
Introduction

Carbonyl compounds, including aldehydes and 
ketones, are a group of oxygenated volatile organic 

compounds (OVOCs) in the atmosphere and play an 
important role in atmospheric photochemical reactions 
[1]. Carbonyls are important precursors for generating 
hydroxyl radical (·OH), peroxyacetyl nitrate (PAN) and 
ozone (O3) [2]. Moreover, the photochemical reactions of 
carbonyl compounds can produce low-volatility organic 
compounds (LVOCs) which can condense or adsorb onto 
particle surface or absorb into pre-existing particulate 
matter to facilitate the formation of secondary organic 
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aerosols (SOAs). These secondary processes seriously 
affect the whole tropospheric atmospheric oxidation 
tendency [3, 4]. The sources of carbonyl compounds 
are divided into primary emissions and secondary 
formation; primary sources include vehicle exhaust 
emissions, industrial emissions, biomass burning 
and plant emissions, while secondary formation is 
mainly due to photochemical reactions [2, 5]. Carbonyl 
compounds have a direct negative effect on human 
health, and formaldehyde has already been classified 
as a human carcinogen by the International Agency 
for Research on Cancer (IARC) [6], which can lead to 
severe cancers like nasopharyngeal cancer. In addition, 
acetaldehyde has also been listed as a suspected human 
carcinogen [7].

Because of the negative environmental and health 
effects, carbonyl compounds have been of wide concern 
[8-11], Jiang et al. [12] studied the concentration levels 
and variations of carbonyl compounds in Orléans, France 
(a semi-urban site), while Wang et al. [2] analyzed the 
source of carbonyl compounds in a rural area of the 
Yangtze River Delta. At present, most domestic studies 
in China have focused on the Yangtze River Delta, Pearl 
River Delta and Beijing City. Jinan, the capital city of 
Shandong Province (among the top three provinces of 
China in terms of economic volume), is a regional hub 
city characterized by advanced manufacturing and 
chemical industries, and is located in the heartland of 
the North China Plain (NCP). Jinan is one of the most 
polluted cities in China in terms of air pollution and also 
a major city in the air pollution transmission channel for 

the Jing-Jin-Ji Metropolitan Region (Beijing City-Tianjin 
City-Hebei Province, the largest urbanized region in 
China, even in the world), due to its rapid industrial 
development and heavy traffic volume. Strict policy 
and measures have been conducted in recent years by 
central and local governments to control atmospheric 
particle pollution in Jing-Jin-Ji and the greater NCP 
region, including Jinan City, and have subsequently 
achieved good results, which led to a decreasing trend 
of particle concentrations in the atmosphere. However, 
the atmospheric ozone concentration showed an obvious 
ongoing rising trend during the same period, which was 
closely linked to increasing concentrations of VOCs 
in the atmosphere – especially atmospheric carbonyls 
(OVOCs). At present, more and more attention has 
been given to VOC measurement and ozone control 
in NCP regional hub cities like Jinan City. Although 
Zhang et al. [13] and Liu et al. [14] studied the pollution 
characteristics of typical non-methane hydrocarbons 
(NMHCs) in Jinan, no literatures has reported 
atmospheric carbonyl compounds in Jinan. Even in 
other large cities of the NCP region there are still very 
few studies on atmospheric carbonyls – especially for 
long-term measurement with high temporal resolution. 
Therefore, it is of significant importance to study the 
pollution characteristics, sources and photochemical 
reactivities of atmospheric carbonyl compounds in Jinan 
for a longer period with higher time resolution. This 
study presented the concentration level and variation 
trends of atmospheric carbonyls in Jinan in autumn 2017 
at a higher time resolution of 3 hours for 3 continuous 

Fig. 1. Location of sampling site in Jinan.
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weeks, then analyzed their possible sources and 
determined their photochemical reactivities from aspects 
of ·OH reactivity and O3 formation. The findings will 
help to further understand the atmospheric pollution 
status in NCP region in terms of OVOC pollution and 
O3 control, and thus contribute to relevant research field 
and environmental protection policy formulation as well.

Material and Methods

Sampling Site and Time

The sampling site was on the roof of a six-storey 
classroom building (approximately 20m above the 
ground) on the campus of Shandong Jianzhu University 
(E 117.19, N 36.68) in eastern urban Jinan (Fig. 1; the 
official air quality monitoring station affiliated with 
Shandong Provincial Department of Environmental 
Protection is also located on the same roof). The 
campus where the sampling site located is close to 
Jingshi Road (a 10-lane main road) on the south side 
and adjacent to Fengming Road (an eight-lane main 
road) on the east side, so the traffic is heavy – especially 
during rush hours. The campus is rich in vegetation, 
and the surroundings are mainly residential areas except 
for a large oil refinery 2 km to the northwest. The 
measurement campaign was conducted from September 
7th to 29th, 2017.

Sampling Methods and Analysis

The sampling and analysis of atmospheric 
carbonyls were strictly in accordance with the EPA 
Method TO-11A [15]. The air samples were collected 
by 2,4-dinitrophenylhydrazine (DNPH)-coated 
cartridges with a front-set ozone scrubber to eliminate 
O3 interference. Every day from 7:00 to 22:00, 

each sample was collected every three hours with 
sampling flow of 0.8 L/min, and one sample with flow 
of 0.2 L/min was collected during the night for eight 
hours (22:00-6:00). Meanwhile, one laboratory blank 
and one field blank were collected each day and a 
total of 176 samples were obtained for the campaign. 
Samples were sealed and stored at 4ºC in a refrigerator, 
and then analyzed by HPLC. The UV detector has a 
wavelength of 360 nm. Separation column was Inertsil 
ODS-P C18 column (5 µm, 4.6 × 250 mm). Gradient 
elution was used, and the mobile phase was water and 
acetonitrile. The types of carbonyls were determined 
at concentration range of 0.02-1.50 µg/ml, covering the 
actual concentration range of carbonyl compounds in 
the atmosphere.

Results and Discussion

Weather Conditions and Air Quality Parameters

During the campaign, the concentrations of SO2, 
CO, NO2, O3 and PM2.5 were also collected by online 
monitoring instruments (Thermo Series) at the sampling 
site. The meteorological parameters (temperature, 
relative humidity, wind speed, wind direction and 
pressure) were measured by automatic weather station.
The average temperature was 23.5±3.9ºC (range:  
15.0-38ºC), and the average atmospheric pressure was 
1025.62±2.42 hPa. The remaining parameters are shown 
in Fig. 2.

Concentrations of Atmospheric Carbonyls

14 types of carbonyls were identified in the 
ambient air of Jinan, and their mean concentrations 
were listed in Table 1, including formaldehyde, 
acetaldehyde, acetone, butyraldehyde, benzaldehyde, 

Fig. 2. Time series of total carbonyls, related gases, particles and meteorological parameters in Jinan from 7 to 29 Sept. 2017.
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o-tolualdehyde, hexaldehyde, 2,4-dimethylbenzaldehyde, 
propionaldehyde, valeraldehyde, isovaleraldehyde, 
m-tolualde, crotonaldehyde and acrolein. Acrolein  
and o-tolualdehyde were detected in only 5 samples,  
and crotonaldehyde was detected in 11 samples.  
The total concentration of carbonyl compounds was  
9.72±3.56 ppb, in which acetone is the most abundant 
species (3.75±2.21 ppbv), which contributed  
31.3% of total carbonyls (Fig. 3), followed by 
formaldehyde at 2.65±1.67 ppbv, acetaldehyde is the 
third-ranked abundant species with concentration of 
1.83±1.17 ppbv, and formaldehyde and acetaldehyde 
accounted for 22.17% and 15.32% of total measured 
carbonyls, respectively. Acetone, formaldehyde and 
acetaldehyde collectively accounted for 68.79% of 
total ambient carbonyls, which were consistent with 
previous studies [16]. One of the reasons for the 
higher concentration of acetone in the atmosphere 
was the much longer lifetime before it was removed 
by photolysis (about 60 days) and ·OH reaction (about  
53 days), meanwhile, formaldehyde has a lifetime of  
1.2 days due to reaction with ·OH radicals and 4 
hours by photolysis and acetaldehyde has a lifetime 
of 8.8 h due to reaction with ·OH radicals and 6 days 
by photolysis [1, 17]. Acetone, therefore, stays in 
the atmosphere much longer than formaldehyde and 
acetaldehyde, which makes it the most abundant species 
of the measured OVOCs.

It is noteworthy that both the concentration of 
butyraldehyde (1.05±0.59 ppbv) and isovaleraldehyde 

(1.04±0.47 ppbv) were very high compared with the 
other remaining nine carbonyls, accounting for 8.77% 
and 8.66% of total carbonyls, respectively. However, 
the remaining nine types of carbonyl compounds only 
accounted for 13.78% of the total measured carbonyls. 
Butyraldehyde is mainly produced by photochemical 
oxidation of n-butene, while isovaleraldehyde is 
primarily produced from the chemical degradation of 
3-methyl-1-butene [18], and they all are used to serve 
as raw materials for organic synthesis. Butyraldehyde, 
n-butene, isovaleraldehyde and 3-methyl-1-butene 

Table 1. Concentrations and photochemical properties of the measured carbonyls in Jinan.

Compound Mean±SD
(ppbv)

MIR
(g O3 /g VOCs)

KOH*1012

(cm3/(molecule·s))
OFP

(μg·m-3)
LOH
(s-1)

Formaldehyde 2.65±1.67 9.46 9.37 30.74 0.61

Acetaldehyde 1.83±1.17 6.54 15.00 20.74 0.65

Acetone 3.75±2.21 0.36 0.17 3.14 0.02

Butyraldehyde 1.05±0.59 5.28 24.00 16.17 0.62

Isovaleraldehyde 1.04±0.47 4.42 27.00 16.09 0.69

Propionaldehyde 0.46±0.26 7.08 20.00 7.78 0.23

o-Tolualdehyde 0.26±0.14 - 18.00 - 0.11

Valeraldehyde 0.27±0.13 4.42 28.00 4.18 0.19

Hexaldehyde 0.19±0.11 3.79 9.58 2.88 0.04

Crotonaldehyde 0.16±0.08 - - - -

Benzaldehyde 0.11±0.06 -0.57 12.00 -0.27 0.03

m-Tolualdehyde 0.08±0.04 - 17.00 - 0.03

2,4-Dimethylbenzaldehyde 0.06±0.04 - - - -

Acrolein 0.05±0.02 7.45 - 0.93 -

Total 9.72±3.56 - - - -

Note: “ - ” means there are no available rates for this compound.
“SD” means standard deviation.

Fig. 3. Compositions of measured carbonyl compounds in Jinan.
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have short lifetimes of 9.6 hours, 7.37 hours,  
8.3 hours, and 7.3 hours, respectively, due to fast 
reaction with ·OH radicals, assuming the average 
ambient ·OH concentration at ~1.2 × 106 molecules·cm-3. 
Therefore, the high concentrations of butyraldehyde 
and isovaleraldehyde may be due to the presence of 
local emission sources, such as the large refinery in 
the vicinity of the sampling site, which produces more 
than 50 kinds of chemical products, including gasoline, 
kerosene, diesel, liquefied petroleum gas, light oil, etc.

Table 2 listed the concentrations of formaldehyde, 
acetaldehyde and acetone in Jinan and other sites. The 
unit has been converted from ppbv to μg·m- 3 since no 
molar concentrations were expressed in the reference 
papers [19]. The concentrations of formaldehyde and 
acetaldehyde in Jinan were comparable with that in 
Hong Kong [20], but higher than that in foreign cities 
(in Spain and France) [12, 21]. It was also higher than 
coastal cities such as Qinzhou and Yantai [22, 23] of 
China. The concentration of acetone in Jinan is higher 
than that in rural and forest areas [24], especially in the 
similar mountainous area of Guiyang [25]. Compared 
with mega cities affected by photochemical smog 
processes, such as Beijing, Shanghai and Guangzhou 
[26-28], the concentration levels of formaldehyde and 
acetaldehyde in Jinan were much lower.

Diurnal Variation of Atmospheric Carbonyls

Fig. 4 showed diurnal variations of major atmos-
pheric carbonyls in Jinan. Accounting for 68.79% 
of the total measured carbonyl compounds, acetone, 
formaldehyde and acetaldehyde are the main object of 
research. The diurnal variation trends of formaldehyde 

and acetaldehyde were similar. The first peak of these 
two kinds of aldehydes appeared in the morning 
(7:00-10:00), then formaldehyde and acetaldehyde 
reached their second peak in the afternoon (16:00-
19:00), suggesting that motor vehicle exhaust during 
rush hours in the morning and evening contributed to 
the peak of formaldehyde and acetaldehyde besides 
other contributions from photo-oxidation of VOCs. 
Interestingly, formaldehyde and acetaldehyde’s 
minimum values appeared in the afternoon (13:00-
16:00). These two aldehydes could be produced by 
photochemical oxidation reactions [29, 30], and could 
also act as photochemical reaction reactants [1] to 
initiate photolysis and ·OH radical reactions; both the 

Table 2. Comparison of major carbonyls with other sites (unit: μg·m-3).

Sites Type of site Formaldehyde Acetaldehyde Acetone Period Ref.

Jinan Urban 3.25 3.17 8.37 Sep. 2017 This study

Beijing Urban
5.9 6.6 13.1 autumn 2008

[26]
8.3 9.8 22.1 autumn 2009

Shanghai Urban 6.82 8.24 9.64 Oct. 2007 [27]

Guangzhou Urban 4.78 7.09 8.48 autumn 2005 [28]

Guiyang Urban 4.8 5.7 5.1 Dec. 2008-Aug. 2009 [25]

Hong Kong
TW Urban 3.55 3.95 -

Sep.-Oct. 2010 [20]
TMS Mountain 3.31 2.51 -

Orléans, France Semi-urban 2.79 1.19 5.28 Oct. 2010 [12]

Madrid, Spain Forest park 0.64 1.01 2.11 Oct. 2010 [21]

Yantai Coastal city 1.43 2.33 - Jan. 2011 [22]

Qinzhou Coastal city 3.00 2.96 1.94 Oct. 2011 [23]

Longmen Rural 2.40 2.46 2.13 Aug. 2012-Jan. 2013 [24]

Note: TW:Tsuen Wan; TMS: Mt. Tai Mo Shan; “ - ” means there are no available concentrations.

Fig. 4. Mean diurnal cycle of formaldehyde, acetaldehyde and 
acetone in Jinan in autumn.
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solar radiation intensity and atmospheric temperature 
were higher during the sampling time at noon of 
September in Jinan, which could speed up the photolysis 
and ·OH radical reactions of aldehydes and subsequently 
result in the lower concentration of formaldehyde and 
acetaldehyde at noon. However, acetone showed peak 
and continuous high levels during night, and there was 
only one sample at night (sampling for 6 hours), which 
meant the time for mass release or formation of acetone 
could not be exactly determined for this sampling 
period. During night, solar radiation disappeared but 
vehicle and industrial emissions persisted, which may 
cause the concentration of relatively stable carbonyl 
compounds such as acetone, remaining at higher level, 
and moreover the lowering atmospheric boundary layer 
may also help to maintain or increase the concentration 
of carbonyl compounds during nighttime [26]. The high 
concentration of acetone during noon may be due to 
higher ambient temperature during that period, which 
facilitates the acetone-like organic solvent to evaporate 
into atmosphere during the production process of the 
nearby large oil refinery to the northwest.

Concentration Ratios and Correlation Analysis

The molar ratios of formaldehyde/acetaldehyde (C1/
C2) were determined in 10 sites (Table 3) from literature. 
The C1/C2 ratio has been widely adopted as an indicator 
to diagnose the possible sources of formaldehyde. The 
ratio was 1~2 for urban areas and ~10 for forested 
areas[8]. A higher C1/C2 ratio implies that the photo-
oxidation of natural hydrocarbons such as isoprene 
yields more formaldehyde than acetaldehyde [31]. In the 
present study, the average C1/C2 ratio was 1.90, higher 
than that in island (1.36) [32], and was similar to that 
(1.79) in Shanghai [27] and Beijing (1.59) [33], but lower 
than that in Orléans (2.44) [12], Hong Kong (UST) 

(2.86) [34], and forested regions (Cibola National Forest, 
U.S. and Zhangjiajie, China) [11, 35], implying that 
anthropogenic sources are the main source of carbonyl 
compounds in the eastern part of urban Jinan. 

In order to further investigate sources of carbonyl 
compounds at the sampling site, Table 4 lists the 
correlation coefficients between 11 types of carbonyl 
compounds, finding that the correlation of formaldehyde 
with most of the remaining carbonyl compounds was 
low, especially for formaldehyde with acetone, which 
may be due to the source complexity of carbonyl 
compounds. For example, formaldehyde not only 
originates from vehicle emissions, but also can be 
produced by photooxidation of VOCs; in contrast, 
acetone was mainly emitted from solvents used in 
chemical industries, and its atmospheric lifetime was 
also much longer than other carbonyls. Good correction 
coefficients between acetaldehyde, propionaldehyde, 
butyraldehyde and hexaldehyde possibly indicated that 
they were mainly from emissions of vehicular exhaust 
because there are two main roads adjacent to the 
sampling site and the traffic volume is very high.

Photochemical Reaction Activity

Carbonyl compounds are important intermediates 
of atmospheric photochemical reactions and play an 
important role in the photochemical smog process, 
especially for ozone formation. The contribution of 
different carbonyl compound to photochemical reactions 
mainly depends on its photochemical activity. In 
order to evaluate their contributions to photochemical 
reactions and ozone formation made by different 
carbonyls, calculations of ·OH consumption rate (LOH) 
and ozone formation potential (OFP) were performed on 
the measured carbonyl compounds. LOH of VOC species 
is defined by:

Table 3. Comparison of formaldehyde/acetaldehyde concentration ratios in Jinan and other sites.

Location Type C1/C2 (ppbv/ppbv) Period Reference

Orléans, France Semi-urban 2.44 Oct. 2010-Jul. 2011 [12]

Mount Tai Mountain 2.74 Summer 2014 [18]

Cibola National Forest, U.S. Forested 2.3 Summer 1997 [11]

Zhangjiajie Forested 6.67 Sep.-Nov. 2014 [35]

Hong Kong (UST) Background 2.86 Nov. 2011 [34]

Carmen, Mexico Island 1.36 Autumn 2004 [32]

Guangzhou Urban 1.23 Nov.-Dec. 2005 [10]

Nanning Urban 0.70 Oct. 2011-Jul. 2012 [16]

Shanghai Urban 1.79 Oct. 2007 [27]

Beijing Urban 1.59 Jul.-Oct. 2008 [33]

Jinan Urban 1.90 Sep. 2017 This study

Note: UST: Hong Kong University of Science and Technology.
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LOH = [VOC]i  × Ki
OH                            (1)

…where [VOC]i is the molecule concentration of VOC 
species i (molecule/cm3) and Ki

OH denotes the rate 
constant (unit: cm3/(molecule·s)) of [VOC]i reacting with 
hydroxyl radicals at 298 K with values from Atkinson’s 
work [36, 37]. The following equation was used to 
calculate the contribution to O3 formation by individual 
carbonyl:

OFP = [VOC]i  × MIRi                (2)

…where MIRi coefficients were taken from Carter [38-
40]. Table 1 summarized OFP and LOH of atmospheric 
carbonyl compounds in the sampling site of Jinan. 
Isovaleraldehyde, acetaldehyde, butyraldehyde and 
formaldehyde played major roles in ·OH removal, 
together accounting for 80% of the total ·OH removal 
by carbonyls, while the LOH of other measured 
carbonyls were much lower (some of which can even be 
negligible). Formaldehyde, acetaldehyde, butyraldehyde, 
isovaleraldehyde and propionaldehyde were the top 
five species that contributed 89% to the total ozone 
formation potentials. The OFP value of benzaldehyde 
was negative (-0.27 µg·m-3), which meant it had negative 
effects on the generation of ozone. Based on the above 
analysis, formaldehyde, acetaldehyde, butyraldehyde and 
isovaleraldehyde were four key active species among 
the measured carbonyl compounds in Jinan in terms  
of photochemical reaction activity. In addition, the role 
of propionaldehyde cannot be ignored due to its relatively 
high LOH and OFP, which were lower than those 
of the four key carbonyls mentioned above but still  
much higher than those of the remaining 9 kinds of 
carbonyls.

Conclusions

Fourteen types of carbonyl compounds, including 
formaldehyde, acetaldehyde, acetone, butyraldehyde, 
benzaldehyde, o-tolualdehyde, hexaldehyde, 
2,4-dimethylbenzaldehyde, propionaldehyde, 
valeraldehyde, isovaleraldehyde, m-tolualdehyde, 
crotonaldehyde and acrolein, were first measured in 
Jinan, China, in September 2017 for three continuous 
weeks at a high time resolution of 3 hours. Acetone, 
formaldehyde and acetaldehyde were determined to 
be the three most abundant carbonyls, accounting for 
68.79% of total measured carbonyls. Diurnal variations 
suggested that vehicle emissions were an important 
contributor to some major aldehydes. The C1/C2 ratio 
indicated that anthropogenic sources were the main 
source of carbonyl compounds in the eastern urban 
area of Jinan. The correlation coefficients between 
carbonyl compounds were low, implying that they had 
different sources. Among all the measured carbonyls, 
formaldehyde, acetaldehyde, butyraldehyde and 
isovaleraldehyde not only played an important role in 
the ·OH reactions, but also made a major contribution to 
ozone formation.
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