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Abstract: Soot and aged soot are often found to be mixed with atmospheric particles, which inevitably
affect various atmospheric heterogeneous reactions and secondary aerosol formation. Previous
studies have investigated the heterogeneous reaction of NO2 with different types of soot, but there
are few studies on the heterogeneous reaction of NO2 with mixtures containing diesel soot (DS) or
aged DS and mineral dust particles. In this study, the effects of DS and aged DS on the heterogeneous
reaction of NO2 on the surface of γ-Al2O3 were investigated via in-situ diffuse reflectance infrared
Fourier transform spectrometry (DRIFTS). The results showed that the DS or DS n-hexane extract
significantly inhibited the formation of nitrate on γ-Al2O3 particles and promoted the formation of
nitrite. At 58% RH, with the increase of DS or DS n-hexane extract loading amount, the effect of DS
or DS n-hexane extract on the formation of nitrate changed from promotion to inhibition, but DS or
DS n-hexane extract always promoted the formation of nitrite. The results also showed that light was
conducive to the formation of nitrate on the DS-γ-Al2O3 or DS-n-hexane extract-γ-Al2O3 particles.
Furthermore, the influence of soot aging on the heterogeneous reaction of NO2 was investigated
under light and no light. In the dark, O3-aged DS-γ-Al2O3 or O3-aged DS-n-hexane extract-γ-Al2O3

firstly inhibited the formation of nitrate on the mixed particles and then promoted it, while the effect
of aged DS on nitrite formation was complex. Under light, the O3-aged DS-γ-Al2O3 firstly promoted
the formation of nitrate on the mixed particles and then inhibited it, while the O3-aged DS-n-hexane
extract-γ-Al2O3 promoted the formation of nitrate on the mixed particles. Our results further showed
that the production of nitrate on the O3-aged particles under light or no light was greater than that of
the UV-nitrate-aged particles. This study is helpful to deeply understand the atmospheric chemical
behavior of soot and the heterogeneous conversion of atmospheric NO2.

Keywords: soot; NO2; heterogeneous reaction; aged soot; γ-Al2O3

1. Introduction

In recent years, with the acceleration of economic development and the increase of
the number of motor vehicles, the emissions of various pollutants have increased rapidly,
resulting in air pollution events with different degrees of pollution from time to time [1,2].
As an important component of air pollutants, NO2 has high chemical reactivity and plays
an important role in atmospheric chemistry. The heterogeneous reactions between NO2
and atmospheric aerosols can form adsorbed nitrate, nitrite, and nitric acid. These products
can significantly increase the content of liquid water on the surfaces of aerosol particles,
change the physicochemical properties and cloud condensation nucleus activity of these
particles, and then affect the atmospheric chemistry and atmospheric environment [3].
At the same time, NO2 is considered to undergo heterogeneous reaction with aerosols to
form HONO. HONO can be photolyzed by sunlight to form hydroxyl radicals, improving
the photochemical reactivity of atmospheric aerosols and enhancing atmospheric oxidation
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capacity [4]. In addition, NO2 is also an important precursor for the formation of O3 in the
atmosphere. The atmospheric photochemical smog generated by NO2 can be intertwined
and coupled with haze pollution, resulting in serious atmospheric combined pollution [5,6].
In recent years, the heterogeneous chemistry of NO2 has received more and more attention.
Many previous studies have explored the heterogeneous reactions of NO2 on the surfaces of
soot, sea salt aerosol, and mineral oxides, and some studies have investigated the influence
of organic pollutants on the heterogeneous reaction of NO2 on the surface of mineral
oxide [7–11]. However, there are few studies on the effect of soot on the heterogeneous
reaction of NO2 on the surfaces of mineral oxides.

Soot is an important component of atmospheric aerosol, which is mainly composed
of elemental carbon and organic carbon, resulting from the incomplete combustion of
carbonaceous substances. A large amount of soot is emitted annually into the atmosphere
due to industrial coal combustion, winter heating, and motor vehicle exhaust emissions,
which seriously worsens the atmospheric environment and causes great harm to human
health [12]. Soot stays in the atmosphere for a long time, generally 6–10 d, and can be
transported through the atmosphere for hundreds or even thousands of kilometers [13].
Soot itself has a large specific surface area and contains a variety of organic compounds,
which provides a special heterogeneous reactive surface different from mineral oxide
surface, such as the heterogeneous reactions of O3, HNO3, and NO2. After entering
the atmosphere, fresh soot will be oxidized and aged by oxidizing substances in the
atmosphere, such as OH and O3 [14–16], and its physical and chemical properties will
change, gradually becoming hydrophilic cloud condensation nuclei or ice nuclei, and
can settle during atmospheric transport [13]. Many previous studies have reported the
heterogeneous reaction of NO2 with soot. These studies show that HONO is an important
product, and its yield is affected by many factors, such as relative humidity and aging
degree of soot [17–19], but the reaction of NO2 with soot cannot account for the HONO
levels observed in urban air [15]. So far, there are few studies on the effect of soot on the
heterogeneous reaction of NO2 on the surface of mineral dust. Romanias et al. mixed
kerosene soot with γ-Al2O3 and studied the effect of γ-Al2O3 on the reaction of NO2 and
soot under light condition. They found that γ-Al2O3 can increase the reaction rate of NO2
to a certain extent [20]. However, the effect of fresh and aged diesel soot (DS) on the
heterogeneous reaction of NO2 with mineral dust particles is still unclear.

Mineral aerosol is an important contributor to the atmospheric aerosol, and it provides
an important surface for various heterogeneous reactions of atmospheric gaseous pollu-
tants. It is mainly composed of various metal oxides, generally including Al2O3, Fe2O3,
CaCO3, and TiO2. Mineral aerosols can directly affect atmospheric radiation, act as cloud
condensation nuclei (CCN), reduce atmospheric visibility, and have a great impact on
the whole atmospheric environment [21]. As an important component of mineral aerosol,
Al2O3 has two forms: α-Al2O3 and γ-Al2O3. Compared with α-Al2O3, γ-Al2O3 has higher
BET surface area and better reactivity, and thus it is widely used as a typical mineral aerosol
model for the study of heterogeneous reaction [22]. This study is no exception, and diffuse
reflectance infrared Fourier transform spectrometry (DRIFTS) was used to study the effects
of DS and aged DS on the heterogeneous reaction of NO2 on the surfaces of mineral aerosol
particles under light and no light conditions. The model components include γ-Al2O3,
fresh DS, n-hexane extract of fresh DS, aged DS, and n-hexane extract of aged DS. This
study can help us better understand the heterogeneous reaction of NO2 on the surfaces of
atmospheric aerosols and the atmospheric chemical behavior of soot.

2. Experiments Section
2.1. Materials and Preparation
2.1.1. Materials

In this study, γ-Al2O3 powders with high purity (99.997%) and high BET surface
(60 m2/g) were purchased from Alfa Aesar. The γ-Al2O3 powders were heated at 450 ◦C
for 3 h to remove possible organic contaminants on particle surfaces. Standard gas NO2
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(100 ppm, NO2/N2, AirLiquid Specialty Gases Inc., Shanghai, China) was used as a reactant
gas. O2 (99.999% purity, Shanghai Dumaoai Specialty Gases Inc., Shanghai, China) and N2
(99.999% purity, Shanghai Dumaoai Specialty Gases Inc.) were introduced into the reaction
chamber through gas dryers before use. O3 was generated through the O3 generator (UVP®)
by flowing dry O2 at 21 mL/min, and the O3 concentration in this experiment was 200 ppb.
No. 0 diesel fuel from the Sinopec gas station in Shanghai was used to produce soot.

2.1.2. Sample Preparation

For DS preparation, the alcohol lamp with diesel oil was ignited, then a flask filled with
cold water was placed 10 cm away from the lamp core. After placing for one minute, DS
deposited on the surface of the flask was collected for subsequent use. For the preparation
of the n-hexane (ACS, >99%, Aladdin Industrial Co., Shanghai, China) extract of DS, 20 mg
DS was deposited in a brown reagent bottle, and 20 mL n-hexane was added dropwise,
and then underwent ultrasonic treatment for 50 min. Finally. The insoluble components
were filtered out with a nylon filter, and the remaining clear solution was collected in a
brown reagent bottle for subsequent experiments.

A series of DS or DS-extract-γ-Al2O3 mixtures were prepared. For DS-γ-Al2O3 mix-
tures, to prepare DS-γ-Al2O3 mixtures with different mass fractions of DS (i.e., 0%, 0.025%,
0.05%, 0.075%, 0.1%), a certain amount of DS and γ-Al2O3 was impregnated with an ap-
propriate amount of ultrapure water, then the mixtures were stirred manually and dried
under an infrared lamp. For the preparation of DS -extract-γ-Al2O3 mixtures, 0.2 g γ-Al2O3
particles were firstly mixed with 2 mL n-hexane, and then 0.1, 0.5, 1, and 1.5 mL of DS
extract were added dropwise, respectively. The mixtures were then blown by nitrogen to
remove n-hexane. All the prepared samples were stored in a desiccator at room temperature
until further use.

Considering that adsorbed nitrate often coexists with soot in the atmospheric parti-
cles, and the adsorbed nitrate can produce OH and O (3P) under photolysis [23], these
active species may also oxidize and age fresh soot in the atmosphere. Therefore, mixtures
containing nitrate were also prepared. The preparation methods of DS-nitrate-γ-Al2O3
or DS-n-hexane extract-nitrate-γ-Al2O3 were similar to the preparation methods of the
DS-γ-Al2O3 or DS-extract-γ-Al2O3 mixtures. The concentration of ammonium nitrate
solution was 30 mmol/L, and the addition amounts of ammonium nitrate solution were
0.1, 0.5, 1, and 1.5 mL, respectively.

2.1.3. Aging of DS Particles

Aging experiments were carried out in a cylindrical quartz glass cell with an inlet
and outlet ports for gas transport. The top of the cell was sealed with a quartz window
(JGS2). A thermostatic water bath circulating water through the reactor jacket was used to
keep the temperature constant at 25 ◦C. In order to prepare samples with different aging
degrees, a 0.1 g sample was put into the cell, synthetic air with O3 concentration of 200 ppb
was introduced, and the flow rate was 100 mL/min. The aging time was controlled to
obtain samples with different aging degrees. For the preparation of UV-nitrate-aged DS-γ-
Al2O3 or UV-nitrate-aged DS-n-hexane extract-γ-Al2O3, a 0.1 g sample was placed under
an 8 mW/cm3 ultraviolet lamp (MERC500, NBet Technology Co., Ltd., Beijing, China),
coupled with a 313 nm UV optical filter), and irradiated.

In addition, the compounds in DS- and aged DS-solvent-extract were analyzed by
using Agilent 7890a-5975c GC-MS, and detailed analysis and the results are shown in the
Supplementary Materials (Text S1 and Tables S1–S4).

2.2. In Situ DRIFTS Experiments

In situ DRIFTS experiments were performed using a Thermofisher IS20 FTIR spec-
trometer, equipped with a high-sensitivity mercury cadmium telluride (MCT) detector and
a Spectra-Tech diffuse reflectance accessory, as described previously [11,24,25]. Approxi-
mately 14 mg (±0.02 mg) sample was placed into the ceramic crucible in the chamber, and
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the sample temperature in the chamber was kept at 298 K using an automatic temperature
controller. Before the reaction gas was introduced, the reaction chamber was purged with
synthetic air (100 mL/min) for 1 h to remove possible impurities on the sample surface,
and then the background spectrum of the unreacted sample was collected. Subsequently,
a mixture of NO2 (40 ppm) and O2 (21% v/v) with N2 as a carrier was introduced into
the chamber at a total flow rate of 100 mL/min, and then the spectra were collected every
10 min for 120 min. All the IR spectra were recorded at a resolution of 4 cm−1 for 100 scans.
All of the measurements were repeated at least three times. For experiments under light,
a model CEL-TCX250 xenon lamp coupled with an optical fiber (Beijing Jin Yuan Science
and Technology Co., Ltd., Beijing, China) was used to provide simulated solar irradiation.
The relative humidity was controlled by regulating the mixing ratio between a water-
saturated nitrogen flow and a dry nitrogen flow. In addition, some control experiments
were also carried out. Under dark and 58% RH conditions, we carried out in-situ reactions
between DS or DS n-hexane extract mixed particles with different loading and NO2 to
investigate the effects of different loading amounts of DS or DS n-hexane extract on the
yields of nitrate or nitrite on the surfaces of mixed particles. In order to investigate the
effects of relative humidity and light on the yields of nitrate and nitrite on the surfaces of
mixed particles, we set two humidity conditions (5% RH and 58% RH, respectively, under
no light) and two light conditions (no light and light, respectively, under 58% RH), and
carried out the experiments with 0.05% mass fraction of DS-γ-Al2O3 mixtures or 0.5 mL
loading amount of DS-n-hexane extract-γ-Al2O3 mixtures. In order to investigate the effects
of aging DS on nitrate or nitrite production, mixed particles with different O3 exposure
times were in-situ reacted with NO2 at 58% RH under dark or light conditions. Finally,
in order to explore the effects of different aging methods on the yields of nitrate on the
surfaces of mixed particles, we prepared mixed particles by different aging methods, and
the yields of their surface nitrate were compared.

3. Results

The effect of DS on the heterogeneous reaction of NO2 on the γ-Al2O3 surface under
dark condition was investigated, including the following three parts: (1) Heterogeneous
reaction of NO2 on pure γ-Al2O3 surface under different RH conditions; (2) The effect of
fresh DS on the heterogeneous reaction of NO2 on γ-Al2O3 surface under different RH
conditions; (3) The effect of aged DS on heterogeneous reaction of NO2 on the γ-Al2O3
surface under 58% RH condition.

3.1. Heterogeneous Reaction of NO2 with Pure γ-Al2O3

Figure 1a shows the DRIFTS spectra of the heterogeneous reaction of NO2 with pure
γ-Al2O3 under 5% RH condition. Several new peaks appeared in Figure 1a and changed
with the increase of reaction time, indicating that a variety of products were formed on
the surface of γ-Al2O3 particles. There were seven dominant peaks in the DRIFTS spectra,
namely 1240, 1346, 1407, 1506, 1540, 1616, and 1660 cm−1, which were consistent with
the previous research results [24,25]. Among them, the peak at 1240 cm−1 was weak
and assigned to bidentate nitrite, and this peak first increased and then decreased with
the increase of time, indicating that nitrite was an intermediate product of the reaction.
The peaks at 1346 and 1407 cm−1 had the highest intensity and were assigned to water-
solvated nitrate. The weak shoulder peak at 1506 cm−1 and the weak peak at 1616 cm−1

were assigned to bridging nitrate [24]. The weak peak at 1540 cm−1 was assigned to
monodentate nitrate [24]. The weak inverted peak at 1660 cm−1 was assigned to the water
molecule on the particle surface [24]. Although the experiment was carried out at 5%
RH and the sample had been purged and dried, there were still a small amount of water
molecules on the particle surface because the sample particles were not calcined at high
temperature in the chamber.
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Figure 1. DRIFTS spectra of surface products as a function of reaction time during the reactions of
NO2 with pure γ-Al2O3 particles under different conditions: (a) 5% RH + dark; (b) 58% RH + dark;
(c) 58% RH + light.

Figure 1b shows the DRIFTS spectra of the heterogeneous reaction of NO2 with pure
γ-Al2O3 under 58% RH condition. The dominant peaks in Figure 1b changed with time.
Compared with 5% RH condition, a large number of water molecules were attached to
the particle surface under 58% RH condition, and the water peak changed from negative
peak to positive peak, with the peak position changing to 1626 cm−1. Meanwhile, at 58%
RH, there was no peak at 1616 cm−1 due to the coverage of water molecule on the particle
surface. The peak position of adsorbed nitrate under the 58% RH condition did not change
greatly compared with that under the 5% RH condition, and several new peaks appeared,
which were 1396 and 1489 cm−1, respectively. The peak at 1396 cm−1 was assigned to
water-solvated nitrate and the one at 1489 cm−1 was assigned to monodentate nitrate [26].
When there was co-adsorbed water on the particle surface, the existing form of nitrate
would change, resulting in the change of the position of nitrate absorption peak [26].

It can be seen from Figure 1b that the production of nitrate under 58% RH condition
was more than that under 5% RH condition, indicating that the presence of water molecules
was conducive to the formation of nitrate. For nitrite, the peak positions of nitrite under the
two conditions were the same, which were 1240 cm−1, but the maximum value of nitrite
production under 58% RH condition was higher than that under 5% RH condition, and it
disappeared faster.

Figure 1c shows the DRIFTS spectra of the heterogeneous reaction of NO2 with pure
γ-Al2O3 in the presence of simulated sunlight. The peak position of adsorbed nitrate in the
presence of simulated sunlight were consistent with that in the dark, except for the peak at
1242 cm−1. Nitrite would rapidly photolysis under light condition, leading to the peak at
1242 cm−1 not appearing.

3.2. The Effect of Fresh DS on the Heterogeneous Reaction of NO2

In this section, the effects of fresh DS and fresh DS extract on the heterogeneous
reaction of NO2 on the surfaces of γ-Al2O3 particles under different conditions were
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studied, including the effects of different loading amounts of fresh DS or fresh DS extract
and different RH conditions on the formation of nitrate and nitrite on the surfaces of
γ-Al2O3 particles.

3.2.1. Effect of Different DS Loading Amounts on the Heterogeneous Reaction of NO2

Figure 2a shows the DRIFT spectra of the reaction of NO2 with γ-Al2O3 particles
loaded with 0.075% fresh DS in the mixture under the 58% RH condition. Many positive
peaks appeared in Figure 2a and increased with the increase of reaction time. The peak
position of the characteristic peak in Figure 2a did not change much compared with
Figure 1b, except the peak at 1260 cm−1. The peak at 1260 cm−1 should be assigned to
bidentate nitrite [27], and its position was shifted by 20 cm−1 compared with the one
at 1240 cm−1 in Figure 1b. In addition, compared with Figure 1b, the characteristic peak
intensity of nitrate in Figure 2a was much lower than that in Figure 1b, and the characteristic
peak intensity of nitrite was much higher than that in Figure 1b. This indicated that the
fresh DS could significantly inhibit the formation of nitrate and promote the formation of
nitrite on the particle surface under the 58% RH condition.
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Figure 2. DRIFTS spectra of surface products as a function of reaction time during the reactions of
NO2 with different samples under the 58% RH condition: (a) fresh DS-γ-Al2O3 (0.075% of fresh DS
in the mixture); (b) n-hexane extract of fresh DS-γ-Al2O3 (0.5 mL extract).

In order to further study the effect of fresh DS loading amount on the formation of
nitrate and nitrite from the heterogeneous reaction of NO2, the integrated peak areas of
nitrate and nitrite on the surfaces of different mixed particles were compared. The changes
of integrated peak areas of the nitrate absorption peaks on the surfaces of γ-Al2O3 particles
with different fresh DS loading amount are shown in Figure S1. It can be clearly seen from
Figure S1a that, under the 58% RH condition, the production of nitrate on the surfaces of
pure particles was much higher than that of the mixed particles, which indicates that the
presence of the fresh DS significantly inhibited the formation of nitrate on the surface of
the mixed particles. In addition, it can be seen from Figure S1a that, with the increase of the
fresh DS loading amount, the change trend of nitrate production first decreased and then
increased.

Figure 3a shows the change of integrated peak areas of nitrite formed on the surfaces
of γ-Al2O3 particles with different loading amounts of n-hexane extract of the fresh DS.
It can be seen from Figure 3a that, under the 58% RH condition, the production of nitrite on
the surfaces of pure γ-Al2O3 particles gradually increased in the first 30 min and slowly
decreased after reaching the maximum in the 30th minute, while the production of nitrite
on the surfaces of the mixed particles increased with the increase of reaction time. Moreover,
the production of nitrite on the surfaces of the mixed particles was much greater than the
maximum production of nitrite on the surfaces of pure γ-Al2O3 particles. This result shows
that the fresh DS could greatly promote the formation of nitrite on the particle surface.
In addition, it was also observed from Figure 3a that the nitrite formation rate on the
particle surface gradually increased before the 60th min, and then gradually decreased.
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In addition, Figure 3a shows that, with the increase of DS loading amount, the change
trend of nitrite production on the surfaces of the mixed particles in the 120th min first
increased and then decreased, but it was still higher than that produced on the pure γ-Al2O3.
This result shows that the fresh DS promoted the formation of nitrite on the surfaces of the
mixed particles, but compared with a low loading amount of the fresh DS, a high loading
amount of the fresh DS inhibited the formation of nitrite to some extent. It also shows that
when the mass fraction of the fresh DS was 0.075%, the activity of mixed particles was the
largest. It is worth noting that, in addition to the change of nitrite production, it can also be
seen from Figure 3a that, in the 20th minute, compared with mixed particles, the formation
amount and rate of nitrite on the surfaces of pure γ-Al2O3 particles were the largest.

In order to verify the effect of DS on the production of nitrate and nitrite on the γ-Al2O3
surface and determine which components in DS affect the heterogeneous reaction on the
γ-Al2O3 surface, we used n-hexane as a solvent to extract the nonpolar components in DS,
loaded them onto γ-Al2O3 particles with different volumes, and repeated the experiments.
Figure 2b shows the DRIFTS spectra of the reaction between NO2 and γ-Al2O3 particles
with different loading amounts of DS n-hexane extract at 58% RH. The peak positions of
nitrate and nitrite in Figure 2b were basically consistent with the experimental results of
the mixed particles loaded with the fresh DS. Figure S1b and Figure 3b show the integrated
peak areas of nitrate and nitrite formed on the surfaces of γ-Al2O3 particles with different
loading amounts of n-hexane extract under 58% RH condition, respectively. As shown in
Figure 3b, the change trend of nitrite production on the surfaces of mixed particles was
first increased and then decreased, which was consistent with the experimental results of
fresh DS-γ-Al2O3, indicating that the non-polar components in DS might make a great
contribution to the heterogeneous conversion of NO2 to nitrite on the surfaces of the mixed
particles. In addition, it can be seen from Figure S1b that, with the increase of loading
amount, the nitrate production on the surfaces of mixed particles continued to decrease,
indicating that the presence of the nonpolar components in DS did inhibit the formation
of nitrate on the surface of the mixed particles. However, compared with Figure S1a, the
production of nitrate in Figure S1b did not rise with the increase of loading amount, which
might be because the nonpolar component amount dissolved in n-hexane solvent was
small. Even if the loading amount had reached 1.5 mL, it was still not enough to cover the
active sites on the whole γ-Al2O3 particles, so that the number of net active sites on the
surfaces of mixed particles decreased with the increase of loading amount, and the nitrate
production on the particle surfaces continued to decrease.

3.2.2. Effect of RH on the Heterogeneous Reaction of NO2 on the Mixed Samples

The effects of different DS loading amounts on the formation of nitrate and nitrite were
explored under different RH conditions. Figure 4a shows the comparison of integrated
peak areas of nitrate formed on the surfaces of the mixed γ-Al2O3 particles with different
DS loading amounts at 5% RH and 58% RH, respectively. It can be seen from Figure 4a that,
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when the mass fraction of DS in the mixed particles was less than 0.05%, the production of
nitrate on the particle surface at 58% RH was greater than that under the 5% RH condition.
Meanwhile, when the mass fraction of DS was more than 0.05%, it was the opposite, which
showed that when the DS loading amount was low, water could promote the formation of
nitrate, but when the DS loading amount was high, water inhibited the formation of nitrate.
Under high loading amount, absorbed H2O decreased the reactivity of DS.
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Figure 4. Comparison of integrated peak areas of the nitrogen-containing product absorption band for
different samples under 5% RH and 58% RH conditions: the production of nitrate (1250–1570 cm−1)
(a) and nitrite (1180–1250 cm−1) (b) on the fresh DS-γ-Al2O3 particles; the production of nitrate
(1250–1570 cm−1) (c) and nitrite (1180–1250 cm−1) (d) on the n-hexane extract of the fresh DS-γ-Al2O3

particles.

Figure 4b shows the comparison of integrated peak areas of nitrate formed on the
surfaces of the mixed γ-Al2O3 particles with different amounts of the fresh DS under 5%
RH and 58% RH conditions, respectively. It can be seen from Figure 4b that the production
of nitrite on the surfaces of the mixed particles with different loading amount under 58%
RH condition was higher than that under the 5% RH condition, which shows that water
can promote the formation of nitrite.

Figure 4c,d shows the comparison of integrated peak areas of nitrate and nitrite formed
on the surfaces of the γ-Al2O3 particles with different loading amounts of n-hexane extract
under 5% RH and 58% RH conditions, respectively. It can be seen from Figure 4c that,
under low loading amount, high RH was conducive to the formation of nitrate on the
surfaces of the mixed particles, while under the high loading amount, high RH was not
conducive to the formation of nitrate. No matter how much the loading amount, high
RH was conducive to the formation of nitrite. This result was consistent with previous
experimental results [20].

3.2.3. Effect of Simulated Sunlight on the Heterogeneous Reaction of NO2 on the
Mixed Samples

Figure 5a shows the comparison of integrated peak areas of the nitrate product absorp-
tion band from the fresh DS-γ-Al2O3 and the n-hexane of the fresh DS-γ-Al2O3 samples
under light and no light conditions, respectively. It can be seen from Figure 5a that, on the



Atmosphere 2022, 13, 333 9 of 19

surface of pure γ-Al2O3, the production of nitrate under no light was greater than that
under light. However, on the surfaces of DS-γ-Al2O3 particles, the opposite was true.
In addition, it can also be seen from Figure 5b that the production of nitrate on the surfaces
of sample particles under light is more than that without light. This shows that, under the
58% RH condition, light was conducive to the formation of nitrate on the surfaces of the
mixed sample particles.
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Figure 5. Comparison of integrated peak areas of the nitrate product absorption band
(1250–1570 cm−1) from different samples under light and no light conditions: (a) the fresh DS-
γ-Al2O3; (b) the n-hexane extract of the fresh DS-γ-Al2O3.

3.3. Effect of Aged DS on the Heterogeneous Reaction of NO2

The effects of DS with different aging degrees and its extract on the heterogeneous
reaction of NO2 on the surfaces of γ-Al2O3 particles at 58% RH were studied.

3.3.1. Effect of Aged DS on the Heterogeneous Reaction of NO2 in the Dark

The DRIFTS spectra of the reaction of NO2 with γ-Al2O3 particles loaded with O3-aged
DS and its n-hexane extract under 58% RH condition are shown in Figure S2. The peaks
in Figure S2a were positive and increased with time. Compared with Figure 2a, the
characteristic peak positions of nitrate in Figure S2a did not basically change, but the peak
position of nitrite changed to 1252 cm−1.

Figure 6a shows the comparison of integrated peak areas of nitrates formed on the
surfaces of the mixed particles with different aging degrees under the 58% RH condition.
It can be seen from Figure 6a that, with the increase of O3 exposure time, the change trend of
nitrate production on the surfaces of the mixed particles first decreased and then increased.
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Figure 6. Integrated peak areas of the nitrate absorption band (1250–1570 cm−1) for different samples
at 58% RH: (a) O3-aged DS-γ-Al2O3; (b) n-hexane extract of the O3-aged DS-γ-Al2O3.
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Figure 7a shows the comparison of the integrated peak areas of the formed nitrite
on the surfaces of the mixed particles with different aging degrees under the 58% RH
condition. In general, the production of nitrite on the surfaces of fresh DS mixed particles
was higher than that of aged DS mixed particles, which was consistent with previous
research results [19,28]. However, it can be seen from Figure 7a that, after the mixed
particles were exposed to O3 for 40 s, the production of nitrite on their surfaces gradually
increased. It was also noted that the change trend of nitrite production was similar to that
of nitrate, which first decreased and then increased.
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Figure 7. Integrated peak areas of the nitrite absorption band (1180–1250 cm−1) for different samples
under the 58% RH condition: (a) O3-aged DS-γ-Al2O3; (b) n-hexane extract of the O3-aged DS-γ-
Al2O3.

The DRIFTS spectra of the reaction of NO2 with γ-Al2O3 particles loaded with the
n-hexane extract of the O3-aged DS under the 58% RH condition are shown in Figure S2b.
As can be seen from the figure, there were two new peaks, 1349 and 1342 cm−1, which
were assigned to water-solvated nitrates [29]. Figures 6b and 7b show the integrated peak
areas of nitrate and nitrite formed on the surfaces of mixed particles with different aging
degrees under the 58% RH condition, respectively. Among them, the nitrate production on
the surfaces of the mixed particles first decreased and then increased, which was consistent
with the experimental results discussed earlier. The change trend of nitrite production first
increased and then decreased.

3.3.2. Effect of Aged DS on the Heterogeneous Reaction of NO2 under Light

The comparison of the integrated peak areas of the nitrate absorption band for the
O3-aged DS-γ-Al2O3 or n-hexane extract of the O3-aged DS-γ-Al2O3 at 58% RH under light
is shown in Figure S3. It can be seen from Figure S3a that, with the increase of O3 exposure
time, the trend of nitrate production on the surfaces of sample particles first increased and
then decreased. However, in Figure S3b, the trend of nitrate production on the surfaces of
sample particles was always increasing.

3.3.3. Comparison of Different Aging Methods

In addition to the O3-aged samples, we also prepared UV-nitrate-aged particles to
study the effects of different aging methods on the production of nitrate on the surfaces of
the mixed particles. Figure 8a–d shows the effects of different aging methods on nitrate
production on the surfaces of sample particles under different conditions. It can be seen
from Figure 8 that the production of nitrate on the surfaces of the O3-aged particles was
greater than that of the UV-nitrate-aged particles, regardless of light or dark, and the
generation of nitrite was not observed on the surface of UV-nitrate-aged particles.
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4. Discussion
4.1. Heterogeneous Reaction of NO2 with Pure γ-Al2O3

The experimental result of NO2 with pure γ-Al2O3 under 5% RH and dark conditions
indicated that nitrite was an intermediate product of the reaction. Because the surfaces of
γ-Al2O3 particles contains OH groups, gaseous NO2 would be adsorbed to the surface of
the γ-Al2O3 particles by OH groups to form adsorbed NO2, and the two adsorbed NO2
molecules would undergo disproportionation reaction to form nitrate and nitrite, which
led to the continuous formation of nitrite in the early stage of the reaction [30]. With the
progress of the reaction, the nitrite formed on the surface of particles would be oxidized
and consumed by NO2, resulting in the continuous reduction of nitrite content on the
particle surface [24].

Under 58% RH and dark conditions, the presence of water molecules was conducive
to the formation of nitrate. According to previous studies, under high humidity conditions,
a large number of water molecules would be attached to the surfaces of γ-Al2O3 particles
and adsorbed gaseous NO2 molecules. On the one hand, adsorbed NO2 would directly
disproportionate with the water on the surfaces of the γ-Al2O3 particles to form nitrate [24];
on the other hand, adsorbed NO2 would also disproportionate itself to form nitrate [24],
both of which led to a significant increase in the production of nitrate adsorbed on the
particle surface under the 58% RH condition.

We also observed that the maximum value of nitrite production under 58% RH and
dark conditions was higher than that under 5% RH and dark conditions, and it disappeared
faster. This was because, under the 5% RH condition, most OH groups were provided by
γ-Al2O3 particles, while under the 58% RH condition, a large number of water molecules
attached to the surfaces of γ-Al2O3 particles would provide more potential OH groups, and
thus adsorb more gaseous NO2 molecules and form nitrite through the disproportionation
reaction of adsorbed NO2. As the reaction proceeded, a large number of NO2 molecules ad-
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sorbing on the water molecules on the particle surface would oxidize the previously formed
nitrite [31], resulting in a sharp reduction in the amount of nitrite on the particle surface.

In addition, it is worth noting that the production of nitrate on the surface of γ-Al2O3
under 58% RH and simulated sunlight conditions was less than that under 58% RH and
dark conditions. This might be due to the photolysis of nitrate, resulting in the reduction of
nitrate production on the particle surface [25].

4.2. Loading Effects

We observed that, under 58% RH and dark conditions, the presence of water would
shift the absorption peak of nitrite formed on the surfaces of DS-γ-Al2O3 particles. This
might be because, in a humid environment, the mixed sample containing fresh DS possessed
hydrophilic γ-Al2O3 and a special microporous structure [32,33], and hence an adsorbed
water molecule layer was formed on the surface of the mixed sample [33], which may
distort nitrite symmetry and affect the vibration frequency of nitrite attached to the surfaces
of mixed particles [29], resulting in the shift of nitrite absorption peak.

The experimental result indicated that, under 58% RH and dark conditions, the pres-
ence of the fresh DS or the n-hexane extract of fresh DS significantly inhibited the formation
of nitrate on the surfaces of the mixed particles. The fresh DS loaded on the particle surface
covered a part of the active sites, resulting in a significant reduction of the active sites that
could react with NO2. At the same time, although the active sites on the surface of the DS-γ-
Al2O3 mixture could adsorb certain water molecules [33], considering the hydrophobicity
of fresh soot surface, the content of water molecules on the mixture surface was still much
lower than that of pure γ-Al2O3 particles, which greatly reduced the amount of nitrate
formed by the disproportionation reaction between NO2 and water [34]. These might be
the reasons for the reduction of nitrate on the surfaces of the mixed particles. In addition,
with the increase of the fresh DS loading amount, the change trend of nitrate production
under 58% RH and dark conditions first decreased and then increased. This might be
because, under a low loading amount, with the increase of loading amount, the active
sites on the γ-Al2O3 surface and DS surface were partly occupied by each other, the net
active sites on the surface of mixed particles gradually decreased, and the adsorbed water
gradually decreased, resulting in the reduction of nitrate production. Under a high loading
amount, γ-Al2O3 surface active sites were adsorbed and saturated by the DS. With the
continuous increase of loading amount, the active sites on the DS surface increased, and
the net active sites on the surfaces of mixed particles gradually increased, and finally the
nitrate production gradually increased.

Regardless of the fresh DS or the n-hexane extract of fresh DS, the production of nitrite
on the surfaces of mixed particles was more than that of pure γ-Al2O3 under 58% RH and
dark conditions. DS had a large specific surface area and was porous, which led to a large
amount of NO2 being adsorbed onto the DS surface during the reaction. The adsorbed NO2
might directly react with the adsorbed hydrogen atoms and the -OH functional groups
on the surface of DS to form nitrite [3,18]. Meanwhile, NO2 reacted with the DS surface
hydroxyl group to form NO [35]. The HNO3 formed on the surfaces of the mixed particles
might react with oxidizable surface sites on DS or NO to form nitrite [35]. Under the 58%
RH condition, the nitrite formation rates on the surfaces of all mixed particles gradually
increased before the 60th min, and then gradually decreased. This might be because, with
the progress of the reaction, the surface oxidizable sites including the adsorbed H atoms
from active groups were gradually consumed and the reactivity of the mixed particles
decreased gradually [35]. It might also be because, with the progress of the reaction, the
nitrate and nitrite formed on the surfaces of sample particles blocked the active sites,
leading to the decrease of reaction rate.

In addition, it was observed that there was an optimal loading ratio to maximize the
formation of nitrite on the surfaces of the fresh DS or the n-hexane extract of fresh DS mixed
particles, under 58% RH and dark conditions. This may imply that the presence of γ-Al2O3
affected the heterogeneous reaction of NO2 on the DS surface. With the increase of DS
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loading, there are more and more opportunities for NO2 to interact with DS while reacting
with γ-Al2O3, which would lead to the highest reactivity of the mixture at an appropriate
mass fraction of the DS. Furthermore, DS contains complex organic compounds, such as
pyridones, pyrazoles, and oxazolidones (Table S1); the adsorption of these compounds
on γ-Al2O3 may also initiate electron-transfer processes, producing free radicals at the
active sites of γ-Al2O3 to promote the conversion of NO2, similar to previous report [36].
Meanwhile, in the presence of the organic molecules of DS, the high negative charge density
of alumina may lead to the redox reaction between organic molecules and alumina being
promoted, resulting in the consumption of more NO2 [20].

We also observed that, in the 20th minute, compared with the fresh DS or the n-hexane
extract of fresh DS mixed particles, the formation amount and rate of nitrite on the surfaces
of pure γ-Al2O3 particles were the largest under 58% RH and dark conditions. This might
be because the surfaces of γ-Al2O3 particles had a high negative charge density or a large
number of unreacted active sites [37], so that a large amount of adsorbed NO2 in the initial
stage of the reaction was reduced to nitrite.

4.3. Relative Humidity Effects

The results of the experiments conducted under different RH and dark conditions
showed that, under a high loading amount, absorbed H2O decreased the reactivity of
DS. This might be related to the restructuring of DS. Fresh DS particles had a fractal-like
structure [38]. With the increase of RH, loose fresh DS particles would collapse into dense
spherical particles [38], resulting in the reduction of DS surface active sites or the blockage
of active sites on the surfaces of γ-Al2O3 particles. When the DS loading amount was low,
the promoting effect of particle surface moisture on nitrate formation was greater than the
inhibiting effect of DS, and high RH would promote the formation of nitrate. Meanwhile,
when the DS loading amount was high, high RH would inhibit the formation of nitrate. We
also observed that water could promote the formation of nitrite on the surfaces of mixed
particles. It was possible that the water molecules and NO2 molecules adsorbed on the
surfaces of the mixed particles reacted directly with the reduction sites on the surface of DS
to form nitrite [17].

4.4. Simulated Sunlight Effect

In the light experiment, we found that, under 58% RH condition, light was conducive
to the formation of nitrate on the surfaces of the fresh DS or the n-hexane extract of fresh
DS mixed particles. Firstly, under light, the electronic configuration on the surfaces of
DS particles, such as electron donating ability, surface OH group orientation, and the
conversion efficiency between protonic acid and aprotic acid, would change, leading to
the change of the reaction rate of NO2 with sample particles to form nitrate [39]. Secondly,
in the dark, DS would be oxidized and inactivated by NO2, resulting in a decrease in the
production of nitrate generated on the surfaces of sample particles [40]. Under light, light
could prevent DS from inactivating on the surfaces of particles, which led to DS having a
persistent reaction with NO2, resulting in more nitrate generated under light than in the
dark [40]. Finally, light might provide additional energy to enhance the adsorption sites
and reactivate the oxidized sites on the surfaces of sample particles and make them adsorb
more NO2 to promote the heterogeneous reaction of NO2 [29].

4.5. Aging Effects

Regardless of O3-aged DS-γ-Al2O3 or O3-aged DS n-hexane extract-γ-Al2O3, with the
increase of O3 exposure time, the change trend of nitrate production on the surfaces of
the mixed particles under 58% RH and dark conditions first decreased and then increased.
The reaction of O3 on the surfaces of particles would lead to the oxidation of some surface
organic species or groups, and then enhance the hydrophilicity of particles. The surface
water molecular layer may be formed by adsorbing water molecules onto particles, which
would enhance the mobility of surface organic species and the reaction products. The deeper
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the degree of oxidation, the stronger the hydrophilicity and the migration ability, which
may lead to the blockage of some reaction active sites of particles with short aging time
because less surface adsorbed water is not conducive to the migration of organic species and
reaction products. With the deepening of particle aging, the adsorbed water on the particle
surface increased, and the mobility of organic species and reaction products increased,
resulting in the recovery of reactive sites and the increase of particle surface reactivity.

The change trend of nitrite on the O3-aged DS-γ-Al2O3 under 58% RH and dark
condition was to first decrease and then increase, and the reason for this has been discussed
in the previous paragraph. But the change trend of nitrite on the O3-aged DS n-hexane
extract-γ-Al2O3 under 58% RH and dark condition was to first increase and then decrease,
which was contrary to the experimental results discussed above, but it was not contradictory.
It can be seen from Figure 3b that there was an “optimal loading” for fresh DS extract.
When the loading amount was the “optimal loading”, the production of nitrite on the
particle surface was the largest. When the loading amount was greater than the “optimal
loading”, the production of nitrite on the surfaces of the mixed particles gradually increased
with the decrease of loading amount. Otherwise, the production of nitrite on the surfaces
of the mixed particles gradually decreased with the decrease of loading amount. In this
aging experiment, the loading amount of the fresh DS extract was 1 mL. In the early stage
of O3 exposure, some reducing substances on the surfaces of the mixed particles were
oxidized, but the amount of reducing substances was greater than the “optimal loading”.
Therefore, with the increase of O3 exposure time, the production of nitrite on the surfaces
of the mixed particles increased. With the further increase of O3 exposure time, the amount
of reducing substances was less than the “optimal loading”, and the production of nitrite
on the surfaces of mixed particles tended to decrease.

Under 58% and RH light conditions, the aging of the fresh DS or the n-hexane extract
of fresh DS mixed particles was conducive to the formation of nitrate on surfaces. This
might be because, when the aging degree of mixed particles was low, various oxygenated
functional groups, such as hydroxyl, carbonyl and carboxyl groups, formed on its surface,
which would enhance the absorption of light on the particle surface [41,42]. With the
increase of O3 exposure time, the decrease of the production of nitrate with time may
be driven by the consumption of oxygenated functional groups, the sequential depletion
of reactive compounds, the slow poisoning of catalytically active sites, or the physical
exchange of absorbed species or reactive intermediates by diffusion to the surface [43].

The experimental results of different aging methods showed that, at 58% RH, the
production of nitrate on the surfaces of the O3-aged particles was greater than that of the
UV-nitrate-aged particles, regardless of light or dark. On the one hand, the presence of
nitrate enhanced the hygroscopicity of the mixed particles, and the diesel soot on the surface
collapsed and became denser when encountering water, which inhibited the diffusion of
NO2 on the particle surfaces [44]. On the other hand, part of the nitrate was adsorbed on
the active sites on the particle surfaces, which hindered the reaction between NO2 and
the mixed particles. Both of these might be the reason for the higher nitrate production
of the O3-aged particles. In addition, it is worth noting that the generation of nitrite was
not observed on the surfaces of UV-nitrate-aged particles, which might be due to the high
concentration of nitrate species on the surface, which blocked the active sites of nitrite
generated by the reaction between NO2 and the surfaces of mixed particles [45].

4.6. Effect of DS on the Uptake Coefficient for NO2 to Nitrate

Based on the above experimental data on the reaction of NO2 with sample particles
under different conditions, we calculated the uptake coefficients for the heterogeneous
reaction of NO2 on the sample particles, and these data can be used as a reference for future
research.

In order to calculate the formation rate of nitrate on the surface of particles, the total
number of nitrate ions on the surfaces of mixed particles was measured by ion chro-
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matography to obtain the calibration curve, and then the formation amount of nitrate was
determined by the calibration curve.{

NO −
3
}
= f × (Integrated peak areas) (1)

where f is the conversion factor, and the conversion factor is independent of reaction time.
In this study, the calculated value of f for the nitrate is 1.13 (±0.012) × 1015 ions g−1 ABU−1.

The reactive uptake coefficient (γ) is defined as the ratio of the reactive gas−surface
collision rate to the total gas−surface collision rate.

γ =
d
[
NO−

3
]

dt
/Z (2)

where Z represents the total NO2−Al2O3 surface collision frequency as determined by the
kinetic theory of gases.

Z =
A[NO2]

4

(
8RT

πMNO2

)0.5
(3)

where A is the total surface area, MNO2 is the molar mass for the reactant gas, R is the gas
constant, and T is the temperature. [NO2] indicates the gas-phase NO2 concentration [46].

Table 1 shows the uptake coefficients under different conditions with different loading
amounts of DS or DS n-hexane extract and different aging degree of samples. As can be seen
from Table 1, except for DS extract-γ-Al2O3 particles under 5% RH and dark conditions, the
uptake coefficients of the other samples are all lower than that of pure γ-Al2O3, indicating
that the reactive uptake coefficients are sensitive to the loading of DS. For the fresh DS
samples, when the loading amounts of DS or DS extract are at maximum, the uptake
coefficients are the largest under 5% RH and dark conditions. In addition, for the aged
samples, the uptake coefficients under light are larger than under no light. Compared with
the O3-aged particles, the uptake coefficients of UV-nitrate-aged particles are smaller under
light and no light. These differences would have an important impact on the formation of
nitrate in the atmosphere.

Table 1. Reactive uptake coefficients in the initial region for the reaction of NO2 on different samples.

Particle Types 58% RH Dark
(γBET × 10−7)

58% RH Light
(γBET × 10−7)

5% RH
Dark(γBET × 10−7)

Pure γ-Al2O3 34.14 ± 0.37 22.55 ± 0.24 10.89 ± 0.12
0.025% DS-γ-Al2O3 6.52 ± 0.07 6.55 ± 0.07 5.76 ± 0.06
0.05% DS-γ-Al2O3 4.06 ± 0.04 6.67 ± 0.07 3.93 ± 0.04

0.075% DS-γ-Al2O3 6.10 ± 0.07 7.05 ± 0.08 7.25 ± 0.08
0.1% DS-γ-Al2O3 6.46 ± 0.07 7.36 ± 0.08 8.07 ± 0.09

0.1 mL DS extract-γ-Al2O3 13.67 ± 0.15 23.58 ± 0.25 11.24 ± 0.12
0.5 mL DS extract-γ-Al2O3 13.25 ± 0.14 16.02 ± 0.17 12.37 ± 0.13
1.0 mL DS extract-γ-Al2O3 11.36 ± 0.12 13.39 ± 0.14 12.47 ± 0.13
1.5 mL DS extract-γ-Al2O3 10.13 ± 0.11 12.16 ± 0.13 13.10 ± 0.14

DS-γ-Al2O3 O3 exposure 30 s 4.63 ± 0.05 7.75 ± 0.08
DS-γ-Al2O3 O3 exposure 60 s 4.29 ± 0.05 8.09 ± 0.09
DS-γ-Al2O3 O3 exposure 90 s 5.66 ± 0.06 10.94 ± 0.12

DS-γ-Al2O3 O3 exposure 120 s 6.22 ± 0.07 8.94 ± 0.1
DS extract-γ-Al2O3 O3 exposure 30 s 10.18 ± 0.11 14.56 ± 0.16
DS extract-γ-Al2O3 O3 exposure 60 s 9.98 ± 0.11 16.58 ± 0.18
DS extract-γ-Al2O3 O3 exposure 90 s 10.75 ± 0.12 19.05 ± 0.21

DS extract-γ-Al2O3 O3 exposure 120 s 11.38 ± 0.12 19.86 ± 0.21
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Table 1. Cont.

Particle Types 58% RH Dark
(γBET × 10−7)

58% RH Light
(γBET × 10−7)

5% RH
Dark(γBET × 10−7)

DS-NH4NO3-γ-Al2O3 UV exposure 30 s 3.05 ± 0.03 2.49 ± 0.03
DS-NH4NO3-γ-Al2O3 UV exposure 60 s 2.81 ± 0.03 2.30 ± 0.02
DS-NH4NO3-γ-Al2O3 UV exposure 90 s 2.76 ± 0.03 2.52 ± 0.03

DS-NH4NO3-γ-Al2O3 UV exposure 120 s 2.61 ± 0.03 1.95 ± 0.02
DS extract-NH4NO3-γ-Al2O3 UV exposure 30 s 5.72 ± 0.06 5.20 ± 0.06
DS extract-NH4NO3-γ-Al2O3 UV exposure 60 s 4.71 ± 0.05 4.54 ± 0.05
DS extract-NH4NO3-γ-Al2O3 UV exposure 90 s 4.71 ± 0.05 6.18 ± 0.07
DS extract-NH4NO3-γ-Al2O3 UV exposure 120 s 4.26 ± 0.05 5.52 ± 0.06

5. Conclusions and Atmospheric Implications

The effects of DS and DS n-hexane extract on the heterogeneous reaction of NO2 on
the surfaces of γ-Al2O3 particles under different conditions were studied by DRIFTS. At the
same time, the effects of the aged DS-γ-Al2O3 and the aged DS-n-hexane extract-γ-Al2O3
with different aging degrees on the formation of nitrate and nitrite from the heterogeneous
reaction of NO2 were also discussed.

The results showed that DS had a very obvious effect on the heterogeneous reaction
of NO2. Under dark and 58% RH conditions, the presence of fresh DS or DS n-hexane
extract significantly inhibited the formation of nitrate and promoted the formation of nitrite.
With the increase of DS or DS n-hexane extract loading amount, the change trend of nitrite
production on the particle surface was to first increase and then decrease. When the mass
fraction of DS was 0.075% or the addition amount of DS n-hexane extract was 0.5 mL,
nitrite production was the highest. The control experimental results showed that, no matter
how much the DS or DS n-hexane extract loading amount, high RH was conducive to
the formation of nitrite on the surfaces of the mixed particles. For nitrate, high RH was
conducive to the formation of nitrate when the DS or DS n-hexane extract loading amount
was low, but it was the opposite when the DS or DS n-hexane extract loading amount was
high. The experimental results under light condition showed that light was conducive to the
formation of nitrate on the surfaces of sample particles. In addition, the aging experimental
results showed that in the dark, with the increase of O3 exposure time, the production of
nitrate on the particle surface first decreased and then increased. On the whole, the aging
of mixed particles would inhibit the formation of nitrite on the surface, but if the loading
amount of the n-hexane extract of the O3-aged DS was greater than the “optimal loading”,
the production of nitrite on the surfaces of the mixed particles with short aging time was
more than that of fresh mixed particles. Under the light, with the increase of O3 exposure
time, the production of nitrate on the O3-aged DS-γ-Al2O3 surface first increased and
then decreased, but the production of nitrate on the O3-aged DS-n-hexane extract-γ-Al2O3
surface always increased. The effects of different aging methods on nitrate production on
particle surfaces were also investigated. The results showed that the production of nitrate
on the surfaces of O3-aged particles was greater than that of UV-nitrate-aged particles,
regardless of light or no light.

This study has a very important atmospheric significance. The results show that soot
has an obvious effect on the heterogeneous reaction of NO2 on the surfaces of mineral dust
particles, and the influence mechanism is complex. In view of the widespread existence
of soot in the atmospheric environment, the interaction between the mixture of soot and
mineral dust particles and NO2 may affect previous estimations of nitrate and nitrite
content in atmospheric aerosols. At the same time, it may also have a potential impact on
atmospheric oxidation, atmospheric secondary particle formation, and O3 formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13020333/s1, Figure S1: Integrated peak areas of the nitrate
absorption band for different samples at 58% RH: (a) fresh DS-γ-Al2O3; (b) n-hexane extract of the

https://www.mdpi.com/article/10.3390/atmos13020333/s1
https://www.mdpi.com/article/10.3390/atmos13020333/s1


Atmosphere 2022, 13, 333 17 of 19

fresh DS-γ-Al2O3; Figure S2: DRIFTS spectra of surface products as a function of reaction time during
the reactions of NO2 with two different samples at 58% RH: (a) DS-γ-Al2O3 aged by O3 for 90 s
(0.075% of DS in the mixture); (b) n-hexane extract of DS-γ-Al2O3 aged by O3 for 90 s (5 mL extract);
Figure S3: Integrated peak areas of the nitrate absorption band for different samples at 58% RH
under light: (a) O3-aged DS-γ-Al2O3; (b) n-hexane extract of the O3-aged DS-γ-Al2O3; Table S1:
Compounds in n-hexane extract of fresh DS; Table S2: Compounds in n-hexane extract of O3-aged DS;
Table S3: Compounds in methanol acetonitrile extract of fresh DS; Table S4: Compounds in methanol
acetonitrile extract of O3-aged DS; Text S1: Component analysis.
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