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Abstract: Ambient carbonyls are critical precursors of ozone (O3) and secondary organic aerosols
(SOA). To better understand the pollution characteristics of carbonyls in Taiyuan, field samplings
were conducted, and 13 carbonyls were detected in an urban site of Taiyuan for the four seasons.
The total concentration of carbonyls in the atmosphere was 19.67 + 8.56 ug/m?®. Formaldehyde (7.70
+4.78 ug/m3), acetaldehyde (2.95 + 1.20 ug/m?3) and acetone (5.57 + 2.41 pg/m?3) were the dominant
carbonyl compounds, accounting for more than 85% of the total carbonyls. The highest values for
formaldehyde and acetone occurred in summer and autumn, respectively, and the lowest occurred
in winter. The variations for acetaldehyde were not distinct in the four seasons. Formaldehyde and
acetone levels increased obviously in the daytime and decreased at night, while acetaldehyde did
not show significant diurnal variations. Higher temperature and stronger sunlight intensity could
facilitate the photochemical reaction of volatile organic compounds (VOCs) and enhance the Oz lev-
els in summer. Formaldehyde and acetaldehyde contributed 70-95% of carbonyls” ozone formation
potential (OFP) caused by carbonyls with the highest totals of 268.62 ug/m? and 38.14 ug/m?, re-
spectively. The highest concentrations of carbonyls from south and southwest winds in summer
suggest that the coke industries in the southern Taiyuan Basin should be, firstly, controlled for the
alleviation of ozone pollution.

Keywords: carbonyls; seasonal variation; diurnal variation; photochemical reaction; coking emis-
sion

1. Introduction

Carbonyls play an essential role in atmospheric chemistry. They are critical precur-
sors of various oxidative radicals, ozone (Os), peroxyacetyl nitrate (PAN) and secondary
organic aerosols (SOA) in the atmosphere. The sources of carbonyls in the atmosphere are
complex, including incomplete combustion of fossil fuel and biomass, direct emission
from vegetation and intermediate products of the photochemical oxidation of volatile or-
ganic compounds (VOCs) from natural and anthropogenic sources [1-3]. Some carbonyls
also have potential carcinogenic and mutagenic properties [4-6]. According to the report
from the World Health Organization’s International Agency for Research on Cancer, for-
maldehyde is classified as a Group I human carcinogen for its carcinogenicity and acetal-
dehyde is a Group II carcinogen for its suspected carcinogenicity.
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Many studies on carbonyls were firstly conducted in the United States and European
countries. The results in Los Angeles, Rome and Orleans indicated that the levels of car-
bonyls were much higher in urban areas than those in rural and background areas [7-10].
The levels of carbonyls in southern China (e.g., Shanghai (62.70 pg/m?), Guangzhou (43.55
ug/m?3)) were generally higher than those in northern cities (e.g., Beijing (21.05 pug/m3),
Zhengzhou (16.82 pg/m?3)) (Table 1) [11-14]. Formaldehyde, acetaldehyde and acetone
were the most abundant carbonyls in the atmosphere, and different energy and industrial
structures resulted in the different composition proportions of carbonyls in those cities.
For example, formaldehyde was the most abundant species in the atmosphere in Beijing
[13], while acetaldehyde and acetone were the highest in Nanning and Wuhan, respec-
tively [15,16]. Due to the effects of primary and secondary emissions, carbonyl levels have
shown significant seasonal variations. Qian et al. (2019) reported that carbonyls exhibited
the highest concentrations in summer, and primary anthropogenic emissions contributed
61% and 69% of total carbonyls in summer and winter, respectively [17]. A previous study
in Shenzhen found that carbonyl levels were relatively higher in summer and autumn
than those in spring and winter, and biogenic sources and secondary formation contrib-
uted 41% and 38% of formaldehyde in summer, respectively [18]. The study in Wuhan
indicated that formaldehyde was the dominant carbonyl species. Additionally, 73.5% of
formaldehyde in winter was contributed by primary sources, while secondary sources
contributed 67.2% of formaldehyde in summer [16]. The difference in industrial structure,
vegetational coverage, transportation and meteorological conditions could result in dis-
tinct characteristics of carbonyls in different areas and seasons [19,20].

Due to the large coke output and coal consumption, Taiyuan suffered from heavy air
pollution for a long period of time. Compared with other cities in China, the levels of
polycyclic aromatic hydrocarbons (PAHs) and water-soluble ions (WSIs) in Taiyuan were
relatively higher, especially in winter when the increased coal combustion was used for
heating [21,22]. Residential coal combustion for household heating still exists in some ru-
ral areas of Taiyuan in winter. Additionally, coal is also used for power generation and
thermal power plants are also the source of central heating in winter. With the implemen-
tation of a series of emissions reduction measures, the air quality in Taiyuan has been
greatly improved and the annual PM2s concentrations decreased 13% from 2016 to 2020
[23]. It is worth noting that the annual Os-sh levels increased by 33% and its level was 214
pg/m? with the highest value of 298 pug/m? in the summer of 2019 [23]. As the important
precursors of Os, our previous study mainly focused on the characteristics and sources of
hydrocarbon VOCs, such as alkanes, alkenes, aromatics, halocarbons and acetylene [24].
However, as an important subset of VOCs, atmospheric carbonyls and their contribution
to Os formation have not been reported. To understand ambient carbonyls in Taiyuan,
four intensive sampling campaigns in four seasons were conducted in an urban site. This
is the first observation data of carbonyls reported in Taiyuan. The levels and variations of
carbonyls were reported, and their ozone formation potential (OFP) and sources were es-
timated and discussed, which could help the government to find the cause of ozone pol-
lution episodes and facilitate the development of control strategies.

2. Materials and Methods
2.1. Sampling Description

The distributions of industrial enterprises in Taiyuan have been described by Li et al.
and He et al. [21,22]. The industrial structure of Taiyuan is dominated by coking and steel
plants, with Taiyuan Iron and Steel located in the northern region and many coking and
coal chemical plants located in the southwest regions of Taiyuan. The coke output in the
Taiyuan Basin (including Taiyuan and Jinzhong) was 23.42 million tons in 2019, which
accounted for 24.00% of the total production of Shanxi (http://tjj.shanxi.gov.cn/, accessed
on 9 March 2020). According to the China Ecological Environment Announcement of 2019,
the pollution days (AQI > 100) reached 162 in Taiyuan (http://www.mee.gov.cn/, accessed
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on 2 June 2020). Large amounts of pollutants from coking processes and the semi-closed
topography could aggravate the accumulation of pollutants in this region [21,22].

The sampling campaigns were conducted in the downtown area of Taiyuan (Figure
1) from 1 to 11 October, 2018 (autumn), 9 to 20 December, 2018 (winter), 1 to 8 and 15 to
17 April, 2019 (spring) and 1 to 31 August, 2019 (summer). Five samples were collected at
a flow rate of 1.0 L/min each day at 7:00-10:00, 10:00-13:00, 13:00-16:00, 16:00-19:00 and
19:00-7:00 (the next day). Finally, a total of 236 samples were collected in our study, in-
cluding 220 ambient air samples, 8 blank samples and 8 cartridges for the breakthrough
experiment. The meteorological data (temperature, pressure, relative humidity, wind
speed and direction) and air pollutants, such as SOz, CO, NO:z and Os, during the sampling
period were also collected from the Environmental Monitoring Center Station of Taiyuan
simultaneously.
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Figure 1. The location of sampling site in Taiyuan and distribution of coking areas in Shanxi province.

Carbonyls were collected by a 2,4-dinitrophenylhydrazine (DNPH)-coated silica car-
tridge (Sep-Pak DNPH-Silica Cartridges, 350 mg, Waters). A scrubber filled with potas-
sium iodide was used to remove atmospheric Os before the cartridge. After sampling, the
cartridge was removed immediately, caps closed at both ends, wrapped in aluminum foil
and then stored in a Teflon bag in the refrigerator at 4 °C for further analysis. A soap film
flow meter was used to adjust the flow rate and the deviation of the flow rate did not
exceed 5% before and after sampling [11,15,25].

2.2. Chemical Analysis

The analytical procedures were conducted according to the previous literature [25].
All samples were eluted with 5 mL acetonitrile (ACN) into a 5 mL volumetric flask and
then the elution was injected into the high-performance liquid chromatography-ultravio-
let detector (HPLC-UV) system (HP1260, Agilent, USA) (C18 reverse column: 250 mm x
4.6 mm x 5 pm; UV at 360 nm). The analytical conditions of LC were as follows: Agilent
Cis reverse column worked at 42 °C; detector: UV at 360 nm; gradient mobile phase: 20—
40% ACN and 20-15% tetrahydrofuran (THF) for 25 min, 40-85% ACN and 15% THF for
8 min, 85-60% ACN and 15-20% THEF for 1 min, 20% ACN and 20% THF water solution
for 8 min, mobile-phase flow rate: 1.2 mL/min. An individual carbonyl was identified
based on the comparison of retention times and quantified by integration of peak areas.
In our study, 13 carbonyls were detected including formaldehyde, acetaldehyde, acetone,
acrolein, propionaldehyde, crotonaldehyde, butanone, methacrolein (MACR), butanal,
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benzaldehyde, valeraldehyde, m/p-tolualdehyde and hexanal. Five standard concentra-
tions (0.1-2 pg/mL) covering the concentration of interest were used to calibrate the
HPLC-UV system. A strong linear relationship (R?> 0.9995) was found between concen-
trations and responses for all target carbonyls. It is noted that m-tolualdehyde and p-tolu-
aldehyde could not be separated and the total concentration of the two compounds was
used in this study. The method detection limits (MDLs) of different carbonyls in this study
ranged from 0.06 to 0.32 pg/m? (Table A1). The relative standard deviation (RSD) for du-
plicate analysis was lower than 5% and the relative percent deviations of replicates were
within 5%. Eight blank cartridges were analyzed to confirm the negative effects. The ef-
fects were mainly from the laboratory and the sampling site, such as the formaldehyde or
acetone solvent in the laboratory and the potential cooking emission from the residential
areas nearby. The blank result was lower than the MDLs, which could meet the blank
criteria of USEPA. The breakthrough experiment was conducted with two cartridges in
series at a flow rate of 1 L/min for 3 h. The samples at night (19:00-7:00) were collected
with high-capacity cartridges (800 mg), and there was no breakthrough of these samples
and more than 95% of the total carbonyls in the front cartridge.

2.3. Os Formation Potential

In this study, the maximum incremental reactivity (MIR) was used to calculate the
ozone production potential (OFP) of different carbonyl species. For species i, the OFP cal-
culation equation [12,15] is as follows:

OFP, = MIR; x [VOCs]; 1)

where [VOCGs]i is the average concentration of VOC species i expressed in pg/m?®.

MIR:i represents the maximum incremental reactivity (gO0s/gVOCs) of VOC species i,
taken from [26,27], though there was an update of MIR values in Carter (2010), so most of
the target carbonyls used the new values to calculate the OFP, including formaldehyde,
acetaldehyde and acetone.

3. Results and Discussion
3.1. Atmospheric Carbonyl Levels

Table 1 shows the formaldehyde, acetaldehyde and acetone levels in Taiyuan (other
carbonyls are listed in Table Al and other cities in the world. The total concentration of
carbonyls in this study ranged from 3.30 to 53.61 ug/m? with an average of 19.67 + 8.56
ug/m?3. Formaldehyde, acetaldehyde and acetone were the three most abundant carbonyls
in the atmosphere, with average concentrations of 7.70 + 4.78 ug/m3 (39%), 2.95 + 1.20
ug/m? (15%) and 5.57 + 2.41 ug/m? (28%), respectively. The concentrations of carbonyls in
Taiyuan were significantly lower than those in Shanghai and Nanning [11,15]. The atmos-
pheric carbonyls in Shanghai were greatly affected by the large number of vehicles, while
industrial processes, vegetation emission and biomass combustion were the main sources
for the higher carbonyl concentrations in Nanning. Carbonyls in our study were similar
to those in Beijing during summer, while the concentration of formaldehyde was two
times higher than that in Beijing [17]. Formaldehyde in Taiyuan was comparable to that
in Xi’an and Wuhan, while the concentrations of acetaldehyde and acetone were relatively
low [16,28].
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Table 1. Comparison of atmospheric formaldehyde, acetaldehyde, acetone and total carbonyls in Taiyuan and other cities

in the world (pg/m3).
Location Sampling Periods Formaldehyde  Acetaldehyde Acetone Total References
Taiyuan Whole year 770478 2.95+£1.20 557 £2.41 19.67 + 8.56 This study
Linfen 2019.01 4.59 +2.64 447 £2.22 324 +1.82 16.90 +7.65 [29]
Beijing 2018.08 8.49+2.11 297 +0.79 6.72+1.58 21.05+4.9 [17]
2017.11 3.18 +2.40 2.50+2.06 2.57 +1.62 9.56 + 6.63
Xi‘an 2010.01 3.64£1.40 3.45+1.50 5.15+2.95 14.24 +6.83 28]
2010.07 4.62+1.43 2.07+0.72 0.69 +0.42 9.16 +3.67
2019.01 4.87 4.13 3.80 13.89
Zhengzhou 2019.07 8.34 5.03 4.99 20.03 L14]
Wuhan 2017.02-11 6.57 4.63 7.46 20.80 [16]
Shanghai 2007.01-10 19.40 15.9 11.86 62.70 [11]
Nanning 2011.10-2012.07 6.79 +3.39 15.81 +£10.48 543 +6.91 33.21+15.12 [15]
Guangzhou 2005.01-11 7.49 7.67 11.95 43.55 [12]
Los Angeles, USA 2008-2010 7.94 7.41 24.63 / [30]
Rome, Italy 1994.07-1995.01 18.73 15.02 14.48 / [8]

Blank means data were not available in the relative references.

3.2. Seasonal and Diurnal Variations

Due to their sources, sinks and chemical properties, carbonyls showed different char-
acteristics. Figure 2 presents the seasonal variations of formaldehyde, acetaldehyde, ace-
tone and MACR in Taiyuan. The levels of carbonyls showed significant seasonal varia-
tions and were the highest in summer (26.40 + 9.71 ug/m3), followed by autumn (20.28 +
6.30 pug/m?), spring (17.05 + 7.88 ug/m?® and winter (15.59 + 6.12 ug/m3). The result was
similar to that in other cities of China, such as Guangzhou, Nanning and Beijing [12,13,31].
Compared with total carbonyl concentrations in Linfen in Shanxi province, the concentra-
tions of total carbonyls in winter in Taiyuan were especially similar [29]. Formaldehyde
presented the highest levels in summer (12.82 + 5.68 pg/m?), the lowest in winter (5.28 +
2.42 pg/m?3) and similar levels in autumn (6.66 + 3.16 pg/m?3) and spring (6.50 + 3.66 pg/m3).
The Kruskal-Wallis H test showed that there were significant differences for formalde-
hyde during the four seasons (H = 69.864, df = 3, p < 0.05). Strong seasonal variability was
found for formaldehyde as compared with acetaldehyde and acetone. These findings sug-
gest that photochemical reactions contributed to formaldehyde significantly in summer.
The higher temperature and relative humidity in summer (Table A2) could favor the pho-
tochemical reaction [8,25]. In our previous study, only non-methane hydrocarbons and
halocarbon species (including alkanes, alkenes, aromatics, halocarbons and acetylene)
were measured, and the result of source apportionment by the PMF model analysis indi-
cated that coal coking processes contributed 32.56% of these VOC species [24]. According
to Atkinson’s study, the reactions with Os and the NO:s radical were the main loss paths
of alkenes in polluted areas [2]. During the process of reactions for alkenes with Os and
the NOs radical, abundant carbonyls could be produced. A previous study in Beijing sug-
gested that alkenes were the main precursors of formaldehyde and acetaldehyde [31], and
our previous study also showed that the concentrations (5.79 ppbv) of alkenes and their
proportion (15.06%) in total hydrocarbon VOCs were relatively higher [24]. As shown in
Figure 3, the prevailing wind directions were south and southwest in summer in Taiyuan.
The air mass from southwest areas passed through the coal coking areas in the Taiyuan
Basin, and the abundant VOCs from the coal coking areas would be the critical precursors
of photochemical reactions and contributors of carbonyls in the atmosphere. The average
values of the boundary layer height (https://ready.arl.noaa.gov/READYamet.php, ac-
cessed on 2/ 9/ 2019) in spring, summer, autumn and winter were 833.81 m, 637.61 m,
654.60 m and 287.36 m, respectively. The lower boundary layer height in winter could
induce accumulation, leading to the elevation in formaldehyde levels [15,16]. In winter,
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the lower temperature, decreased sunlight intensity and weaker activeness of photochem-
ical reactions indicate that the primary emissions could be the main sources of formalde-
hyde in winter. The lowest boundary layer height and elevated emissions could enhance
the levels of formaldehyde. However, the lowest concentration of formaldehyde occurred
in winter, which indicates that the contribution of elevated emissions to formaldehyde
was relatively lower. Acetaldehyde exhibited the highest concentration in winter (3.29 +
1.40 pg/m?), followed by autumn (2.86 = 1.06 pug/m?®), summer (2.82 = 1.12 ug/m?) and
spring (2.77 + 1.13 ug/m?), and there were no significant differences for acetaldehyde in
the different seasons (H = 7.026, df = 3, p > 0.05). The stable levels of the acetaldehyde
concentration suggest that primary emissions were the dominant sources of acetaldehyde
during the four seasons, such as vehicle emissions and coal combustion in coking pro-
cesses and power plants. Vehicular emissions are a major source of carbonyls in Taiyuan,
and there were approximately 1.72 million motor vehicles in Taiyuan in 2019, including
1.68 million cars, 0.013 million motorcycles and 0.014 million trailers [32]. Gasoline is the
main fuel used for these motor vehicles. Acetone showed the highest concentration in au-
tumn (7.10 = 1.77 ug/md), followed by summer (6.68 + 2.43 ug/md), spring (4.57 + 2.37
ug/m?®) and winter (4.07 + 1.47 pg/m?) (H=78.660, df =3, p <0.05). The acetone concentra-
tions in summer and autumn showed no significant difference (p > 0.05), suggesting that
the sources of acetone in autumn and summer might be similar. The higher concentrations
in summer and autumn might be attributed to the strong activeness of the photochemical
reactions and solvent volatilization at high temperature (23.5 °C). According to some pre-
vious studies, acetone was often used as a solvent in some construction materials and
mechanical activities, and the high ambient temperature was in favor of the volatility of
the solvent [15,33]. MACR is one of the specific products from isoprene photo-oxidation,
which can be roughly used to estimate the biogenic source of carbonyls. The concentration
of MACR was the highest in summer (0.32 + 0.14 ug/m?), lowest in winter (0.19 + 0.08
ug/m?) and autumn (0.18 + 0.06 pug/m?) (H = 23.246, df = 2, p < 0.05) and was not detected
in spring. The highest concentration in summer might be associated with the photochem-
ical reactions of hydrocarbon VOCs. The MACR concentrations in autumn and winter had
no significant difference (p > 0.05), indicating that primary sources such as vehicle emis-
sions were the major contributors of MACR in these seasons [29,34]. This could be ex-
plained by the lower vegetation activities and weaker photochemical reaction in autumn
and winter.
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Figure 2. Seasonal variations of formaldehyde, acetaldehyde, acetone and MACRx20 in Taiyuan.
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Figure 3. Wind rose plots for four seasons.

In summary, formaldehyde in Taiyuan mainly came from the secondary generation
of photochemical reactions in summer and primary emissions in winter. Primary emis-
sions were the dominant sources of acetaldehyde in the four seasons. Acetone was mainly
affected by photochemical reactions and solvent volatilization. The main sources of
MACR were photochemical reactions in summer and primary emissions in winter.

Figure 4 shows the diurnal variations of formaldehyde, acetaldehyde and acetone.
Figure A1 shows the diurnal variations of ratios of formaldehyde, acetaldehyde and ace-
tone to carbon monoxide (CO). They exhibited similar profiles, implying that primary
sources had an important contribution to ambient carbonyls. As shown in Figure 4, for-
maldehyde (H = 12.085, df = 4, p < 0.05), acetaldehyde (H = 10.124, df = 4, p < 0.05) and
acetone (H=10.667, df =4, p <0.05) all showed the significant differences during five time
periods in spring. Peak values of formaldehyde occurred at 7:00-10:00 and 13:00-16:00 in
spring. The first peak might be related to primary emissions (including vehicle emissions
and coal combustion) during the traffic rush hours, and CO also showed the highest con-
centration (1.49 mg/m?) at 7:00-10:00. The second peak in the afternoon suggests the sig-
nificant influence of photochemical reactions. Except for a decrease at 16:00-19:00, ambi-
ent acetaldehyde levels were relatively stable during the other time periods. The concen-
trations of formaldehyde and acetone also decreased at 16:00-19:00. Primary emissions
(coal combustion and traffic emissions) could also significantly contribute to acetalde-
hyde. Thus, the decreased levels of formaldehyde, acetaldehyde and acetone at 16:00-
19:00 were related to the higher wind speed (2.73 m/s) and boundary layer height (2.19
km) (Figure A2). Acetone presented elevated concentrations at 7:00-10:00, 13:00-16:00 and
19:00-7:00, indicating that primary emissions and photochemical reactions all had im-
portant contributions to acetone. Solvent usage might also enhance the acetone concen-
tration, apart from secondary emissions, and some previous studies had shown that ace-
tone usage for industrial solvents was the possible reason for the higher levels of acetone
at noon [15,25,35], and the increased ambient temperature at daytime was in favor of the
volatility of solvents. In summer, there were significant differences of formaldehyde (H =
17.447, df = 4, p < 0.05), acetaldehyde (H =11.145, df =4, p <0.05) and acetone (H = 16.285,
df = 4, p <0.05) in different time periods of each day. An obvious increased level of for-
maldehyde was observed at 10:00-13:00, which was similar to that in Changsha and Bei-
jing [20,35], indicating that the higher concentration of formaldehyde was related to the
enhanced photochemical reactions of VOCs under high temperature and solar intensity
at noon in summer [15,36]. Similar to some previous studies in other urban areas, the
broad peak in the afternoon in summer suggests the significant influence of photochemi-
cal reactions. Acetaldehyde had a small peak at 10:00-13:00 and showed a decreased trend
during other time periods, indicating that acetaldehyde was also influenced by photo-
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chemical reactions. The elevated concentration of acetone at 10:00-13:00 suggests the con-
tribution of photochemical reactions, while the relatively high peak values at 16:00-19:00
might be associated with the vehicle emissions during the traffic rush hours. It is noted
that the decreased concentrations of all three carbonyls were observed at night (19:00-
7:00), which could be attributed to removal processes such as dry deposition or reaction
with Os and the NOs radical [8,19]. In autumn, formaldehyde (H = 1.965, df =4, p > 0.05)
and acetaldehyde (H = 5.343, df = 4, p > 0.05) showed no significant differences during
different time periods, unlike acetone (H = 15.283, df = 4, p < 0.05). Formaldehyde and
acetaldehyde showed elevated concentrations at 10:00-13:00, indicating that the photo-
chemical reactions were the important sources of formaldehyde and acetaldehyde. Addi-
tionally, formaldehyde also exhibited a peak value at 16:00-19:00 and the acetaldehyde
level was stable during other time periods, indicating that vehicle emissions and primary
emissions (mainly including coal combustion) were also the important sources of formal-
dehyde and acetaldehyde, respectively. Acetone showed a broad peak in the daytime
(7:00-19:00), which suggests the significant influence of photochemical reactions on ace-
tone [16]. In winter, formaldehyde (H =23.169, df =4, p <0.05) and acetone (H =12.808, df
=4, p <0.05) had significant differences during the five time periods on diurnal variations,
implying that the sources of formaldehyde and acetone varied at different time periods.
Formaldehyde and acetone both showed the highest levels at 7:00-10:00 and a small peak
at 16:00-19:00, which were similar to those in Wuhan and Linfen [16,29], and the primary
emissions during traffic rush hours could be responsible for the fluctuations. Photochem-
ical reactions might also influence the local formaldehyde and acetone partly due to the
small elevation in the daytime. Acetaldehyde (H =5.215, df = 4, p > 0.05) showed no sig-
nificant differences during the different time periods, indicating that the contributions of
sources to acetaldehyde were relatively stable, and vehicle emissions and coal combustion
were the dominant sources of acetaldehyde. Adverse meteorological conditions (such as
low wind speed and temperature inversion) could also facilitate the accumulation of ac-
etaldehyde levels.
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Figure 4. Diurnal variations of formaldehyde, acetaldehyde and acetone in the four seasons.
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3.3. Ratios and Correlation Analysis

Many studies in the literature used the concentration ratios of formaldehyde/acetal-
dehyde (Ci/C2) and acetaldehyde/propionaldehyde (C2/Cs) to identify the potential
sources of ambient carbonyls [16]. The Ci1/Cz ratio usually ranges from 1 to 2 in urban areas
with the impact of anthropogenic emissions and is about 10 in forested rural areas, indi-
cating the biogenic source of formaldehyde [20,37]. Propionaldehyde is considered only
to be associated with anthropogenic sources, while other carbonyls can be from both nat-
ural and anthropogenic sources. The C2/Cs ratio is generally low in polluted urban air and
high in rural and forested atmospheres, which was proposed as an indicator of anthropo-
genic sources for aldehydes in the atmosphere [8,25].

The average ratios of C1/Cz and C2/Cs during the four seasons in Taiyuan are shown
in Table 2. The highest ratio of Ci/C2 was in summer (4.68), followed by spring (2.39),
autumn (2.34) and winter (1.68). The C1/Cz ratios in Taiyuan were similar to those in Wu-
han, except for winter. The ratio of Ci/Cz in winter is in good agreement with the range
from 1 to 2 in urban areas, indicating the significant emission from anthropogenic sources.
The highest C1/Cz ratio in summer indicates that intensive photochemical reactivity led to
the formation of ambient carbonyls in summer compared to the other seasons. Previous
studies showed that the photochemical reactions of active hydrocarbons were favorable
for the formation of carbonyls [20,38], and compared with acetaldehyde and acetone, for-
maldehyde was the main product in the photochemistry of VOCs [39]. Unlike the large
fluctuation of C2/Cs ratios in different seasons in some other cities, the average ratios of
C2/Cs in this study did not show significant fluctuations in the four seasons (5.63-6.34).
The stable C2/Cs ratios (5.63-6.34) suggest that the seasonal variations had little influence
on acetaldehyde and propionaldehyde and primary emissions were the dominant sources
of them. The C2/Cs ratios were similar to those in haze days in Beijing [20] and in summer
in Guangzhou [12], and much lower than those in Nanning [15]. The urban sites in Beijing
and Guangzhou were influenced by primary emissions obviously, and C2/Cs was also a
significant indicator of primary emissions of acetaldehyde and propionaldehyde. Previ-
ous research also showed that high-molecular weight carbonyls were more reactive than
low-molecular weight carbonyls, so acetaldehyde had a longer lifetime than propionalde-
hyde, and the higher average C2/Cs ratio was also related to the photochemical reactions
of natural precursors [15,40]. The low C2/Cs ratios in Taiyuan suggest that photochemical
reactions only contributed to acetaldehyde partly.

Table 2. C1/Cz and C2/Cs ratios during the sampling periods in Taiyuan.

Period Ci1/C2 C2/Cs Reference
Spring 2.39 6.03
. Summer 4.68 5.63 .
Taiyuan Autumn 234 591 This study
Winter 1.68 6.34
Summer 4.33 10.28
Wuhan Winter 1.15 2.65 [16]
Beirut Summer 2.30 2.00 [41]
. Summer 0.75 24.49
Nanning Winter 0.40 18.23 [13]
Summer 1.32 5.90
Guangzhou Winter 1.04 7.70 [12]
Beijing Summer 2.69 6.29 [20]
Xi'an Summer 2.32 / (28]

Winter 1.10 /
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Figure 5 shows the Pearson correlation coefficients between the main carbonyls and
air pollutants during the four seasons. In this study, we defined the four levels of correla-
tion, and they are poor correlation (r <0.3), weak correlation (0.3 <r <0.6), good correlation
(0.6 <1 <0.8) and strong correlation (r = 0.8). It had been reported that atmospheric SO: is
mainly emitted from coal combustion [24,42] and CO is mainly from vehicle emissions
[16,31,32], while NO: is mainly from vehicle emissions and coal combustion [43]. Addi-
tionally, Os is mainly formed by photochemical reactions. In spring, formaldehyde, acet-
aldehyde and acetone showed good correlations (r = 0.64-0.72, p < 0.01) with each other,
indicating that these three carbonyls shared similar sources, and primary emissions could
be the main sources. Formaldehyde had poor correlations with Os (r = 0.19, p < 0.01) and
temperature (r = 0.29, p < 0.01), suggesting that the photochemical reactions contributed
to formaldehyde partly in spring. Acetaldehyde had weak correlations with NO:z (r = 0.39,
p <0.01) and CO (r=0.42, p <0.01), suggesting that vehicle emissions and coal combustion
made important contributions to it. No correlations were observed between acetone and
inorganic gas, implying that acetone might have other significant sources such as solvent
usage or background sources. In summer, acetaldehyde showed good correlations with
formaldehyde (r = 0.67, p < 0.01) and acetone (r = 0.63, p < 0.01), but formaldehyde and
acetone had a weak correlation with each other (r = 0.47, p < 0.01), and the complex pho-
tochemical reactions in summer might reduce the correlations of carbonyls [8,25]. Formal-
dehyde showed weak correlations with SO: (r = 0.40, p < 0.01) and CO (r = 0.57, p < 0.01),
indicating that the contributions of primary sources (including coal combustion and vehi-
cle emissions) were important in summer. Compared with acetaldehyde and acetone, for-
maldehyde was often the dominant product of the photochemistry reaction of VOCs in
summer [15]. Os is used as the tracer of secondary sources in this study. As shown in
Figure 5, there were no correlations between formaldehyde with Os in summer. The peak
value of formaldehyde was ahead of Os for about 3 h (Figure 6). A previous study in Bei-
jing also indicated that the peak value of formaldehyde was ahead of Os for about 2—4 h
and the peak of formaldehyde might be the result of the struggle of photochemical for-
mation and photochemical loss [44]. Acetaldehyde correlated well with CO (r = 0.70, p <
0.01), implying that vehicle emissions made an important contribution to ambient acetal-
dehyde. Acetone showed a weak correlation (r = 0.40, p < 0.01) with temperature and
poorly correlated with CO (r=0.29, p <0.01) and Os (r =0.24, p < 0.01), suggesting that the
influence of temperature variations on acetone was more significant compared with vehi-
cle emissions and photochemical reactions. These results indicate that the evaporation of
solvents from industry or construction made critical contributions to acetone. In autumn,
formaldehyde and acetaldehyde had a good correlation (r =0.77, p <0.01) with each other,
but acetone just showed weak correlations with formaldehyde (r = 0.48, p < 0.01) and ac-
etaldehyde (r = 0.58, p < 0.01), suggesting that formaldehyde and acetaldehyde shared
more sources. Acetaldehyde strongly correlated with SOz (r = 0.71, p < 0.01) and CO (r =
0.81, p < 0.01) and had a weak correlation with NO: (r = 0.51, p < 0.01), indicating that
vehicle emissions and coal combustion were the significant contributors of acetaldehyde.
Formaldehyde and acetone showed weak correlations with SOz, NO2 and CO (r = 0.34-
0.51, p <0.01), and they also weakly correlated with Os and temperature (r = 0.36-0.43, p <
0.01), suggesting that the sources of formaldehyde and acetone were not clear and primary
sources (such as vehicle emissions and coal combustion) and photochemical reactions
both made contributions to them. The weak correlations between formaldehyde and ace-
tone (r = 0.48, p < 0.01) indicate that the main sources of them were not clear. In winter,
formaldehyde, acetaldehyde and acetone showed strong correlations (r = 0.76-0.88, p <
0.01), indicating that primary emissions might be the main sources of carbonyls. Previous
studies showed that carbonyls usually correlated well each other in winter and poorly in
summer because they mainly discharged from primary sources in winter compared with
photochemical reactions in summer [8]. However, only acetaldehyde correlated well with
NO2 (r=0.61, p<0.01) and CO (r=0.61, p <0.01), and just a weak correlation was observed
between acetaldehyde and SOz (r=0.46, p <0.01), implying that the local vehicle emissions
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might be the dominant sources of acetaldehyde. Formaldehyde and acetone only showed
poor correlations with SOz, NOz and CO (r = 0.16-0.26, p < 0.05), suggesting that the trans-
portation of the aged air mass and that mixed with local air might influence the carbonyls.
Formaldehyde and acetone also showed weak correlations with temperature (r = 0.36—
0.38, p < 0.01), implying that photochemical reactions contributed to formaldehyde and
acetone partly. The carbonyls did not show significant positive correlations with Os,
which could be ascribed to the fact that the complex photochemical processes in the at-

mosphere were not considered in this study.
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3.4. Ozone Formation Potential

Maximum incremental reactivity (MIR) was applied to evaluate the contributions of
individual carbonyls to Os formation in the photochemical reaction [26]. It is noted that
the OFP was calculated by the Carter method [26,27]. This method is based on a model
scenario in which carbonyls yield a maximum ozone formation, represented by maximum
incremental reactivity (MIR, g Os/g VOCs). The OFP is just used to estimate the maximum
potential of different VOC species to the ozone formation under the optimum conditions.
Additionally, the reactions that VOCs converted into carbonyls are not considered in this
method. Here, ambient concentrations of carbonyls were used to calculate the OFP values
of different carbonyl species during the specific time period. The details of the OFP calcu-
lation for carbonyls are provided in Appendix (Table A3). The total OFP of carbonyls
ranged from 17.19 to 325.83 pg/m?, with an average of 102.02 + 52.30 ug/m?. The average
OFP was the highest in summer (151.78 + 62.24 ug/m?), followed by autumn (93.71 + 37.30
ug/md), spring (89.00 + 43.93 ug/m?3) and winter (78.58 + 30.62 pg/m?). Due to the higher
ambient concentrations and MIR coefficients, formaldehyde and acetaldehyde were the
dominant contributors of the OFP, and their OFPs were 70.92 + 44.16 pug/m? and 18.58 +
7.27 pg/m3, respectively, which accounted for about 70-95% of the total OFP. The OFP of
formaldehyde during summer in Taiyuan was similar to that in Guangzhou, while the
OFP of acetaldehyde in Taiyuan was only about 30% of that in Guangzhou [12]. Compared
with Beijing, the summer OFP of formaldehyde in Taiyuan was about twice that in Beijing,
while the OFP of acetaldehyde was about half of that in Beijing [13].

The formation of Os is influenced by many factors, including ambient temperature,
relative humidity and their precursors. Figure 6 presents the OFP of carbonyls and Os for
all samples in summer. The OFP and Os showed similar variations, although they did not
show a significant positive correlation, and the peak value of Os lagged behind the OFP
peak. The OFP values and Os levels varied diurnally and increased with air temperature
and relative humidity (23.53 °C, 59.20%RH), with the peak level at 10:00-13:00. On August
28, the concentrations of Os increased sharply at 2:00 p.m., and the OFP decreased at the
same time. As shown in Figure 2, the prevailing wind direction in Taiyuan was southwest
in summer. The air mass from the southwest passed through most of the coal coking areas
(Figure A3), and the abundant VOCs from the transported air mass were the direct sources
of carbonyl formation and significant precursors of photochemical reactions in the atmos-
phere. The coal gas released during the coking processes was the main source of VOCs in
Taiyuan and the main components of coal gas were alkanes, alkenes and aromatic hydro-
carbons [24]. Except for its use for residential and industrial activities, coal gas was also
the main material for methanol production. There are several methanol plants distributed
in the coal coking areas, and five of them have an annual output exceeding 500,000 tons.
Abundant methanol leaks out during production processes, and it can react with the OH
radical to form formaldehyde [2]. The levels and sources of methanol in the atmosphere
need further research in the future.

4. Conclusions

As the three dominant carbonyls, formaldehyde, acetone and acetaldehyde ac-
counted for more than 85% of the total carbonyls in the atmosphere of Taiyuan. The sea-
sonal variations of total carbonyls were distinct, with the highest level in summer and the
lowest level in winter, except for acetaldehyde. Additionally, the diurnal variations sug-
gested that photochemical reactions, coal combustion, vehicle emissions and solvent us-
age were significant sources of ambient carbonyls. Based on the analysis of the diagnosed
ratios and correlation analysis, primary emissions (such as coal combustion, coking and
vehicle emissions) might be the main sources of carbonyls in winter, and the photochem-
ical reaction of VOCs was the dominant source of ambient carbonyls in summer, with a
partial contribution from primary sources. Carbonyl compounds did not show good cor-
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relations with Os and presented higher levels hours ahead of Os. Given that carbonyl com-
pounds were the precursors of Os, the secondary formation of Os could lead to a reduction
in carbonyl concentrations. The OFPs of carbonyls in summer were significantly higher
than those in the other seasons, and formaldehyde and acetaldehyde were two critical
contributors. In addition to carbonyls, other unknown VOCs could also contribute to gen-
erating Os in the atmosphere of Taiyuan. The simultaneous measurement of carbonyls
and other VOCs (alkanes, alkenes, aromatics, etc.) should be conducted in further study
to better understand the contributions of different VOC species to the OFP.
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Appendix A

Table A1l. Average concentrations of carbonyls in each season in Taiyuan (ug/m?3).

Autumn  Winter Spring Summer Whole Year

Mean = SD Mean + SD Mean + SD Mean+SD Mean+SD MDL

Formaldehyde 6.66+3.16 528+242 650+3.66 12.82+5.68 7.70+4.78 0.06
Acetaldehyde 286+1.06 3.29+£140 277113 2.82+112 295+1.20 0.09

Acetone 710+£1.77 4.07+147 457+237 6.68+243 557+241 0.07
Acrolein 0.18+0.05 024+0.11 035+0.15 030+0.22 023+012 0.13
Propionaldehyde  0.49+0.17 0.55+0.21 0.47+0.19 053+0.26 0.51+021 0.14
Crotonaldehyde 0.28+0.07 0.22+0.02 ND ND 024+0.06 0.20
Butanone 062+025 071+055 1.15+058 113+0.83 0.89+0.62 0.11

Methacrolein 0.18£0.06 0.19£0.08 ND 032+0.14 023+0.12 0.15
Butyraldehyde 032+0.15 031+0.13 030+0.17 033+0.17 032+0.15 0.11
Benzaldehyde 063023 061+040 044+030 0.69+045 059+036 0.16
Valeraldehyde 0.30+£0.08 0.28+0.07 036+0.14 054+0.25 040+0.20 0.21

m/p-Tolualdehyde 0.73+0.27 047+0.13 041+0.14 0.67+047 0.64+031 0.32

Hexaldehyde 0.84+034 050+024 0.67+041 084+036 071+037 0.16

Total carbonyls 20.28 £6.30 1559 +6.12 17.05+7.88 26.40+9.71 19.67 + 8.56

Table A2. Meteorological conditions during the sampling periods in Taiyuan.

Temperature (°C) Relative Wind Speed
Season Sampling Period P Humidity (%) (m/s)
Range Average Range Average Range Average
Autum 4.40- 0.30-
n 2018/10/1-10/11 23.10 13.96 19-70 43.17 420 1.54
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. -9.90- 0.70-

Winter 2018/12/9-12/20 9.90 048 19-58 33.99 4.40 1.62
30—

Spring  2019/4/1-4/8,4/15-4/18 4-32 15.68 9-96 32.15 (ZL 900 1.78
2019/8/1-8/2,8/20— 16.40- 0.30-

Summer 8/22.8/27-8/31 370 23.53 22-100 59.20 370 1.46
Table A3. Average ozone formation potentials of carbonyls in different seasons (ug/m?3).

MIR Autumn Winter Spring Summer

(g03/gVOCs) Mean + SD Mean + SD Mean = SD Mean + SD

Formaldehyde 9.24 62.51 +28.0447.72 +20.5460.01 + 33.83 118.48 + 52.48
Acetaldehyde 6.34 18.30 £6.67 20.32+7.89 1756+7.16 1791 +7.12
Acetone 0.35 244+0.66 141+050 1.60+0.83 2.34+0.85
Acrolein 7.24 1.25+038 1.73+0.77 250+1.10 2.18+1.59
Propionaldehyde 6.83 340+1.16 354+146 320+130 3.46+1.88

Crotonaldehyde 9.39 235+1.04 1.86+0.69 1.96+0.00 0.00

Butanone 1.18 0.73+£0.30 0.84+0.65 136+0.68 1.31+0.99
Methacrolein 5.84 1.05+0.36 0.98+0.37 0.00 1.84 + 0.80
Butyraldehyde 5.75 1.84+0.87 1.70+0.73 1.65+1.00 1.89+0.96
Benzaldehyde -0.67 -0.42+0.16 -0.40+0.27 -0.30+0.20 -0.46 +030
Valeraldehyde 4.89 141+043 134+040 1.76+0.67 2.64+1.24
m/p-Tolualdehyde -0.59 -0.42+0.16 -0.27+0.09 -0.24 £0.09 -0.39+0.28
Hexaldehyde 4.18 3.52+145 203+1.00 280+1.73 3.51+1.52

Total carbonyls 93.71 +37.3078.58 + 30.6289.00 + 43.93 151.78 + 62.24

25
—=—C1/CO
C2CO
—a— CHCO
20
15 |
10 |
hr %
OIJIIIIlIlIIIJIIIIIII
E ¥ £ § £ § £ 2 ¥ &8 £ z £ E E E £ = § =
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Figure A1l. The concentration ratios of formaldehyde/CO (C1/CO), acetaldehyde/CO (C2/CO) and
acetone/CO (Cs/CO).
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Figure A2. Diurnal variations of wind speed and boundary layer height in four seasons.
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