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Abstract

:

Intermediate volatility organic compounds (IVOCs) and semi-volatile organic compounds (SVOCs) have recently been proposed as important precursors of secondary organic aerosol (SOA). In the present work, 97 volatile organic compounds (VOCs) and 80 intermediate volatility and semi-volatile organic compounds (IVOCs and SVOCs) were measured by online gas chromatography-mass spectrometer/flame ionization detection (GC-MS/FID), and offline thermal desorption gas chromatography-mass spectrometer (TD-GC-MS), respectively. The average concentration of speciated VOCs, IVOCs, and SVOCs were 22.36 ± 9.02 μg m−3, 1.01 ± 0.32 μg m−3, and 0.10 ± 0.17 μg m−3. Alkanes and polycyclic aromatic hydrocarbons (PAHs) are the main compounds of total S/IVOCs. With the increase in molecular weight, the concentrations decreased in the gas phase, while increasing in the particle phase. Vehicular emission is the most significant source according to the carbon preference index (CPI) and the carbon of the most abundant alkane (Cmax). The yield method was used to estimate SOA from the oxidation of VOCs and S/IVOCs. The estimated SOA mass from IVOCs and SVOCs (0.70 ± 0.57 μg m−3) was comparable to that of VOCs (0.62 ± 0.61 μg m−3), and the oxidation of PAHs and alkanes took up 28.70 ± 8.26% and 51.97 ± 20.77% of the total SOA estimation, respectively. Compared to previous work, our study provided detailed molecular information of ambient S/IVOC species and elucidated their importance on SOA formation. Despite their low concentration, S/IVOCs species are important SOA precursors which shared comparable contribution compared with VOCs.
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1. Introduction


Fine particulate matter (PM) pollution is becoming an important environmental problem faced by China’s sustainable development [1,2], especially in rapidly developing megacities. Organic aerosols (OA) are a crucial component of fine particle matter, which accounts for 20~90% of fine particle matter mass. It has been reported that OA has a great impact on air quality, climate change, and human health [3,4]. OA can be derived from direct emissions, i.e., primary organic aerosol (POA), or be formed from the complex chemical reactions of gas precursors, i.e., second organic aerosol (SOA). The mass fraction of SOA in OA can reach as high as more than 60%, which is a crucial part of atmospheric particles [5]. However, there is a significant gap between the model simulation and the field observation of SOA. SOA is highly underestimated due to the unclear mechanisms of SOA and the absence of precursors [6,7,8,9].



Laboratory experiments and field observation have found that intermediate volatility organic compounds (IVOCs) and semi-volatility organic compounds (SVOCs) have high SOA yields, such as long-chain n-alkanes, polycyclic aromatic hydrocarbons (PAHs), and single-ring aromatics [10,11,12,13]. These compounds are mainly from different sources, e.g., vehicular emissions, cooking emissions [14], and the use of volatile chemical products (VCPs). S/IVOCs can improve the simulation capability of the SOA model. In the SOA simulations in the Yangtze River Delta region, IVOCs enhanced SOA mass by 5~26% [15]; Yang.et.al [16] found that the enhancement of IVOCs could reduce the gap between the model and the field observation. The oxidation IVOCs and SVOCs play an important role in SOA formation. However, knowledge about the molecular composition of S/IVOCs, and SOA production of S/IVOCs, especially in the North China Plain (NCP), is still limited. In this study, we measured and identified 80 S/IVOCs in Beijing. Alkanes, PAHs, aromatics, nitrogen-containing compounds, halogenated compounds, siloxanes, and phthalates esters (PAEs) were included. 97 VOCs were also measured, which were implemented to estimate the ambient SOA formation. The yield method was applied to estimate SOA formation from oxidation VOCs, IVOCs, and SVOCs in fall Beijing.




2. Materials and Methods


2.1. Measurement Location


The measurements were conducted at an urban site at the Peking University atmosphere Environment monitoring Station (PKUERS; 39°59′21 N,116°18′25 E). The location of the site is shown in Figure S1 (Supplementary Material). Detailed information for this site can be found in the previous work [17,18]. The sampling site is representative of the urban environment of Beijing.



18 gas-phase and 8 particle-phase S/IVOC samples were collected from September 11th September to 6th October 2020. The sampling duration of each sample range from 8:00 AM to the next day at 8:00 AM. Throughout the observation period, the concentration of PM2.5 (PM10) was 34.76 ± 19.45 μg m−3 (48.63 ± 25.90 μg m−3), and air quality was mostly excellent (24 h average concentration of PM2.5 < 35 μg m−3, PM10 < 75 μg m−3) or good (24 h average concentration of PM2.5 < 50 μg m−3, PM10 < 150 μg m−3), with only light pollution on 26 and 28 September 2020. PM2.5, PM10, CO, SO2, NO2, O3, and meteorological data are exhibited in Figure S2.




2.2. Measurement of VOCs and S/IVOCs


Ambient VOC samples were measured by using an online gas chromatography-mass spectrometer/flame ionization detection (GC-MS/FID) system (Shimadzu, QP-2010S) with an original time resolution of 1 h, following the EPA TO-15 method (U.S. EPA, 1999). The VOC data were converted to mass concentration (μg m−3) and averaged according to the sample time of S/IVOCs. The system consists of a cryogen-free cooling unit, which features the function of concentrating VOCs species and removing H2O and CO2, a separation unit, and two detectors (MS and FID detectors). When the concentrated sample was injected into the separation unit, it was switched into two channels. C2-C5 Hydrocarbons were separated by a PLOT-Al2O3 column (15 m × 0.32 mm × 6.0 mm ID, J&W Scientific) in channel I and analyzed by an FID detector. Meanwhile, C5-C12 non-methane hydrocarbons (NMHCs), C3-C6 carbonyl compounds, and C1-C2 halocarbons were separated by a DB-624 column (60 m × 0.25 mm × 1.4 mm, J&W Scientific) and analyzed by a quadrupole MS detector (MSD, QP-2010S, Shimadzu, Japan). A total of 97 VOC species, including 28 alkanes, 12 alkenes and alkynes, 16 aromatics, 28 halocarbons, and 13 oxygenated VOCs (OVOCs) were analyzed in this study. More detailed information about species can be found in previous work [19].



The gas-phase and particle-phase S/IVOC samples were collected through a custom-made sampling system as shown in Figure S3. Ambient air passed through an inert steel pipe at a total flow rate of 10 L/min to a 47 mm quartz filter (Whatman®- Sigma-Aldrich), which was used to collect particulate matter. The flow was split into three paths, among which two passed through two desorption tubes (Gerstel 6 mm OD, 4.5 mm ID glass tube filled with ∼290 mg Tenax TA) at a flow rate of 0.5 L/min to collect gaseous constituents. The excess air was bypassed with a flow of 9 L/min. The quartz filters were baked at 550 °C for 6 h to remove all the contaminations. All the samples were stored at −20 °C after sampling until being analyzed.



The Tenax TA samples (gas phase) were directly analyzed by thermal desorption (Gerstel, TDS-C506) gas chromatography-mass spectrometer (Shimadzu, GCMS-TQ8050) (TD-GC-MS) system. The quartz filter (particle phase) was punched into 4 mm round pieces and deposited into empty tubes (Gerstel 6 mm OD, 4.5 mm ID glass tube), and then analyzed by the TD-GC-MS system. The organics were thermally desorbed from the tube inside a Gerstel thermal desorption unit (Thermal desorption system, TDS3, Gerstel) at a splitless flow mode with a helium flow of 50 mL/min. During the thermal desorption, the temperature of the TDS3 was ramped from 30 to 280 °C at a rate of 60 °C/min and isothermally held at 280 °C for 5 minutes. Organics desorbed from each tube were enriched by a Gerstel-cooled injection system (CIS4) at −90 °C. After the thermal desorption, organics enriched by the CIS were thermally injected into GC-MS with a split ratio of 15 by heating the CIS from −90 to 320 °C at a rate of 12 °C/s followed by an isothermally hold at 320 °C for 10 min. The column (Shimadzu SH-Rtx-5 MS, 30 m × 0.25 mm × 0.25 μm) temperature was ramped from 60 °C to 320 °C at a rate of 5 °C/min followed by an isothermal hold for 5 min. The GC was operated at a constant column flow (helium) of 1.2 mL/min. The MS was operated in scanning mode from m/z 33 to 500 at an electron ionization of 70 eV. The mass acquisition rate was 33 Hz.




2.3. Quantification of S/IVOCs


The S/IVOCs are identified based on retention time on Total Ions Current (TIC), and the mass spectrogram in the National Institute of Standards and Technology (NIST) library. Previous studies have found a linear relationship between the retention time of hydrocarbons and effective saturation concentrations [20]. Because n-alkanes are distributed in S/IVOCs and the effective saturation concentrations of n-alkanes increase with the increase of carbon number, TIC was divided into 25 bins (B12~B36) according to the retention time of n-alkanes (C12~C36).



A standard mixture of 56 S/IVOCs species was used for the quantification. Deuterated terphenyl of known concentration was injected into the tube before analysis to calibrate the instrument. A serial concentration gradient (7 levels: 1.0, 2.0, 4.0, 5.0, 6.0, 8.0, 10.0 μg mL−1) for each target S/IVOC species was used to plot the calibration curves. The correlation coefficients (R2) of calibration curves were >0.99 for all species. The measurement accuracy of each species was within 5%. Due to the diversity of organic compounds in the ambient environment, it is impossible to quantify all the S/IVOCs by external standards. The compounds without standards are semi-quantified. Given the assumption that organic compounds in the same volatility bin have similar chemical properties, the semi-quantified S/IVOCs are calibrated by surrogates of standards in the same volatility bins.




2.4. Estimated SOA Formation


The SOA mass from measured VOC and S/IVOC species was estimated by Equation (1) [21,22].


  Δ  M  S O A , i   = [ H  C i  ] ×  {    1 −  e  −  k  O H , i    [  O H  ]  Δ t      e  −  k  O H , i    [  O H  ]  Δ t      }  ×  Y i   



(1)




where [HCi] is the measured concentration of SOA precursor i (μg m−3); Yi is the SOA yield of the precursor, and kOH i is its reaction rate constant with OH radicals (cm3 molecule−1 s−1); [OH] is the OH radical concentration; Δt is the OH exposure time. The OH exposure, [OH]Δt (molecules cm−3 s), is estimated by the ratio of ethylbenzene to m/p-xylene at 12:00–15:00 when the photooxidation ability is the strongest of a day [13,23].



The OH reaction rate constant kOH for each compound was taken from [24,25] or estimated based on a structure-reactivity relationship [26]. SOA yield for each compound was taken from several published smog chamber experiments [22,27,28,29]. The semi-quantified S/IVOCs are calibrated by surrogates of standards in the same volatility bins.




2.5. Diagnostic Parameters and Gas-Particle Partitioning


Many diagnostic parameters have been applied to identify anthropogenic or biogenic sources. Previous studies have used the carbon preference index (CPI), the carbon number of the most abundant n-alkanes (Cmax) [30].



CPI index is defined as the ratio of total odd n-alkanes to the total even n-alkanes over the same range of carbon numbers, which identifies the anthropogenic or biogenic sources. The CPI index can be calculated by Equation (2). It has been shown that plant emissions are dominant when CPI > 5. When CPI is close to 1, anthropogenic sources originating from fossil fuel combustions are predominant.


  C P I =    ∑  i = 1  N   C  o d d      ∑  j = 1  M   C  e v e n      



(2)







Cmax represents the carbon number of the most abundant n-alkanes.



Furthermore, the ratio of particle-phase fraction (φ) in the S/IVOCs was calculated by the following equation, Where Cp and Cg were the concentration of S/IVOCs.


  φ =    C p     C p  +  C g     



(3)









3. Results


3.1. Molecular Composition and Volatility of Ambient Organic Compounds


3.1.1. Total S/IVOCs


VOCs, IVOCs, and SVOCs were sampled from 11 September to 6 October 2020. Total IVOCs were 7.56 ± 3.50 μg m−3 (1.41~13.51 μg m−3), comparable with previous study shown in Table 1, Pasadena, California in CalNex (6.3 ± 1.9 μg m−3), and Yangshan Port during the G20 period (5.1 ± 0.8 μg m−3) [31], but lower than Shanghai in winter (35.1 ± 16.1 μg m−3). The concentration of SVOCs was lower than that of IVOCs by about 0.18 ± 0.34 μg m−3 (0.01~1.12 μg m−3), close to the report in Istanbul (7.1~80.8 and 55.3~204.2, PAHs and n-alkanes).



The average concentration of speciated compounds (including n-alkanes, PAHs, oxygenated compounds, nitrogen-containing compounds, phthalate esters, and siloxanes) was 1.01 ± 0.32 μg m−3, and 0.10 ± 0.17μg m−3, taking up 12.70%, and 57.05% of total IVOCs and SVOCs concentration. The concentration of quantified IVOCs was within the range of 0.43~1.73 μg m−3, with alkanes, PAHs, and oxygenated compounds accounting for nearly 90% concentration. Alkanes accounted for more than 75% of the total SVOC concentration. Furthermore, 28 and 29 September 2020, alkanes accounted for nearly 100% of SVOCs. It can be found that from September 27 to September 29 air quality reaches light pollution levels (a short-term pollution process). UCMs (Unresolved Complex Mixture, including b-alkanes and other UCM) still took up a large part of the S/IVOCs 9.19% and 75.16% of the total S/IVOC concentrations.




3.1.2. Speciated S/IVOCs


The identified S/IVOCs compounds were C12-C36 n-alkanes, 2 b-alkanes, 9 oxygenated compounds (2 alcohols and 9 acids), 12 halogenated compounds, 5 nitrogen-containing compounds, 15 PAHs, 6 PAEs, and 2 siloxanes. The detailed concentrations of IVOCs and SVOCs are shown in Table S2. Naphthalene (158.93 ± 156 ng m−3) was the most abundant in S/IVOCs, which is higher than the previous study by Feng.et.al [34] (90.4 ± 23.1 ng m−3). In addition, C13, C14, nonanoic acid, and n-hexadecanoic acid were also abundant in mass concentration. The time series of concentrations of speciated S/IVOCs during sampling episodes is shown in Figure 1. Alkanes, were the most abundant compounds in IVOCs, followed by PAHs, accounting for 39.73% and 31.58%, respectively. Furthermore, oxygenated compounds, PAEs, halogenated compounds, nitrogen-containing compounds, and siloxanes, according for nearly 30% of IVOCs mass concentration. Alkanes and PAHs have comparable concentrations with a previous study in London [35].



Concentrations of oxygenated compounds (alkanols and fatty acids) were 0.22 μg m−3 (19.57%), lower than alkanes and PAHs, which should not be ignored. 2 alkanols and 4 fatty acids were measured, which may be related to cooking emissions [36]. PAEs, siloxanes, and some halogenated compounds were also known as VCPs. Despite conventional emissions such as vehicle exhaust, VCPs have become an important unconventional source of SOA [37,38,39]. However, halogenated compounds take up only 5.6% part of the total IVOCs mass while PAEs and siloxanes with a proportion of 4.2%. Speciated SVOCs, alkanes, PAEs, oxygenated compounds, and PAHs accounted for 0.10 μg m−3. Alkanes took up nearly 80% of SVOCs, while the rest part divided equally between phthalates, oxygenated compounds, and PAHs.





3.2. Correlations with Traffic Source


Harrison et al. [40] used NOx as an indicator of diesel vehicle emissions, and the occurrence of NOX increased in a cold start [41]. Benzene was used to trace the sources of S/IVOC [42]. Correlations (coefficient R) between the S/IVOC (gas-phase and particle-phase) concentration, and NOx and benzene as a function of the carbon number are shown in Figure 2.



B12, B16, and B22 compounds have the highest correlations with benzene and NOx than other bins. n-alkanes and PAHs are the dominant compounds in these bins, as they are the indispensable mass fraction observed in diesel and gasoline vehicle emissions [43,44], indicating vehicle emission origins of B12, B16, and B22 compounds. Coefficient R decreases with the increase of carbon numbers and may be affected by biogenic-oriented sources such as plant wax [35]. The PKUER near the North Fourth Ring Road in Beijing has larger vehicle flux, and S/IVOCs emitted by vehicular emission can be considered as the main source.



The correlations of S/IVOC components with gas pollutants and atmospheric conditions were further carried out. Some air pollutants have been monitored during the same period, such as PM (PM2.5 and PM10), O3, SO2, and CO. Total S/IVOC also shows the highest correlation with PM2.5 (0.76), PM10 (0.76), and O3 (0.73). PM and O3 have a significant impact on total S/IVOC, similar to the research results in Shanghai [32]. S/IVOC does not suppress O3 formation, based on simulated urban air reactive organic gas (ROG) mixtures chamber results confirming some IVOC could enhance O3 formation [45]. Moreover, the temperature (0.48) may be considered an important factor, the concentration of S/IVOCs increase with temperature. Relative humidity (0.26) and wind speed (0.22) have little correlation with the concentration of S/IVOCs.




3.3. Diagnostic Parameters and Gas-Particle Partitioning of S/IVOCs


Gas-particle partitioning is an important factor of S/IVOC behavior in the atmosphere and could affect the transport of S/IVOCs. The average concentration of S/IVOCs in the gas phase was higher than that in the particle phase, especially in volatility bins from B12 to B24, while the concentrations of gas-phase compounds in the B25 to B36 range were comparable with those in the particle phase (Figure 3).



The particle-phase fraction (φ) of S/IVOCs is calculated by Equation (3). With the increase in molecular weight, the particle-phase fractions increased significantly. Some compounds with high molecule weight, such as PAEs, and 3 and 4-ring PAHs, have a higher φ value than 50%.



The average mass concentrations of the n-alkanes from C12 to C36 that co-existed in both gas and particle phases were from 0.50 to 91.46 ng m−3 and 0.28 to 5.93 ng m−3, respectively. The φ value of C12 to C22 n-alkanes ranges from 0.2% to 20.9%, and 0.9% to 94.6% in C23 to C36. CPI values and carbon of the most abundant alkane (Cmax) were calculated, which also as an indicator to illustrate the organic source [35,46]. The CPI value in the gas phase is close to 1 with a range from 0.79 to 1.11 (0.93 ± 0.08) with Cmax at C13. Gas-phase pollutants were mainly influenced by vehicular emissions and other anthropogenic emissions, similar to a previous study in central London [35]. The CPI in the particle phase was higher than that in the gas phase with a CPI range from 1.25 to 2.78 (1.66 ± 0.52) with Cmax at C23. Particle-phase pollutants are not only influenced by vehicular emission but also influenced by biogenic emissions, such as plant wax, which emits higher molecular weight n-alkanes with odd carbon number predominance.



The φ range of short-chain alkanes C12~C22 varied between 0.2% and 37.0%, and between 0.9% and 94.6% in long-chain alkanes, respectively. The results were similar to the study of Han.et.al [31], who calculated φ of C22~C24 between 21.2% and 62.5%. The average temperature ranged from 13.4 °C to 17.7 °C, and humidity was between 28.2% and 68.7% during the sampling period. The short-chain alkanes showed negative correlations with temperature (r = −0.45) and humidity (r = −0.69), but the long-chain alkanes showed only negative correlations with humidity (r = −0.46) and insignificant correlations with temperature.



The concentration of PAHs in urban air can range from 10 to 4700 ng m−3 [47], in this study total concentration of PAHs in S/IVOCs is less than n-alkanes. The occurrence of PAHs was 0.25 to 228.45 ng m−3 in the gas phase and 0.09 to 2.41 ng m−3 in the particle phase, respectively. Naphthalene is an important SOA precursor, and higher levels of naphthalene have been observed at urban sites significantly affected by vehicles [22,48]. The measured concentration of naphthalene in this study was 230.90 ng m−3, in the range of representative urban concentration (10 to 820 ng m−3) [47], but higher than the previous study in the Pearl River Delta region (94 ng m−3) [34].



Only nine species of the detected PAHs were distributed in both the gas phase and particle phase. It can be seen that as the number of rings of PAHs increases, the φ value also increases gradually. PAHs are insignificantly positively related to temperature and negatively related to humidity (−0.77). However, some high molecular mass PAHs (e.g., pyrene and chrysene) have high φ (>40%) regardless of temperature and humidity. Similar to the φ values in previous studies calculated by Han.et.al [30] and Xie.et.al [49] for PAHs.




3.4. SOA Estimation from the Oxidation of VOCs and S/IVOCs


SOA was estimated using a bottom-up yield method. The total estimated SOA mass concentration of VOCs, IVOCs, and SVOCs were 0.62 ± 0.61, 0.46 ± 0.36, and 0.24 ± 0.35 μg m−3. Interestingly, the average SOA estimated from S/IVOCs accounted for 53% of the total estimated SOA, although their mass concentration was only 5% of VOCs. The oxidation of n-alkanes and PAHs contributed the most to SOA mass, accounting for 28.70 ± 8.26% and 51.97 ± 20.77% of total SOA. Due to their low SOA yield, oxygenated compound, halogenated compound, nitrogen-containing compound, siloxane, and PAE only contribute 0.78% and 0.12% of the total estimated SOA mass from IVOC and SVOC.



The mass concentration of SOA from the oxidation of IVOC, and SVOC precursors were shown in Figure 4. Previous studies have found that alkanes and single aromatics were important precursors to SOA in a laboratory experiment, alkanes and aromatics accounted for 52~75% of measurement SOA on low NOX and 26~60% on high NOx in the laboratory experiment [10]. In addition, PAHs and alkanes contributed to 68.70 ± 8.81% and 28.70 ± 21.18% of the total mass of IVOC-SOA, respectively. Differently, n-alkanes were the dominant precursors for SVOC-SOA, with a contribution of 89.92 ± 14.81%. The oxidation of PAHs contributed only 8.32% to the SVOC-SOA. In total, PAHs were the major precursors of SOA in urban Beijing due to their higher SOA yield than that of n-alkanes under high NOx conditions [50]. A large number of vehicles in Beijing will increase NOx concentration, and increase the SOA mass from PAHs. Alkanes and PAHs from vehicular emission indicated that mobile source is still an important source accounting for the formation of SOA.





4. Conclusions


VOCs, IVOCs, and SVOCs species in Beijing were measured from 11th September to 6th October 2020. The average concentration of speciated VOCs, IVOCs, and SVOCs were 22.36 ± 9.01 μg m−3, 1.01 ± 0.32 μg m−3, and 0.10 ± 0.17 μg m−3. Judging from the gas-particle partitioning of IVOCs and SVOCs, the speciated species distribute more in the particle phase and less in the gas phase with a decrease in volatility. The concentration of total S/IVOC has a higher correlation with vehicular emission tracers, indicating that vehicular may be the dominant source. CPI and Cmax show that IVOCs and SVOCs mainly originated from vehicular emissions. The estimated SOA mass from IVOCs and SVOCs was comparable to that of VOCs. Alkanes and PAHs are important S/IVOC precursors, which took up 28.70% and 51.97% of the total SOA formation. Although the mass proportions of S/IVOCs are only 5%, their contribution to SOA estimation is almost the same as VOCs, demonstrating that it is urgent to measure S/IVOC species in megacities for a better understanding of urban SOA formation.
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Figure 1. The concentration and composition of speciated IVOCs (A) and SVOCs (B) from 11 September to 6 October 2020 in Beijing. 
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Figure 2. Pearson correlation coefficient R between S/IVOC and NOx and benzene. 
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Figure 3. The distribution of B12~B36 in gas-phase and particle-phase. The center line of each box is the median of the data, the top, and bottom of the box are 75th and 25th percentiles, and the top and bottom whiskers are 90th and 10th percentiles. 
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Figure 4. The concentration of estimated SOA mass from measured gas-phase IVOCs and SVOCs. 
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Table 1. Comparison of IVOCs and SVOCs level (mean ± standard deviation) in Beijing and other studies.
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	IVOCs
	Location
	Date
	Concentration (μg m−3)
	Reference





	Primary IVOCs
	Urban air, Shanghai
	5 December 2016~3 January 2017
	35.1 ± 16.1
	[32]



	Primary IVOCs
	Ambient air, California
	17 May 2010~11 June 2010
	6.3 ± 1.9
	[13]



	Primary IVOCs
	Coastal, Yang Shan Port
	August~September 2016
	5.1 ± 0.8
	[31]



	Total IVOC
	Urban air,

Beijing
	11 September 2020~6 October 2020
	7.56 ± 3.50 (speciated 1.01 ± 0.32 )
	This study



	PAHs

n-alkanes
	Urban air, Istanbul
	January 2017~January 2018
	55.3~204.2

7.1~80.8
	[33]



	Total SVOC
	Urban air, Beijing
	11 September 2020~6 October 2020
	104.85 ± 164.67
	This study
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