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A B S T R A C T

Background: Ozone is currently one of the most important air pollutants. Volatile organic compounds (VOCs) can
easily react with atmospheric radicals to form ozone. In-field measurement of VOCs may help in estimating the
local VOC photochemical pollution level.
Method: This study examined the spatial and temporal distribution characteristics of VOCs during winter at
three typical sites of varying classification in China; industrial (Guangzhou Economic and Technological
Development District (GETDD)), urban (Guangzhou higher education mega center (HEMC)), and rural
(Pingyuan county (PYC)), using Proton-Transfer-Reaction Time-of-Flight Mass Spectrometry (PTR-ToF-MS).
Results: The concentrations of total VOCs (TVOCs) at the GETDD, HEMC and PYC sites were 352.5, 129.2 and
75.1 ppb, respectively. The dominant category of VOCs is nitrogen-containing VOCs (NVOCs, accounting for
43.3% of TVOCs) at GETDD, of which C4H11N (m/z+ = 74.10, butyl amine) was the predominant chemical
species (80.5%). In contrast, oxygenated VOCs (OVOCs) were the most abundant at HEMC and PYC, accounting
for 60.2% and 64.1% of the total VOCs, respectively; here, CH4O (m/z+ = 33.026, methanol) was the major
compound, accounting for 40.5% of the VOCs at HEMC and 50.9% at PYC. The ratios of toluene to benzene (T/B)
were calculated for different measured sites, as the ratios of T/B can reveal source resolution of aromatic VOCs.
The average contributions to total ozone formation potentials (OFP) of the total measured VOCs in each area
were 604.9, 315.9 and 111.7 μg/m3 at GETDD, HEMC and PYC, respectively; the highest OFP contributors of the
identified VOCs were aliphatic hydrocarbons (AlHs) at GETDD, aromatic hydrocarbons (AHs) at HEMC, and
OVOCs at PYC.
Conclusions: OFP assessment indicated that the photochemical pollution caused by VOCs at GETDD was serious,
and was also significant in the HEMC region. The dominant VOC OFP groups (AlHs and AHs) should be
prioritized for control, in order to help reduce these effects.

1. Introduction

With increased development of cities and industrialization in China,
atmospheric pollution in urban air is becoming an ever more increasing
issue. Volatile organic compounds (VOCs) are an important group of
atmospheric pollutants, and undergo complex photochemical processes
with NOx or free radicals in the troposphere (Malecha and Nizkorodov,
2016; Zhu et al., 2017). In particular, VOCs are essential precursors of
photochemical reactions which produce ozone, peroxyaceylnitrate
(PAN), and other oxides and secondary organic aerosols (Atkinson and
Arey, 2003). Furthermore, plenty of studies on the relationships be-
tween VOCs and near-ground-ozone have been recently performed,

revealing that the formation of ozone is sensitive to precursor atmo-
spheric VOCs (Guo et al., 2017; Wu et al., 2016; Zhao et al., 2018), and
VOCs are regarded as critical ozone precursors as defined by the United
States Environmental Protection Agency (USEPA) (Shao et al., 2016). In
addition, the toxicities of several VOCs (benzene, toluene, and 1,3-bu-
tadiene) have been documented; these compounds exhibit harmful ef-
fects on human health, including nose, throat, and lung irritation,
asthma, and can even lead to death (Knox, 2005; Li et al., 2017). Be-
cause of these concerns, it is urgently important to understand the
spatial and temporal distribution characteristics of VOCs in the ambient
atmosphere (Gao et al., 2018).

Generally, offline sampling methods are widely used in atmospheric
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VOC field observations (An et al., 2014; Chen et al., 2016c, 2019; Liu
et al., 2019a). Gas chromatography/mass spectrometry (GC/MS) with
preconcentration steps can effectively detect and measure VOC con-
stituents in the atmosphere (Chen et al., 2016b; He et al., 2012; Liu
et al., 2017, Liu et al., 2019b). However, some problems have arisen
with using these offline processing methods, including the loss of
sample during transit due to volatility as well as low time resolution
(Han et al., 2019; Zhu et al., 2019). Comparatively, proton transfer
reaction time-of-flight mass spectrometry (PTR-ToF-MS) has recently
been developed for the easy, real-time detection of atmospheric VOCs
(Hansela et al., 1995; Lindinger et al., 1998). The description of this
method as well as applications to online quantitative detection of VOCs
have been detailed in previous reviews (Blake et al., 2009; de Gouw and
Warneke, 2007). Moreover, PTR-ToF-MS is more suitable for the online
detection of VOCs due to the various advantages it provides, including
higher resolution and avoiding sample pretreatment. Furthermore, this
technology is also superior for determining some of the more un-
common VOCs that lack reference standards, such as oxygenated VOCs
(OVOCs) and nitrogen-containing VOCs (NVOCs) (Han et al., 2019).
OVOCs in particular are important ozone precursors that cannot be
effectively measured using traditional methods (An et al., 2014).

The primary objective of this study was to investigate the pollution
profile of atmospheric VOCs and their ozone formation potentials (OFP)
during the diurnal variations at different functional areas in China. To
understand the characteristic pollutants at three selected sampling sites,
PTR-ToF-MS was used for continuous real-time VOC online monitoring.
The component distribution and concentrations of VOCs were obtained
at the three sampling sites, and the ratio of toluene to benzene (T/B)
was used to study the source resolution and the photochemical aging
processes of the air mass at some of the functional areas with high levels
of these two compounds. Furthermore, the chemical reactivity of VOCs
was also comparatively evaluated by calculating the corresponding OFP
at these three functional areas.

2. Material and methods

2.1. Sampling sites and descriptions

To investigate the spatial distribution differences of VOCs between
urban and rural areas, three sites around China were selected based on
their unique primary activities. Guangzhou is a typical crowded me-
tropolis in Southern China, where both natural and anthropogenic
emission sources of VOCs existed. Two sites in Guangzhou, including
Guangzhou Economic and Technological Development District
(GETDD) and Guangzhou higher education mega center (HEMC), were
selected. GETDD is located in the industrial zone, and its air quality is
likely to be primarily influenced by industrial emission, whereas HEMC
is an area defined by higher education institutions with substantial
afforested areas, but less industrial activity. In contrast, Pingyuan
county (PYC) in Shandong province is a representative rural area in the
plain of Northern China, where one of the most significant emission
sources of VOCs is likely the open burning of agricultural-waste (bio-
mass burning). Despite the differences in winter meteorological con-
ditions between Guangzhou and Shandong, we chose the most re-
presentative rural area of the North China plain as the rural point
source to illustrate the differences between agricultural sources and
urban sources, and background and industrial sources. The detailed
information of these three areas is given in Fig. S1 and Table S1.

2.2. Sampling and analytical methodology

At each of the three sites, VOC sampling and measurement was
conducted using PTR-ToF-MS 1000 (Ionicon Analytik GmbH Innsbruck,
Austria) under continuous operation. Samples were collected con-
tinuously on each day from November 9, 2017 to January 9, 2018 at
PYC, from January 16 to January 22, 2018 at HEMC, and from February

3 to February 9, 2018 at GETDD.
Ambient air samples were directly drawn through a 2 m long

polyetheretherketone (PEEK) tube placed outside with a constant
temperature of 20–25 °C. Sampled air was inhaled into the reaction
drift tube of the PTR-ToF-MS via a 1.5 m long PEEK tube heated at 80 °C
with a flow rate of approximately 30 mL/min. The key operating
parameters were as follows: 2.3 mbar pressure, 80 °C, and 600 V in the
drift tube. A corresponding E/N ratio of approximately 130 Td
(E = electric field strength, N = gas number density, 1
Td = 10−17 V cm2) was obtained with these parameters. Protonated
water (H3O+) was used as the reagent ion for the proton-transfer re-
action. In this mode, VOCs with a proton affinity higher than that of
water were measured, including aromatic hydrocarbons, acids, and
carbonyls. Detailed information about PTR-ToF-MS can be found in
previous works (Graus et al., 2010; Klein et al., 2018). The mass spectra
up to 240 m/z was recorded with TOF-DAQ software (Tofwerk AG,
Switzerland), and the signal intensities (cps) of raw data were con-
verted into ppb concentrations for each VOC using the formula de-
scribed previously (Lindinger et al., 1998) in TOF-DAQ (Tofwerk AG,
Switzerland). Before sampling, the calibration of the PTR-ToF-MS was
conducted according to the standard sample PAMs and TO-15 (Linde
Spectra Environment Gases, USA), and the background value of the
instrument was measured by introducing high purity nitrogen
(99.999%). The detection limits were specified to be less than 0.01 ppb
according to the instrument manual. The instrument was calibrated
every week, and instrument preparation methodology has been detailed
in our previous studies (Han et al., 2019).

2.3. Ozone formation potential

As a product of VOCs and free radical reactions, ozone is closely
related to VOCs (Kumar et al., 2018; Tan et al., 2018). Different VOC
species significantly vary in their potential to form ozone, and OFP is
normally used to describe the contribution of VOCs to ozone generation
(Liu et al., 2019a; Ou et al., 2015; Wu and Xie, 2017). Here, the OFP of
VOCs was calculated using “maximum incremental reactivity” (MIR)
coefficients as follows (Carter, 2008, 2010):

OFPi = Con(VOCi) × MIRi (1)

where OFPi is defined as the OFP of VOCi (μg/m3), MIRi is the max-
imum incremental reactivity coefficient of the VOCi (gm ozone/gm
VOCs) which was obtained from previous references (Carter, 2008,
2010), and Con(VOCi) is the concentration of VOCi (μg/m3).

3. Results and discussion

3.1. Long-term observation of VOCs level at three different functional areas

To understand the VOC pollution profiles, the VOCs observed in the
three different functional areas were grouped into different classes;
aromatic hydrocarbons (AHs), aliphatic hydrocarbons (AlHs), NVOCs
and OVOCs (including 58 kinds of VOCs with standards, as well as other
identified and quantified VOCs by PTR-ToF-MS). Fig. 1 shows the
concentrations of total VOCs (TVOCs) and relative contributions of
main groups of VOCs at the three different sampling sites. The con-
centrations were the average concentration of different groups of VOCs
observed over the total sampling period.

The air was heavily polluted at the GETDD site, with a TVOC con-
centration of 352.5 ppb. Comparatively, the pollution at the HEMC and
PYC sites was much lower, with TVOC concentrations of 129.2 and
75.1 ppb, respectively. Specifically, at the GETDD site, NVOCs
(152.6 ppb) and OVOCs (130.5 ppb) were the two predominant groups,
accounting for 43.3% and 37.0% of TVOCs, respectively; compara-
tively, AHs and AlHs were not as high. At the HEMC and PYC sites,
OVOCs were the most important contributors to TVOCs, and were
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found in proportions of 60.2% and 64.1%, respectively. Unlike at the
GETDD site, NVOCs at the HEMC and PYC sites were minor, while AlHs
were second highest component of the TVOC content (21.8% and
17.7%, respectively). The high proportion of OVOCs and AlHs at the
PYC and HEMC sites could be mainly caused by release from grass and
vegetation (Bao et al., 2008; Yu et al., 2008). In addition, it is worth
mentioning that as the proton affinity of alkanes below C3, and alkenes
below C2, is weaker than that of water, PTR-ToF-MS cannot obtain
measurements of these four hydrocarbons (methane, ethane, propane
and ethylene); as such, the obtained levels of AlHs might be under-
estimated in the current study. However, in general, the concentrations
of different VOC species at the GETDD site were much higher than that
at the HEMC and PYC sites.

Further analysis was also carried out to determine the pollution
profile of individual VOCs of different categories (Figs. S2–S5). Among
NVOCs (Fig. S2) at the GETDD site, the most abundant component was
C4H11N (m/z+ = 74.10, butyl amine), accounting for 80.5% of the
total NVOC concentration. The second-most predominant NVOC was
hydrogen cyanide (HCN, m/z+ = 28.018), accounting for 9.0%, and
the remaining 10 + species made up only 10.5% of the total NVOCs. It
has been reported that organic amines are mainly released from an-
thropogenic sources, such as solvent evaporation in factories (Mao
et al., 2018; Yao et al., 2016). Organic amines have been proven to play
a significant role in new particle formation and growth from various
chamber experiments, theoretical calculations, and field observations
(Chen et al., 2016a; Jen et al., 2016; You et al., 2014). In contrast, at the
HEMC and PYC sites, HCN was the main contributor and accounted for
45.9% and 78.3% of total NVOC concentration, respectively. Previous
studies found that HCN is an important component in gasoline vehicle
emissions in the HEMC area (Baum et al., 2007; Moussa et al., 2016). As
such, we can conclude that some gasoline vehicle emissions exist at the
HEMC and PYC sites, although the level of NVOCs is very low in these
areas. In addition, a small portion of C2H3N (m/z+ = 42.034,

acetonitrile) was also identified at both the HEMC (8.3%) and PYC
(5.3%) sites, which may be from biological emissions and biomass
burning (Hui et al., 2018; Li et al., 2018; Wood et al., 2010).

Among OVOCs (Fig. S3), C3H6O (m/z+ = 59.049, acetone) was the
most abundant, accounting for 56.9% at the GETDD site; this is prob-
ably due to solvent evaporation during industrial processes in the area.
However, at the HEMC and PYC sites, the most abundant OVOC was
CH4O (m/z+ = 33.026, methanol), accounting for 40.5% and 50.9% of
total OVOC concentration, respectively. This proportion can be attrib-
uted to the significant anthropogenic primary sources in these areas,
such as household solvents and biomass combustion (Zhu et al., 2019).

As for the AlHs category (Fig. S4), C4H6 (m/z+ = 55.0542) ac-
counted for the highest proportion (56.1% of total AlHs) at the GETDD
site, which may be due to industrial emissions (Jia et al., 2016; Zhu
et al., 2018); a high proportion (30.2%) of C3H6 (m/z+ = 43.054) was
also detected at this site. In contrast, at the HEMC and PYC sites, C3H6

was the predominant species, accounting for 49.2% and 38.9% of total
AlHs, respectively. C3H6 can result from both natural and anthro-
pogenic sources, such as volatile organic solvents and industrial process
at GETDD, fossil fuels and biological processes at HEMC, and combus-
tion processes at PYC. It is worth noting that C5H8 (m/z+ = 69.07,
isoprene) accounted for 5.0% of AlHs at HEMC, which was higher than
at the other two sites sampled; this likely indicates that biological
emissions and photochemical reactions at HEMC site are more sig-
nificant contributors (Kaltsonoudis et al., 2016; Sahu and Saxena,
2015).

Among AHs (Fig. S5), the collective group of C6H6 (m/z+ = 79.054,
benzene), C7H8 (m/z+ = 93.070, toluene), C8H10 (m/z+ = 107.048,
C8-aromatics), and C9H12 (m/z+ = 121.10, C9-aromatics) accounted
for 92.5% (HEMC), 96.5% (GETDD), and 89.1% (PYC) of the total of
AHs. Toluene in particular was the most abundant AH component
identified at GETDD, which may come from anthropogenic sources such
as vehicle exhaust and solvent evaporation in industrial production
processes.

In this study, we also employed a simple identification method to
judge VOC sources through the diagnostic ratios of benzene, toluene,
ethylbenzene, and xylenes (BTEX) (Ma et al., 2016; Zheng et al., 2018;
Zhu et al., 2019). BTEX are mainly emitted from industrial activities,
vehicle exhausts, and chemical solvents (Dumanoglu et al., 2014). As it
is impossible to distinguish the isomers of C8H10 (ethylbenzene and o/
m/p-xylene) using PTR-ToF-MS, the correlation with BTEX was calcu-
lated according to the concentrations of C6H6 (benzene), C7H8 (to-
luene), and C8H10 (ethylbenzene and o/m/p-xylene). As Table S2
shows, excellent correlation between benzene and ethylbenzene/xylene
(R2 = 0.8555) was found at the GETDD site, but poor correlation was
seen between toluene and benzene (R2 = 0.1480) and between toluene
and ethylbenzene/xylene (R2 = 0.2056) was found. These results in-
dicate that some complicated sources exist for BTEX that appeared at
different times, or only emitted at a certain time at the GETDD site.
Toluene, in particular, is an essential substance in the production pro-
cess in factories at the GETDD site; therefore, mixed emission sources of
BTEX can reasonably explain the poor correlations between toluene and
benzene/ethylbenzene/xylene at the GETDD site. Comparatively, good
correlations were found among BTEX compounds (R2＞0.8877) at the
HEMC site, indicating that VOCs here were mainly caused by vehicle
exhausts, as benzene mainly results from traffic emissions while toluene
and ethylbenzene/xylene mainly result from traffic sources and in-
dustrial solvents (Marc et al., 2016; Yuan et al., 2010; Zhang et al.,
2013). Without nearby point sources, this urban background site might
be affected by anthropogenic pollution, which is likely dominated by
vehicle exhausts. At the PYC site, the correlations (0.6876＞R2＞
0.6250) among BTEX indicated that vehicle exhaust was not the main
source of these compounds in the region. Overall, good correlations
among BTEX compounds were obtained at all investigated sites except
at the GETDD site, where weak correlations between benzene and to-
luene as well as between benzene and ethylbenzene/xylene were

Fig. 1. Concentrations (a) and relative contributions (b) of VOC species sam-
pling at PYC, HEMC and GETDD as measure with PTR-ToF-MS during sampling
processes.
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identified, indicating that sources of VOCs varied at the GETDD site, but
were consistent at the HEMC and PYC sites.

As vehicle emissions were found to be the main cause of AHs in this
study, which is in accordance with previous findings (Wang et al.,
2016), benzene was selected as an indicator for AHs. Correlations be-
tween toluene and benzene were found to be better at the HEMC and
PYC sites than at the GETDD site (Fig. 2), indicating that mixed sources
of toluene, such as the evaporation of solvents, along with traffic
emissions existed at this site. A higher slope was obtained at the GETDD
site than at the HEMC and PYC sites, which may further indicate that
other important point sources exist at this site besides motor vehicle
exhaust (Kumar et al., 2018).

In the air, toluene and benzene can be attenuated by reaction with
•OH; the reaction rate of toluene with •OH is five times higher than that
of benzene (Atkinson, 2000; Atkinson and Arey, 2003). Because of this,
the ratio of toluene to benzene (T/B ratio) can be used to study the
source resolution as well as the photochemical aging process of loca-
lized air masses (Hui et al., 2018; Niu et al., 2012). Generally, T/B ≤ 2
indicates that VOCs are mainly caused by automotive exhaust emis-
sions, while T/B > 2 indicates that other sources also contribute (Jia
et al., 2016; Suthawaree et al., 2012). Here, T/B ratios were found to be
7.46, 3.41, and 0.75 at the GETDD, HEMC, and PYC sites, respectively,
indicating that the GETDD site was significantly impacted by local and/
or regional source emissions (Zhang et al., 2013); this mirrored our
observations that higher amounts of toluene were discharged from the
factories surrounding this site.

The time-resolved individual VOCs profiles were also examined for
each site, and formaldehyde, acetonitrile and isoprene were selected as
tracer VOCs (Hui et al., 2018; Mo et al., 2017; Sarkar et al., 2016).
Figs. 3, S6, and S7 show the temporal trends of individual VOCs, with
the hourly average concentrations of eight VOCs (C5H8, C3H6O, C2H3N,
CH2O, C6H6, C7H8, C8H10, and C9H12). At GETDD site, C3H6O, C2H3N,
and CH2O generally had similar trends (Fig. 3). Concentrations were
relatively high on February 5, 2018 between 19:00–21:00, then de-
creased sharply on February 6, 2018 between 0:00–2:00 before
reaching another high on February 6, 2018 between 6:00–7:00. In ad-
dition, aromatics (including C6H6, C8H10, and C9H12) had two relatively
high periods on February 6, 2018 between 0:00–7:00 and from Feb-
ruary 6, 2018 at 21:00 to February 7, 2018 at 2:00. Toluene con-
centrations were high during the entire sampling period at the GETDD
site, and aromatic compounds, i.g. toluene (9.78 and 9.21 ppb, re-
spectively) was the most abundant species at GETDD and HEMC, fol-
lowed next by ethylbenzene (3.11 and 8.19 ppb, respectively). The
results seen here are similar to those measured in Hebei (Sun et al.,
2018) and reflect the complex characteristics of local emissions at

Fig. 2. The correlation between toluene and benzene in the PYC, HEMC and
GETDD.

Fig. 3. The time series variation of selected VOCs at GETDD: represented time series of formaldehyde (CH2O), acetonitrile (C2H3N), acetone (C3H6O), isoprene
(C5H8) and.
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sampling sites, as benzene and toluene are major components of both
exhaust and common solvents (Barletta et al., 2002; Jobson et al.,
2004).

At both the PYC and HEMC sites, C5H8, C3H6O, C2H3N, and CH2O
had similar trends within each site (Figs. S8 and S9). A relatively high
level of VOCs was found at PYC site between December 6–7 and De-
cember 9–10, 2017. Concentrations dropped to their lowest on De-
cember 10, 2017, before another spike in concentration was observed
between December 27–31, 2017. Similar temporal trends in aromatics
(including C6H6, C7H8, C8H10, and C9H12) were also found at PYC site
within the same period; the concentrations of toluene (C7H8) and
ethylbenzene (C8H10) between December 28–29, 2017 were much
higher than the mean values (1.45 and 1.95 ppb, respectively). Besides
the accidental emissions due to pollution dispersion, the increase of
C7H8 and C8H10 concentrations seen during the daytime may also have
been caused by anthropogenic emissions such as vehicle discharge near
the sampling sites. At HEMC site, benzene, toluene, C8-aromatics, and
C9-aromatics showed similar trends to C5H8, C3H6O, C2H3N, and CH2O
during the full sampling period (Fig. S6). The highest concentrations
were reached at 6:00–8:00 before dropping rapidly on 11:00–13:00,
January 18, 2018. A similar phenomenon was also seen on January 19
and 22, 2018, though not on the Saturday and Sunday between. We

believe that the increase of VOCs at HEMC during this time was mainly
due to anthropogenic sources during the workday, which is why the
“weekend effects” were observed (Hui et al., 2018). The concentration
variation of VOCs at the three sites was closely related to local pro-
duction and living activities, and the corresponding characteristics that
differ between sites are likely associated with these factors; as a city
site, HEMC is obviously affected by vehicle exhaust, while GETDD is
affected by motor vehicle exhaust as well as regional industrial pro-
duction.

3.2. Diurnal variation of VOCs

To further study the pollution characteristics of the studied VOCs,
the average per-hour diurnal variations of total concentrations for the
four VOC categories (AHs, AlHs, NVOCs, and OVOCs) at three sites
calculated (Fig. 4). The concentration of each group fluctuated widely,
with different trends observed between 00:00 to 24:00. NVOCs and
OVOCs at GETDD site were much higher than at the other two studied
sites; here NVOCs were highest during most of the studied period, fol-
lowed by OVOCs, AlHs, and AHs, respectively. The concentrations of
NVOCs and AlHs were up to the highest at 7:00, while OVOCs and AHs
were highest at 10:00; this may be due to the influence of the factory
working hours at this site, as well as the increase of vehicle exhaust
emissions during 9:00–10:00. Comparatively, at HEMC site, the con-
centration of OVOCs was approximately two times higher than that of
AHs, AlHs, and NVOCs, which underwent much lower fluctuations. It is
worth noting that the concentration of AHs was higher at 7:00, and
increased from approximately 17:00, potentially due to vehicle exhaust
during rush hour at this site. At PYC site, two spikes in concentrations of
the OVOCs, AlHs, and AHs were observed from 6:00 to 8:00 and from
18:00 to 21:00, which may be attributed to the biomass burning nearby.
Here, AlHs, NVOCs, and OVOCs increased to their highest respective
concentrations at 4:00–6:00 (see Fig. 5).

The complex composition and concentrations of VOCs, as well as the
chemical reaction activities of the different components, could poten-
tially lead to different diurnal variations. Therefore, the diurnal varia-
tion curves of typical individual VOC in four categories were also dis-
played (Figs. 5, S8, and S9). Compared with PYC and HEMC sites, the
diurnal variations of isoprene and toluene at the GETDD site were much
lower, while the concentration of formaldehyde and acetonitrile peaked
at 5:00 before increasing again to another peak at 19:30. Between
12:00–14:00, the concentrations of the four tracer VOCs all dropped to
their respective minimums, potentially due to oxidation between VOCs
and •OH (Tang et al., 2007). In this study, it is worth mentioning that
the concentrations of almost all VOC components were higher during
daytime than at night, which is consistent with previous results (Xu
et al., 2017). This may be because photochemical processes play a
substantial role in VOC transformation, and because of the dilution
effect of boundary layer development.

Comparatively, at HEMC site, the average diurnal distribution of
typical VOCs shows obvious variations (Fig. S9). Formaldehyde con-
centrations remained steady before sunrise, increased from approxi-
mately 07:00–08:00, and peaked in the afternoon (approximately
12:00–15:00), before then gradually returning to a stable value at night.
This trend is similar to results in Shenzhen city, and is highly related to
the formation of secondary pollution from atmospheric oxidation
(Wang et al., 2017). Similar to the PYC site (Fig. S8), the diurnal dis-
tribution of acetonitrile and toluene at HEMC site gradually decreased
with the enhancement of solar light intensity at 11:00–14:00, and then
rose from 16:00 to reach peak values at 23:00. The concentration of
isoprene at HEMC site was higher than at the other two sites, with in-
significant diurnal variation.

The average diurnal variations of each species fluctuated widely at
the PYC site, which is an average representative rural area in Northern
China (Fig. S8). Each VOC had a similar trend in variation, and the
fluctuation period was highly consistent with the biomass combustion

Fig. 4. The average diurnal variation of the total concentration of the four
categories VOCs (AHs, AlHs, NVOCs and OVOCs) at PYC, HEMC and GETDD.
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period in the region. Furthermore, lower concentrations of VOCs were
observed during the day, likely resulting from the photochemical oxi-
dation of VOC by •OH (Tang et al., 2007). Acetonitrile in particular is
widely regarded as a VOC marker for biomass combustion (Sarkar et al.,
2016). The average hourly concentration of acetonitrile appeared to
peak at 7: 00 and 18:00 at the PYC site, indicating these periods were
likely peak times for biomass combustion. The concentration of toluene
rebounded at night; this is likely due to the weakening of photo-
chemical reactions during this period because of lower •OH and vehi-
cular emissions during the night (Lyu et al., 2016). The diurnal varia-
tion of formaldehyde was similar to that of the other tracer VOCs, likely
because this compound is generated by photochemical oxidation pro-
cesses from the direct-discharge and reactive VOCs.

3.3. Ozone formation potentials

Total OFPs were calculated for the sites according to the average
concentrations of different groups of VOCs over the observation period
(Fig. 6). As expected, the total OFP at GETDD was much higher than
that seen at the other two sites; overall, the total OFPs ranged from
336.9 to 1165.3 μg/m3 (average: 604.9 μg/m3), 229.7–440.7 μg/m3

(average: 315.9 μg/m3), and 64.7–159.8 μg/m3 (average: 111.7 μg/m3)
at GETDD, HEMC and PYC sites, respectively. The OFP results indicated
that the photochemical pollution caused by VOCs at GETDD was ser-
ious, and that, while not as significant as that seen at GETDD, this
problem also existed at HEMC.

At GETDD site, the main contributors to the OFP were AlHs (53.6%)
and OVOCs (26.6%). These were different from the VOC pollution
profile for this site, where NVOCs and OVOCs were the two pre-
dominant groups (Fig. 1). Similar phenomena were also observed at the
other two sites, where the pollution profile did not correlate with the
main contributors to the OFP; this indicated that the contribution of
NVOCs to the OFP was very minor, while the other three groups (in

Fig. 5. The average diurnal variation of VOCs at GETDD: represented species of formaldehyde (CH2O), acetonitrile (C2H3N), isoprene (C5H8) and toluene (C7H8).

Fig. 6. The (a) total ozone formation potentials and (b) their proportion of the
four categories VOCs (AHs, AlHs, NVOCs and OVOCs) at PYC, HEMC and
GETDD.
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particular AlHs) played very important roles. This is because the MIRs
of the AlHs were much higher than for the other VOC species; as such,
the contribution of AlHs to the OFP was much higher, even though their
concentrations were not the most abundant. These findings are con-
sistent with previous knowledge, as AHs have typically been found to
be the most important VOC species in terms of OFP contribution in
urban areas (such as HEMC), while AlHs are the primary contributors in
industrial areas (such as GETDD) (Tan et al., 2018).

Specifically, butadiene (accounting for 48.1% of total OFP), C8-
aromatics (17.4%) and formaldehyde (21.1%) were the dominant VOCs
contributing to ozone formation at GETDDD, HEMC, and PYC sites,
respectively. In addition, the OFP of butadiene (290.8 μg/m3) at
GETDD site was significantly higher than at both at PYC (14.1 μg/m3)
and HEMC (32.4 μg/m3) sites. Butadiene is known to be related to in-
dustrial production, and therefore, it is expected that it would have
been emitted from factories at this site, since GETDD is one of the top
three industrial production bases within the chemical industry in China
(Mo et al., 2015). In addition, although the MIR values of C9-aromatics
and isoprene were very high, their contribution to the ozone levels at all
three sampling sites was less than 4% due to their low ambient con-
centrations. In contrast, low OFP values were obtained for other VOCs

(such as methanol, acetone and benzene) because of their low MIR
values, although their ambient concentrations were very high.

To further understand the variation in OFP as it related to the time
of day, the diurnal variations in OFP for four VOC categories at GETDD,
HEMC and PYC sites were also analyzed. The highest level of OFP ap-
peared around 6:00 at the GETDD site (Fig. 7), which may have been
caused by vehicle exhaust emissions and industrial discharge at this
time (including solvent evaporation). Comparatively, at HEMC site,
higher values of OFP appeared between 4:00–8:00, but then decreased
to their lowest levels around 10:00–16:00 before finally increasing from
16:00 to reach their peak value at 22:00. These fluctuations indicate
that at this site, vehicle exhaust emissions during rush hour (6:00–8:00
and 16:00–18:00) as well as biological emissions at night likely were
responsible for the patterns observed. At the PYC site, the period of high
OFP levels was much shorter (around 6:00–8:00), following which the
OFP decreased gradually after 8:00 until it reached its lowest point at
14:00 (though a second peak did appear at 19:00). The main reason for
this may be that the variation of OFP levels during the daytime at this
site in particular was mainly caused by biomass burning, which occurs
during these times. In conclusion, the AlHs and OVOCs at the GETDD
site, the AHs at the HEMC site, and the OVOCs and AlHs at the PYC site
deserve the attention of the local environmental protection agencies in
order to better control pollution in these areas according to their pri-
mary functional activities. The formation of relevant VOC control po-
licies should fundamentally consider the causes of local daily variations
in VOC in a given area in order for these policies to most effectively
address the problems particular to that region.

4. Conclusion

The concentrations of ambient VOCs at three sites in China were
analyzed using PTR-ToF-MS during the winter period from November
9, 2017 to February 9, 2018. TVOCs were found in the highest con-
centration at the GETDD＞HEMC＞PYC sites. The NVOCs were found as
the highest proportion of VOCs measured at the GETDD site, followed
by the OVOCs. Comparatively, OVOCs accounted for the highest pro-
portion of TVOCs at both the PYC and HEMC sites. The evaluation of
OFP revealed that the photochemical pollution caused by VOCs at
GETDD was serious, and was also significant at HEMC. AlHs were the
VOC species with the highest OFP in the industrial area (GETDD), while
AHs were more important contributors in urban areas (HEMC). These
dominant OFP-contributing VOC groups (AlHs and AHs) should there-
fore be given priority in terms of controlling their emission. In the fu-
ture, online monitoring of VOCs in the industrial zone will need to be
carried out in real time to better understand pollution, and targeted
control policies should be enforced effectively depending on the pri-
marily contributing VOCs in a respective area.
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