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Abstract

:

In the present work, volatile organic compounds (VOCs) from vehicle exhaust and cooking fumes were investigated via simulation experiments, which covered engine emissions produced during gasoline direct injection (GDI) using two kinds of fuels and cooking emissions produced by preparing three domestic dishes. The distinct characteristics of VOCs emitted during the two processes were identified. Alkanes (73% mass fraction on average) and aromatics (15% on average) dominated the vehicle VOCs, while oxygenated VOCs (49%) and alkanes (29%) dominated the cooking VOCs. Isopentane (22%) was the most abundant species among the vehicle VOCs. N-hexanal (20%) dominated the cooking VOCs. The n-hexanal-to-n-pentanal ratio (3.68 ± 0.64) was utilized to identify cooking VOCs in ambient air. The ozone formation potential produced by cooking VOCs was from 1.39 to 1.93 times higher than that produced by vehicle VOCs, which indicates the significant potential contribution of cooking VOCs to atmospheric ozone. With the equivalent photochemical age increasing from 0 h to 72 h, the secondary organic aerosol formation by vehicle VOCs was from 3% to 38% higher than that of cooking VOCs. Controlling cooking emissions can reduce SOA pollution in a short time due to its higher SOA formation rate than that of vehicle VOCs within the first 30 h. However, after 30 h of oxidation, the amount of SOAs formed by vehicle exhaust emissions exceeded the amount of SOAs produced by cooking activities, implying that reducing vehicle emissions will benefit particle pollution for a longer time. Our results highlight the importance of VOCs produced by cooking fumes, which has not been given much attention before. Further, our study suggested that more research on semi-volatile organic compounds produced by cooking emissions should be conducted in the future.
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1. Introduction


Due to a series of strict policies that aim to control air pollution, China’s level of particle pollution has been greatly alleviated in the last few years. The yearly average mass concentration of PM2.5 in China declined from 72 g/m3 in 2013 to 33 g/m3 in 2020, according to the Bulletin on the State of China’s Ecological Environment. New roadblocks to achieving China’s air pollution goals have been identified in recent studies, including the rising proportion of secondary organic aerosols (SOA) in PM2.5 [1,2,3] and the regular occurrence of high-level ozone pollution [4,5]. Thus, it is imperative to control volatile organic compounds (VOCs), the key precursors of both SOAs and ozone [6,7,8].



There are various VOCs sources in urban areas, such as vehicle emissions [9,10], industry processes [11,12,13], and so on, and a lot of research about them has been conducted. According to recent apportionment results, vehicular VOCs contribute 15.8–33.4%, and industry processes contribute 9.1–26.4% to the total quantity of VOCs in Chinese urban areas [14,15,16,17,18]. Besides these sources, cooking fumes, as a source that plays a large role in people’s lives, was paid less attention. Our understanding of both cooking fumes’ emission characteristics and contribution to the atmosphere is still highly uncertain. More studies on cooking emissions need to be conducted.



VOCs produced by cooking emissions were traditionally categorized into alkanes, alkenes, aromatics, halocarbons, and oxygenated VOCs (OVOCs). From the existing literature, the proportion of these five categories in different dishes is very uncertain. For example, in Wang’s in situ measuring study, alkanes dominated the cooking VOCs in cuisine from Shanghai, with a mass fraction of 65.85 ± 14.32%, while OVOCs dominated the cooking VOCs in cuisine from Sichuan and Hunan, with a mass fraction of 50.30 ± 2.11% [19]. Different ingredients, different oils, and different cooking methods can all contribute to this uncertainty.



In addition, the authors of previous studies on VOCs from cooking emissions mostly focused on direct emissions [19,20], pollutants caused by oil heating [21,22], and health risk assessments [23,24,25], but they hardly considered secondary formation. The secondary formation of VOCs refers to the formation of secondary organic aerosols and ozone, which have important effects on air quality. The authors of a few studies estimated the secondary formation of VOCs produced by cooking fumes before. Studies on the secondary formation contribution of VOCs from cooking emissions are urgently required.



Furthermore, to better discuss the emission characteristics of cooking, it is also necessary to compare it to other major sources in urban areas, for example, vehicle emissions. Numerous studies have been conducted on vehicle emissions, and the emission characteristics are rather clear. However, due to a series of reasons, such as the different measured VOCs species and different experiment conditions, it is difficult to compare VOCs characteristics from two different sources in the literature. Additionally, previous studies on ozone formation and secondary organic aerosol formation caused by VOCs have customarily been conducted separately. To the best of our knowledge, no study has synchronously compared secondary formation caused by different sources before.



When VOCs from a certain source are emitted into the atmosphere, they are diluted and become mixed with gases from other sources immediately, which makes it difficult to accurately explore the real emission characteristics from a single source. A better choice is to measure the source emissions in simulation experiments. Laboratory simulations can eliminate external interference. Additionally, the experimental conditions can be precisely controlled. After gaining a comprehensive source profile via simulation experiments, conducting in situ measurements and field observations is necessary for further study.



In this study, two simulation experiments on vehicle and cooking emissions were conducted, respectively. Both emissions were sampled and analyzed using the same method and the same system so that it was feasible to compare them. Additionally, their ozone formation potential and secondary organic aerosol formation potential were estimated and compared.




2. Materials and Methods


2.1. Experimental Set-Up


A bench test was conducted to investigate VOC emissions produced by gasoline direct injection (GDI). This experiment was conducted at Tsinghua University, Beijing, China, in July 2019. The rotation speeds and torque of the engine were precisely controlled. In this research, the rotation changed from 16 N m to 52 N m, and the torque changed from 1500 to 2250 rpm. Detailed information on the engine can be found in Table S1. Two kinds of fuels were used to obtain a more comprehensive understanding of vehicle emissions, i.e., gasoline (China V,92#), and E10 (with 10% ethanol by volume). The gases emitted by the engine were first introduced into a dilution system. Suma canisters were used to sample the VOCs when the TVOCs concentration after dilution was stable.



The cooking experiment was conducted in a simulation laboratory at the Chinese Academy of Science in September 2019. Three dishes were chosen to represent the most traditional domestic cuisine, i.e., pan-fried Tofu (a bean product), shredded cabbage (a vegetable), and fried chicken (meat), which we called Bean, Vegetable, and Meat in the description, respectively. Materials used in this study are listed in Table S2. The cooking material varied according to different dishes. The cooking oil used in this study was corn oil, a widely used edible oil in Chinese cooking. In addition, the cooking time and the temperature when oil was added were also precisely controlled. When the experiments began, one of the dishes was cooked continuously. When the TVOC in the flue was stable, a constant velocity sample tube was used to introduce VOCs into the dilution system, and then VOCs were sampled via Suma canisters. More detailed information about the two simulations can be found in our previous studies [7,26,27,28].




2.2. Sampling and Analysis


Vehicle exhaust and cooking fumes were sampled using 3.2 L pre-evacuated stainless steel Suma canisters. Before sampling, all canisters were cleaned with high-purity nitrogen. The canisters were vacuumed until the pressure inside was below 100 mtorr, and then filled with high-purity nitrogen three times. On the last occasion, the pressure was no more than 20 mtorr until sampling. To remove particles, a Teflon filter was positioned before the inlet. In the vehicle experiment, exhaust fumes from an engine were first diluted with zero gas at a dilution ratio of ~50, then sampled using canisters. In the cooking experiment, fumes from the flue were introduced to the dilution system, and then sampled at a dilution ratio of ~40. The use of dilution ratios in each experiment guaranteed that the sampling concentration was below 3ppm to avoid the contamination of canisters. All samples were analyzed via gas chromatography combined with a mass spectrometer system and flame ionization detector (GC-MS/FID). Two channels were employed to separate different target compounds. One channel used a porous layer open tubular (Al2O3/KCl) column (15 m × 0.32 mm × 6.0 μm ID, J&W Scientific, Folsom, CA, USA) to separate C2-C5 hydrocarbons and an FID device to measure C2-C5 hydrocarbons. Another channel used a quadrupole mass spectrometer (MSD, QP-2010S, Shimadzu, Tokyo, Japan) to measure C5-C12 hydrocarbons, C3-C6 carbonyl compounds, and C1-C2 halocarbons and a DB-624 column (60 m × 0.25 mm × 1.4 μm ID, J&W Scientific) to separate them. C2-C5 hydrocarbons detected by FID had been confirmed before using a single standard, and for the samples and standards analyzed in this study, C2-C5 hydrocarbons were separated. Therefore, these species could be identified by their retention time.



A total of 92 individual VOC species were quantified, including 29 alkanes, 11 alkenes, 16 aromatics, 12 oxygenated VOCs (OVOCs), and 24 halocarbons (Table S3). All species were calibrated before the experiments, with correlation coefficients (R2) > 0.95. The correlation coefficients of each species can be found in Table S3. The standard gases used during calibration belong to the Photochemical Assessment Monitoring Stations standard mixture and TO-15 standard mixture. During the analysis of each sample, four kinds of internal standards (Bromochloromethane, 4-bromofluorobenzene, chlorobenzene-d5, and 1,4-difluorobenzene) were injected together to calibrate the system. All the calibration results of the system were consistent, with the recovery for internal standards being over 95% and relative standard deviations being less than 5%. Concentrations of all species were adjusted according to the internal standard. The detection limits of VOCs species were all below 0.1 ppb.



To better compare the characteristics of VOCs produced by the two emission sources, all the concentration data were transformed into mass fractions.



Blank samples were crucial in the source emission experiments. In the two experiments in this study, blank samples were also collected and analyzed. In the blank experiments on vehicle emission, the whole system remained the same as it did in the normal experiments, except that no exhaust emissions were injected into the dilution system. Only dilution gas was introduced into the sampling system. In the blank experiments on cooking emissions, samples were collected from the emissions produced by boiling water with the same experiment set-up, which could exclude the influence of VOCs produced during fuel combustion.




2.3. Estimation of Ozone and SOA Formation


The ozone formation potential (OFP) and secondary organic aerosol formation (SOAF) were calculated to represent secondary pollutants’ formation caused by VOCs of vehicle and cooking emissions. To better compare the VOCs’ emission characteristics for two sources, all concentration data were normalized into mass fractions. The OFP (or SOAF) below represents the mass of ozone (or SOA) formed by 1 g VOCs.



The OFP was estimated using the method of maximum incremental reactivity (MIR):


   OFP =   ∑      VOCs     i      ×    MIR   i      








where   O F P   is the ozone formation potential for unit mass VOCs from a certain source (g O3/g-VOCs),       V O C s     i     is the mass fraction of species i, and     M I R   i     is the MIR value of species i. The MIR value used in this study is shown in Table S4, which came from Carter’s study [29].



The SOAF was estimated using OH exposure and the yield of specific SOA precursors [30,31]:


   SOAF =   ∑      VOCs     i      ×     1 −    e   −   K    OH , i    ×   OH    × ∆ t       ×      Y   i      








where   S O A F   is the secondary organic aerosol formation ability of VOCs from a specific source (g SOA/g-VOCs),     K   O H , i     is the reaction constant of species i with hydroxyl radical,   [ O H ]   is the concentration of hydroxyl radical in the ambient atmosphere,   ∆ t   is the photooxidation time, and     Y   i     is the secondary organic aerosol yield of species i. In this study, the concentration of hydroxyl radical was fixed at   3 ×   10   6     m o l e s     c m   − 3    , the   ∆ t   changed from 0 to 72 h, and the yields of different VOCs came from previous studies. All the yield data are shown in Table S5, and were mainly taken from Yu’s study [31], which summarized results from previous studies [32,33,34,35,36,37] and conducted wall-loss correction. As for the species lacking yield data, we used their fractional aerosol coefficient instead [38,39]. It should be noted that the following analyses were entirely based on mass fraction because OFP and SOAF indicated only the potential formation of per unit mass measured VOCs produced by a given source.





3. Results


3.1. Emission Characteristics of VOCs from Vehicle and Cooking Emission


The mass fractions of VOCs from vehicle and cooking emissions are shown in Figure 1. All the measured VOCs were categorized into five groups, i.e., alkanes, alkenes, aromatics, halocarbons, and oxygenated carbons (OVOCs). In addition, the five groups are displayed according to their carbon number. When both fuels were used to produce vehicle emissions, alkanes made up the majority of the total VOCs (72% and 74% for pure gasoline and E10, respectively). This result is consistent with Zhang’s roadside measuring study in which the alkane mass fraction was 65% [40]. This percentage increased with the increase in the fraction of ethanol. The peak mass fraction occurred at C5, which was followed by C6 (14%) for gasoline and C4 (17%) for E10, respectively. From the perspective of specific species, isopentane was the most abundant compound when both fuels were used. The fraction of isopentane for using E10 is 24% ± 6%, which is 1.20 times higher than that when gasoline was used (20% ± 3%). Isopentane is the major component in gasoline fuel; so, the dominance of isopentane among the gasoline vehicle exhaust emissions was probably due to the evaporation of gasoline. Previous in situ and laboratory simulation studies also reported that isopentane is dominant among gasoline exhaust emissions [40,41,42]. Besides isopentane, the mass fraction of n-butane for using ethanol fuel was 3.67 times higher than that when gasoline was used. It was reported that ethanol fuel was able to improve the combustion efficiency [43]. This results in a higher proportion of cracking, which may be attributed to the increase in isopentane and n-butane produced by E10. The fractions of alkanes produced by cooking emissions were quite different from those produced by vehicle emissions. The mass fractions were 42%, 28%, and 16% for Bean, Vegetable, and Meat, respectively. This result was within the scope of results from previous in situ measuring results (from 8.51% to 85.07%) [20,44]. Peak mass fractions were found at C4 for all three dishes. Isobutane was the most abundant one. Previous studies reported that isobutane most likely forms due to fuel combustion [45,46]. However, the impact of fuel combustion has been excluded by subtracting blank data. Isobutane was probably producing during the cooking process. Among the three dishes, the cooking of the Meat dish emitted fewer C2 alkanes than the cooking of the Bean and Vegetable dishes did, which may suggest the influence of different ingredients.



The proportion of alkenes emitted by gasoline car fumes (9%) was slightly higher than that emitted by E10 (7%). Ethylene, which is also the product of macromolecular cracking, was the most abundant alkene species, with mass fractions of 6% ± 1%, and 2% ± 3% when gasoline and E10 were used, respectively. The addition of ethanol in gasoline was expected to improve the combustion efficiency because of its higher octane number [47]. For E10, the ethanol content was limited to the extent that macromolecular cracking and the oxidation of ethylene were promoted without continuing the process further. Compared to vehicle emissions, a higher mass fraction of propylene in cooking emissions was the biggest difference. Among the three dishes, Bean had the highest fraction of 6% ± 2%, and Vegetable had the lowest fraction of 3% ± 4%. This discrepancy may be due to the different cooking methods [45].



Aromatics are important components of both vehicle and cooking emissions. In this study, the quantity of aromatics emitted by gasoline cars was 1.5 times higher than that emitted by E10. Previous studies revealed the reduction of aromatics from ethanol fuels [48,49,50]. Aromatics mainly come from the incomplete combustion of fuels [51], which unquestionably suffer a decrease in quantity as the ethanol content increases. Toluene and benzene were the most abundant species in both fuels (Table S6). However, the aromatics produced by cooking emissions showed different characteristics. Vegetable had the largest aromatic fraction of 16%, with the peak mass fraction at C8. Meat had the lowest fraction of 6%, with a peak mass fraction at C9. Aromatics have been reported to be related to cooking ingredients [52]. In this study, we found that cooking vegetable materials emits more aromatics. The Vegetable and Bean dishes emitted more C8 aromatics than the Meat one did, which may be due to the different compositions between plant material (cellulose) and animal material (protein). In terms of individual components, Bean emitted more Toluene (2% ± 1%) and Styrene (2% ± 1%), and Vegetable emitted more styrene (5% ± 2%) and m/p-xylene (4% ± 1%). 1,2,4-Trimethylbenzene (2% ± 1%) and m-ethyltoluene (1% ± 1%) were the most abundant aromatics in Meat. It might be useful to identify the VOCs sources produced by the cooking of different dishes according to the aromatics’ characteristics. One thing to note is that some of the aromatics mentioned above had a relatively low mass fraction. Their concentrations were still above the detection limits, but uncertainties exist. These uncertainties were also due to the differences among the parallel samples, which reflect the instability of aromatics in cooking emissions.



The difference in the VOCs from vehicle emissions between using pure gasoline and E10 are also reflected in the higher fraction of oxygenated VOCs (5%) for E10 fuel, where propanal was the most abundant one, with a mass fraction of 2% ± 2%. Vehicle emissions contain a small quantity of OVOCs. On the contrary, cooking fumes consist of many OVOCs, with mass fractions of 30%, 47%, and 69% for the Bean, Vegetable, and Meat dishes, respectively. The leading role of OVOCs in cooking emissions has also been reported in other literature [19,20]. As shown in Table S6, n-hexanal dominated all three dishes (16%, 14%, and 30%, respectively), besides which, acetone and n-pentanal also simultaneously appeared among the top ten species. Related OVOCs are usually produced by the heating of cooking oil [22]. For example, n-hexanal had been proven to be the breakdown product of linoleic, which is abundant in the corn oil used in this study [53]. The predominance of OVOCs in three dishes may also suggest that cooking oil was likely to determine the VOCs emissions in the cooking process.



There is no doubt that a great discrepancy exists between the two emissions. The alkanes represented by isopentane and OVOCs represented by n-hexanal are endemic species produced by vehicle and cooking emissions, respectively. This may help to identify the two sources.




3.2. Characteristic Ratio of VOCs Produced by Vehicle and Cooking Emissions


The ratio of specific VOCs species can be used to identify sources, e.g., isobutane/n-butane, isopentane/n-pentane, and toluene/benzene. Figure 2 shows the ratio of VOCs produced by vehicle emissions (gasoline and E10 as a whole). The ratio of isobutane to n-butane is 0.52 ± 0.02 (Figure 2a), with a good correlation (R2 = 0.98). This result is comparable to that in Huang’s in situ measuring study, which was ~0.58–0.60 [54]. The isopentane/n-pentane ratio in this study is 4.07 ± 0.11 (R2 = 0.98) (Figure 2b), which is similar to the in situ literature value of ~1.82–4.21 [54]. A previous laboratory study demonstrated that the ambient ratio of toluene to benzene (T/B) produced by vehicle exhaust fumes is <2 [55]. Here, we reported a ratio of 1.01 ± 0.05 (R2 = 0.95), which is comparable to that of a previous laboratory study, but lower than that in Huang’s in situ study (3.02–5.15). This discrepancy was likely due to the photochemical process or the influence of other sources near the roadside.



The characteristic VOCs ratios of cooking emissions were investigated in this study. There are plenty of types of cuisines in Chinese cooking; so, it is a great challenge to study the cooking emissions produced by all dishes in detail. Thus, we tried to find commonalities for different cooking VOCs emissions. The correlation coefficients of all VOCs compounds for cooking emission were checked, and the n-hexanal-to-n-pentanal and m/p-xylene-to-o-xylene ratios in all dishes showed the same trend and had a good correlation (Figure 3). The slope of the n-hexanal-to-n-pentanal ratio is 3.68 ± 0.64 (r2 = 0.7880), which is comparable to the results we calculated using Wang and Liang’s data [19,44], whose results were both collected in restaurants. This consistency between our study and previous literature demonstrates that the n-hexanal-to-n-pentanal ratio is a uniquely characteristic ratio for cooking emissions, which is a helpful indicator for differentiating cooking VOCs from ambient air compounds.



The slope of the m/p-xylene-to-o-xylene ratio in this study is 3.91 ± 0.66 (r2 = 0.7964), which is very similar to the result from Liang’s study (slope = 3.32 ± 0.07, r2 = 0.9803), but quite different from Wang’s result (slope = 1.32 ± 0.02, r2 = 0.9937) and that of Cheng’s laboratory study (showed no obvious correlation). This might be due to the different cooking ingredients or cooking styles. Both Wang and Liang’s studies were conducted restaurants, and relative information (e.g., cooking material and the type of oil used) is lacking to perform another analysis. Cheng et al. used a different cooking oil, which might be the reason for the difference.




3.3. Comparison of VOCs Produced by Vehicle and Cooking Emissions


In the present work, we used the same dilution system, sampling method, and analysis instrument to measure VOCs produced by vehicle and cooking emissions, which allowed us to conduct a comparison of the VOCs characteristics produced by the two emissions. For vehicle emission, we found similar results as those in previous studies, which are, similar mass fractions of alkanes, the dominance of isopentane, and comparable characteristic ratios. When ethanol was added to the fuel, more butane and fewer aromatics were emitted. Isopentane was dominant in exhaust fumes when both fuels were used. Overall, the VOCs emitted from these two fuels are remarkably similar. This means that E10 has similar VOCs emission characteristics to gasoline and has no advantage if the total emission quantity is ignored.



The VOC emissions produced by cooking fumes are quite different from those produced by vehicle emissions. OVOCs instead of alkanes were the dominant VOCs category. Correspondingly, n-hexanal took the place of isopentane as the most abundant species. Many OVOCs and the leading role of n-hexanal were notable features for cooking emission and are without doubt of importance to differentiate it from other sources.



As for the three dishes, a great discrepancy also exists. For two vegetarian dishes, Bean and Vegetable, had higher alkanes emission characteristics in common, which are significantly different from that of Meat. Additionally, the aromatics emitted by the cooking of the three dishes were diverse from each other. This suggested that for future cooking emission inventories, more detailed classifications are needed, where alkanes and aromatics might be useful indicators to identify different dishes.




3.4. Ozone and Secondary Organic Aerosol Formation by Vehicle and Cooking Emissions


The ozone formation potential (OFP) of VOCs produced by vehicle and cooking emissions was calculated, where a higher OFP represents a higher capacity of unit mass VOCs to produce more ozone. As shown in Figure 4, alkanes, alkenes, and aromatics dominated the OFP of VOCs produced by vehicle emissions, with a higher OFP having been produced by gasoline (2.67 g O3/g-VOCs) than that of E10 (2.24 g O3/g-VOCs) due to the greater contribution of these three components, as previously demonstrated in other studies [56,57,58]. When considering the top ten species of OFP contribution (Figures S1 and S2), gasoline showed an inclination for alkanes (0.95 g O3/g-VOCs) and aromatics (0.79 g O3/g-VOCs), while OVOCs (0.26 g O3/g-VOCs, mostly propanal and Methyl Vinyl Ketone) were mostly produced by E10. Ethylene, isopentane, toluene, m/p-xylene, and n-pentane are the compounds that significantly contributed to the OFP when both fuels were used.



The OFP of VOCs produced by cooking emissions was consistently higher than that produced by vehicle emissions. Unlike vehicle emission, alkanes and aromatics, such as isopentane, n-pentane, and toluene, key species in vehicle emission, displayed no preponderance for OFP, while OVOCs and alkenes dominated cooking OFP. Among the three dishes, Meat has the highest OFP of 4.62 g O3/g-VOCs, followed by Bean (3.81 g O3/g-VOCs) and Vegetable (3.71 g O3/g-VOCs). From the perspective of the top ten species (Figures S3–S5), n-hexanal, propylene, n-pentanal, and propanal are pivotal compounds in all three dishes. Abundant OVOCs, especially n-hexanal in cooking emissions, might account for its higher OFP than that produced by vehicle emissions.



VOCs were also vital precursors for the formation of secondary organic aerosols. Figure 5 displays the estimated secondary organic aerosol formation of VOCs produced by vehicle and cooking emissions. As shown in Figure 5, a great discrepancy exists between the two emissions. At 72 h of exposure time, gasoline produced the highest SOAF (0.057 ± 0.007 g SOA/g-VOCs), followed by E10 (0.050 ± 0.010 g SOA/g-VOCs), Bean (0.048 ± 0.005 g SOA/g-VOCs), Vegetable (0.043 ± 0.009 g SOA/g-VOCs), and then Meat (0.041 ± 0.001 g SOA/g-VOCs). In general, vehicle emissions can produce more SOAs than cooking emissions can.



From the perspective of specific species, Toluene contributed the most to the total SOAF for vehicle emissions. N-hexanal-derived SOAs dominated the cooking SOAs. Toluene has always been an important precursor for SOA, but the contribution of n-hexanal has never been mentioned before. Our study emphasized the contribution of n-hexanal to form SOAs, and more studies should be conducted in the future.



When comparing the two emissions, the amount of cooking SOAF (orange area in Figure 5) was higher before ~30 h, and that of vehicle SOAF (cyan area) was higher after ~30 h. Thirty hours is the rough time point that was used. What is sure is that, in the first few dozen hours, cooking VOCs produced more SOAs, and in the last few dozen hours, vehicle VOCs produced more SOAs. This could be explained by the dominant OVOCs produced by cooking fumes. Most OVOCs species have higher reaction constants, which allow them to form SOAs faster. This phenomenon may be of great significance in ambient air. When the same masses of cooking fumes and vehicle exhaust fumes are simultaneously emitted into ambient air, cooking fumes can form more SOAs than vehicle emissions can in a short time. However, as time goes by, vehicle exhaust fumes will produce more SOAs in the long term. This result reflects the different time scales at which vehicle and cooking emissions can affect air quality. It should be noted that SOA formation is not only affected by VOCs, but it also determined by other organic precursors, such as intermediate volatile organic compounds (IVOCs) and semi-volatile organic compounds (SVOCs) [59,60,61,62]. Future studies should consider all the potential precursors in SOA formation.





4. Conclusions


Two simulation experiments were conducted to characterize the VOCs emissions produced by vehicle exhaust and cooking fumes. Alkanes and aromatics dominated the VOCs produced by both gasoline and E10, while OVOCs and alkanes were most abundant in cooking fumes. Pentane and n-hexanal were abundant in vehicle and cooking emissions, respectively. This study revealed the differences and similarities of VOCs emitted by vehicle and cooking emissions, which benefits VOC source apportionment studies.



Characteristic ratios of vehicle and cooking emissions were investigated. The isobutane-to-n-butane, isopentane-to-n-pentane, and toluene-to-benzene ratios of vehicle emissions were 0.52 ± 0.02, 4.07 ± 0.11, and 1.01 ± 0.05, respectively, which are also comparable to those in previous studies. The n-hexanal-to-n-pentanal ratio of cooking emissions was 3.68 ± 0.64, which can be treated as an indicator for cooking VOCs. To our knowledge, it is the first time that the characteristic ratio of VOCs produced by cooking fumes has been proposed.



Ozone and secondary organic aerosol formation due to the combustion of vehicle and cooking emissions was estimated. Our results demonstrated that the quantity of OFP was 1.39–1.93 times for cooking emissions than that for vehicle emissions. The quantity of SOAFs produced by vehicle VOCs was 3–38% higher than that produced by cooking VOCs. Controlling cooking emissions can reduce SOA pollution in a short time. However, in the long term, reducing the amount of vehicle emissions is more important for particle pollution. From the current results, the secondary formation contribution of VOCs produced by cooking fumes is comparable to that produced by vehicle exhaust fumes. Our study further emphasizes the importance of cooking emissions. More studies on cooking emissions need to be conducted.



Emission data from two sources in this study enriched the existing results, which can help to establish the VOCs inventories of vehicle and cooking emissions, especially for the latter one. Additionally, the secondary formation estimated in this study highlights the importance of VOCs produced by cooking fumes. More work on cooking emissions is expected in the future.
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Figure 1. Emission characteristics of VOCs from vehicle exhaust and cooking fumes. (a) Gasoline; (b) E10; (c) Bean; (d) Vegetable; (e) Meat. Blue stands for alkanes, yellow stands for alkenes, red stands for aromatics, cyan stands for halocarbons, and pink stands for OVOCs. 
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Figure 2. Characteristic ratio from vehicle emission; pink dots stand for gasoline data; black dots stand for data from using E10. The blue line is the fitting curve of all the data used. (a) The ratio of isobutane to n-butane. (b) the ratio of isopentane to n-pentane; (c) the ratio of toluene to benzene. 
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Figure 3. Comparison of characteristic ratios from cooking emission. Black squares stand for the data in this study; pink circles stand for data from Liang’s study; blue triangles stand for data from Wang’s study; green triangles stand for data from Cheng’s study. The black line is the fitting curve using data from this study. (a) The ratio of n-hexanal to n-pentanal. (b) the ratio of m/p-xylene to o-xylene [19,44,45]. 
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Figure 4. Ozone formation potential of VOCs from vehicle and cooking emissions. Columns represent the ozone formation for the unit mass of VOCs from different sources, and pie charts represent the relative contribution (%) of different VOCs categories. Pink represents OVOCs; cyan represents halocarbons; red represents aromatics; yellow represents alkenes; blue represents alkanes. 
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Figure 5. Estimated SOA formation of VOCs produced by vehicle and cooking emissions; cyan area represents the SOAF for vehicle-emitted VOCs; orange area represents the SOAF for cooking-emitted VOCs. 
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