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Abstract

Ammonia (NH,) is the most important alkaline pollution gas in the atmosphere, and the
nitrogen-containing organic compounds formed by photooxidation with toluene is the main component
of atmospheric brown carbon (BrC). Inorganic seed aerosols such as ammonium sulfate and calcium
chloride can affect the formation and chemical composition of secondary organic aerosol (SOA), because
of their large surface area. The effects of seed aerosols with different ingredients, concentrations,
humidity and acidity on the formation of nitrogen-containing organic compounds were studied
qualitatively by UV-Vis spectrometry in this study. The results showed that inorganic seed aerosols
promoted the formation of nitrogen-containing organic compounds. The order of promotion is calcium
chloride > sodium silicate > ammonium sulfate > sodium chloride > ammonium nitrate. The formation
concentration of nitrogen-containing organic products gradually increases with the increase of calcium
chloride seed aerosol concentration and acidity. When the seed aerosol is alkaline, it is not conducive to
its formation. The increase of water molecules would reduce the concentration of nitrogen-containing
organic products as the relative humidity increases. These would provide new experimental basis for the
formation mechanism of brown carbon of aromatic SOA.
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Introduction

Secondary organic aerosols (SOAs) are semi-volatile
and non-volatile products formed from the reaction
of volatile organic compounds (VOCs) emitted from
biological or anthropogenic sources into the atmosphere
with oxidants such as hydroxyl radicals (OHe), nitrate
radicals (NO,*), and ozone (O,). These products are
liquid and solid particles suspended in the atmosphere
formed by their own condensation or gas/particle
state distribution, and their particle size is usually
less than 2.5 pum, which is an important component
of atmospheric fine particlate matter (PM,,) [1-2].
Ammonia (NH,) derived from agricultural sources and
motor vehicle exhaust is the primary alkaline pollution
gas in the atmosphere [3-4], except that it can react with
acid gases such as sulfur dioxide (SO,) and nitrogen
oxides (NOx) in the presence of water vapor to form
sulfates and nitrates [5-6]. NH, can also react with
carboxylic acid and dialdehyde components of SOA to
form organic acid ammonium and imidazole nitrogen-
containing organic compounds (NOC) [7-8]. These
nitrogen-containing products have strong polarity,
hygroscopicity and solubility, and can have important
effects on the optical and physicochemical properties
of aerosol particles, atmospheric visibility and human
health [9-10]. The chemical composition and formation
mechanism of nitrogen-containing organic compounds
have become the focus of current research in the field of
atmospheric chemistry.

In the process of SOA formation, if there are
background particles, it will usually become the
condensation, adsorption/absorption center required for
the agglomeration process, and the particles with this
effect are called seed aerosols [11]. Studies have shown
that the formation of SOA is closely related to reactant
concentration, illumination time, temperature and
humidity, and seed aerosol [12]. Inorganic fine particles
such as ammonium sulfate (NH,),SO,) and calcium
chloride (CaCl,) present in the atmosphere were used
as seed aerosols because of their relatively large surface
area, and become the site for condensation of the
photooxidation products of VOCs [13-14]. For example,
in the laboratory simulation process, Edney et al. [15]
and Hao et al. [16] added (NH,),SO, seed aerosol to the
SOA system formed from the photooxidation of toluene.
Although it has been observed that seed aerosol has
no remarkable effect on the yield of SOA, seed aerosol
promotes the formation of SOA in the initial stage of
the reaction, reducing the time required to reach the
gas/particle state balance. In addition, the inorganic
seed aerosol also has a catalytic effect that causes a
heterogeneous reaction of the aldehyde compound of the
photooxidation product, thereby changing the chemical
composition of the SOA. Kroll et al. [17] and Lu and
his cooperator [18] found that acidic (NH,),SO, seed
aerosol heterogeneously catalyze the hydration, aldol
condensation and polymerization of aldehydes, such
as glyoxal and methylglyoxal, to form less volatile

hemiacetals, acetals and polymers. Thereby, the yield of
m-xylene SOA is remarkably improved. Chu et al. [19]
found that the yield of toluene SOA decreased because
of the heterogeneous reduction reaction of ferrous
sulfate (FeSO,) seed aerosol with the photooxidation
products of toluene to form volatile products. Therefore,
when inorganic seed aerosol is present in the reaction
system, the formation of nitrogen-containing organic
compounds would be affected. However, the effects
of inorganic seed aecrosol on the formation of
nitrogen-containing organic compounds have not been
reported.

With the rapid development of China’s economy,
urban air pollution is also becoming more and more
serious, and the urban atmosphere contains a relatively
high concentration of inorganic fine particles. For
example, the average annual PM, , particle concentration
in Beijing is 100 pgem?, and exceeds 300 pgem? in
dust and haze days, one-third of the PM, | particles are
inorganic fine particles. Sodium silicate and CaCl, are
the main components of inorganic acrosol particles dust
days, while (NH,),SO, and sodium nitrate (NaNO,) are
important components of inorganic fine particles in haze
days [20-21]. Our group has used the smog chamber
system to explore the effect of NH, on the formation
of SOA formed from the photooxidation products of
toluene and other monoaromatic hydrocarbons. The
reaction products were characterized by UV-visible
spectroscopy, infrared spectroscopy and time-of- flight
mass spectrometry. The series of characteristic mass
spectral peaks C H N, * of imidazole nitrogen-containing
organic compounds of aromatic SOA were obtained,
and it was confirmed that imidazole nitrogen-containing
compounds formed from the heterogeneous reaction of
NH, and dicarbonyl components of aromatic SOA [22-
24]. On this basis, this paper continues to study the
effects of different ingredients, concentrations, humidity
and acidity of seed aerosol on the formation of nitrogen-
containing organic compounds formed from the reaction
of NH, with the photooxidation products of toluene.
These would provide a new experimental basis for the
formation mechanism of brown carbon of aromatic
SOA.

Experimental
Materials

Toluene (>99.0%) was obtained from Shantou
Dahao Fine Chemical Co., Ltd. Methanol (>99.0%) was
purchased from Sigma-Aldrich Chemistry Corporation,
Germany. Ammonia  (>99.0%), ammonium sulfate
(>99.0%), ammonium nitrate (>99.0%), calcium chloride
(>96.0%), codium chloride (>99.5%), sodium silicate
(19.3% ~ 22.8%), hydrochloric acid (36.0% ~ 38.0%),
and ethanol (>99.7%) were obtained from Xilong
Chemical Co., Ltd. Sodium hydroxide (>96.0%) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
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Ozone was generated by an ozone generator (Qingdao
Xinmei Purification Equipment Co., Ltd.)

Smog Chamber Experiment

Inorganic seed aerosol experiments were carried
out in a homemade smog chamber system. The
device is mainly composed of four parts, namely the
zero air generation system, sample injection system,
photoreaction system and product collection and
detection system. The compressed air produced by the
air compressor was passed through activated charcoal,
color-changing silica gel and a Balston DFU-Grade BX
filter to remove hydrocarbon compounds, moisture and
suspended particulates to obtain the zero air required
for the experiment. The zero air passes through a 250
mL reactant liquid vaporization bottle and enters a 400
L chamber made of Teflon material having a thickness
of 0. mm. The temperature, pressure and relative
humidity in the smog chamber was about 25°C, 101 MPa
and 37% + 5%, respectively. Before each experiment,
zero air was used to clean the chamber three times,
then about 1/3~1/2 volume of zero air was filled into
the chamber. Inorganic seed aerosol was produced
by aspirating the salt solution with an atomizing
aerosol generator (TSI 9302) at 12 PSI pressure and
delivered to the smog chamber for a period of time.
Toluene, O, and NH, were then injected into the liquid
vaporization bottle and filled to the chamber with zero
air. The concentration of aerosol particles (inorganic
seed aerosol or SOA particles), toluene, O, and NH,
in the chamber was measured by a scanning mobility
particle sizer (SMPS; TSI 3080L DMA, TSI 3775 CPC),
GC-FID (Agilent 7820A, USA), O, analyzer (TEI model
491), and NH, analyzer (TEI model 17i), respectively.
The concentrations of toluene, O, and NH, in the
chamber were fixed at 10 ppm, 50 ppm and 10 ppm in
full volume for all the experiments. The photochemical
reaction was initiated by turning on four UV lamps
with a characteristic wavelength of 254 nm. When O,
is irradiated by ultraviolet light with a wavelength of
254 nm, OHe are generated to initiate photooxidation
of toluene to form SOA particles, and SOA particles
react with NH, to formed nitrogen-containing organic
compounds. After 2 hours of photoreaction, the products
were collected at a flow rate of 4 Lemin’ for 2 hours
using a gas cylinder containing 10 mL of a 3% methanol
solution. Each experiment was performed in parallel
three times, and the average of the results of the three
experiments was used as the final data.

Experimental Methods

In order to explore the effect of inorganic seed
aerosol with different ingredients, concentrations,
relative humidity and acidity on the reaction of NH,
with the photooxidation products of toluene to form
nitrogen-containing organic products, the experiment
adopted the method of changing each single factor and

keeping other conditions unchanged. In the inorganic
seed aerosol experiment of different components,
five inorganic salts commonly found in the polluted
atmosphere were selected as experimental objects. They
are calcium chloride (CaCl,, strong acid and weak base
salt, the main inorganic salt component of the haze
days), sodium chloride (NaCl, strong acid and base salt,
the main inorganic salt component of sea salt acrosol),
ammonium sulfate (NH,),SO,, strong acid weak base
salt, the main inorganic salt component of haze days),
ammonium nitrate (NH/NO,, strong acid weak base
salt, main inorganic salt component of haze days) and
sodium silicate (Na,SiO,, strong base weak acid salt,
main inorganic salt component of dusty days). After the
above inorganic salts are sequentially formulated into
a 4 geL! salt solution, inorganic seed aerosol particles
of 10 nm to 2000 nm are generated by the atomizing
aerosol generator (TSI 9302) at a pressure of 12 PSI, and
then introduced into the chamber for a certain period
of time. Its concentration in the chamber is about 120
pgem=in full volume. For the experiment of CaCl, seed
aerosol concentration, the concentration of seed aerosol
in the chamber was changed by controlling the passage
time of seed particles generated by TSI 9302, which
were sequentially set to about 10, 20, 40, 80, 120, 160,
and 200 pgem?. In the experiment of relative humidity
of CaCl, seed aerosol, the concentration of seed aerosol
in the chamber was kept at 120 pgem?, and the relative
humidity in the chamber was regulated by changing the
time when the zero air through a sparger was immersed
in deionized water. The humidity was adjusted to about
37%, 53%, 61%, 79%, and 87%, respectively. For the
seed aerosol acidity experiment, the pH values of the
CaCl, solution were adjusted to 1, 3, 5, 7, 9, 11 and 13
by using hydrochloric acid (HCI) and sodium hydroxide
(NaOH) solution, respectively, and seed particles were
generated by TSI 9302 and then introduced into the
chamber to make its concentration in the chamber
120 pgem? in full volume. In all experiments, the
concentrations of toluene, O,, and NH, in the chamber
were kept constant at 10, 50 and 10 ppm, respectively,
and illuminated with four UV lamps for 2 hours.

After the end of the photoreaction of each
experiment, the chemical composition of the SOA
particles were measured online using an aerosol laser
time-of-flight mass spectrometer (ALTOFMS). The
SOA particles passed through the inlet system and
the particle sizing system, then entered the vacuum
chamber of the mass spectrometer, where they were
desorbed and ionized by a 248 nm KrF laser, and the
generated ions were detected by a time-of-flight mass
spectrometer in order to obtain the mass spectrum of
all ions generated by laser ionization. The chemical
composition of aerosol particles is gained from the ion
peaks in the mass spectrum. Also, after the completion
of the photoreaction, the products were collected with
a 3% methanol solution for the UV-Vis spectrometric
measurement as provided in our previous studies
[23-24].
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Results and Discussion

Previous chamber experiments have shown that
OH-initiated photooxidation of toluene and other
monoaromatic hydrocarbons generate semi-volatile
and low-volatile aldehydes and ketones, such as
benzaldehyde, glyoxal, methylglyoxal, benzoic acid,
glyoxylic acid and methylglyoxylic acid. These products
can form SOA particles by nucleation or gas/particle
conversion [25-27]. When a certain amount of NH, and
seed aerosol is present in the reaction system, it will
affect the formation process and composition of the
product. When the photoreaction of each experiment
was completed, the SOA particles were measured by
ALTOFMS. The laser time-of-flight mass spectrum of
toluene SOA particles in the presence of CaCl, seed
aerosol is shown in Fig. 1, and the mass spectrum
of SOA particles with other inorganic seed aerosol
is similar to that shown in Fig. 1. The mass spectrum
peak with the highest peak intensity of m/z 41 (C,H,N"),
along with m/z 67 (C,H,N,") and 28 (CH,N") are
the characteristic cracking peaks of the imidazole
compounds, indicating that the nitrogen-containing
imidazole organic compounds are the main reaction
product [22-24]. In addition, in the mass spectrum, the
fragment peak of m/z 18 corresponds to the ammonium
ion (NH,"), and m/z 44 is the fragment peak (COO")
after the carboxyl group (-COOH) of the organic acid
compound loses the hydrogen atom. These confirm
that ammonium carboxylates are formed during the
photoreaction in the presence of NH, and seed aerosol.

The product solutions of all the experiments were
measured by an ultraviolet-visible spectrometer. UV-
visible absorption spectrum of toluene SOA particles
in the presence of CaCl, seed aerosol is displayed in
Fig. 2, and the absorption spectrum of SOA particles with
other inorganic seed aerosol is similar to that displayed
in Fig. 2. The absorption band of the reaction products
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Fig. 1. Laser time-of-flight mass spectrum of toluene SOA
particles in the presence of calcium chloride seed aerosol.
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Fig. 2. UV-visible absorption spectrum of toluene SOA particles
in the presence of calcium chloride seed aerosol.

at 205 nm is mainly the characteristic absorption of the
n—n* transition of the carboxylic acid group (-COO)
in the ammonium acid products. The absorption peak
at 270 nm is mainly due to the absorption of n—m*
electronic transitions of C=N double bonds in the
nitrogen-containing imidazole compounds formed from
aldehyde products such as glyoxal in the aerosol phase
product reaction with NH, [28-29]. This further verified
that ammonium carboxylate and nitrogen-containing
imidazole compounds are the main reaction products.
According to Lambert Beer’s law, the absorbance
of the product solution is positively correlated with
the concentration of the product solution. Therefore,
the effects of inorganic seed aerosol on the nitrogen-
containing organic products formed by the reaction of
NH, and the photooxidation products of toluene were
analyzed by the change of absorbance of the reaction
product solution at 205 nm and 270 nm in the following
sections.

Effects of Different Inorganic Seed Aerosol
on the Formation of Nitrogen-Containing
Organic Compounds

In the reaction system of 10 ppm toluene, 50 ppm
O,, 10 ppm NH,, and seed aerosol concentration of
120 pgem?, the four UV lamps were used for 2 h, and
the absorbance of the products solution at 205 nm and
270 nm after illumination are shown in Fig. 3. In the
presence of inorganic seed aerosol, the absorbance at
either 205 nm or 270 nm of SOA formed by the reaction
of NH, with the photooxidation products of toluene
are higher than that of SOA without seed aerosol. This
indicates that the presence of inorganic seed aerosol
increased the content of ammonium acid and imidazole
products. By comparing the absorbance values of the
reaction products at 205 nm and 270 nm in the presence
of five different inorganic seed aerosols, it was seen that



Effects of Inorganic Seed Aerosol...

913

a) 3.1

] 205nm
3.0

2.9+
2.8 1
2.74

2.6+

Absorbance(A.U.)

2.5

2.4 -

Noseed NHNO, NaCl (NH,),SO, NaSiO, CaCl,

Different types of inorganic seed aerosols

b) o072
270 nm

0.68
0.64 4

0.60

Absorbance(A.U.)

0.56

0.52

Noseed NH,NO, NaCl (NH,),SO, Na,SiO, CaCl,
Different types of inorganic seed aerosols

Fig. 3. Ultraviolet absorbance of SOA at a) 205 nm and
b) 270 nm formed by the reaction of ammonia with the
photooxidation products of toluene in the presence of different
inorganic seed aerosols.

the order of promotion of strength is CaCl, > Na,SiO, >
(NH,),SO, > NaCl > NH,NO,.

In the absence of seed aerosol, the gas phase organic
products formed from the photooxidation of toluene
accumulate to sufficient supersaturation to initiate
homogeneous nucleation, resulting in the formation
of SOA particles. When inorganic seed aerosol is
present in the system, the surface area provides a good
condensation center for the semi- volatile and non-
volatile products to form SOA particles. Also, these
inorganic salts have a certain hygroscopic property,
and the formed inorganic seed aerosol surface absorbs
water vapor, and it was easy to absorb NH, to its surface
[30]. According to the experimental results of Liu et
al. [7] and Zhang et al. [31], the reactions of NH, with
carbonyls are usually acid catalyzed, and the rates of
gas phase reactions between NH, and carbonyls are
exceedingly slow as a thermolecular reaction would be
necessary, and heterogeneous reactions occur after NH,
absorbed onto the SOA contribute to the particulate
nitrogen-containing organic products. So, in the seed

experiments, when the OHe initiate the photooxidation
reaction of toluene, the produced gas phase aldehyde
compound and organic acid and other products
condense on the surface of the inorganic seed aerosol
and react with NH, to formed ammonium acid and
imidazole compounds. The presence of inorganic seed
aerosol in the experiment caused the condensation and
reaction of the oxidation products on the seed surface,
accelerated the formation rate of SOA and increased
the content of reaction products. The absorbance of
the product at 205 nm and 270 nm in the presence of
inorganic seed aerosol was significantly higher than
that in the absence of seed aerosol. However, the five
inorganic salts have different hygroscopic strengths.
According to the experimental results of Wang et al.
[32] and Ge et al. [12], the order of hygroscopicity was
CaCl,>Na,SiO,>(NH,),SO >NaCI>NH NO,. CaCl, has
the strongest moisture absorption performance. Under
the same relative humidity conditions, the amount of
water absorption and NH, absorption of CaCl, seed
aerosol surface is also the largest. Thus, the content
of the finally produced ammonium acid and imidazole
products is the highest.

Effect of Different Concentrations of Calcium
Chloride Seed Aerosol on the Formation
of Nitrogen-Containing Organic Products

Inorganic seed aerosol is the center for the
condensation and reaction of the photooxidation
products of toluene. The concentration of the seed
aerosol directly determines the size of the center
area, which affects the formation rate and content of
ammonium acid and imidazole compounds. Fig. 4
shows the absorbance at 205 nm and 270 nm of SOA in
the presence of different concentrations of CaCl, seed
aerosol. It can be seen from Fig. 4 that the absorbance
at 205 nm and 270 nm shows the similar change with
the increasing aerosol concentration of CaCl, seeds.
When the concentration of CaCl, seed aerosol is in the
range of 0 pgem=~120 pgem?, the absorbance values
of both bands show the significant upward trend.
This means that increasing the concentration of CaCl,
seed aerosol in the reaction system can increase the
content of nitrogen-containing organic compounds.
When the concentration of CaCl, seed aerosol exceeds
120 pgem?, the two curves show the downward trend at
the same time, indicating that the excessive concentration
of CaCl, seed aerosols are not favorable for the reaction
to formed ammonium acid and imidazole compounds.
When a certain concentration of CaCl, seed aerosol was
added to the reaction system, the gas phase semi-volatile
and non-volatile products formed by the photooxidation
of toluene can condense on the surface and react with
NH, to form ammonium acid and imidazole organic
compounds. As the concentration of CaCl, seed aerosol
increases, the surface area that provides condensation
and reaction also increases. This contributes to the
absorption of NH, and the condensation of the gas phase
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photooxidation products of toluene, thereby increasing
the amount of formation of the nitrogen-containing
organic compounds, that is, the change shown in
Fig. 4. Since the concentrations of toluene and O, were
kept constant during the experiment, the gas phase
photooxidation products produced were also constant.
When the CaCl, seed aerosol was increased to a certain
concentration (120 pgem=), the gas phase photooxidation
products produced by photooxidation of toluene
completely condensed, and then the concentration of
the seed aerosol was increased, and the content of the
nitrogen-containing organic compounds no longer
increased. However, the relative humidity in the chamber
is constant, and the higher the concentration of the seed
aerosol, the less liquid water is absorbed on the surface.
The ability to absorb NH, and carbonyls on the surface
of high concentrations of CaCl, seed aerosol (more than
120 pgem?®) may be reduced. Thus, in the presence of
the higher concentration of CaCl, seed aerosol as shown
in Fig. 4, the absorbance of the reaction product at 205
nm and 270 nm showed a downward trend.
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Fig. 4. Ultraviolet absorbance of SOA at a) 205 nm and
b) 270 nm formed by the reaction of ammonia with the
photooxidation products of toluene in the presence of calcium
chloride seed aerosols of different concentrations.

Effect of Different Humidity Calcium Chloride
Seed Aerosol on the Formation of Nitrogen-
Containing Organic Products

The presence of water molecules affected the
lifetime of atmospheric oxidants, and participated in
the photochemical reaction of toluene, thereby changing
the photooxidation of gaseous products [33]. Also, the
presence of water molecules affected the gas phase and
interface-controlled aerosol mass transfer processes,
and changed the SOA formation process and chemical
composition [34]. The relative deliquescent humidity
of CaCl, is 10%, so during the experiment, the CaCl,
seed aerosol is always in a deliquescent state [32]. When
the relative humidity is gradually increased from 37%
to 87%, the change trend of the absorbance values of
ammonium acid and imidazole products at 205 nm
and 270 nm is shown in Fig. 5. Both curves show an
approximately linear downward trend with increasing
relative humidity, which indicates that the relative
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Fig. 5. Ultraviolet absorbance of SOA at a) 205 nm and
b) 270 nm formed by the reaction of ammonia with the
photooxidation products of toluene in the presence of calcium
chloride seed aerosols of different relative humidities.
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humidity is negatively correlated with the absorbance of
the reaction product. The presence of water molecules
is detrimental to the formation of nitrogen-containing
organic compounds.

The experimental results of Wang et al. [35] and Hu
et al. [36] show that the rate constant of O, wall loss
increases with the increasing relative humidity, and
there is a significant linear relationship between them.
In addition, the excessive presence of water molecules
competes with O, for the light source, and OHe can
collision annihilation with water molecules, resulting
in a significant decrease in the concentration of OHe
produced by photolysis of O, as the relative humidity
increases [37-38]. Therefore, with the gradual increase
of relative humidity in the chamber, the wall deposition
effect of O, is more significant, and the OHe generated
by photolysis is gradually reduced. The gas phase
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Fig. 6. Ultraviolet absorbance of SOA at a) 205 nm and
b) 270 nm formed by the reaction of ammonia with the
photooxidation products of toluene in the presence of calcium
chloride seed aerosols of different pH.

are also reduced, thereby inhibiting the formation of
nitrogen-containing organic compounds. In addition,
as the relative humidity increases, the CaCl, seed
aerosol will increase in particle diameter due to its
strong hygroscopic property, which is beneficial to the
absorption of NH, and the coagulation and reaction of
gaseous photooxidation products of toluene. However,
the increase in particle size caused by the increase
in relative humidity would further enhance the wall
deposition effect of the particles, eventually resulting
in a decrease in the collected particulate matter and
the decrease in the absorbance of the measured product
solution.

Effect of Different Acidity of Calcium Chloride
Seed Aerosol on the Formation of Nitrogen-
Containing Organic Products

In the actual atmospheric environment, seed acrosols
from different sources have different acidities. The
experiment used CaCl, solutions with different pH
values to simulate seed aerosols with different acidity.
As can be seen from Fig. 6, when the pH = 7 of the
solution, the absorbance at 205 nm and 270 nm is the
largest, at pH = 1 and 13, the absorbance at 205 nm and
270 nm is small. This indicates that under the conditions
of strong acid and alkaline, it is not favorable to the
formation of ammonium acid and imidazole products.
The weakly acidic conditions favor the formation of
nitrogen-containing organic compounds, and the content
of the products gradually increases with the increasing
pH value. While the weak alkaline condition restricts the
formation of nitrogen-containing organic compounds,
the content of the product gradually decreases with
the increasing pH value. This is basically consistent
with the experimental results of Maxut et al. [39], who
performed the yield of imidazole compounds formed
from the reaction of glyoxal with NH,"; more target
products were obtained in the neutral environment of
pH="7.

Under strong acidic conditions, after the CaCl, seed
aerosol absorbs NH., hydrogen ions (H") react with it to
form ammonium ions (NH,"). Since the formed NH,*
is the weak acid, it cannot react with the condensed
organic acid to form ammonium acid. According to
the experimental results of Liu et al. [7] and our group
[23-24], the hydration of the dialdehyde compound and
the reaction with NH, to form the tetraol and diimine
products are important precursors for the formation
of imidazole products. Since the reactivity of NH,*
is less than that of NH,, the rate of NH, reaction with
the condensed dialdehyde compound to form diimine
is low, and the yield is small, resulting in the decrease
of imidazole products. Therefore, under strong acid
conditions, it is not favorable to the formation of
nitrogen-containing organic compounds. In the acidic
range of pH<7, the absorbance of the reaction product
solution at 205 nm and 270 nm gradually increases
with increasing pH. Under alkaline conditions, excess
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hydroxide ions (OH?) would undergo the acid-based
neutralization reaction with the condensed organic
acid to reduce the yield of ammonium acid. At the
same time, excess OH- inhibits the hydration of the
dialdehyde compounds to form the tetraol products,
thereby reducing the content of the imidazole products
[39]. Therefore, in the alkaline range, the absorbance
of the reaction product solution at 205 nm and 270 nm
decreases as the pH increases. It is worth noting that
few Na® ions were introduced in CaCl, seed aerosol
after adjusting the alkalinity of CaCl, solution with
NaOH. However, the presence of OH in the CaCl, seed
aerosol decreases the content of nitrogen-containing
organic products [39]. Na" ions are not involved in the
formation of nitrogen-containing organic products, and
therefore do not affect the aforementioned experimental
results.

Conclusions

According to the difference between the composition
and physicochemical properties of the photooxidation
products of NH, and toluene in the presence of seed
aerosol according to ALTOFMS spectra and UV-
Vis spectra, the effects of inorganic seed aerosol on
the nitrogen-containing organic compounds formed
by the reaction was qualitatively characterized by the
UV-visible spectrum. The inorganic seed aerosol has
large surface area and can be used as the condensation
center of the gas phase products of the photooxidation
of toluene and the reaction center with NH,. Thereby
the formation of nitrogen-containing organic products
such as ammonium acid and imidazoles are promoted.
The order of promotion is CaCl >Na,SiO,>(NH,),SO >
NaCI>NH,NO,. The concentration of ammonium acid
and imidazole products increases with the increasing
concentration and acidity of CaCl, seed aerosol, but
decreases with the increase of relative humidity.
However, when the CaCl, seed aerosol is alkaline, OH
will undergo the acid-base neutralization reaction with
the condensed organic acid and inhibit the hydration of
the dialdehyde compound to form tetraol product, thus
being disadvantageous for the formation of the nitrogen-
containing organic products. Nitrogen-containing
organic compounds can absorb solar radiation and
reduce visibility, and are the important components of
atmospheric brown carbon. On this basis, subsequent
experiments can be carried out on the measurements of
extinction and scattering coefficient of SOA particles in
the presence of NH, and inorganic seed aerosol.
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