that Lewis
acid sites, hydroxyl groups, and oxygen vacancies can play important
roles in the surface chemistry of SO2 (Baltrusaitis et al., 2007; Fu et al.,
2007; Goodman et al., 2001; Kong et al., 2014b),while the active oxygen
and hydroxyl can be generated from the interaction of O2 and H2Owith
the surface of α-Fe2O3 (Baltrusaitis et al., 2007). Therefore, the hetero-
geneous reaction can be promoted by adsorbed water on the α-Fe2O3

particles. On the other hand, as a typical photocatalytic material, α-
Fe2O3 can produce photogenerated electrons and holes in the presence
of light. The formed photogenerated holes can directly oxidize S (IV)
species into S (VI) species. Meanwhile, the interaction between formed
photogenerated holes and adsorbed water and the interaction between
formed photogenerated electrons and O2 in the presence of H2O and
acidic surface can produce OH radicals (Nanakkal and Alexander,
2017), which can also oxidize S (IV) species into S (VI). These enhance
the oxidization of SO2 and the formation of adsorbed sulfate (Faust
and Hoffmann, 1986). However, in the presence of light, the ultraviolet
light from the simulated solar irradiation can also promote the photoin-
duced reductive dissolution of α-Fe2O3 by bisulfite in the presence of
H2O, which results in the transformation of the Fe (III) into Fe (II) on
the α-Fe2O3 particles, and thus weakens the photocatalytic activity of
the α-Fe2O3 (Faust and Hoffmann, 1986; Liao et al., 2001). Therefore,
the combined effect of these aspects on the humid particle surfaces
may lead to the heterogeneous conversion of SO2 under no light being
higher than that under light.

Fig. 5b and c shows the variations of total integrated absorbance
areas of sulfate on α-Fe2O3 with adsorbed nitrate from the
preadsorption of NO2 for 30 and 90minwith reaction time, respectively.
Overall, the amount of the formed sulfate on the dry and humid parti-
cles is lower than those in Fig. 5a, respectively, showing the impact of
the preadsorption of NO2 and the presence of adsorbed nitrate. Howev-
er, as shown in Fig. 5b and c, the amount of the formed sulfate on the
humid particles is still higher than that on the dry particles, indicating
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Fig. 5. Integral peak area of adsorbed sulfate as a function of reaction time during the reaction of SO2with differentα-Fe2O3 particles: (a)without adsorbed nitrate; (b) preadsorbedbyNO2

for 30 min; (c) preadsorbed by NO2 for 90 min.
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that surface adsorbedwater still has a significant effect on the formation
of sulfate during the heterogeneous conversion of SO2 on α-Fe2O3 par-
ticles with adsorbed nitrate.

For the dryα-Fe2O3 particles, light promotes the formation of sulfate
during the heterogeneous reactions of SO2. This result is similar to that
on the dry particles without adsorbed nitrate. Meanwhile, as shown in
Fig. 5a, b and c, the difference between the production of sulfate from re-
actions on the dry particleswith andwithout light is getting smaller and
smaller. Generally, the active sites on the α-Fe2O3 particle surfaces are
gradually consumed by the preadsorption of NO2 and covered by the
products, which will suppress the subsequent formation of sulfate. As
a common photocatalytic material, α-Fe2O3 can enhance the oxidation
of SO2 under light, but its photocatalytic activitymay gradually decrease
with the continuous introduction of NO2. Meanwhile, the enhanced ox-
idation of SO2 by the formed nitrate itself and its photolysis can bridge
the gap of suppression from adsorbed nitrate coverage to some extent.
Therefore, one possible explanation for this phenomenon is that the de-
crease of photocatalytic activity has a more important impact on the
heterogeneous oxidation of SO2 than the enhanced oxidation of SO2

by adsorbed nitrate itself and its photolysis.
For the humid α-Fe2O3 particles with adsorbed nitrate, the hetero-

geneous conversion of SO2 is generally enhanced under light, which is
opposite to that on the humid α-Fe2O3 particles without adsorbed ni-
trate. This result may imply the contribution of adsorbed nitrate itself
and its photolysis to the formation of sulfate. Nitrate can enhance the
formation of sulfate on the α-Fe2O3 particles under no light (Kong
et al., 2014b). Photolysis of adsorbed nitrate can produce oxidizing ac-
tive species such as OH radical and active oxygen (Schuttlefield et al.,
2008), and these active species can lead to the heterogeneous oxidation
of SO2 on the α-Fe2O3 particles. Meanwhile, α-Fe2O3 is a common
photocatalyst, and photoinduced reductive dissolution can occur in
the presence of water and light (Faust and Hoffmann, 1986). Therefore,
the enhanced formation of adsorbed sulfate on humid particles under
light shows a combined result of the photocatalysis and photoinduced
reductive dissolution ofα-Fe2O3 as well as the roles of adsorbed nitrate
itself and its photolysis when compared to that under no light.

3.6. Heterogeneous reaction mechanism of SO2 on α-Fe2O3 particles with
adsorbed nitrate in the absence and presence of simulated solar irradiation

Based on the experimental resultsmentioned above, reactionmech-
anism for the heterogeneous reaction of SO2 on the α-Fe2O3 particles
with adsorbed nitrate is proposed. For the α-Fe2O3 particles without
adsorbed nitrate under no light, the reactionmechanism should be sim-
ilar to those proposed by previous studies (Kong et al., 2014b; Prince
et al., 2007; Zhang et al., 2006; Zhao et al., 2015). That is, the heteroge-
neous adsorption and uptake of SO2 result in the formation of S (IV) spe-
cies through Lewis acid sites, hydroxyl groups and oxygen vacancies,
and then the formed S (IV) species are further oxidized to surface S
(VI) species such as bisulfate and sulfate in the presence of O2 and
H2O (Fu et al., 2007; Kong et al., 2014b). For theα-Fe2O3 particles with-
out adsorbed nitrate under light, α-Fe2O3 produces photogenerated
electrons and holes. The formed photogenerated holes directly oxidize
S (IV) species into S (VI) species. Meanwhile, the interaction between
the formed photogenerated holes and adsorbed water and the interac-
tion between the formed photogenerated electrons and O2 in the pres-
ence of H+ and H2O can produce OH radicals, which can oxidize S (IV)
species into S (VI). These enhance the oxidization of SO2 and the forma-
tion of adsorbed sulfate. In addition, photoinduced redox reactions on
the humid α-Fe2O3 particles occurs, which leads to the formation of Fe



Fig. 6. Schematic of the heterogeneous reaction mechanism of SO2 on α-Fe2O3 particle
preadsorbed by NO2 in the presence of light.
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(II) and the suppression of sulfate formation (Faust and Hoffmann,
1986).

For the α-Fe2O3 particles with adsorbed nitrate under no light, SO2

can also be oxidized into adsorbed sulfate via the pathways similar to
those on the α-Fe2O3 particles without adsorbed nitrate. In addition,
in situ formation of adsorbed nitrate by the preadsorption of NO2 not
only consumes the surface active sites but also forms the adsorbed ni-
trate covering the active sites, which suppresses the subsequent hetero-
geneous conversion of SO2 to some extent. For the α-Fe2O3 particles
with adsorbed nitrate under light, besides the pathways mentioned
for theα-Fe2O3 particles without adsorbed nitrate under light, the pho-
tolysis of the formed adsorbed nitrate can produce oxidizing active spe-
cies such as OH radicals and active oxygen, which further oxidize S (IV)
species into S (VI), whereas photoinduced redox reactions on the humid
α-Fe2O3 particles would suppress the formation of sulfate to some
extent.

Furthermore, our previous study has revealed that the nitrate from
the mechanical mixture of α-Fe2O3 and sodium nitrate can promote
the formation of sulfate (Kong et al., 2014b), whereas in this study the
adsorbed nitrate formed from in situ heterogeneous uptake of NO2 de-
creases the formation of sulfate compared to the reaction occurs on
the α-Fe2O3 particles without NO2 preadsorption. As is well-known to
all, surface hydroxyl groups are important active sites for the heteroge-
neous reactions of SO2 and NO2. The method of in situ formation of
adsorbed nitrate can consume a part of surface hydroxyl groups,
whichwill suppress subsequent heterogeneous reaction of SO2. This re-
sult indicates that the formationmethod of adsorbed nitrate, the formed
mixing state and the different composition of nitrates will have signifi-
cant impacts on the heterogeneous conversion of SO2. However, for the
heterogeneous conversion of SO2 on the dry or humid particles with
adsorbed nitrate under the same reaction conditions, adsorbed nitrate
on the whole still promotes the formation of sulfate, especially on
humid particles.

In addition, positive peaks assigned to adsorbed N2O4 are observed
in both Figs. 3 and 4. This is consistent with our previous study (Kong
et al., 2014b). Several previous studies also indicated that N2O4 can be
produced on the surface of mineral dust with the introduction of NO2

when SO2was present and itwas verified as a crucial oxidant for the ox-
idation of surface sulfite, and the formation of N2O4 was postulated that
NO2 directly dimerize to N2O4 on the surface (Liu et al., 2012; Ma et al.,
2008). However, in this study, the formation of N2O4 is observed under
the introduction of SO2 when only adsorbed nitrate is present, which
suggests a different formation mechanism of N2O4. Therefore, based
on our previous study, a possible heterogeneous reaction mechanism
is proposed as follows: NO2 preadsorption processes not only can
form adsorbed nitrate on the surface of α-Fe2O3, but also can increase
the surface acidity of α-Fe2O3 particles (Börensen et al., 2000;
Goodman et al., 1999; Ramazan et al., 2006). The introduction of SO2

into chamber can produce reductive adsorbed sulfite. The interaction
between the adsorbed nitrate and the formed adsorbed sulfite occurs
on acidic surface, and the adsorbed sulfite/bisulfite is oxidized into sul-
fate, HONO is produced at the same time (Kong et al., 2014b). Mean-
while, the heterogeneous reaction of SO2 on α-Fe2O3 not only can
produce Fe2+ but also can increase the surface acidity (Kong et al.,
2014b). The formed Fe2+ can also interact with adsorbed nitrate on
acidic surface to produceHONO (Backes et al., 2005). The interactionbe-
tween adsorbed nitrate and the formed HONO on acidic particle sur-
faces generates NO+NO3

−, and some NO+NO3
− isomerizes to surface

asymmetric ONONO2, and then converts to a small amount of adsorbed
N2O4 (Kong et al., 2014b). Therefore, the peaks assigned to the adsorbed
N2O4 can be observed in the DRIFTS spectra. The surface reactions con-
cerned are as follows:

SO2 þ surface hydroxyl groups=oxygen active sites→HSO3
−=SO3

2− ðR1Þ

SO2 þH2O→H2SO3 ðR2Þ
H2SO3→Hþ þHSO3
− ðR3Þ

2HSO3
− þ O2→2Hþ þ 2SO4

2− ðR4Þ

6Hþ þ Fe2O3→2Fe3þ þ 3H2O ðR5Þ

2Fe3þ þHSO3
− þ H2O→2Fe2þ þ SO4

2− þ 3Hþ ðR6Þ

HSO3
− þ NO3

−→HONOþ SO4
2− ðR7Þ

2Fe2þ þ 3Hþ þNO3
−→2Fe3þ þHONOþH2O ðR8Þ

HONO surfaceð Þ þNO3
− surfaceð Þ þHþ→NOþNO3

− surfaceð Þ
þ H2O ðR9Þ

NOþNO3
− surfaceð Þ→ONONO2 surfaceð Þ→N2O4 surfaceð Þ ðR10Þ

These processes mentioned above will lead to the consumption of
adsorbed nitrate whether under light or under no light, while the pho-
tolysis of adsorbed nitrate under light will further enhance the con-
sumption of adsorbed nitrate. These are consistent with our
observations. The heterogeneous reaction mechanism of SO2 on α-
Fe2O3 particlewith adsorbed nitrate in the presence of light is illustrated
in Fig. 6.

4. Conclusion

The impact of adsorbed nitrate on the heterogeneous conversion of
SO2 on α-Fe2O3 in the absence and presence of simulated solar irradia-
tion was investigated by using DRIFTS. For this purpose, the heteroge-
neous reactions of SO2 on the α-Fe2O3 particles with adsorbed nitrate
fromNO2 preadsorption for 30 and 90min were studied under four dif-
ferent reaction conditions, including dry particles + no light, dry
particles + light, humid particles + no light and humid particles
+ light, respectively. The results show that for α-Fe2O3 particles with-
out adsorbed nitrate, the formation of adsorbed sulfate on the humid
particles is stronger than that on the dry particles, indicating that sur-
face adsorbed water can greatly promote the conversion of SO2 and
the formation of sulfate. Light can also promote the heterogeneous con-
version of SO2 on the dry particles because α-Fe2O3 is a typical photo-
catalytic material, which results in more sulfate on dry particles under
light. However, an opposite result appears on the humid particles.
That is, the heterogeneous conversion of SO2 on the humidα-Fe2O3 par-
ticles can be somewhat hindered in the presence of light, suggesting the
occurrence of photoinduced reductive dissolution.



1401C. Du et al. / Science of the Total Environment 649 (2019) 1393–1402
For the heterogeneous conversion of SO2 on α-Fe2O3 particles with
adsorbed nitrate, the amount of the formed sulfate on the humid parti-
cles is still higher than that on the dry particles, indicating that surface
adsorbed water still has a significant impact on the formation of
adsorbed sulfate. For the dry α-Fe2O3 particles with adsorbed nitrate,
light promotes the formation of adsorbed sulfate. This result is similar
to that on the dry particles without adsorbed nitrate. For the humid
α-Fe2O3 particles with adsorbed nitrate, the heterogeneous conversion
of SO2 under light is stronger than that under no light, which is opposite
to that on the humid α-Fe2O3 particles without adsorbed nitrate. The
reason is that the photolysis of adsorbed nitrate produces oxidizing ac-
tive species such as OH radical and active oxygen, and these active spe-
cies take part in the heterogeneous oxidation of SO2, and thus enhance
the formation of sulfate. These results show that the roles of adsorbed
nitrate itself and its photolysis are coupled with the oxidation of SO2

and the formation of sulfate. In addition, no adsorbed N2O4 can be ob-
served on the dry and humid α-Fe2O3 particles during the
preadsorption of NO2, but it appears on the dry and humidα-Fe2O3 par-
ticles with adsorbed nitrate during the introduction of SO2.

In this study, adsorbed nitrate was produced by pre-adsorption of a
higher concentration of NO2, and the impact of adsorbed nitrate on the
heterogeneous conversion of SO2 was investigated in the presence and
absence of light by using a relatively low concentration of SO2. Although
there is still a gap between the gas concentrations in our experiment
and in the real atmosphere due to the detection limit of DRIFTS tech-
nique, results from this study have important atmospheric implications.
Firstly, as mentioned in the Introduction, the continuous increase in ve-
hicle population and energy consumption in China has resulted in con-
siderable emissions of SO2 and NO2, and thus the heterogeneous
conversion of SO2 on the atmospheric particles will be inevitably affect-
ed by NO2 itself and its preadsorbed products. Previous field measure-
ment studies not only have demonstrated that sulfate is internally
mixed with nitrate and mineral dust, but also have found that NO2

plays an important role in surface conversions of SO2 and in dust-
induced photochemical heterogeneous reactions of SO2 (Xie et al.,
2015). This study demonstrates the significant roles of adsorbed nitrate
itself and its photolysis in the heterogeneous conversion of SO2 on α-
Fe2O3 in the absence and presence of light, and reveals the possible
pathways of heterogeneous reactions of SO2 under the conditions of
coupling with adsorbed nitrate itself and its photolysis. As far as we
know, this is the first study on this aspect in atmospheric chemistry.
Adsorbed nitrate is ubiquitous in the atmosphere, and this chemistry
may occur on airborne dust particles and play a significant role in atmo-
spheric chemistry due to the coexistence of NO2, SO2 and dust particles
in the atmosphere, especially in the atmospheric environment with
high emission, high gaseous pollutant concentration and high particu-
late pollution level. Secondly, our results demonstrate that the hetero-
geneous oxidation of SO2 can be impacted by surface adsorbed water,
solar irradiation, adsorbed nitrate itself and its photolysis, and
photocatalysis and photoinduced reductive dissolution of α-Fe2O3.
Meanwhile, it is found that the formation method of the sample, the
formed mixing state and the different composition of nitrates also
have significant impacts on the heterogeneous conversion of SO2.
Therefore, these results imply that the heterogeneous conversion of
SO2 in the atmosphere is complicated and changeable. However, with
the continuous development and utilization of advanced characteriza-
tion techniques and the integration of laboratory experiments, field ob-
servations and model simulations, we believe that the heterogeneous
reaction processes and mechanisms in the atmosphere will be revealed
more and more clearly. This study provides a case study for further un-
derstanding of the complex heterogeneous reaction processes and sec-
ondary pollution mechanisms in the real atmosphere. Finally, it is
reasonable to speculate that the OH radicals and active oxygen formed
form the photolysis of adsorbed nitrate in the atmosphere can also par-
ticipate in the reactions of other air pollutants such as gaseous organic
pollutants, and thus favour the formation of other secondary species
including secondary organic aerosols, which will help further under-
stand the formation of secondary species or aerosols in the atmosphere.
Also, the impact of adsorbed nitrate on atmospheric heterogeneous re-
actionswould change chemical composition, hygroscopicity, cloud con-
densation activity and optical properties of aerosol particles, and thus
alter their health and climate effects, which should be considered in at-
mospheric research and atmospheric modelling.
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