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Abstract

:

A field sampling campaign of volatile organic compounds (VOCs) was conducted during ozone polluted days at three sites of botanic gardens (HP), industrial areas (XS), and traffic residential mixed areas (ZH) in Hangzhou. The sampling was performed using stainless steel canisters from 6:00 to 20:00 synchronously with a time interval of 2 h on 17 May, 26 June, 20 July, 24 August, and 26 September 2018. A total of 107 species of VOCs for each sample were quantified using two standard gases with a pre-concentrator coupled by GC/MS. The Positive Matrix Factorization (PMF) model was used to identify the major VOC sources and assess their contribution to VOC concentrations. The effects of VOCs on O3 formation were investigated, based on propylene-equivalent concentrations (Prop-E), ozone formation potential (OFP), and Smog Production Model (SPM). It was found that the concentration of ozone during the sampling days tended to be highest in the downwind area while the concentrations of VOCs and NO2 in HP were rather low. The most reactive species were isoprene, ethylene, m-xylene, toluene, and propylene. The average total VOC volume mixing ratios in HP, XS, and ZH were 32.00, 36.63, and 50.34 ppbv, respectively. Bimodal profiles of propane and n-butane were exhibited in ZH while unimodal diurnal variation of isoprene was performed in HP. Liquefied petroleum gas/natural gas (LPG/NG) usage, aged background, and secondary source were identified as the major contributors to total VOCs in Hangzhou, accounting for 19.65%, 15.53%, and 18.93%, respectively.
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1. Introduction


Over the last few years, high level ozone (O3) has become a critical air pollution issue during summer in China, especially in megacities and fast-developing city clusters [1,2,3,4,5]. It was well known that volatile organic compounds (VOCs) are the key precursors of O3 and secondary organic aerosols (SOA) [6,7]. Due to the complex chemical mechanisms and diurnal variation of VOCs, there is a high nonlinear relationship between O3 and its precursors [8]. Jin et al. showed that the cities in China were becoming increasingly VOC-limited [9]. Due to the diverse VOCs species and activities, it is necessary to understand their roles in O3 formation for making appropriate control strategies.



Ozone has been recognized as the major photochemical smog oxidant in several megacities all over China [10,11,12]. Hangzhou, capital of Zhejiang province, is one of the largest cities in east coastal areas of China. With the rapid development of the economy and increase of population, Hangzhou has suffered from severe atmospheric pollution in recent years, and the maximum 1 h O3 mass concentration reached 327 μg/m3 in 2016. O3 pollution events occurred mainly under a VOC-limited or transitional regime in Hangzhou [13]. Understanding the role of key VOC species and their associated spatial and temporal distribution in the formation of photochemical smog episodes in Hangzhou, becomes a critical topic to be understood and resolved.



A vital purpose of ambient VOCs measurements is to identify their sources and their potential contributions in the formation of ozone and other photochemical smog oxidants. The Positive Matrix Factorization (PMF) method is a multivariate statistical analysis that was comprehensively described by Paatero in 1993 [14,15]. As a receptor model, the sources of VOCs can be identified and quantified with the use of PMF when numerous samples are obtained while complete emission source profiles are not available. Furthermore, PMF can be used to detect low value data and makes sure all the results are positive values. However, the name of factors mostly depends on the experience of analyzers to explain the intrinsic characteristics of different sources, which causes the explanations to vary from study to study. Even different tracers were chosen in the same factor name, like the description of LPG profiles in several papers [16,17,18].



In order to understand characteristics and sources of VOC compositions, we performed a simultaneous sampling campaign for five selected days with high O3 levels (from May to September 2018) at three functional zones in Hangzhou. A total of 107 VOC species were quantified by laboratory analysis using a pre-concentrator with gas chromatography/mass spectrometry (GC/MS). General information about the sampling sites, instruments, and analysis methods was documented. Then the spatial and temporal variation in VOCs and relevant pollutants at the three sites were characterized. The PMF model was used to identify the major VOC sources and assess their contribution to VOC concentrations. The accuracy of the source apportionment results was examined by the comparison between PMF factors and measured source profiles. Finally, the effects of VOCs on O3 formation were investigated, based on propylene-equivalent concentrations (Prop-E), ozone formation potential (OFP), and Smog Production Model (SPM).




2. Methods


2.1. Ambient VOCs and Source Profiles Sampling


Hangzhou is located in the south of Yangtze River Delta (YRD) and lies on downstream of the Qiantang River (Figure 1). There is a West Lake and high green coverage rate in the south–west. In the eastern suburb of the city, two economic development zones, called Xiasha and Dajiangdong, are full of pollution-intensive industries. With the high population density and rapid economic growth, the number of motor vehicles increased from 0.39 million in 2000 to 2.79 million in 2017.



To determine the characteristics and source contributions of ambient VOCs in Hangzhou, three representative functional zones were chosen as sampling sites (shown in Figure 1): Huapu location (HP, 30.25° N, 120.12° E), as a botanic garden, is situated on viewing platform (≈20 m above ground) of West Lake Scenic Area, and the main surrounding emission sources are plants. Xiasha location (XS, 30.30° N, 120.34° E) is located on the roof of a hotel in industrial parks (21.5 km east of HP). This district is surrounded by major industries, such as chemical fiber, paint manufacturing, and electronic companies. Zhaohui location (ZH, 30.23° N, 120.16° E) is on the roof of a building in traffic and residential mixed areas (4.9 km northeast of HP). Except for heavy traffic emissions, there are large housing estates and hospitals in the area within a 1 km radius. The three sampling sites in different functional zones can represent the pollution situation of Hangzhou, and they are 365, 550, and 700 m apart from nearest monitoring air quality stations, respectively. The site location information and O3 exceedance are shown in Table S1.



An ozone exceedance day was defined where the maximum daily 1 h O3 concentration exceeded 200 μg/m3 or the maximum daily average 8 h O3 concentration exceeded 160 μg/m3 (Chinese Ambient Air Quality Grade II Standard GB3095-2012). Since O3 exceedance events in Hangzhou mainly occur in summer, sunny and hot days were chosen in every month from May to September to collect air samples [19]. In order to cover morning-evening rush hours, the sampling of VOCs was performed from 6:00 to 20:00 at a time interval of 2 h on 17 May, 26 June, 20 July, 24 August, and 26 September 2018. A total of 120 valid samples were obtained, and the hourly meteorological conditions as well as relevant pollutants were collected from air quality stations including temperature, solar radiation, wind speed, wind direction, concentrations of NO, NO2, O3, CO, SO2, PM2.5, and PM10.



Besides ambient VOCs sampling, source profiles of primary emission were sampled and established to examine the accuracy of the source apportionment results. Samples of solvent utilization were collected from production workshop in a paint factory. Biomass burning was collected from combustion in the laboratory. Additionally, vehicle exhaust was collected from a vehicle platform test station. The detailed information is shown in Table S2.




2.2. Analysis of VOC Samples


Samples were collected using 3.2 L silica SUMMA canisters (Entech Instrument, Inc., Simi Valley, CA, USA), which were pre-cleaned with high-purity nitrogen and vacuumed to 20 Psi [20]. Ambient air was taken at a flow rate of 120 mL/min through a constant flow sampler (CS1200E, Entech Instrument, Inc., Simi Valley, CA, USA). After 30 min, canisters were pressurized to atmospheric pressure and valves were closed. All the samples were sent to laboratory for analysis within 7 days after collection.



Measurements of VOCs were made using a pre-concentrator followed by a gas chromatography/mass spectrometry (GC/MS). A 400 mL sample was extracted and concentrated in a cryogenic pre-concentrator (7200, Entech Instrument, Inc., Simi Valley, CA, USA), and a three-stage cold trap was used to remove the water, carbon dioxide, nitrogen, and oxygen in samples. Then VOCs were transferred into the GC/MS (7890B/5977A, Agilent Technologies, Inc., Santa Clara, CA, USA). A DB-5 ms capillary column (60 m × 320 μm × 1 μm) coupled with quadrupole mass spectrometer detector (35–300 u) was used for qualification and quantification. The GC column oven was programmed at 35 °C for 5 min initially, increasing to 120 °C at 5 °C/min, then immediately increasing to 220 °C at 10 °C/min and holding for 3 min. The entire duration of the processing was about 56 min.



The species of VOCs were qualified using two standard gases: PAMS and TO-15 that were recommended by US EPA. PAMS was a mixture of 55 nonmethane hydrocarbons (NMHCs) that primarily contributed to atmospheric photochemical reactions, and TO-15 was 65 nonpolar or weakly polar toxic VOCs. After removing the overlap species between the two standard gases, the 107 VOCs were measured, including 29 alkanes, 11 alkenes, one alkyne, 35 halocarbons, 18 aromatics, 12 oxygenated volatile organic compounds (OVOCs), and CS2. Calibration curves were made by the standard gas mixtures at five concentrations, ranging from 1 to 20 ppbv. The correlation coefficients of each curve were greater than 0.9, and the method detection limit (MDL) of individual species ranged from 0.002 to 0.09 ppbv.




2.3. Positive Matrix Factorization (PMF)


Source apportionment of ambient VOCs was performed by the PMF 5.0 model. The fundamental equation is presented as follows:


   x  i j    =    ∑    k = 1   p   g  i k    f  k j      + e    i j   ,  



(1)




where xij is the concentration of jth species in ith sample, gik is the relative contribution of kth factor to ith sample, fkj is the jth species fraction in kth factor profiles, eij is the residual for jth species in ith sample [14].



The objective function Q needs to be minimized in the calculation of PMF model, and the Q equation is presented as follows [21]:


   Q =    ∑    i = 1   n    ∑    j = 1   m     (     e  i j      u  i j      )   2  ,  



(2)




where uij is the uncertainty of jth species in ith sample. At the constraint condition of gik ≥ 0 and fkj ≥ 0, the minimum Q value is worked out by iterative convergence. Eventually, factor numbers, contribution matrix, and factor profiles matrices are resolved [22].



Two input files are required in the PMF 5.0, one with mass concentrations of observed sampling species and the other with uncertainty. The stability and accuracy of results are estimated by Q(true)/Q(expected), residual distribution, coefficient of determination, and explanation of factor profiles. Besides, these strict quality standards are the basis of reasonable source apportionment.



In PMF analysis, volume mixing ratio (unit in ppbv) is convert to mass concentration (unit in μg/m3) because of the comparison between resolved factors and VOC source profiles. The formula is presented as follows:


  C (    μ g / m   3  ) =  c ( ppbv )  ×   M   ×   273.15   22.4   ×  ( 273.15 + T )    ,  



(3)




where M is the molecular weight of the species, T is the ambient temperature.




2.4. Photochemical Reactivity


Generally, propylene-equivalent concentrations (Prop-E) and ozone formation potential (OFP) are used as indicators to evaluate the reactivity of VOCs. The principle of Prop-E is putting all VOC species on the same level to compare the reactivity with OH radical. The formula is presented as follows [23]:


   Prop-E ( j )  =    C   j  ×    [  VOC  ]   j  ×    k  OH    ( j )     k  OH    (   C 3   H 6   )    ,  



(4)




where j is a species of VOC, Cj represents its carbon atom number, [VOC]j represents its volume mixing ratio, kOH(j) and kOH(C3H6) represent the chemical reaction rate constant of species j and propylene with OH radical [24].



We used the Prop-E method to evaluate the species activity in terms of the initial reaction rate of VOCs and OH, ignoring the reaction with peroxide and other radicals. On this basis, Cater et al. proposed a concept of OFP, which estimated the maximum VOCs contribution to O3 formation synthetically. The specific calculation formula is as follows [25]:


   OFP  =    [  VOC  ]   j  ×  MIR j  ,  



(5)




where MIRj is the maximum incremental reactivity coefficient of j species.




2.5. Smog Production Model


The smog production model (SPM) was used to determine the O3 photochemical regimes [26]. SP is defined by the sum of O3 production and NOx consumption, according to the following two alternative equations [27]:


  SP  ( t )  =    O   3   ( t )  +    DO   3   ( t )  −  O 3   ( 0 )  +  NO   ( i )  − NO  ( t )  ,  



(6)






  SP  ( t )  =  β     [  NOx  ( i )  − NOx  ( t )   ]   α  ,  



(7)




where O3(t) is the O3 concentration at time t, DO3(t) represents the accumulated deposition losses of ozone at time t, O3(0) is the background concentration of ambient O3, with a value of 40 ppbv used in this study, NO(i) is the input concentration of NO to the system from time 0 to t, NO(t) is the NO concentration at time t, NOx(i) is the input concentration of NOx to the system from time 0 to t, NOx(t) is the NOx concentration at time t, α and β is the parameters, with value of 2/3 and 19.



The maximum potential SP is defined as


    SP   max   =  β     [  NOx  ( i )   ]   α  .  



(8)







The extent of reaction E(t) = SP(t)/SPmax is given by


   E   ( t )   =     O 3   ( t )  +    DO   3   ( t )  −  O 3   ( 0 )  +  NO   ( i )  − NO  ( t )    β    [  NOx  ( i )   ]   α    ,  



(9)






   E   ( t )  =    [  1 −   NOx  ( t )    NOx  ( i )     ]   α  ,  



(10)




where E(t) is estimated as the average of above two calculations (Equations (9) and (10)), and more details are presented by Li et al. [13].





3. Results and Discussion


3.1. Spatial-Temporal Characteristics of VOCs


3.1.1. Overall Meteorology and Pollutants


The O3 exceedance in summer is not only closely related to precursors of VOCs and NOx, but also influenced by meteorological condition [28]. Figure 2 illustrates an overview of the temporal variations in the temperature, total solar radiation, wind speed, wind direction in Hangzhou, and the concentrations of NO2, O3 at the three sampling sites during the five sampling days. The temperature and solar radiation basically maintained the same level across the five days except for 26 September. Meanwhile, among the five days, the lowest O3 level was observed on 26 September, because the temperature and radiation had a positive impact on the more biogenic emissions, chemical kinetic rates, and mechanism pathway for O3 formation [29].



The concentration of NO2 in HP was lower than in XS and ZH, because XS was affected by industrial emissions and ZH by vehicle exhausts. O3 concentration was not closely related to pollutants emissions of three sites, and it depended on diffusion conditions. For example, the wind field was dominated by west and southwest wind on 17 May and 26 June, and the highest O3 concentration appeared in XS which was in the downwind area. However, the wind came from the east on 20 July, which made HP in the downwind show the highest O3 concentration. The prevailing wind direction was irregular on 24 August and north on 26 September, thus there was no obvious difference of downwind and O3 concentration among the three sampling sites.



According to the ozone exceedance standard, the O3 concentration exceeded in XS on 17 May, HP on 20 July, and three sites on 24 August. The diurnal variation of O3 on 17 May and 24 August were chosen as two representative cases to be analyzed in detail. As shown in Figure 2 and Figure S1, O3 concentration was highest in 12:00–14:00 and kept consistent in the whole YRD on 17 May, indicating that O3 peaks were the typical product of local photochemical reaction. This situation was different on 24 August: Figure 2d shows that there were two peaks of O3 at the three sites, and the second peak was at about 20:00. This was further illustrated by Figure S2 that the first peak at 14:00 was caused by photochemical reaction covering the whole YRD, and the second peak at 20:00 was transported from northeast, which coincided with O3 spatial distribution and wind direction.



The average total VOC volume mixing ratios in HP, XS, and ZH were 32.00, 36.63, and 50.34 ppbv, respectively. Top 10 VOCs species in different groups (alkanes, alkenes, and alkynes, halocarbons, aromatics, OVOCs, and CS2) are shown in Figure 3. As for alkanes, there was a significant similarity of display orders and concentrations between HP and XS, and C2–C5 alkanes were more abundant in ZH due to vehicle emissions. As for alkenes and alkynes, ethylene, isoprene, propylene, acetylene, and 1-butene were the major species at the three sites. Except these, concentrations of other species were extremely low. As for halocarbons, there was a similar display of orders and concentrations in HP and XS, and 1,2-dichloroethane were more abundant in ZH than the other two sites. As for aromatics, toluene were the most abundant species among the three sites. Moreover, the concentration of toluene was higher in XS and ZH than HP because of solvent usage and vehicle emissions. As for OVOCs and CS2, acetone was the most abundant compound at the three sites (7.60–10.82 ppbv), accounting for about 20% among the 107 species. The high concentration of acetone in our research was similar to the previous studies in Beijing (8.00 ppbv), Guangzhou (6.41 ppbv), and the selected public places of Hangzhou (7.11 ppbv) [30,31,32].



Table S3 shows the concentrations of main VOCs observed in other cities (Beijing, Shanghai, Guangzhou, and Wuhan) as well as Hangzhou [33,34,35,36]. The comparison indicated that concentrations of TVOCs in Hangzhou were similar to Shanghai and Wuhan, but much lower than Beijing and Guangzhou. Regarding each species, there were no definite rules to follow since human activities and energy structure may lead to the pollution status of VOCs [37].



There were 11 species in which more than 95% of sample concentrations were below the MDL. Their names are listed in Table S4, where alkanes and alkenes dominated. These species were few in the three different positional and functional areas, which represented that the emissions of them were very low in Hangzhou and the emission reductions could be left out at present.




3.1.2. Diurnal Variation of VOCs


Figure S3 shows the diurnal variation of VOC concentrations and standard deviations in total VOCs and different groups (alkanes, alkenes and alkynes, halocarbons, aromatics, and OVOCs) at the three sampling sites. The mixing ratio of TVOCs, alkanes, and OVOCs in ZH were obviously greater than the rest of the sites. Mainly influenced by the vehicle exhaust, alkanes, aromatics, alkenes and alkynes of ZH exhibited bimodal profiles, which were consistent with the morning and evening rush hours (8:00 and 18:00–20:00). The morning peak was more distinct due to the accumulation of pollutants during the whole night. In XS sites, there was a U-shaped distribution of TVOCs and all groups: the concentrations reached highest at 6:00 or 20:00, lowest at noon, which had a relationship with the nearby industrial emission process, intensity of photolysis loss and diurnal variation of atmospheric boundary layer [38,39]. As a background site, lower concentrations and more steady variation of TVOCs, alkanes, halocarbons, aromatics, and OVOCs was shown in HP, though these groups fluctuated affected by diffusion of the surrounding pollutants. Isoprene, an indicator of biogenic emissions, was abundant in the scenic spots, making the concentrations of alkenes and alkynes in HP higher than XS.



Figure 4 shows the diurnal variations of some significant species, like ethane, propane, n-butane, ethylene, isoprene, chloromethane, 1,2-dichloroethane, toluene, and acetone in the three sampling sites. Ethane and ethylene exhibited similar diurnal patterns, which indicated that they might be from the same source. Propane and n-butane, tracers of vehicle exhaust, were much more abundant in ZH, and these two species exhibited bimodal profiles, which were consistent with the traffic flow. Isoprene was the indicator of biogenic emissions, and as expected its concentration was much higher in HP than XS and ZH during the day time. The unimodal distribution of isoprene was proportional to temperature and biogenic emission rates. Chloromethane and 1,2-dichloroethane were unreactive species with long lifespan, thus their concentrations were relatively steady. The diurnal variation of toluene in ZH was similar to HP because of the same emission sources and removal mechanisms. The concentration of acetone was relatively steady in XS due to the stable solvent usage. The concentration of acetone reached higher after 8:00 in HP and ZH, which indicated that acetone might be related to the production of photochemical reactivity in the two sites.





3.2. Source Apportionment and Source Profiles of VOCs


3.2.1. Source Profiles of PMF Resolved Factors


A total of 36 VOC species were chosen as input of the PMF model to explore the sources of observed VOCs, because they were the most abundant VOCs or the typical tracers of different emission sources. After a series of calculations, seven factors were classified as liquefied petroleum gas/natural gas (LPG/NG) usage, solvent utilization, biomass burning, vehicle exhaust, aged background, secondary source, and biogenic emission. Figure 5 presents the explained variation (EV) for all the factors, which indicated the importance of each factor to individual species. The name of factors was determined by the high contributions to tracers in a specific factor, as well as the comparison of species fraction between measured source profiles and PMF factors in Figure S4. The diurnal variation of seven sources are plotted in Figure 6, which could examine the validity of the identification of factors.



Factor 1 was characterized by a significant amount of ethane (57.57%), propane (36.27%), C5–C6 alkanes (24.64–42.92%), acetylene (33.76%), and benzene (31.98%). Ethane and acetylene are connected with incomplete combustion, and C3–C6 alkanes are the main components of LPG and NG [40,41]. LPG and NG both play important role in vehicles, industrial process, and domestic catering. Influenced by new energy vehicles on the roads around, the concentrations of factor 1 were higher in the morning and evening than at noon in HP and ZH. The diurnal variations of factor 1 were steady in XS because of the stable petrochemical industry. Therefore, factor 1 was identified as LPG/NG usage including fuel combustion and evaporation in vehicles, industry, and households. Nowadays the fuel substitution from coal and oil to LPG and NG has been advanced rapidly in Hangzhou, making the NG/LPG more vital to ambient VOCs.



Factor 2 was rich in n-hexane (28.90%), n-heptane (46.85%), BTEX (30.92–51.68%), isopropyl alcohol (32.63%), and ethyl acetate (21.86%). It is known that BTEXs are the major constituents of solvents [42,43]. The amounts of aromatics are controlled strictly at present in China, thus some factories substitute OVOCs for BTEX in solvent use. For example, isopropyl alcohol and ethyl acetate are the common OVOCs solvents in industry [44,45]. n-Hexane and n-heptane are also widely used as nonpolar solvents in industrial processes [46]. Above all, factor 2 was named solvent utilization. From the point of daily variation, higher concentrations of solvent use were in XS and ZH, influenced by the surrounding industry and hospital, respectively.



High loading of propylene (73.26%) and trichloroethylene (74.58%) was found in factor 3. In addition, acetylene, chloromethane, p-ethyltoluene, and 1,2,4-trimethylbenzene occupied a high proportion as well. These compounds mainly come from chemical manufacturing and fuel combustion. Specifically propylene, acetylene, and chloromethane are the marker products of biomass combustion, and aromatics were also released during the biomass combustion [47,48]. Thus, factor 3 was recognized as biomass burning.



Factor 4 was distinguished by the dominant presence of C3–C5 alkanes (19.59–59.49%), acetylene (14.74%), and methyl tert butyl ether (MTBE, 20.99%), which were typical tracers of vehicle emissions. Acetylene is the tracer of incomplete combustion, and MTBE is a widely used gasoline additive to raise the octane number [39]. The concentration displayed a bimodal diurnal profile in ZH, much higher than HP and XS, which accorded with the effect of vehicle emissions on the three sites. Thus, factor 4 was considered to be vehicle exhaust.



Factor 5 explained high amounts of disulfide carbon (50.99%) and a series of halocarbons including dichlorodifluoromethane (46.13%), chloromethane (44.24%), 1,1,2-trichloro trifluoroethane (40.65%), and so on. These species are unreactive and have a long lifetime in the atmosphere [49]. The concentrations showed a small difference and steady variation at the three sites. Therefore, factor 5 was linked to aged background.



Factor 6 was associated with secondary generation, identified by OVOCs such as isopropyl alcohol (46.26%), methyl ethyl ketone (MEK, 60.89%), and ethyl acetate (61.54%), which mainly came from the photochemical reactions of NMHCs. The three sites showed the same variation: as sunlight intensity increased in the morning, primary pollutants accumulating in the evening were transformed into secondary pollutants. The concentration of factor 3 gradually decreased when the solar radiation reduced in the afternoon. Thus, factor 6 was identified as secondary source.



Factor 7 was almost solely dominated by isoprene (79.62%), which was the indicator of biogenic emissions, especially from broad-leafed trees [50,51]. The higher concentration in HP fitted the vegetation coverage at the three sites. The single-peak diurnal variation of factor 7 in HP also correlated well with temperature and solar radiation, consistent with biogenic emission.



Figure S4 compared the VOCs fraction between the measured source profiles and PMF factors of primary emission. The source profiles of solvent utilization, biomass burning, and vehicle exhaust were sampled in this study, and the source profile of LPG/NG usage was extracted from a previous paper [52]. The major species in the two profiles were almost overlapped, and the differences between them were within reasonable ranges. The above comparison results supported the accuracy of our PMF resolved factors, which improved our confidence for the source apportionment results.




3.2.2. Source Apportionment Results


Figure 7 presents the mass concentrations percentage of seven factors at the three sites. It should be noted that observed concentrations do not take into account the long-range transport and photochemical losses from emission sources to receptor sites. This likely results in an overestimation of relative contributions of some factors such as aged background and also an underestimation such as biogenic emission, but the comparison among the three sampling sites could still indicate the effect of emission sources on ambient air. In HP, biogenic emission accounted for 17.83%, much higher than in XS and ZH. Besides, LPG/NG usage, aged background, and secondary source contributed 21.70%, 18.29%, and 15.61% respectively, accounting for the major TVOC concentrations in HP. In XS, solvent utilization and secondary source contributed 18.65% and 23.13%, which were higher than in HP and ZH. LPG/NG usage and aged background also played important role, accounting for 21.00% and 17.81%. In ZH, vehicle exhaust source was the largest contributor, accounting for 25.34%, followed by secondary source (18.03%), LPG/NG usage (16.25%), and solvent utilization (14.34%). To sum up, LPG/NG usage, aged background, and secondary source were the major contributors to TVOCs in the whole of Hangzhou city.





3.3. The Roles of VOCs in O3 Formation


3.3.1. VOCs Photochemical Reactivity


The reactivity is an important indicator that is usually used to estimate the ozone formation contribution for ambient VOCs. Table 1 lists the top 10 species based on Prop-E and ozone formation potential (OFP) at the three sampling sites. In terms of Prop-E, isoprene was dominant among all the sites, because of the high-activity with OH radicals. Regarding OFP, the highest species was isoprene in HP but ethylene in XS and ZH. There were more than 50% species overlapped among the three sites, representing the general ozone formation in Hangzhou. Based on these two indicators, isoprene, ethylene, m-xylene, toluene, and propylene were on the list in all sites, indicating that they were the most reactive species in Hangzhou.



Figure 8 classifies VOCs by functional groups and presents the calculated fractions of different groups based on volume mixing ratio (VMR), Prop-E, and OFP. Compared among the three sampling sites, concentrations of alkanes were higher in ZH because of the vehicle emissions, especially reactive high-carbon-number alkanes from diesel vehicles. The Prop-E and OFP of alkenes and alkynes were higher in HP than in XS and ZH, because isoprene was the most reactive species in 107 VOCs and almost from plants. By considering the three criteria, although alkanes, halocarbons, and OVOCs contributed 78–82% VMR in total, they accounted for less than 34% Prop-E and OFP. However, alkenes and aromatics altogether contributed more than 65% Prop-E and OFP even with a small proportion of 20% VMR.




3.3.2. Determination of O3 Photochemical Regimes


SPM was used to assess the O3 photochemical regimes based on the extent values E(t). Explanations for SPM results are as following: the O3 production is under a VOC-limited regime when E(t) is less than 0.6 and NOx-limited regime when E(t) is greater than 0.9. O3 production is sensitive to both NOx and VOCs (transition regime) when 0.6 < E(t) < 0.9 [53]. The time series of E(t) and O3 concentration are shown in Figure 9.



Comparing the three sites, E(t) was generally higher in HP because of the abundance of biogenic emissions and lack of NOx anthropogenic pollution. Regarding the diurnal variation of E(t), it was lower and the O3 production tended to be under a VOC-limited regime in the morning. At about 10:00, E(t) went up to 0.6 and the system turned into a transition regime. At 13:00–16:00, E(t) reached the peak and the system was under a NOx-limited or transition regime. Then E(t) declined with the arrival of evening rush hours. As shown in Figure 9, there was a strong relationship between E(t) and O3 concentration. Furthermore, the correlation analysis relating E(t) with O3 concentration is presented in Figure S5. It was found that there was an obvious positive correlation between the two variables, and the correlation coefficient was 0.77 in Hangzhou. The O3 production was under a VOC-limited regime when O3 concentration was below 110 μg/m3, a NOx-limited regime when O3 concentration was greater than 180 μg/m3, and a transition regime when O3 concentration was between 110 and 180 μg/m3.






4. Conclusions


An ambient VOCs sampling campaign was conducted at three sites (HP, XS, and ZH) in Hangzhou from May to September 2018, and 120 samples were obtained. The O3 concentration in the downwind tended to be highest, while the concentrations of NO2 and VOCs were lower in HP than XS and ZH. The average total VOC volume mixing ratios in HP, XS, and ZH were 32.00, 36.63, and 50.34 ppbv, respectively. Acetone was the most abundant compound at the three sites, accounting for about 20% among the 107 species. TVOCs, alkanes, and aromatics exhibited a steady distribution in HP, U-shaped in XS, and bimodal in ZH of diurnal variation. Propane and n-butane, tracers of vehicle exhaust, were much more abundant in ZH and exhibited bimodal profiles. Isoprene, an indicator of biogenic emissions, showed a unimodal distribution in HP. Chloromethane and 1,2-dichloroethane were unreactive species with relatively steady concentrations.



Seven factors were identified with PMF, consisting of LPG/NG usage, solvent utilization, biomass burning, vehicle exhaust, aged background, secondary source, and biogenic emission. The accuracy of results was examined by the diurnal variation of factors and the comparison between measured source profiles and PMF factors. Biogenic emission in HP, solvent utilization in XS, and vehicle exhaust in ZH were much higher than the rest of the sites, contributing 17.83%, 18.65%, and 25.34%, respectively. In summary, the relative contributions of LPG/NG usage, aged background, and secondary source were 19.65%, 15.53%, and 18.93% in the whole of Hangzhou, which indicated the three sources were the major contributors to TVOCs.



Combining Prop-E with OFP, isoprene, ethylene, m-xylene, toluene, and propylene were identified as the most reactive species in Hangzhou, and alkenes and aromatics altogether contributed most Prop-E and OFP by 73.82% and 70.98%, with 18.13% of VMR. The SPM results indicated that O3 formation was generally VOC-limited in the morning and evening, and a NOx-limited and transition regime at noon. There was an obvious positive correlation between O3 concentration and E(t), which helps to estimate the O3 photochemical regimes by O3 concentration.
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Figure 1. The location of Hangzhou in China (top left corner) and geographical distribution of three sampling sites. 
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Figure 2. Time series of (a) temperature and solar radiation, (b) wind direction and wind speed in Hangzhou, (c) concentrations of NO2 and (d) O3 at the three sites during sampling days. 
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Figure 3. Top 10 mixing ratio of different volatile organic compound (VOC) groups ((a) alkanes, (b) alkenes and alkynes, (c) halocarbons, (d) aromatics, (e) oxygenated volatile organic compounds (OVOCs) and CS2) at the three sites. 






Figure 3. Top 10 mixing ratio of different volatile organic compound (VOC) groups ((a) alkanes, (b) alkenes and alkynes, (c) halocarbons, (d) aromatics, (e) oxygenated volatile organic compounds (OVOCs) and CS2) at the three sites.



[image: Atmosphere 10 00780 g003]







[image: Atmosphere 10 00780 g004 550] 





Figure 4. Diurnal variation of some significant species at the three sampling sites. 
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Figure 5. Explained variation of seven factors resolved with the Positive Matrix Factorization (PMF) model: (a) liquefied petroleum gas/natural gas (LPG/NG) usage, (b) solvent utilization, (c) biomass and burning, (d) vehicle exhaust, (e) aged background, (f) secondary source, (g) biogenic emission. 
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Figure 6. Diurnal variation of seven factors at the three sites: (a) liquefied petroleum gas/natural gas (LPG/NG) usage, (b) solvent utilization, (c) biomass and burning, (d) vehicle exhaust, (e) aged background, (f) secondary source, (g) biogenic emission. 
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Figure 7. Relative contributions of seven sources to the ambient VOCs mass concentrations at the three sites. 
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Figure 8. Percentage contributions of VOC group compositions to volume mixing ratio (VMR), propylene-equivalent concentrations (Prop-E), and ozone formation potential (OFP) at the three sites. 
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Figure 9. Time series of E(t) and O3 concentration at the three sites during sampling days. 
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Table 1. Top 10 species based on propylene-equivalent concentrations (Prop-E) and ozone formation potential (OFP) at the three sites during sampling days.
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HP

	
XS

	
ZH




	
Compound

	
Prop-E

(ppbC)

	
Compound

	
OFP

(ppbv)

	
Compound

	
Prop-E

(ppbC)

	
Compound

	
OFP

(ppbv)

	
Compound

	
Prop-E

(ppbC)

	
Compound

	
OFP

(ppbv)






	
Isoprene

	
38.42

	
Isoprene

	
21.28

	
Isoprene

	
10.33

	
Ethylene

	
16.79

	
Isoprene

	
24.12

	
Ethylene

	
21.32




	
m-Xylene

	
1.35

	
Ethylene

	
15.26

	
m-Xylene

	
2.43

	
Isoprene

	
5.72

	
n-Dodecane

	
6.17

	
Isoprene

	
13.36




	
Ethylene

	
1.06

	
Propylene

	
3.37

	
Toluene

	
2.09

	
Toluene

	
5.56

	
m-Xylene

	
2.77

	
Propylene

	
8.21




	
Toluene

	
0.99

	
Acetone

	
2.74

	
n-Undecane

	
1.77

	
Propylene

	
4.43

	
n-Undecane

	
2.41

	
Toluene

	
4.88




	
Propylene

	
0.87

	
Toluene

	
2.65

	
Styrene

	
1.44

	
m-Xylene

	
3.34

	
Propylene

	
2.11

	
Acetone

	
3.89




	
Vinyl acetate

	
0.65

	
m-Xylene

	
1.85

	
Ethylene

	
1.17

	
Acetone

	
2.82

	
Toluene

	
1.83

	
n-Butane

	
3.87




	
o-Xylene

	
0.64

	
n-Butane

	
1.60

	
Propylene

	
1.14

	
o-Xylene

	
2.06

	
Styrene

	
1.67

	
m-Xylene

	
3.79




	
1,2,4-Trimethylbenzene

	
0.63

	
o-Xylene

	
1.16

	
o-Xylene

	
1.13

	
Methyl ethyl ketone

	
1.55

	
Vinyl acetate

	
1.56

	
Acrolein

	
3.72




	
n-Pentane

	
0.61

	
n-Pentane

	
1.08

	
Isopropyl alcohol

	
1.08

	
Acrolein

	
1.55

	
Naphthalene

	
1.49

	
Isobutane

	
3.05




	
Isopropyl alcohol

	
0.59

	
Methyl ethyl ketone

	
1.05

	
Vinyl acetate

	
1.03

	
n-Butane

	
1.47

	
Ethylene

	
1.48

	
1-Butene

	
2.45
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