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Abstract

:

Semivolatile organic nitrates (SVONs) contribute a large proportion of total organic nitrates and play an important role in the tropospheric chemistry. However, the composition and concentrations of SVONs in the atmosphere remain unclear due to the lack of reliable analytical techniques for specific organic nitrates. In this study, a method based on gas chromatography and electron ionization–mass spectrometry was developed to detect ambient SVONs that were collected via polyurethane foam disk enrichment. Three SVONs were identified in the semivolatile samples from urban Jinan during spring based on the characteristic fragment ions of [NO2]+ and [CH2NO3]+ and the characteristic fragment loss of NO2 and NO3: 1-pentyl nitrate (molecular weight [MW] = 133), 4-hydroxy-isoprene nitrate (MW = 147), and (3,4)-di-hydroxy-isoprene nitrate (MW = 163). The latter two isoprene nitrates were rarely detected in the real atmosphere in previous studies. The contents of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate were roughly quantified based on the standard of 1-pentyl nitrate, with a detection limit of 50 μg L−1. In addition, Fourier transform infrared spectrometry was used to determine the total SVONs content. The average concentrations of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, (3,4)-di-hydroxy-isoprene nitrate, and total SVONs in Jinan during spring were 20.2 ± 7.2, 13.2 ± 7.2, 36.5 ± 8.4, and 380.0 ± 190.8 ng m−3, respectively. The three identified SVONs contributed only 20.2 ± 5.5% to the total SVONs, which suggests that some unidentified SVONs are present in the ambient atmosphere and that studies with improved or advanced analytical techniques will be required to identify them.
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1. Introduction


Organic nitrates (RONO2) have significant effects on the tropospheric chemistry, air quality, and climate [1,2]. They act as a temporary NOx reservoir because their relatively long lifespan allows them to be transported to regions far from the original pollution area [3]. The subsequent photo decomposition or thermal decomposition of organic nitrates releases NOx back into the atmosphere and exerts further effects on regional nitrogen cycling and O3 production [4,5]. Organic nitrates are also recognized as important fractions of particles that can exert adverse effects on air quality, visibility, and human health [6,7,8]. Farmer et al. [9] reported that particulate organic nitrates contributed to 10% to 19% of organic matters (OM) during the study of organic aerosols at Riverside. In addition, the presence of the nitrooxy group, hydroxyl group, and carbonyl group increases the hygroscopicity of aerosol, and thus, enhances the activity of cloud condensation nuclei, promotes cloud formation, and affects the climate [3]. The important roles played by organic nitrates in the atmosphere suggest an urgent need to explore the constituents, contents, and transformation mechanisms of such species.



Organic nitrates are generated mainly from the oxidation of volatile organic compounds and are emitted directly from marine sources (C1–C2 alkyl nitrates) and biomass burning [2,10]. The oxidation of alkanes, isoprene, pinene, and limonene by OH, NO3, and O3 contributes to the majority of total organic nitrates [11,12,13,14,15]. Alkanes are mainly oxidized by OH and further converted to alkyl nitrates, whereas isoprene, pinene, and limonene are easily oxidized by OH, NO3, and O3 to produce hydroxyl or multifunctional organic nitrates [11,12,16,17]. Alkyl nitrates with a low carbon number (<5) exist mainly in the gas phase. Multifunctional organic nitrates, nevertheless, will be partly distributed in the condensed phase [12]. The moderately volatile organic nitrates, which exist in both particle and gas phases, are known as semivolatile organic nitrates (SVONs), including alkyl nitrates with a moderate carbon number (C5–C10) and isoprene nitrates (first-generation mononitrates) [18]. However, the major constituents and their abundances remain unclear.



In recent years, various techniques, including thermal dissociation laser-induced fluorescence (TD-LIF), Fourier transform infrared spectrometry (FTIR), gas chromatography (GC) or liquid chromatography (LC) followed by mass spectrometry (MS), GC–electron capture detector (GC-ECD), aerosol mass spectrometry (AMS), and the newly developed chemical ionization mass spectrometry (CIMS), have been used to determine the contents of organic nitrates in field observation and laboratory experiments [19,20,21,22,23]. Among them, TD-LIF, FTIR, and AMS can be only used to measure the total contents of organic nitrates based on the signal of the nitrooxy group [14,23,24,25]. GC-ECD can only be used to measure species with authentic standards, such as low-carbon number alkyl nitrates, peroxyacetyl nitrate, and peroxy propionyl nitrate, which could be synthesized in the laboratory [26,27,28]. As a result, the previous studies focused mainly on the total contents of organic nitrates in the atmosphere and lacked measurements of the specific components of ambient organic nitrates, especially the SVONs.



GC-MS has been widely used for the determination of organic components due to its combination of superior separation and identification abilities. Because of the relatively high volatility and low polarity of SVONs, GC-MS is a good choice for the detection of individual SVONs. In this study, a method based on GC-MS was developed for the identification and quantification of the SVONs in the atmosphere. Based on the characteristic fragment ions from MS, three SVONs were recognized in the semivolatile samples collected from urban Jinan. Their contents were determined according to the response of the 1-pentyl nitrate standard.




2. Experiment and Methods


2.1. Materials and Reagents


Polyurethane foam (PUF) disks (diameter, 2.5 inches; thickness, 2.0 inches) were purchased from Tisch Environmental, Inc. (USA). HPLC-grade methanol (≥99.9%) and GC-grade hexane (≥98.0%) were ordered from Sigma-Aldrich (USA) and Aladdin (China), respectively. 3-methyl butyl nitrate (isoamyl nitrate, >98.0%) and 1-pentyl nitrate (amyl nitrate, >98.0%, GC) were purchased from CNW (Germany) and TCI (Japan), respectively. Isosorbide 5-mononitrate (>98%) and L-carveol (>97.0%) were ordered from Energy Chemical (China) and Aladdin (China), respectively. The ultrapure water used in this study was purified with a water purification system (Millipore, USA).




2.2. Sample Collection


The sampling of semivolatile samples was conducted at the Atmospheric Environment Observation Station of Shandong University (AEOS-SDU, 36°40′N, 117°03′E) in urban Jinan, China, as described by Li et al. [29]. The semivolatile organic compounds were collected with a high-volume air sampler (Tisch, New York, NY, USA) with PUF disks. A quartz fiber filter was placed before the PUF disk to remove particulate matters. As a result, the gas-phase and semivolatile compounds passed through the quartz fiber filters and were then absorbed by the PUF disk. Before sampling, the PUF disks were cleaned via sonication in hexane for 60 min and then in water for 30 min to remove the organic and inorganic residuals, respectively. They were packaged in clean aluminum foil, dried at 40 °C, and stored at −20 °C. The semivolatile samples were collected during daytime and nighttime in April, 2016. Both daytime and nighttime samples were collected for 11.5 h (08:00 to 19:30 and 20:00 to 07:30, respectively), with a sampling volume of approximately 140 m3.




2.3. Sample Preparation


The semivolatile compounds in the PUF samples were extracted with an orbital shaker. Soxhlet extraction, sonication, and mechanical shaking have been widely used to extract organic compounds [30,31]; however, Soxhlet extraction is not suitable for organic nitrates due to their thermal instability. In addition, sonication may generate OH radicals, which can result in the degradation of the target species in samples [30,32,33]. Therefore, mechanical shaking was selected in this study to extract the semivolatile compounds, including organic nitrates in the PUF disk. The PUF disk was cut into small pieces and soaked in 55 mL methanol. The soaked PUF sample was subjected to orbital shaking for 2 h at a constant temperature of 18 °C. The extracted sample solution was then concentrated to approximately 1.2 mL via rotary evaporation (cold water bath at the temperature of 15 °C). After filtration with a 0.22 μm pore-size PTFE syringe filter, 20 μL of 100-mg L−1 L-carveol was added into the filtrate. The filtrate was further concentrated to 1 mL with a gentle high purity nitrogen stream. The final sample solution was stored at −20 °C until analysis by GC-MS. In this study, 12 PUF samples were prepared for the analyses of organic nitrates and the extract solution of each PUF sample was injected once into the GC-MS. To examine the recovery rate, 200 μL of 100 mg L−1 3-methyl butyl nitrate was added before mechanical shaking. The average recovery rate of 3-methyl butyl nitrate was 66.8% ± 4.3% (mean ± one standard deviation), with the range between 62.9% and 72.6%.




2.4. Instrumentation


2.4.1. Chromatography Condition


The Agilent Technologies 7890B GC system coupled with a HP-5MS capillary column (30 m × 0.25 mm; 0.25 μm stationary phase thickness) was used for the separation of target species. Helium was used as the carrier gas at a flowrate of 4 mL min−1. The oven temperature was programmed as follows: 3 min at 40 °C, heated at a rate of 10 °C min−1 to 70 °C and maintained for 3 min, heated at a rate of 8 °C min−1 to 110 °C and maintained for 5 min, and finally heated at a rate of 10 °C min−1 to 200 °C and maintained for 12 min. A volume of 1-μL sample solution was injected into the injection port with a syringe in splitless mode for the accuracy of quantification. The injector temperature was set as 230 °C to allow the sample solution to evaporate completely and to prevent thermal decomposition of the target organic nitrates. The time delay of the solvent was 3 min to prevent methanol from getting into the MS detector.




2.4.2. MS Condition


The Agilent Technologies 5977B mass selective detector equipped with an electron ionization (EI) source was used to detect SVONs. The ionization energy and the temperature of the EI source were 70 eV and 200 °C, respectively. Under these conditions, molecular ions were completely fragmented into small product ions, and detailed structural information of unknown compounds could be obtained. The MS detector continually scanned the mass signals in the full scan mode with a mass (m/z) range from 5 to 200 amu at a frequency of more than seven times per second. The upper limit of this range was set above the maximum mass of the possible product ions generated from SVONs. The raw data from GC-MS were processed by MassHunter Workstation Qualitative Analysis B.07.00 software (Agilent).




2.4.3. FTIR Analysis


In addition, to clarify the proportion of detectable SVONs by GC-MS, FTIR was also used to determine the content of total SVONs (TSVONs). A volume of 30-μL sample extract solution was placed evenly on the ZnSe (25 × 3 mm) window and was detected by FTIR after complete evaporation of the methanol solvent. The nitrooxy group shows three characteristic absorption peaks at 860 cm−1, 1280 cm−1, and 1630 to 1640 cm−1 that correspond to symmetric stretching of NO, symmetric stretching of NO2, and asymmetric stretching of NO2, respectively [12,24,34]. To avoid interference from water vapor and amine functional groups, the absorption peak at 860 cm−1 was used to quantify the content of TSVONs, with isosorbide 5-mononitrate as the standard.






3. Results and Discussion


3.1. Optimization of the GC-MS Method


The determination method of ambient SVONs in this study was improved and optimized based on the previous studies that focused on the identification of synthetic nitrates mixtures in laboratory and nitrate products in chamber simulation through GC-MS. The chromatography and MS conditions including injector temperature, oven temperature program, injection mode, and MS parameters were further regulated to identify any potential organic nitrates in the semivolatile samples. With consideration of the thermal instability of SVONs, high injector temperature could induce the decomposition of SVONs. Nevertheless, low injector temperature would result in incomplete volatilization of SVONs. Therefore, in this study, the injector temperature was finally set as 230 °C after various tests to get a high response of the target species in MS. The oven temperature program was also adjusted and the splitless mode was selected to obtain good peak shape and high response, respectively. The mass range was set as 5 to 200 amu, which could cover all fragment ions generated from SVONs and prevent interferences from high mass ions. The surrogate standard was chosen as 1-pentyl nitrate for semiquantification of SVONs and then the contents of individual SVONs in the real atmosphere were quantified.




3.2. Identification of the SVONs


According to the characteristic fragment ions of organic nitrates, three kinds of SVONs were identified in the semivolatile samples collected from urban Jinan: 1-pentyl nitrate (molecular weight (MW) = 133), 4-hydroxy-isoprene nitrate (MW = 147), and (3,4)-di-hydroxy-isoprene nitrate (MW = 163). Their names follow the naming rules of organic nitrates reported by O’Brien et al. [21] and Xiong et al. [5], and further adjustment was made. Table 1 shows the molecular formulae, retention times, and structures of these three SVONs. 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate were eluted at 7.48, 24.83, and 13.77 min, respectively. Small peaks can be observed from the total ion chromatogram of the ambient semivolatile sample (see Figure 1). Because there are no commercially available standards for isoprene nitrates and no corresponding National Institute of Standards and Technology (NIST) standard mass spectra are available, the identification of isoprene nitrates can only be based on the characteristic fragment ions produced by the parent ions. Note that mass spectra of nearly all the chromatogram peaks were examined; however, only three peaks were identified as organic nitrates based on the characteristic fragment ions.



3.2.1. 1-Pentyl Nitrate


Figure 2 shows the mass spectra that corresponded to the peak at 7.48 min. Major product ions of 29, 41, 43, 46, 57, and 76 amu were recognized. An examination of the mass spectra database of NIST suggests that these mass spectra may have come from 1-pentyl nitrate or 3-methyl butyl nitrate. To identify which isomer corresponded to the mass spectra, standard solutions of 1-pentyl nitrate and 3-methyl butyl nitrate were injected into the GC-MS system. The chromatographic peaks of 1-pentyl nitrate and 3-methyl butyl nitrate are shown in Figure 3. Only 1-pentyl nitrate was eluted at 7.48 min. Therefore, the compound eluted at 7.48 min was identified as 1-pentyl nitrate. As shown in Figure 2, the most intense fragment ion of 41 amu can be explained as [CH3CH2C]+, which is commonly seen from mass spectra with an EI source due to cleavage of carbon chains. The main fragment ions of 46 and 76 amu can be explained as [NO2]+ and [CH2NO3]+, respectively. These three ions are characteristic fragment ions of organic nitrates under an EI source condition and can be used to identify other organic nitrates [35].



1-pentyl nitrate is generated mainly from the photochemical oxidation of alkanes in the atmosphere. The isomers of pentyl nitratesm such as 2-pentyl nitrate, 3-pentyl nitrate, and 3-methyl butyl nitrate, have been widely detected in gas-phase samples from around the world [2,27,36,37]. However, 1-pentyl nitrate is rarely observed in the real atmosphere. In one successful case, O’Brien et al. [21] detected 1-pentyl nitrate at a rural site in Ontario, Canada, via GC-ECD coupling with a chemiluminescence detector. In this study, only one chromatographic peak corresponded to 1-pentyl nitrate was observed and no other isomers of pentyl nitrates were detected in the semivolatile samples which may be attributed to the various volatilities of different isomers and the absorptivity of the PUF. The identification of 1-pentyl nitrate in urban Jinan in this study further confirms the existence of 1-pentyl nitrate in gas phase in different atmospheric environments.




3.2.2. 4-Hydroxy-Isoprene Nitrate


Figure 4 shows the mass spectra that corresponded to the peak at 24.83 min. The major product ions of 41, 46, 55, 57, 71, 83, and 99 amu were obtained. The fragment ions of 46 and 71 amu can be explained as [NO2]+ ions and as product ions generated by the loss of [CH2NO3] (76 amu) from the parent ions of 147 amu, respectively. No parent ions were obtained due to the intense EI source, as discussed hereinafter. The fragment ions of 57 and 55 amu were most likely generated from further loss of [CH2] and [CH3+H], respectively, from the 71 amu ions. The fragment ions at 83 can be explained by the loss of [H2O+NO2] (64 amu) or NO3 (62 amu) followed by two H atoms from the parent ions. These spectra were similar to those of synthetic Z-(4,1)-IN (i.e., 4-hydroxy-isoprene nitrate) in the laboratory [35]. A small discrepancy was found on the product ions of 99 amu, which could be explained as the loss of NO2 (46 amu) followed by two H atoms from the parent ions. Therefore, the compound eluted at 24.83 min was assigned to 4-hydroxy-isoprene nitrate.



The 4-hydroxy-isoprene nitrates are produced mainly from the oxidation of isoprene in the presence of oxidants and nitrogen oxides. The common isomers of isoprene hydroxy nitrates include 1-hydroxy-2-nitrooxy isoprene, 2-hydroxy-1-nitrooxy isoprene, 4-hydroxy-3-nitrooxy isoprene, 3-hydroxy-4-nitrooxy isoprene, E/Z-1-hydroxy-4-nitrooxy isoprene, and E/Z-4-hydroxy-1-nitrooxy isoprene. They have been separated and identified by GC-ECD/CIMS or GC-MS in the laboratory from synthetic mixtures of isoprene hydroxy nitrates [5,35,38]. Xiong et al. [5] measured the total concentration of isoprene hydroxy nitrates in the atmosphere in the southeast United States with the CIMS. Vasquez et al. [39] determined two isomers of isoprene hydroxyl nitrates (1,2-IHN and 4,3-IHN) over Pasadena, California using the GC-CIMS. There was rare study which measured the specific constituents of isoprene hydroxyl nitrates in the real atmosphere. This study marks the first time that the 4-hydroxy-isoprene nitrate was detected in the real atmosphere in an urban area.




3.2.3. (3,4)-Di-Hydroxy-Isoprene Nitrate


Figure 5 shows the mass spectra that corresponded to the peak at 13.77 min. The major product ions of 41, 57, 73, 88, 101, and 116 amu were obtained. These mass spectra most likely corresponded to (3,4)-di-hydroxy-isoprene nitrate or 4-hydroperoxide -isoprene nitrate (i.e., nitrooxyhydroxy diol and nitrooxy hydroperoxide), as reported by Kwan et al. [14]. Detailed product ions information is needed to further identify which isomer corresponds to these mass spectra. The product ions of 101 and 116 amu could be explained by the loss of NO3 and NO2 and one H atom from the parent ions of 163 (parent ions were not detected), respectively. The loss of NO3 and NO2 was common for organic nitrates and was caused by the relatively low stability of the carbon-oxygen single bond and the oxygen-nitrogen single bond in the -CONO2 group [19,40]. The carbon-oxygen single bond and the oxygen-nitrogen single bond both cracked easily under the EI source. The product ions of 73 amu were created from the loss of [CH2NO3] (76 amu) and [CH2] (14 amu) from the parent ions. The product ions of 88 amu can be explained as [CCH2NO3]+; however, [CCH2NO3]+ could be only generated via cleavage of the carbon-carbon double bond and the carbon-carbon single bond between the β and γ carbon atoms in (3,4)-di-hydroxy-isoprene nitrate. Note that the carbon atom connected to the nitrooxy group was called as an α carbon atom. Obviously, the above rule was not suitable for the 4-hydroperoxide isoprene nitrate. Therefore, the possibility that the mass spectra in Figure 5 corresponded to 4-hydroperoxide-isoprene nitrate was ruled out. In addition, the product ions of 41 and 57 amu could be explained by the loss of three H atoms from [CH2CHOH]+ and the loss of four H atoms from [OHCH2CHOH]+, respectively. These two ions also corresponded to the structure of (3,4)-di-hydroxy-isoprene nitrate; therefore, the compound eluted at 13.78 min was assigned to (3,4)-di-hydroxy-isoprene nitrate.



Similar to 4-hydroxy-isoprene nitrate, (3,4)-di-hydroxy-isoprene nitrate comes from the oxidation of isoprene. This has not previously been observed in the real atmosphere. The previous detection of (3,4)-di-hydroxy-isoprene nitrate was achieved via CIMS from the products of isoprene oxidation by NO3 radicals in chamber stimulation experiments by Kwan et al. [14]. In the chamber study, the (3,4)-di-hydroxy-isoprene nitrate was detected in particle phase as the isoprene-derived SOA. In our study, this organic nitrate was detected in the semivolatile samples, suggesting that it could partition into both particulate and gas phases. The identification of (3,4)-di-hydroxy-isoprene nitrate in semivolatile samples from urban Jinan in this study further indicates the formation and existence of this organic nitrate in the atmosphere.



In this study, the result that only three C5 nitrates were identified in semivolatile samples collected in urban Jinan, while no C6–C10 nitrates were detected, is mainly attributed to two reasons. Firstly, the abundances of C6–C10 nitrates in the atmosphere are usually lower than those of the low carbon number nitrates (C ≤ 5). Various studies have shown that there are abundant C1–C5 alkyl nitrates in troposphere and they can even account for 1–2% of NOy [2,36,41]. The contents of high carbon number nitrates (C > 5) may be lower than the detection limit of this method. Secondly, the high carbon number nitrates, such as pinene nitrates and limonene nitrates (C10 nitrates), mainly exist in particle phase due to the presences of hydroxy and carbonyl groups. In our previous study, five kinds of C10 nitrates were identified in particulate matter samples in urban Jinan [29]. The absence of other C5 nitrates, e.g., 2-pentyl nitrate, 3-pentyl nitrate, and 3-methyl butyl nitrate, in the semivolatile samples detected by GC/EI-MS indicates that there are probably limitations with this sampling method and detection technique.





3.3. Quantification of SVONs


Due to the lack of authentic standards, surrogate standards were widely used to quantify the contents of organic nitrates [18,29,42], which is referred to as semiquantification. The surrogate standards were selected based on the similarity of structures and functional groups with the target species to obtain an appropriate response of MS. For the three SVONs of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate, only the authentic standard of 1-pentyl nitrate was available. Because the carbon chain structure and nitrooxy group of 1-pentyl nitrate were similar to those of the other two isoprene nitrates, 1-pentyl nitrate was selected as the surrogate standard for the other two isoprene nitrates for quantification of their concentrations. Based on the ratio of signal to noise timing a factor of 2 [43], the detection limit of GC/EI-MS for 1-pentyl nitrate was estimated to be 50 μg L−1, equal to 0.33 ng m−3 in the atmosphere. The most abundant product ions of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate were [CH3CH2C]+ (41 amu), [CHCH2OH]+ (55 amu), and [CCH2NO3]+ (88 amu), respectively, which were selected to quantify the contents of the three SVONs. Table 2 lists the contents of the three identified SVONs in semivolatile samples from urban Jinan in spring (recovery rates were considered in the quantification of these nitrates). The concentrations of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate in the four detectable semivolatile samples were 20.2 ± 7.2, 13.2 ± 7.2, and 36.5 ± 8.4 ng m−3, respectively. The total concentration of all three SVONs was 69.9 ± 15.7 ng m−3. Note that particulate samples collected on filters were also analyzed by GC/EI-MS; however, none of the three SVONs were detected in particulate samples.



Due to the lack of targeted measurements, the abundances of SVONs in the real atmosphere were still not very clear. The three SVONs identified in this study were rarely found in other locations. Particularly, atmospheric concentrations of 4-hydroxy-isoprene nitrate and (3,4)-di-hydroxy-isoprene were seldom reported. Fortunately, O’Brien et al. [21] measured gas-phase 1-pentyl nitrate at a rural site in Ontario on 23 August 1992, with an average concentration of 4.8 ng m−3. In addition, Sun et al. [27] observed the concentrations of gas-phase isomers of 1-pentyl nitrate (i.e., 2-pentyl nitrate, 3-pentyl nitrate, and 3-methyl butyl nitrate) at an urban site in Beijing in the summer of 2008; their data showed average concentrations of 80.2, 48.7, and 102.1 ng m−3, respectively. The average concentration of 20.2 ng m−3 observed for 1-pentyl nitrate in semivolatile samples from urban Jinan during spring is obviously higher than that found in rural Ontario in 1992 and is obviously lower than the concentrations of the isomers of 2-pentyl nitrate, 3-pentyl nitrate, and 3-methyl butyl nitrate found in urban Beijing in the summer of 2008. The variations in the abundance of C5-alkyl nitrates were believed to be associated with the mixing ratios of precursors and oxidants and also the gas-particle partitioning (influenced by the season and the meteorological conditions) and were caused partly by the differences in species and measurement methods. Furthermore, Vasquez et al. [39] reported that the average concentrations of 1,2-IHN and 4,3-IHN were 47.0 and 30.2 ng m−3, respectively in Pasadena of California. The contents of two semivolatile isoprene hydroxyl nitrates detected in urban Jinan were close to those of 1,2-IHN and 4,3-IHN in Pasadena.



The concentration of TSVONs can be determined via FTIR. Figure 6 shows the FTIR spectra of methanol solutions of semivolatile sample and isosorbide 5-mononitrate (ISMN) and the standard curve of ISMN is shown in Figure 7. Based on the signal peak at 860 cm−1 from FTIR, the concentration of TSVONs of the samples collected in urban Jinan during spring was 380.0 ± 190.8 ng m−3 (also included in Table 2). The three identified SVONs contributed only 20.2 ± 5.5% of the TSVONs, which indicates that GC-MS via the method in this study failed to identify a very large fraction of the TSVONs, likely because most of the SVONs were thermally unstable and probably decomposed in the GC system. In addition, SVONs with high polarity are not suitable for detection by GC-MS. Further efforts with improved methods or advanced techniques will be required to identify other SVONs.





4. Conclusions


An analysis method based on GC/EI-MS was developed for the detection of individual SVONs. Based on the characteristic fragment ions of [NO2]+ and [CH2NO3]+ and the characteristic fragment loss of NO2 and NO3 from the parent ions, together with the available authentic standard and the NIST standard mass spectra, three SVONs were identified in the ambient atmosphere in urban Jinan: 1-pentyl nitrate (MW = 133), 4-hydroxy-isoprene nitrate (MW = 147), and (3,4)-di-hydroxy-isoprene nitrate (MW = 163). In particular, this is the first study in which 4-hydroxy-isoprene nitrate and (3,4)-di-hydroxy-isoprene nitrate have been observed in the real atmosphere, and this study confirms their presence in the atmosphere. The response of 1-pentyl nitrate was used to quantify the contents of these three SVONs, with a detection limit of 50 μg L−1. The concentrations of 1-pentyl nitrate, 4-hydroxy-isoprene nitrate, and (3,4)-di-hydroxy-isoprene nitrate from GC/EI-MS and TSVONs from FTIR were 20.2 ± 7.2, 13.2 ± 7.2, 36.5 ± 8.4, and 380.0 ± 190.8 ng m−3, respectively. The three SVONs identified contributed only 20.2 ± 5.5% to the TSVONs; therefore, most of the SVONs’ components remain unknown. Further studies with improved analytic methods and advanced techniques are needed to identify the remaining SVONs.
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Figure 1. Total ion chromatogram of the semivolatile sample. 
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Figure 2. Mass spectra (MS) corresponding to the chromatographic peak at 7.48 min. 
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Figure 3. Chromatograms of 1-pentyl nitrate and 3-methyl butyl nitrate. 
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Figure 4. Mass spectra corresponding to the chromatographic peak at 24.83 min. 
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Figure 5. Mass spectra corresponding to the chromatographic peak at 13.78 min. 
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Figure 6. Fourier transform infrared spectrometry (FTIR) spectra of the sample and isosorbide 5-mononitrate (ISMN) standard. 
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Figure 7. Standard curve of ISMN. 
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Table 1. Retention time, molecular formulae, and structures of the three semivolatile organic nitrates (SVONs).






Table 1. Retention time, molecular formulae, and structures of the three semivolatile organic nitrates (SVONs).





	Organic Nitrates
	Retention Time (min)
	Molecular Formula
	Structure Formula





	1-pentyl nitrate
	7.48
	C5H11NO3
	 [image: Atmosphere 10 00088 i001]



	4-hydroxy-isoprene nitrate
	24.83
	C5H9NO4
	 [image: Atmosphere 10 00088 i002]



	(3,4)-di-hydroxy-isoprene nitrate
	13.78
	C5H9NO5
	 [image: Atmosphere 10 00088 i003]
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Table 2. Concentrations of the three SVONs and their ratios to total SVONs (TSVONs).
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	SVONs
	Concentration (ng m−3)
	Concentration (N ng m−3)
	ON/TSVONFTIR (%)





	1-pentyl nitrate
	20.2 ± 7.2
	2.1 ± 0.8
	5.6 ± 0.6



	4-hydroxy-isoprene nitrate
	13.2 ± 7.2
	1.3 ± 0.7
	1.4 ± 2.3



	(3, 4)-di-hydroxy-isoprene nitrate
	36.5 ± 8.4
	3.1 ± 0.7
	4.2 ± 2.8



	Sum
	69.9 ± 15.7
	6.5 ± 1.5
	20.2 ± 5.5



	TSVONs
	380.0 ± 190.8
	63.4 ± 70.6
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