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Abstract: Imidazole compounds are important constituents of atmospheric brown carbon. The
imidazole components of aqueous secondary organic aerosol (aqSOA) that are generated from the
evaporation of droplets containing pyruvaldehyde and inorganic ammonium are on-line charac-
terized by an aerosol laser time-of-flight mass spectrometer (ALTOFMS) and off-line detected by
optical spectrometry in this study. The results demonstrated that the laser desorption/ionization
mass spectra of aqSOA particles that were detected by ALTOFMS contained the characteristic mass
peaks of imidazoles at m/z = 28 (CH2N+), m/z = 41 (C2H3N+) and m/z = 67 (C3H4N2

+). Meanwhile,
the extraction solution of the aqSOA particles that were measured by off-line techniques showed that
the characteristic absorption peaks at 217 nm and 282 nm appeared in the UV-Vis spectrum, and the
stretching vibration peaks of C-N bond and C=N bond emerged in the infrared spectrum. Based
on these spectral information, 4-methyl-imidazole and 4-methyl-imidazole-2-carboxaldehyde are
identified as the main products of the reaction between pyruvaldehyde and ammonium ions. The
water evaporation accelerates the formation of imidazoles inside the droplets, possibly owing to the
highly concentrated environment. Anions, such as F−, CO3

2−, NO3
−, SO4

2− and Cl− in the aqueous
phase promote the reaction of pyruvaldehyde and ammonium ions to produce imidazole products,
resulting in the averaged mass absorption coefficient (<MAC>) in the range of 200–600 nm of aqSOA
increases, and the order of promotion is: F− > CO3

2− > SO4
2− ≈ NO3

− ≈ Cl−. These results will
help to analyze the constituents and optics of imidazoles and provide a useful basis for evaluating
the formation process and radiative forcing of aqSOA particles.

Keywords: pyruvaldehyde; inorganic ammonium; aqueous secondary organic aerosol; imidazole
compounds; brown carbon

1. Introduction

Organic carbon (OC) is a vital component of atmospheric aerosol particles. OC that
can absorb light in the ultraviolet-near visible range (300–400 nm) and has wavelength-
dependent light absorption properties is called brown carbon (BrC) [1,2]. BrC can absorb
and scatter solar radiation, leading to the reduction in atmospheric visibility, and it has
gradually become an important driving factor affecting radiative forcing and disturbing re-
gional climate change [3,4]. Imidazoles, such as imidazole and imidazole-2-carboxaldehyde
have certain toxicity, are irritating and corrosive to skin and mucous membranes, and
endanger human health [5]. Imidazoles also contain the chromophores of C=N and C=C,
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which are important brown carbon components [1,6,7]. In addition, imidazolaldehydes are
the common photosensitizers in the atmosphere. For example, imidazole-2-carboxaldehyde
(IC) absorbs ultraviolet radiation and forms the triplet excited state of IC (3IC*) [8,9], which
can either reduce O2 to form HO2 radicals and other oxidizing radicals [10,11] or interact
with other volatile organic compound (VOC) as follows:

IC hv→ 3IC ∗+O2 →→ HO2

3IC ∗+VOC→ IC + VOC∗ →→ SOA
3IC* oxidizes other VOC (also called substrate) via energy transfer, electron transfer

or H- abstraction. While the substrate is transformed, the photosensitizer can either be
degraded or possibly regenerated, resulting in a photocatalytic process and the generation
of secondary organic aerosol (SOA) particles [12,13]. Therefore, the formation process and
optical properties of imidazoles have attracted extensive attention.

Except for the primary emission source of combustion, the aqueous reaction of glyoxal,
pyruvaldehyde and other α-dicarbonyl compounds with ammonium sulphate is an impor-
tant secondary source of imidazole compounds. Glyoxal and pyruvaldehyde are mainly
derived from the direct emission of biomass combustion [14] and the oxidation of VOCs
that are emitted from biological sources (isoprene, terpene, etc.) [15] and anthropogenic
sources (acetylene, aromatic compounds, etc.) [16,17]. The annual global glyoxal emission
is estimated to be about 45 Tg, of which 47% is produced by the photooxidation of isoprene
and 20% from biomass combustion [18,19]. Meanwhile, pyruvaldehyde is widely present
in urban, rural and remote environments, with an annual emission of 140 Tg, 79% from
isoprene oxidation, and acetone oxidation is its second largest source [19]. Glyoxal and
methylglyoxal have high Henry coefficients (103–105 M/atm) in the aqueous phase and
can be transferred to liquid aerosol particles, water droplets and clouds through gas/liquid
partitioning [20]. Nozière et al. [21] observed that there were UV absorption peaks in the
aqueous products of (NH4)2SO4 and glyoxal, and their reaction rate constants increased
with the increase in NH4

+ activity and pH of aqueous solution. They propose that the
nitrogen-containing organic products were formed from an imine path under the action
of NH4

+ to glyoxal. Kampf et al. [22] conducted the optical and mass spectra measure-
ments on the aqueous reaction products of glyoxal and (NH4)2SO4 and found that the
products had an absorption peak at 280 nm, and imidazole, imidazole-2-carboxaldehyde
and 2,2′-bis-imidazole were the main aqueous reaction products. Lee et al. [23] further
confirmed that the SOA particles formed by the evaporation of water droplets comprising
glyoxal and (NH4)2SO4 contained imidazole and imidazole-2-carboxaldehyde. Maxut
et al. [24] detected imidazole, imidazole-2-carboxaldehyde, 2,2′-bis-imidazole and other
imidazoles that are formed from the reaction of glyoxal and (NH4)2SO4 under neutral
conditions (pH = 7). Further, Teich et al. [25,26] isolated and identified imidazoles, such
as 4(5)-methyl-imidazole, imidazol-2-carboxaldehyde and ethyl-imidazole in atmospheric
aerosol samples from Germany, Italy and China, and measured their concentrations be-
tween 0.2 and 14 ng/m3. Lian et al. [27] detected that 60% of imidazoles were mixed with
carbonyl and ammonium/amine inside the particles, confirming the reaction of carbonyl
and ammonium/amine at the single particle level to form imidazoles.

However, the above experiments mainly focus on the identification of the aqueous
reaction products of glyoxal and (NH4)2SO4 via off-line methods [21–24]. Moreover, Powel-
son et al. [28] measured the absorption Ångstrom coefficients (Åabs) of the reaction product
solution of glyoxal and other carbonyl compounds with (NH4)2SO4 to be between 2 and
11, which falls within the range of the Åabs of atmospheric water-soluble brown carbon.
Further, the complex refractive index (CRI) and mass absorption coefficient (MAC) of the
aqSOA particles that are produced by the reaction of methylglyoxal and (NH4)2SO4 are
detected by Tang et al. [29] and Harrison et al. [30]. The obtained real part (n) of the CRI
at 402 nm is between 1.46 and 1.52, and the imaginary part (k) is less than 0.01 [29]. The
measured MAC value at 280 nm is about 1330 cm2/g [30]. Although these experiments
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measured optical parameters, such as the CRI and MAC of aqSOA particles, the influence
of other components in aqueous phase are not considered. In addition to NH4

+ ions, anions
such as NO3

−, SO4
2−, CO3

2−, Cl− and F− are also in the aqueous phase [31–33]. NO3
−

and SO4
2− ions that are mainly formed by the atmospheric chemical conversion of NOx

and SO2 emitted from the combustion of coal, petroleum and other chemical fuels are
important components of PM2.5 particles [34]. Cl− and F− ions mostly come from sea
salt aerosol [35], while CO3

2− ion primarily originates from mineral dust [36]. However,
the effects of these anions on the formation and optics of imidazole compounds have
not been reported. As the annual global pyruvaldehyde emission is greater than that of
glyoxal [19], it widely exists in atmospheric aqueous phase and is an important contributor
to the potential formation of SOA and imidazole compounds. Therefore, pyruvaldehyde
is selected as the precursor of imidazoles in this study. The solutions of pyruvaldehyde
and inorganic ammonium are atomized by TSI 9302, and the aqSOA particles are obtained
after drying through a silica gel diffusion tube. Imidazole components are measured by
on-line and off-line mass and optical spectrometry to study their formation mechanism.
In addition, a UV-Vis spectrophotometer and total organic carbon analyzer (TOC) are
combined to measure the mass absorption coefficient (MAC) to quantitatively characterize
the light absorption of aqSOA particles. The effects of different water-soluble anions, such
as NO3

−, SO4
2−, CO3

2−, Cl− and F− on the MAC of aqSOA produced by the reaction of
pyruvaldehyde and inorganic ammonium salts are investigated. These provide a useful
basis for the study of the formation and optical properties of imidazole compounds in
atmospheric aqSOA particles.

2. Experiments
2.1. Material

Pyruvaldehyde (40% solution); methanol (>99%); imidazole (≥99.5%); 4-methyl-imidazole
(≥98%); imidazole-2-carboxaldehyde (≥99.0%); and 4-methyl-imidazole-2-carboxaldehyde
(99%) are obtained from Aladdin reagent Shanghai Co., Ltd. (Shanghai, China). Ammonium
sulfate (≥99.0%); ammonium chloride (≥99.5%); ammonium nitrate (≥99.0%); ammonium
fluoride (≥96.0%); and ammonium carbonate (≥96.0%) are purchased from Sigma Aldrich
Shanghai Trading Co., Ltd (Shanghai, China). These materials are not further purified and
directly used in the experiments.

2.2. Formation of aqSOA by the Evaporation of Droplets Containing Pyruvaldehyde with
(NH4)2SO4

Researchers often prepare a certain concentration solution according to the concen-
tration of organic and inorganic substances in the atmospheric aqueous phase, and then
evaporate water to simulate the generation of aqSOA particles. The solution is generally
atomized by a commercial atomizer (TSI 3076 or TSI 9302) to generate liquid aerosol parti-
cles, and then the water is evaporated through a silica gel diffusion tube to form the aqSOA
particles [23,37]. Some researchers have also removed the water by rotary evaporation
of the solution at a certain temperature to obtain aqSOA particles [38]. The latter is the
evaporation of water in the solution under the condition of a relatively high temperature
and rotational vibration, which can quickly complete the aqueous reaction and evaporation
of water but cannot adequately simulate the actual atmospheric aqueous reaction process.
Therefore, the former method is adopted in this study. A total of 3.303 g ammonium sulfate
is dissolved by deionized water and transferred to a 250 mL volumetric flask; 2 mL of
40% pyruvaldehyde solution is added to the flask and the mixed solution of 5 mmol/L of
pyruvaldehyde and 10 mmol/L of ammonium sulfate is obtained after constant volume
by deionized water. Then, the mixed solution is transferred to a TSI 9302 atomizer. As
shown in Figure 1, the mixed solution is atomized at a pressure of 0.83 × 105 Pa to generate
aerosol particles with a particle size ranging from 0.1 to 2 µm. After drying through a
silica gel diffusion tube, aqSOA particles with the concentration of about 200 µg/m3 are
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achieved. The aqSOA particles are detected on-line by an aerosol laser time-of-flight mass
spectrometer (ALTOFMS) [39,40].

Figure 1. Schematic diagram for the characterization of aqSOA produced by the evaporation of
droplets containing pyruvaldehyde and (NH4)2SO4.

Owing to the volatility of pure methanol, 2% methanol water solution is used to
extract the organic components of the aqSOA particles, which has a good extraction effect,
and the extract solution can be utilized for the detection with UV-Vis in our previous
studies [41,42]. Thus, the aqSOA particles are collected by a Teflon filter membrane and
extracted into 5 mL of 2% methanol water solution by sonicating for 30 min. In order
to eliminate the measurement error, the aqSOA particles are extracted immediately after
collection. The Teflon filter membrane is placed in a small beaker containing 5 mL of 2%
methanol water solution and covered with a glass-surface vessel to prevent the loss of
solvent volatilization during the 30-min ultrasonic extraction. A secondary extraction is
also performed to confirm that the primary extraction is complete when the absorption
spectrum of its extraction is approximately a straight line. Each experiment is performed
three times in parallel and the averaged value is taken as the final analysis data for off-line
measurement.

2.3. Characterization of Imidazole Products in aqSOA

The ALTOFMS is used to detect aqSOA particles in real-time [39,40]. As shown in
Figure 1, the aqSOA particles that are formed from the evaporation of droplets containing
pyruvaldehyde and (NH4)2SO4 are entered into the aerodynamic lens and two skimmers
to form a collimated particle beam, which is introduced into the sizing system. The
particle size is obtained by measuring the transit time of the particle through two 532 nm
lasers in sequence. Then, the particle is transferred to the vacuum ionization chamber,
desorbed and ionized by a 266 nm Nd:YAG pulsed laser with a density of 107 W/cm2.
The generated ions are accelerated into the time-of-flight mass spectrometer, detected
by the dual microchannel plate detector, and the complete ion mass spectrum of aqSOA
particle is obtained [39,40]. A UV-Vis spectrophotometer (UV-6100S, Mapada Instruments,
Shanghai, China) and attenuated total reflection Fourier transformed infrared spectroscopy
(ATR-FTIR, Thermo Nicolet iS 10, Thermo Fisher Scientific, Waltham, MA, USA) are also
used for off-line measurement to verify the imidazole products in the extraction of aqSOA.
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2.4. Optical Characterization of aqSOA

Updyke et al. [43] and Powelson et al. [28] have utilized Equations (1) and (2) to
calculate the mass absorption coefficient (MAC) (cm2/g) to quantify the effect of organic
aerosols on light absorption.

MAC(λ) =
Asolution(λ)× ln 10

b× Cmass
(1)

〈MAC〉 = 1
(λ2− λ1)

×
∫ λ2

λ1
MAC(λ)dλ (2)

In Equation (1), Asolution is the absorbance of the extraction solution of aqSOA particles
at λ, b is the optical path length (i.e., the cuvette width, cm), and Cmass is the organic carbon
concentration of the extraction solution (g/cm3). According to equation (2), the averaged
MAC (<MAC>) is acquired by integrating in the range of λ1–λ2.

A total of 5 mmol/L of pyruvaldehyde is kept unchanged; the mixed solution of pyru-
valdehyde and 20 mmol/L of ammonium ions (10 mmol/L of (NH4)2SO4 and (NH4)2CO3,
and 20 mmol/L of NH4F, NH4NO3 and NH4Cl) is prepared successively. The extraction
solutions of the aqSOA particles that are produced by the reaction of pyruvaldehyde with
inorganic ammonium salts are obtained according to the method in 2.2. The UV-Vis spec-
trophotometer is used to measure the absorption spectrum of the extraction solution in
200–600 nm with the 2% methanol water solution as a reference and a quartz cuvette with
a width of 1 cm, combined with the organic carbon analyzer (TOC-L, Shimadzu Company,
Kyoto, Japan) to measure the total organic carbon concentration of the extraction solution.
The sample and high-purity O2 are introduced into the high-temperature combustion tube
and low-temperature reaction tube of TOC-L. The sample through the high-temperature
combustion tube is oxidized at a high temperature, and the organic and inorganic carbonate
components are decomposed into CO2. Meanwhile, the sample in the low-temperature
reaction tube is acidified by phosphoric acid and the inorganic carbonate components
are transformed into CO2. The generated CO2 is successively introduced into the non-
dispersive infrared detector to obtain the peak signal. The measured peak area value is
the integral value of the CO2 absorption rate and time, and the difference between the
concentration of total carbon and inorganic carbon is the total concentration of organic
carbon [44]. The organic carbon concentration (Cmass) of the extract solution is obtained
by subtracting the organic carbon concentration of the 2% methanol water solution from
the total organic carbon concentration that is measured. The <MAC> that averaged over
200–600 nm of aqSOA is calculated according to Formulas (1) and (2).

3. Results
3.1. On-Line Characterization of Imidazole Products

The off-line analysis method’s sample preparation procedure is cumbersome and
time-consuming, so it cannot provide component information quickly. Based on this, this
study carries out on-line detection research with the help of ALTOFMS [39,40]. In order
to confirm whether the ALTOFMS can be used for the detection of imidazole compounds,
the laser desorption/ionization of imidazole compounds are carried out first. A total of
100 mL of 0.1 mmol/L imidazole, 4-methyl-imidazole, imidazole-2-carboxaldehyde and
4-methyl-imidazole-2-carboxaldehyde solution is successively transferred to TSI 9302. After
atomization and drying, the SOA particles are generated and entered into ALTOFMS for
detection. The generated positive ions are measured by time-of-flight mass spectrometry to
acquire the positive-ion mass spectrum of a single particle. According to the design princi-
ples of ALTOFMS, the laser desorption/ionization mass spectrum of a single particle is only
obtained once its diameter has been measured [39,40]. A total of 200 single aerosol particles’
mass spectra are collected for each sample, and the averaged mass spectra of all particles
are taken as the mass spectrum of the substance. The averaged laser desorption/ionization
positive-ion mass spectra of imidazole, 4-methyl-imidazole, imidazole-2-carboxaldehyde
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and 4-methyl-imidazole-2- carboxaldehyde particles are shown in Figures 2 and 3, respec-
tively.

Figure 2. The averaged laser desorption/ionization positive-ion mass spectrum of (a) imidazole and
(b) 4-methyl-imidazole particles.

Figure 3. The averaged laser desorption/ionization positive-ion mass spectrum of (a) imidazole-2-
carboxaldehyde and (b) 4-methyl-imidazole-2-carboxaldehyde particles.
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There are mass peaks with m/z of 12, 28, 41 and 68 in the average positive-ion mass
spectrum of imidazole particles as displayed in Figure 2a, among which m/z = 12 is the C+ ion
mass peak that is generated by the cracking of an organic compound [45]. Imidazole is a five-
membered ring structure containing nitrogen atoms, which is relatively stable. With a mass
peak at m/z of 68, its mass-charge-ratio is the same as the molecular weight (Mw) of imidazole,
corresponding to the molecular ion peak of imidazole (M+, C3H4N2

+) [23,46]. As suggested
by Lee et al. [23] and Liu et al. [46], the molecular ion of imidazole may be fragmented to
generate characteristic ions of C2H3N+ (m/z = 41) and CH2N+ (m/z = 28). The averaged
positive ion-mass spectrum of 4-methyl-imidazole particles illustrated in Figure 2b obviously
has imidazole characteristic ion peaks with m/z = 67 (C3H3N2

+), m/z = 41 (C2H3N+) and
m/z = 28 (CH2N+) [23,46]. In addition, there is an obvious mass peak at m/z = 82 in Figure 2b,
which is considered to be the molecular ion peak of 4-methyl-imidazole (M+, C4H6N2

+) as the
mass-to-charge ratio is the same as its molecular weight. The mass peaks of m/z = 81 may
correspond to the ion peaks of one methyl group on the imidazole ring ((C3H2N2+ CH3)),
which is generated by the loss of a hydrogen atom in the molecular ion peak of 4-methyl-
imidazole [47].

Similarly, the averaged positive-ion mass spectrum of imidazole-2-carboxaldehyde
and 4- methyl-imidazole-2-carboxaldehyde particles illustrated in Figure 3 obviously has
imidazole characteristic ion peaks with m/z = 67 (C3H3N2

+), m/z = 41 (C2H3N+) and
m/z = 28 (CH2N+) [23,46]. In addition, the obvious mass peak at m/z = 96 and m/z = 110
is presented in Figure 3a,b, respectively, which is considered to be the molecular ion peak
of imidazole-2-carbaldehyde (M+, C4H4N2O+) and 4-methyl-imidazole-2-carboxaldehyde
(M+, C5H6N2O+) as the mass-to-charge ratio is the same as its molecular weight, respec-
tively [47]. Compared with the electron bombardment mass spectra of imidazole and
imidazole-2-carbaldehyde that were obtained by Lee et al. [23], the characteristic mass
spectra are still similar despite the different ionization methods that are used. This indicates
that ALTOFMS with laser desorption/ionization can be used for the on-line measurement
of imidazoles.

Based on the obtained mass spectra of imidazole compounds, the on-line measurement of
aqSOA particles that are formed from the evaporation of droplets containing pyruvaldehyde
and (NH4)2SO4 is subsequently carried out. The averaged positive-ion mass spectrum of 200
aqSOA particles is illustrated in Figure 4. Since the aqSOA contains multiple components, the
mass spectrum is complex, but still clearly shows the characteristic mass peaks of imidazoles
at m/z = 28 (CH2N+), m/z = 41 (C2H3N+) and m/z = 67 (C3H3N2

+) [23,46], indicating that
the reaction of pyruvaldehyde and (NH4)2SO4 produces imidazole products. Except for the
C+ and C2

+ fragment peak at m/z = 12 and m/z = 24, the peak with m/z = 18 corresponds
to the NH4

+ ion peak. It may be that the unreacted (NH4)2SO4 is atomized, dried to form
particles, and ionized by the 266 nm Nd:YAG pulsed laser to generate NH4

+ ion. On the other
hand, the mass peaks with m/z = 47 and 58 may correspond to the fragment ion peak of the
hydration products of pyruvaldehyde [23,48]. The mass peaks of m/z = 81 may correspond
to the ion peaks of one methyl group on the imidazole ring ((C3H2N2+CH3)+), demonstrating
methyl-substituted imidazoles in the aqSOA particles. In addition, there are obvious mass
peaks at m/z = 82 and m/z = 110, which are speculated to be the molecular ion peaks of 4-
methyl-imidazole (C4H6N2

+, Mw = 82) and 4-methyl-imidazole-2-carbaldehyde (C5H6N2O+,
Mw = 110), respectively, since the mass-to-charge ratio is the same as the molecular weight.
To further confirm the imidazole components of the aqSOA particles, UV-Vis and ATR-FTIR
measurements are subsequently carried out.
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Figure 4. The averaged laser desorption/ionization positive-ion mass spectrum of aqSOA particles
formed from the evaporation of droplets containing pyruvaldehyde and (NH4)2SO4.

3.2. Off-Line Characterization of Imidazole Products

A total of 5 mmol/L of pyruvaldehyde and the mixed solution of 5 mmol/L of
pyruvaldehyde and 10 mmol/L of (NH4)2SO4 is atomized and dried to produce aqSOA
particles, respectively. Taking 2% methanol water solution as a reference, the absorption
spectra of the extraction solutions in 200–600 nm are illustrated in Figure 5. The extraction
solution of the aqSOA particles that is produced by 5 mmol/L of pyruvaldehyde is colorless
and transparent, and there is a weak peak at 292 nm which corresponds to the characteristic
absorption peak of carbonyl [49]. However, the extraction solution of the aqSOA particles
that are formed from the mixed solution of 5 mmol/L of pyruvaldehyde and 10 mmol/L of
(NH4)2SO4 shows brown-yellow, and its absorption spectrum has strong absorption peaks
at 217 nm and 282 nm, respectively, indicating the formation of the brown carbon products
with light absorption ability. Nozière et al. [21], Kampf et al. [22], Lee et al. [23] and Maxut
et al. [24] also detected these two similar absorption peaks when studying the aqueous
reaction of glyoxal with (NH4)2SO4. They suggest that the π→ π * electron transition of
C=N in the heterocyclic ring of imidazole and imidazole-2-carbaldehyde produces the
absorption peak of 209 nm, and the n → π * electron transition of C=N is responsible
for the absorption peak of 280 nm. Compared with the reaction system of glyoxal and
(NH4)2SO4, these two UV absorption peaks of the reaction products of pyruvaldehyde
and (NH4)2SO4 shift by about 8 nm and 2 nm, respectively, suggesting the production of
4-methyl-imidazole and 4-methyl-imidazole-2-carbaldehyde.

In order to further determine the component information of imidazoles, the absorp-
tion spectrum of the extraction solution is compared with imidazole compounds. A certain
amount of imidazole, 4-methyl-imidazole, imidazole-2-carbaldehyde and 4-methyl-imidazole-
2-carbaldehyde is dissolved successively in 2% methanol water solution to prepare the stan-
dard solution with a concentration of 0.1 mmol/L. Taking 2% methanol water solution as a
reference, the measured UV-Vis absorption spectrum is shown in Figure 6. Imidazole has a
characteristic absorption peak near 209 nm, which is similar to the UV-Vis spectrum that was
reported by Maxut et al. [24]. They used water as a solvent and measured a characteristic
absorption peak at 205 nm in the imidazole aqueous solution. A 2% methanol aqueous solu-
tion is used as the solvent in this study, and its characteristic absorption peak is red-shifted to
209 nm. Compared with imidazole, the characteristic absorption peak in the UV-Vis spectrum
of 4-methyl-imidazole is red-shifted to 217 nm due to the existence of methyl substituent.



Atmosphere 2022, 13, 970 9 of 19

Similar to the UV-Vis spectrum of imidazole-2-carbaldehyde that was measured by Maxut
et al. [24], the UV-vis spectrum of imidazole-2-carbaldehyde shows a weaker absorption
band at 215 nm and a maximum absorption peak at 280 nm; the latter is considered as the
characteristic absorption peak of imidazole-2-carbaldehyde [9,24]. Further, the absorption
peaks of 4-methyl-imidazole-2-carbaldehyde shown in Figure 6 are red-shifted to 217 nm and
282 nm due to the presence of methyl groups.

Figure 5. UV-Vis absorption spectra of the extraction solutions of aqSOA particles produced by
5 mmol/L pyruvaldehyde and the mixed solution of 5 mmol/L pyruvaldehyde and 10 mmol/L
(NH4)2SO4.

Figure 6. UV-Vis absorption spectra of 0.1 mmol/L imidazole, 4-methyl-imidazole, imidazole-2-
carbaldehyde and 4-methyl-imidazole-2-carbaldehyde standard solutions.
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To further determine the imidazole components in aqSOA particles, 5 mmol/L of pyru-
valdehyde and 5, 10, 15, 20, 25 and 30 mmol/L of (NH4)2SO4 mixed solution is prepared
and transferred to TSI 9302, atomized and dried to obtain aqSOA particles, successively.
The measured UV-Vis spectra of the extraction solutions of the aqSOA particles are shown
in Figure 7. It can be seen from Figure 7 that the UV-Vis spectra of the extraction solu-
tions are basically identical, with the absorption peaks at 217 nm and 282 nm. With the
increasing concentration of (NH4)2SO4, the absorption peaks of the extraction solution
do not shift, but the absorbance of 217 nm and 282 nm gradually increase. Combined
with the UV-Vis spectra of 4-methyl-imidazole and 4-methyl- imidazole-2-carbaldehyde
that are shown in Figure 6 and the on-line detection results of ALTOFMS, it can be con-
firmed that the main components of each extraction solution are 4-methyl-imidazole and
4-methyl-imidazole-2-carbaldehyde. As the intensity of the absorption peak at 217 nm
is greater than that of 282 nm, it can be inferred that the amount of 4-methyl-imidazole
is greater than that of 4-methyl-imidazole-2-carbaldehyde. It is worth noting that when
the concentration of (NH4)2SO4 exceeds 25 mmol/L, the absorbance of the extraction
solution at 217 nm and 282 nm remains almost unchanged. This is possibly because the
pyruvaldehyde in the system is constant, and when the (NH4)2SO4 increases to 25 mmol/L,
the pyruvaldehyde has been completely consumed and the produced 4-methyl-imidazole
and 4-methyl-imidazole-2-carbaldehyde reach the maximum value. Upon continuing to
increase the concentration of (NH4)2SO4, the yield of imidazole products almost stopped
increasing, and the absorbance of the extraction solution remained almost constant.

Figure 7. UV-Vis absorption spectra of the extraction solutions of aqSOA particles produced 5 mmol/L
pyruvaldehyde and different concentrations of (NH4)2SO4.

To identify imidazole products, ATR-FTIR is utilized to measure the infrared absorp-
tion spectrum of the extraction solution. During the measurement, 2% methanol water
solution is used as the background, the scanning range is 400~4000 cm−1 and the resolution
is 0.1 cm−1. The infrared absorption spectrum of the extraction solution after subtract-
ing the background is displayed in Figure 8. In addition to the stretching vibration of
methyl’s C-H near 3000 cm−1 and the stretching vibration peak of C-O at 1087 cm−1, the
absorption band that is generated by the stretching vibration of C-N appears at 1453 cm−1,
and the absorption peak at 1736 cm−1 corresponds to the stretching vibration of C=N
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bond [46]. This is in good agreement with the experimental results of Liu et al. [46] and
Huang et al. [50] who also detected characteristic absorption peaks near 1450 cm−1 for the
C-N bond and 1730 cm−1 for the C=N bond when they measured the infrared spectrum
of the ammonia-aged SOA particles. This further confirms that imidazoles are the main
components of the aqueous SOA that is produced by the reaction of pyruvaldehyde with
(NH4)2SO4.

Figure 8. The infrared spectrum of the extraction solution of aqSOA particles produced by the mixed
solution of 5 mmol/L pyruvaldehyde and 10 mmol/L (NH4)2SO4.

3.3. Formation Mechanism of Imidazole Products

For the averaged laser desorption/ionization positive-ion mass spectrum of aqSOA
particles displayed in Figure 4, in addition to the molecular ion peaks and characteristic
fragment peaks of imidazole products, and the fragment ion peaks of the hydration prod-
ucts of pyruvaldehyde at m/z = 47 and m/z = 58 [48], there are m/z = 69 and m/z = 42 in
the mass spectrum with relatively small peak intensities. According to the experimental
results of Liu et al. [46], these two mass peaks may correspond to the C3N2H5

+ and C2H4N+

ion peaks. It is speculated that the methyl-diimide (C3N2H6 Mw = 70) molecular ion loses a
hydrogen atom to generate a C3N2H5

+ ion, and fractures and loses CNH2 to form a C2H4N+

ion. It is presumed that aqSOA particles contain a small amount of methyl-diimide. the
mass spectrum also contains a fragmentation peak at m/z = 44. Alfarra et al. [51] suggested
that the mass peak at m/z 44 may be COO+ ion-generated by the cleavage of carboxylic
acid compounds. This indicates that the aqSOA particles contain few carboxylic acid
components.

Based on the main products of imidazoles that are obtained from the reaction of
pyruvaldehyde with different concentrations of (NH4)2SO4, and the information of hy-
drated products, methyl-diimine and carboxylic acids that are speculated from the mass
spectrum of aqSOA particles (refer to the reaction mechanism of glyoxal and (NH4)2SO4
that was suggested by Lee et al. [23] and Maxut et al. [24]), the possible formation path of
imidazoles that are formed from the aqueous reaction of pyruvaldehyde and (NH4)2SO4
is proposed in Figure 9. NH4

+ ion nucleophilically attacks the carbonyl oxygen atom of
pyruvaldehyde to form the methyl-diimine intermediate (1). In addition, NH4

+ ion can
catalyze the hydration of pyruvaldehyde to produce tetraol product (2). The H atom that is
attached to the N atom on the diimine (1) undergoes the dehydration reaction with the OH
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group on the tetraol product (2) to form an unstable intermediate (3). The lone pair electron
nucleophilic of the N atom attacks the carbon atom in intermediate (3) and produces a
positively charged intermediate (4) after dehydration. Intermediate (4) can undergo elec-
tron rearrangement and C–C cleavage to form 4-methyl-imidazole (6) and acetic acid. In
addition, intermediate (4) can also form compound (7) through electron rearrangement,
and (7) can be de-methanolized to yield 4-methyl-imidazole-2-carbaldehyde (8). Therefore,
4-methyl-imidazole and 4-methyl-imidazole-2-carbaldehyde are mainly produced in the
aqueous reaction of pyruvaldehyde and (NH4)2SO4.

Figure 9. The possible formation path of imidazole products produced by the reaction of pyruvalde-
hyde and (NH4)2SO4.

3.4. The Effect of Water-Soluble Anions on the MAC of aqSOA Particles

As the atmospheric aqueous phase contains different water-soluble anions, such as
CO3

2−, F−, NO3
−, SO4

2− and Cl−, they can affect the activity of the NH4
+ ion and thus

affect the optical properties of aqueous SOA particles. Therefore, the effects of water-
soluble anions on the MAC of aqSOA produced by the reaction of pyruvaldehyde and
ammonium ions are investigated in this study. A total of 5 mmol/L of pyruvaldehyde and
20 mmol/L of ammonium ions (10 mmol/L of (NH4)2SO4 and (NH4)2CO3,; 20 mmol/L
of NH4F, NH4NO3 and NH4Cl) mixed solution is prepared and transferred to TSI 9302,
atomized and dried to obtain aqSOA particles, successively. The extraction solutions of
the aqSOA particles are shown in Figure 10. The extraction solution that is produced by
pyruvaldehyde is colorless and transparent; the extraction solution that is formed from the
aqueous reaction of pyruvaldehyde and NH4Cl, (NH4)2SO4 and NH4NO3 is beige; and the
extraction solution that is produced by the aqueous reaction of pyruvaldehyde, (NH4)2CO3
and NH4F is brownish yellow and dark brown, respectively.
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Figure 10. The MAC of the extraction solution of aqSOA particles produced by the mixed solution of
5 mmol/L pyruvaldehyde and 20 mmol/L ammonium ions.

Upon combining the total concentration of the organic carbon of 2% methanol in a water
and extraction solution that is detected by the organic carbon analyzer, the Cmass of the extraction
solution that is formed from the reaction of pyruvaldehyde and inorganic ammonium is listed
in Table 1. According to the absorbance (Asolution) in the UV-Vis absorption spectrum and the
Cmass of the extraction solution of aqSOA particles, the calculated MAC values at 217 nm and
282 nm are displayed in Table 1, while the MAC of each extraction solution in 200–600 nm is
shown in Figure 10. The extraction solution that is produced by pyruvaldehyde has a negligible
absorbance in the range of 200–600 nm, consistent with its white color. The MAC of the
aqSOA particles that are formed from the reaction of pyruvaldehyde and inorganic ammonium
in the range of 200–600 nm is consistent with the absorption spectra that was detected by
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Powelson et al. [28], Harrison et al. [30] and Aiona et al. [38]. The extraction solution has light
absorption in the ultraviolet-near visible band with strong characteristic absorption at 217 nm
and 282 nm, but almost no absorption at other wavelengths, showing that the absorption is
wavelength-dependent [1]. This indicates that the extraction solution contains a brown carbon
component of imidazole compounds. The MAC values of the aqSOA particles at 217 nm
and 282 nm range from 1092 to 5340 cm2/g, which is about two orders of magnitude smaller
compared to MAC = 5 × 104 − 105 cm2/g for particles containing black carbon [52], but is
comparable to the MAC of the brown carbon of field samples (1 × 103 − 4 × 104 cm2/g) [1],
and the MAC of brown carbon that is generated from the reaction of glyoxal and other carbonyl
compounds with (NH4)2SO4 or amines (103–104 cm2/g) [28]. It should be noted that the MAC
of the aqSOA particles formed from the reaction of pyruvaldehyde and (NH4)2SO4 at 282 nm
is 1146 cm2/g, slightly less than that of the MAC value (1330 cm2/g) of brown carbon that is
produced by methylglyoxal and (NH4)2SO4 reported by Harrison et al. [30]. Corresponding
to the color of the extraction solution, the MAC of the extraction solution that is produced
by the C3H4O2 + NH4Cl, C3H4O2 + (NH4)2SO4 and C3H4O2 +NH4NO3 aqueous reaction is
low at 217 nm and 282 nm, while the MAC of the extraction solution that is formed from the
C3H4O2 + (NH4)2CO3 and C3H4O2 + NH4F aqueous reaction is relatively high, and the latter
reaches the maximum value of 5340 and 2866 cm2/g, respectively.

Table 1. The total concentration of organic carbon, Cmass, MAC at 217 nm and 282 nm of extraction
solution of aqSOA particles formed from the reaction of pyruvaldehyde and inorganic ammonium.

No Extraction Solution
Total Concentration of

Organic Carbon
(g/cm3)

Cmass
(g/cm3)

217 nm
MAC

(cm2/g)

282 nm
MAC

(cm2/g)

2% methanol in water 0.00593 - - -
1 C3H4O2 0.00714 0.00121 - -
2 C3H4O2 + NH4Cl 0.00831 0.00238 2045 1092
3 C3H4O2 + (NH4)2SO4 0.00835 0.00242 2142 1146
4 C3H4O2 +NH4NO3 0.00856 0.00263 2251 1173
5 C3H4O2 + (NH4)2CO3 0.00868 0.00275 4115 2185
6 C3H4O2 + NH4F 0.00875 0.00284 5340 2866

The <MAC> of the extraction solution that averaged over 200–600 nm is obtained on
the basis of Equations (1) and (2). As illustrated in Figure 11, the <MAC> of the particulate
matter extraction of pyruvaldehyde is the lowest at only 62.1 cm2/g. After adding inorganic
ammonium salt, pyruvaldehyde reacts with inorganic ammonium to produce imidazoles with
light-absorbing ability, and the <MAC> value increases. The <MAC> of the extraction solution
that is produced by the C3H4O2 + NH4Cl, C3H4O2 + (NH4)2SO4 and C3H4O2 + NH4NO3
aqueous reaction increases to 138.6 and 140.2, and 144 cm2/g, successively. The <MAC> of
the extraction solution that is formed from the C3H4O2 + (NH4)2CO3 and C3H4O2 + NH4F
aqueous reaction is higher, raising to 243.9 and 324.9 cm2/g, respectively. The measured
<MAC> of the aqSOA that is generated by the reaction of pyruvaldehyde and inorganic
ammonium is close to the value of the brown carbon that is produced by the ammonia aging
of SOA (100–1000 cm2/g) measured by Updyke et al. [43]. The <MAC> of the extraction
solution that is produced by the C3H4O2 + NH4F aqueous reaction is the highest, which
contains the largest content of imidazole compounds. The <MAC> of the extraction solution
that is formed from the C3H4O2 + NH4Cl aqueous reaction is the lowest. The order of
imidazole products generated by the reaction of pyruvaldehyde and ammonium ions that are
promoted by inorganic anions is: F− > CO3

2− > SO4
2− ≈NO3

−≈ Cl−.
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Figure 11. The <MAC> averaged over 200–600 nm of extraction solution of aqSOA particles produced
by the mixed solution of 5 mmol/L pyruvaldehyde and 20 mmol/L ammonium ions. (A—C3H4O2;
B—C3H4O2 + NH4Cl; C—C3H4O2 + (NH4)2SO4; D—C3H4O2 + NH4NO3; E—C3H4O2 + (NH4)2CO3;
F—C3H4O2 + NH4F).

According to the reaction mechanism for the formation of imidazoles shown in Figure 9,
it can be known that the production of diimine and tetraol intermediates by ammonium ion
and pyruvaldehyde is a prerequisite for the generation of imidazoles. Since the production
of intermediates is accompanied by the generation of hydrogen ions, the formation of imida-
zoles is favorable under basic conditions. NH4Cl, NH4NO3 and (NH4)2SO4 are strong acid
ammonium salts and their solution is neutral, while (NH4)2CO3 and NH4F are weak acid
ammonium salts and their solutions are alkaline. The pKb of F− ion is 10.86, while the pKb1
and pKb2 of CO3

2− is 3.75 and 7.62, respectively. The pKb value of F− ion is greater than that
of CO3

2−, so, under the conditions of the same volume and concentration, the alkaline of the
NH4F solution is greater than that of the (NH4)2CO3 solution [53]. In addition, in alkaline
solution, it is conducive to the formation of ammonia. One hydrogen atom occupies the lone
pair electrons on the nitrogen atom, reducing the affinity of ammonium ion. Ammonia that is
formed by losing the hydrogen ion strengthens the nucleophilic attack ability, which is con-
ducive to the reaction with pyruvaldehyde to produce diimine intermediate products [21,22].
Therefore, the NH4F solution is most favorable for the generation of imidazole products, and
the <MAC> of the extraction solution that is produced by its reaction with pyruvaldehyde is
the largest. The pH value order of the five inorganic ammonium salt solutions with the same
concentration is: NH4F > (NH4)2CO3 > (NH4)2SO4 ≈NH4NO3 ≈NH4Cl. According to the
above analysis, the order in which inorganic anions promote the reaction of pyruvaldehyde
and ammonium ions to produce imidazole products is: F− > CO3

2− > SO4
2− ≈NO3

− ≈ Cl−.
Compared to the experiments of previous studies [21–24], our study simulates the

atmospheric aqueous processing of pyruvaldehyde and ammonium ions to generate aqSOA
particles via water evaporation, and the imidazoles in aqSOA are characterized using AL-
TOFMS in real-time and verified by off-line optical spectrometry. 4-methyl-imidazole and
4-methyl-imidazole-2-carbaldehyde are confirmed to be the main brown carbon products of
the reaction between pyruvaldehyde and ammonium ions via the comprehensive analysis
of the measured on-line mass spectrum and off-line absorption spectrum. Based on the
laser desorption/ionization technology of ALTOFMS, the ion mass peak of the parent
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molecule (M+), the characteristic cracking peaks and the structure information of organic
compound can be obtained quickly, which can overcome the disadvantages of off-line
analysis methods, such as cumbersome sample preparation and detection procedures.
The ALTOFMS measurement results demonstrated that water evaporation accelerates the
formation of imidazoles inside the droplets of pyruvaldehyde and ammonium ion. F−,
CO3

2−, NO3
−, SO4

2− and Cl− ion aqueous phase can lead to the increase in content of
imidazole compounds and enhanced light absorption capacity of aqSOA with the order of
F− > CO3

2− > SO4
2− ≈ NO3

− ≈ Cl−, as inorganic ammonium has a strong hygroscopic
ability which can strengthen carbonyls partition into aqueous aerosol particles [54,55].
SOA that is generated from the water evaporation of aqueous aerosol containing high
concentrations of inorganic ammonium may contribute to climate forcing.

4. Conclusions

Imidazole compounds are important brown carbon components in atmospheric aerosol
particles which play a vital role in climate radiative forcing. Pyruvaldehyde, ammonium
sulfate and other inorganic ammonium salts are selected as the research objects, and aqSOA
particles are generated by a home-made device in this study. The on-line measurement
of ALTOFMS and off-line characterization of UV-Vis and ATR-FTIR demonstrate that 4-
methyl-imidazole and 4-methyl-imidazole-2-carbaldehyde are the main components of
aqSOA generated by the reaction of pyruvaldehyde and (NH4)2SO4. By comparing the
laser desorption/ionization mass spectra and the absorption spectra of the extraction of
aqSOA particles, it can be concluded that water evaporation accelerates the formation of
imidazoles inside the droplets, possibly owing to the highly concentrated environment. F−,
CO3

2−, NO3
−, SO4

2− and Cl− can lead to the increase in the averaged mass absorption
coefficient < MAC > in the range of 200–600 nm of aqSOA with the order of F− > CO3

2−

> SO4
2− ≈ NO3

− ≈ Cl−. These experimental results help to understand of the formation
process of imidazoles via the aqueous chemistry of carbonyls and inorganic ammonium.
However, the separation and quantitative research on the imidazole products are not
carried out. The main focus of this study is the off-line measurement of <MAC>; the study
does not involve the on-line measurement of the extinction and scattering coefficient. In
the subsequent experimental research, the high-performance liquid chromatography-mass
spectrometry with a suitable chromatographic column can be considered to separate and
quantitatively analyze the reaction products. In addition, the aerosol single-scattering
albedometer can be used to detect the above parameters on-line to improve the optical
properties of aqSOA particles.
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