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Monitoring of ambient volatile organic compounds (VOCs) was conducted within typical residential-
commercial area in the city of Xi’an in northwest China during typical ozone (03) episodes, to investigate
the major contributors to the characteristic of ambient VOCs and their impact on O3 production. In the
residential-commercial area, diurnal variation of VOCs was highly impacted by vehicle exhaust, fuel evap-
oration, and local solvent use. Relative higher contributions (up to 60%) of VOCs from solvent use to the
ozone formation potential were found. The present findings highlight the urgent need for restrictions on

VOCs the emission of VOCs from solvent use and non-vehicle-traffic-related sources, such as oil storage.
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Ozone (03) is closely linked to air quality, public health risks,
and climate change [1,2]. In recent years, ground-level O3 has
increased around most megacities in China [3,4]. Both unfavor-
able meteorological conditions and the continuous emission of
03 precursors have been identified as key contributors [5-8].
Observation-based model demonstrates the substantial contribu-
tion of volatile organic compounds (VOCs) to O3 formation in
China’s megacities [9].

Traffic emissions constitute one of the largest sources of am-
bient VOCs [10-12]. However, few studies have been conducted
on the stable sources of VOCs in locations neighboring high-traffic
areas [13-15]. In addition, the progressive rise in VOC emissions
from solvents has been found to play increasingly essential roles in
03 production, to which higher photochemical reactivity also con-
tributes [13-16].

The Guanzhong Basin (GZB) city cluster was listed as a key area
for air pollution control by the China Ministry of Environmental
Protection in northwest China. Specifically, both Xi’an (the largest
city in the central of GZB) and its surrounding area face increas-
ingly serve O3 episodes in the recent years [17,18].

The present study was conducted to investigate the charac-
teristic and major contributors of ambient VOCs in two types
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of residential area, where high density of anthropogenic activi-
ties condensed. The sampling sites were chosen in a traffic busy
area with high dense commercial activities and a residential area
nearby transit highway in warm season. The contributions of var-
ious sources to ambient VOCs concentrations in different regions
were determined, and potential factors influencing the variation
of ambient VOCs and their impacts on ozone formation potential
(OFP) were discussed.

As described above, two areas were chosen (Fig. 1). The first
sampling area was chosen in the Gaoxin district in west Xi’an, an
area characterized by busy traffic and high density of commer-
cial activities. Sample collection was conducted on the rooftop of
a three-story building managed by the Institute of Earth Environ-
ment of the Chinese Academy of Sciences.

The second sampling area was chosen in Chanba ecological dis-
trict (CED) in east Xi’an, where few large-scale industries but scat-
tered garages were found. In another aspect, a national highway
passes through this district. The ambient VOCs were drawn into
multibed adsorbent tubes (fixed Tenax TA, Carbogragh) with an
ACTI-VOC low-flow sampling pump (Markes International Ltd.) at a
flow rate of 50 mL/min. The analytes in the adsorbent tubes under-
went thermal desorption (TD) on a UNITY-ULTRA-xr system (Series
2, Markes, UK). They were also subjected to GC/MS (7890A/59778B,
Agilent Technology, Santa Clara, CA, USA). Detailed descriptions on
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Table 1
Levels (ppbv) and compositions (%) of ambient VOCs in the present study and comparison (summer) with other cities in China.
Note XVOCs Alkenes % Isoprene % Alkanes % Aromatics % T/B Ref.
Xi'an Gaoxin Urban 183 £ 9.7 45+ 2.2 25 0.6 £ 0.5 3 95+59 52 2.6 + 1.7 14 1.0 £ 0.5 This study
Xi'an CED Urban 35.6 + 22.0 6.0 + 4.2 17 12+13 3 15.6 + 10.0 44 13.1 £ 131 38 14 +33
Beijing Urban 534 72 +7.7 0.26 + 0.45 33.6 + 23.8 133 £ 122 13 [19]
Urban 36.4 + 12.1 44 + 1.1 4 0.7-0.8 2 155 +£ 2.0 43 8.6 + 1.2 24 - [20]
Guangzhou Urban 39.2 5.9 15 - - 23.1 59 7.8 20 5.7 [21]
Guangzhou Suburban 40.6 £ 0.9 75+ 14 19 1.1 3 207 £ 14 56 124 £ 2.2 7.4 [22]
Hong Kong Urban 45.8 7.2 15 0.3 1 32.7 71 6.1 13 33+13 [23]
z has a shorter lifetime than benzene, it can be concluded that fresh
. vehicle emissions were major contributors to the high VOC con-
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Fig. 1. Locations of sampling sites and the road network in the city of Xi'an.

sampling and data quality control were given in Texts S1-S4 (Sup-
porting information).

The average mixing ratios of total quantified VOCs were
18.3 £ 9.7, 35.6 + 22.0 ppbv in the area of Gaoxin and CED dis-
tricts, respectively (Table 1). Composition of ambient VOCs var-
ied significantly both among different areas in the present study,
and among different Chinese cities [19-23]. Proportion of alkenes
was far higher in the area of Gaoxin district, a typical residential-
commercial area with busy traffic and high density of commercial
activities. Therein, ethylene (2.3 + 1.3 ppbv), propene (1.2 + 0.7
ppbv), and 1-butene (0.5 + 0.2 ppbv) were the most abundant
alkenes. The proportion of alkanes (44%-52%) measured in the
present study was similar to that in the cities of Beijing (43%) and
Guangzhou (~56%), but lower than that in Hong Kong where ex-
cess LPG was used as vehicle fuel [19-23]. This indicated vehicle
exhaust dominated the emission of VOCs in the area of Gaoxin
district [24]. And in the area of CED district, surprisedly high pro-
portion of aromatics was observed, the toluene to benzene ratio
(T/B) ratio was found to vary significantly between 0.16 + 0.03
to 4.26 + 6.95 among different sampling sites in the area of CED
(Fig. S1 in Supporting information). Further correlation analysis
and source apportionment implied strong impacts of local solvent
using, fuel evaporation and regional transport of air mass on the
composition of ambient VOCs (described below).

As described above, the Gaoxin district is a typical residential-
commercial area with high density of vehicles. As shown in Fig. 2,
ambient VOCs concentrations peaked in the morning rush hours, at
noon, and in the evening rush hours in this area. In general, diur-
nal variations of ambient VOCs in urban areas are mainly affected
by vehicle exhaust, mixing layer depth, and photochemical reac-
tivity [12,19,21]. This explained why high and low loadings were
mostly observed during rush hours and in the afternoon in the
present study, respectively. Moreover, high toluene/benzene (T/B)
ratios were noted during rush hours. Toluene and benzene are key
components of vehicle exhaust plumes. Considering that toluene
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centration and T/B values during rush hours [25,26]. Additional
VOC peaks were observed between 11:00 and 13:00, without cor-
respondingly higher T/B ratios. The higher concentrations of VOCs
under high temperatures at noon, particularly isopentane, are in-
dicative of strong gasoline evaporation [24,27].

The temporal variation of ambient VOCs in the CED differed sig-
nificantly from that in the area of Gaoxin district. Furthermore, this
variation followed the same pattern as that of surface winds (Fig.
S2 in Supporting information). On one sampling day, VOC peaks
were primarily noted in the afternoon, when a strong wind was
blowing in the northeast (Fig. S2). Similar trends were observed
on different sampling days. Notably, ambient VOC concentrations
began increasing on July 4, when the dominant winds changed
from southeast to northeast. During the field investigation, numer-
ous oil tanks were found northeast of the sampling site, and a na-
tional highway and a small airport were located in this area. And
high loading of ambient VOCs was found to coincide with strong
northeast surface wind, which implied the possibility of VOC trans-
port to the CED from the oil tanks. Apart from vehicle emissions,
evaporation from stored oil also constitutes a key source of ambi-
ent VOCs, especially under high temperature conditions in summer
[28,29]. Taken together, these details suggest that evaporation from
stored oil contributed to the elevated VOC emissions recorded at
these sites. Under favorable regional surface wind conditions, evap-
orated VOCs were transported downwind.

The positive matrix factorization (PMF) receptor model devel-
oped by the US Environmental Protection Administration was used
for source apportionment of VOCs [30]. The mixing ratios and un-
certainties of the VOCs from the valid samples collected in Gaoxin
District and the CED were used. Calibration was run for three to
eight factors and with random seeds. The four-factor solution pro-
duced mathematical results [Q values (both robust and true) close
to the theoretical Q value] with reasonable explanations. Detail de-
scription was given in Fig. S3, Texts S5 and S6 (Supporting infor-
mation).

The source contributions across sites are presented in Fig. S4
(Supporting information). The distributions differed significantly
between different areas in Xi’'an (Gaoxin district and the CED, re-
spectively). In the Gaoxin district, vehicle emissions accounted for
more than 80% of the VOC emissions, and the contributions of
gasoline emissions and diesel exhaust were comparable. And in
the CED district in the east of Xi'an, regional transport accounted
for more than half of the emissions in the Guangyuntan (CED-GYT)
and Ouya high school (CED-OY) sites. In the sites near the hotels,
solvent use contributed to 34.8% to 49.1% of the total emissions.

The roles of VOC species in the formation of ground-level ozone
are dependent on their photochemical reactivity [31]. Thus, in the
present study, OFP was calculated to more directly determine the
contributions of various VOC species and relevant sources to ozone
pollution. OFP values are products of the mixing ratio and the
maximum incremental reactivity coefficient (MIR) [21,31]. Com-
bined with the source profiles and source contributions obtained
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Fig. 2. Diurnal variation of VOCs (a) and T/B ratio (b) in typical congested area of Xi'an.
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Fig. 3. Contributions (%) of various sources to the OFP loading at different sampling sites.

from the PMF model, we calculated the contribution of various
sources to the OFP at each site (Fig. 3).

As shown in Fig. 3, the contributions of different sources to OFP
varied by sites. In the CED district, relatively higher contributions
(21%—60%) of solvent use to the OFP loading were observed, and in
particular high contributions of 45%—60% were found at the sam-
pling sites near hotels (Fig. 3). Even with low source apportion-
ment proportion, solvent use also contributed to 16% of the esti-
mated OFP loading in Gaoxin district, due to higher photochemical
reactivity of the major VOCs species in the profile of solvent use.

Vehicle exhaust was found to be an important contributor to
OFP in both areas, which contributed to 28% to 81% of the OFP
loading. Besides, VOCs emitted from oil evaporation in the nearby
area were found to be the dominated factor that contributed to
more than 40% OFP loading in typical site under favorable meteo-
rological conditions.

Xi'an (the largest city in the GZB) and its surrounding area face
increasingly serve Os episodes in the recent years. Monitoring of
ambient VOCs was carried out in typical residential-commercial
area in warm season to investigate the characteristic and major
contributors of ambient VOCs in two types of residential areas.
Notably different characteristics of ambient VOCs were observed
in two types of residential areas. Three peaks were found in the
temporal variation of VOCs in a typical residential-commercial area
with busy traffic activities, both due to the impacts of vehicle ex-
haust and fuel evaporation. And in another residential area near
to national highway and oil tanks, transit vehicles exhaust, trans-
ported fuel evaporation, and local solvent use were also found to
play important roles on the ambient VOCs. Relative higher contri-
butions (16%—60%) of solvent use to the OFP were found, in par-
ticular at the sampling sites near hotels (45% to 60%). Apart from
vehicle exhaust as an important contributor, VOCs emitted from oil
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evaporation in the nearby area could dominate more than 40% OFP
loading in typical site under favorable meteorological conditions.
The present findings highlight the urgent need for in-depth inves-
tigation and restrictions on the emission of VOCs from solvent use
and non-vehicle-traffic-related sources, such as oil storage and as-
phalt roads.
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