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Abstract

:

The source profile of volatile organic compounds (VOCs) is essential for establishing reactivity- and toxicity-based emission inventories and developing effective air pollution control strategies. In this paper, the establishment of VOC source profiles and the VOC emission characteristics are reviewed in the petrochemical, solvent use, and chemical industries, and the most up-to-date profiles of the three industries in China are compiled via necessary adjustment and reconstruction of the test data from the literature. Alkanes dominated and OVOCs were often neglected in the overall petrochemical industry and refined processes. They accounted for 60.6% and 3.2% in the merged profiles. Aromatics and OVOCs dominated in the industrial solvent use industry. OVOCs were the most prevalent in the printing and dyeing industries, furniture manufacturing industries, and automobile coating process, whereas aromatics were major contributors of the total VOCs in metal surface coating, shipping coating, and other surface coating industries in the merged profiles. A wide range of products and limited profile studies were obtained in chemical industry, and the compositions of VOCs varied significantly in the production of 30 products in the merged profile. The future research directions of VOC source profiles are discussed, mainly focusing on the sampling, establishment, and evaluation of VOC profiles.
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1. Introduction


Volatile organic compounds (VOCs), composed of thousands of compounds, are important precursors of tropospheric O3 and secondary organic aerosols (SOAs) [1,2]. The VOC source profiles characterize the composition of pollution source by assigning the total amount of VOC emissions to the mass fraction of individual species, reflecting the significant variations among emission sources [3]. Moreover, the profiles are essential to the establishment of reactivity- and toxicity-based pollution control strategies [4,5]. Therefore, developing a reliable source profile is of great significance for the prevention and control of air pollution.



Since the beginning of the 21st century, a large number of profile testing studies were carried out, mainly focusing on industrial processes, transportation, solvent use, biomass burning, and cooking [6,7,8,9,10]. It was reported that industrial sources are the largest sources of anthropogenic emissions in China [11,12], among which petrochemical, chemical, and solvent use industries dominate [13,14]. In recent years, great progress has been made in establishing the localized VOC profiles in these industries in China. For example, Wei et al. [15] conducted field measurements to characterize VOC profiles from the whole petroleum refinery. Zhang et al. [16] measured speciated VOC emissions in the chemical industry in eastern China. Zhong et al. [7] obtained the characteristics of VOCs emitted from the surface coating industry in the Pearl River Delta. Furthermore, studies on refined VOC profiles based on production processes have been gradually developed. For instance, Mo et al. [17] investigated process-based emission characteristics of VOCs from petrochemical facilities in the Yangtze River Delta. Many studies have been conducted on VOC profiles of the stack and fugitive emissions in the whole industry [7,18,19]. These studies provide support for the refined management and control of VOCs. Moreover, some researchers carried out reviews of VOCs profiles. For example, Mo et al. [20] studied the anthropogenic VOC profiles in China, while the profiles of industrial processes, with large VOC emissions and complex emission characteristics, are not comprehensive and the degree of refinement is low. Han et al. [21] studied the overall and process-based profiles of the petrochemical industry, but some of the profiles included in the reviews were of low quality (early test time, few quantitative species, and incomplete processes), and the influence of sampling and analysis techniques was not considered.



Although a variety of studies on VOCs profiles have been conducted on the VOCs profiles in China, there are still some limitations. Firstly, the VOCs species and their compositions involved in previous profiles varied greatly even from the same source. For example, the percentage of propane for the petrochemical industry ranged from 3.6% [10] to 19.9% in different profiles [17]. Secondly, many species were missing or underestimated owing to the measurement techniques, especially oxygenated VOCs (OVOCs) which were easily lost during sampling due to their high reactivity. It was shown that high concentrations of formaldehyde are found in exhaust gases [22], but this was neglected in early VOC profiles due to the limitation of sampling and analysis methods [23]. Lastly, it was difficult to systematically review or evaluate the data quality of the profile in compiling VOC profile databases [24]. Therefore, continuous updates and refinements of VOC profiles are necessary for further understanding the VOC emission characteristics for specific emission sources.



Developed countries such as the US and Europe experienced air pollution earlier, and air pollution prevention and control actions were carried out earlier, significantly improving air quality [25]. As the largest developing country, the Chinese government has carried out a series of large-scale air control actions, mainly including the formation mechanism of haze and photochemical smog, the whole process control of pollution sources, the improvement of air quality, and the joint prevention and control of air pollution. Efficient emission reduction of VOCs, raw material substitution, and cleaner production were conducted in the petrochemical, solvent use, and chemical industries [26]. After the above pollution prevention and control actions, China has entered a critical period of continuous improvement of air quality, and VOC emission reduction is an effective measure for air pollution prevention and control.



In this study, we firstly review the measurements and merging techniques, as well as the test data utilized of VOC source profiles reported in previous studies. Moreover, the characteristics of sector-based and process-based VOCs emissions are summarized, mainly covering the petrochemical, industrial solvent use, and chemical industries. Secondly, the most up-to-date measurement-based VOCs profiles are merged in these three industries with necessary adjustment and reconstruction, thereby eliminating earlier limitations and adding the latest industrial emission characteristics. Therefore, the up-to-date and process-based VOCs profiles are compiled, supplementing the missing species in previous studies. Lastly, the outlook for future research directions is discussed. More attention needs to be paid to the regulation of sampling and analytical methods, the establishment of process-based profiles, the measurement of more subsector sources, and the evaluation of VOC profiles in the future.




2. The Establishment of VOC Source Profile


In this study, a total of 219 Chinese and English studies on related topics was retrieved from the CNKI and Web of Science databases in the past 15 years (2008–2023), including 56 in the petrochemical industry (keywords: VOC profile, petrochemical), 134 in the solvent use industry (keywords: VOC profile, solvent use), and 29 in the chemical industry (keywords: VOCs profile, basic chemical, ink and paint, synthetic material). There were 161 articles on VOC profiles testing (101 articles with detailed test data) and eight reviews on VOC profiles.



2.1. Measurements of VOC Source Profile


2.1.1. Sample Collection


Sample locations and sample materials are two important factors of sample collection. According to the sample locations possible, VOC sampling of industrial sources can be divided into outlet sampling, workshop sampling, and environmental sample collection in industrial sources [17,27,28,29]. Outlet samplings are utilized in characterizing stack emissions of VOCs, and workshop samplings are commonly used in characterizing fugitive emissions [27,29]. Furthermore, the environmental samples collected at upwind sites serve as a background sample [15], and those collected at downwind sites are believed to reflect combined emissions which are highly susceptible to other emission sources [30]. Due to the large number of industry categories and production facilities in China, there are different applicable sampling locations for a particular industry. Table 1 lists the VOCs sampling in typical domestic industries. To be specific, outlet samplings and workshop samplings are usually used to characterize the VOCs emissions in the petrochemical industry, especially for process-based profiles [17]. Stack emissions and some processes of fugitive emissions (e.g., oil refining processes, storage tanks, and wastewater treatment) are considered to be the major emission sources of VOCs [15,31]. In addition, environmental samples are collected more commonly in the petrochemical industry than in other industries [17,23]. In the solvent use industry and chemical industry, however, there are usually fully enclosed and incompletely enclosed production units. VOC samples were collected from stacks of these industries with fully enclosed production units [32], and samples were collected from both major stacks and production areas of these industries where production units were not completely enclosed [33].



The most commonly used sampling materials were solid-phase sorbent tube sampling and container sampling (Table 2). Solid-phase sorbent tube samplings were used to collect VOC samples by filling the sorbents (porous polymers, such as Tenax) into the adsorbent tube. However, sorbent tubes were less used to collect industrial exhaust gas because high concentrations of particulate matter and moisture contents contained in the exhaust gas could adversely affect the adsorbent [38]. Due to their simplicity, container sampling methods, such as air bags and canisters, were widely applied in VOC sample collections [39]. Teflon bags and Tedlar bags were commonly used in earlier studies because of their low cost and reusability (Table 1). However, it was found that the adsorption, condensation, and/or permeation of VOCs could cause sample loss in air bags. Silica-lined or electro-polished stainless-steel canisters (i.e., SUMMA canisters) had high stability of VOCs samples compared with air bags [40]. Thus, SUMMA canisters were the most commonly used to collect industrial waste gases due to their good effects on preserving samples. In addition, to avoid the pollution of containers by the high concentration of exhaust gas, a gas dilution device was required when SUMMA canisters were used for industrial exhaust gas collection such as in the chemical industry [41].




2.1.2. Analysis Method


Offline monitoring and online monitoring were the two commonly used VOC analysis methods in the studies of VOCs profiles. As summarized in Table 3, offline monitoring was the most commonly used and recommended analysis method of VOC profiles in China, representing a qualitative and quantitative analysis method by gas separation in the laboratory [42]. It can be applied to conduct multipoint sampling of VOCs at the same time to study regional distribution. Due to its high selectivity and sensitivity, gas chromatography (GC) was one of the most commonly used offline monitoring technologies (Table 1), usually applied with mass spectrometry (MS), flame ionization detection (FID), electron capture detection (ECD), photo ionization detection (PID), etc. [39]. Moreover, high-performance liquid chromatography (HPLC) was mainly used to detect OVOC species, which are highly selective and sensitive to some specific compounds with carbonyl groups, such as aldehydes [43]. According to the statistics, 85% of the offline monitoring of VOCs profiles was carried out using GC–FID/MS, while the remainder focused on quantifying carbonyl species by applying HPLC utilizing 2,4-dinitrophenylhydrazine (DNPH) or pentafluorophenyl hydrazine (PFPH) adsorption [44].



Online monitoring was also used to establish VOC profiles, which enabled the real-time monitoring of pollutants in which the exhaust gas entered the analyzer directly through the sampling device [38]. Compared with offline monitoring, online monitoring could avoid the analysis errors caused by collection, storage, and long-distance transportation of samples, and more accurately reflect the temporal variations of VOC emissions. The structure of most online monitoring systems was basically the same, mainly including a sampling system, analysis system and auxiliary system. The main difference was in the analysis system, namely, the detector. All kinds of instruments were combined to complete VOC monitoring under the command of the system program. Online monitoring methods could be divided into two types: online automatic monitoring and on-site portable monitoring. Compared with offline monitoring, online GC–MS/FID was the mainstream method for online automatic monitoring, which directly combined pretreatment and analysis processes, as well as shorted the sampling and pretreatment time under the command of the system program [45]. In addition, proton-transfer-reaction mass spectrometry (PTR-MS) [46], time-of-flight mass spectrometry (TOF-MS) [47], and Fourier-transform infrared spectroscopy (FTIR) [48] have been applied in the quantification of VOC components. These methods generally had the advantages of fast testing, high temporal resolution, and low detection limits. However, most of the online monitoring techniques which attract extremely high costs of use and maintenance are still in the stage of equipment development upgrading [38,49,50]; they will be used more extensively in the future due to their accuracy and fast speed of testing [51,52]. Most portable monitors were equipped with MS or FTIR detectors, which were mainly used for emergency monitoring, and pollution source tracking and monitoring [38]. Compared with online automatic monitoring, the portable monitor had the advantages of small size, light weight, and easy operation. Therefore, they will play an important role in the establishment of VOCs profiles in the future. However, they cannot be adequately powered for a long time, which limits their usage.
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Table 3. Advantages and disadvantages of analysis methods.
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Analysis Methods

	
Category

	
Detectors

	
Advantages

	
Disadvantages






	
Offline monitoring

	
/

	
GC (e.g., GC, HP-7890A; MSD, HP-5975C; FID, G3431. Agilent Inc., Santa Clara, CA, USA) [53,54]

	
High sensitivity; wide range; low detection limit

	
Complex preprocess; expensive equipment




	
/

	
HPLC (e.g.,HPLC 1100, Agilent Inc.) [39,55]

	
Ability to analyze OVOCs

	
High difficulty for low concentrations of aldehydes and ketones.




	
Online monitoring

	
Online automatic monitoring

	
Online GC-MS/FID (e.g., GC, HP-7890A; MSD, HP-5975C; FID, G3431. Agilent Inc.) [39]

	
Low detection limit (5 × 10−12–7.5 × 10−11); high time resolution; and comprehensive species

	
Susceptibility to wall effects; high cost of operation and maintenance




	
PTR-MS (e.g., TOFWERK.; Thun, Switzerland) [56,57]

	
High temporal resolution; high sensitivity; low detection limit (10–11)

	
Low distinction of isomers; limited number of species




	
TOFMS (e.g., Waters GCT Premier Mass Spectrometer, Waters, Milford, MA, USA) [47]

	
Fast speed of detection; wide range of molecular weight

	
Low detection resolution; sensitive reaction




	
FTIR (e.g., LOPGP-FTIR, VERTEX 70v, Bruker, Mannheim, Germany) [48,49]

	
Fast speed of detection; high resolution

	
Expensive and bulky equipment




	
On-site portable monitoring

	
GC-MS (e.g., GC, HP-7890A; MSD, HP-5975C. Agilent Inc.) [38,58]

	
Small size; high sensitivity; good effect of gas separation

	
Poor stability




	
FTIR (e.g., LOPGP-FTIR, VERTEX 70v, Bruker, Mannheim, Germany) [58]

	
Small size; wide spectral range

	
High detection limit; poor gas separation; susceptibility to moisture and carbon dioxide











2.2. Merging of VOC Source Profiles


Improper sampling and analyzing methods can lead to loss or underestimation of VOCs species and then bring uncertainties to the VOCs profiles. For example, OVOCs species in air bag sampling were easily lost during sampling due to noninert inner surface of bags and GC–MS could not detect some species, especially C1 and C2 OVOCs [44]. Therefore, merging of VOC profiles was essential to developing composite VOC profiles and reducing potential uncertainty of single profiles by grouping and averaging source profiles in the same sector [24].



Firstly, the localized VOC source profiles of a specific emission sector from previous studies were collected, and their detailed information (e.g., sampling location, date, sampling and analysis methods, and species) was summarized. Moreover, the source profiles suitable for the current emission characteristics of VOCs were selected by referring to the quality evaluation standards established by Bray et al. [3], following six criteria: (1) whether or not the profile is representative of the VOC emission characteristics for the current industry situation; (2) whether or not the classification of VOC profiles is compatible with the official emission inventory; (3) the differences among profiles from different studies for the same emission sources; (4) whether or not the profile could cover typical species of the emission sources; (5) the quality of journals in which the profiles were published; (6) the geographical locations of sample collection sites. Then, the profiles with some species missing were corrected [24]. When multiple profiles were available with some VOC species missing, Li et al. [24] proposed a revision method for the VOC profiles. However, when only one VOC profile was available for an emission sector, then only the existing VOC profile could be adopted to characterize the sector even with several species missing. The supplementary method of missing species is shown in Equation (1), and the revision formula of species not missing is shown in Equation (2). Lastly, the corrected profiles were merged into one composite profile to represent the characteristics of this sector using Equation (3). If multiple source profiles could be obtained for an emission sector with relatively complete VOCs species, these profiles were directly merged into a composite profile to represent this sector using Equation (3).


    P    A , i , m    =     P    BCD , i , m     ¯  ,  



(1)




where m is emission source,   i   and   j   are VOC species,   A   is the VOC profile of missing species   j   in emission source m,   B C D   are VOC profiles containing species   j   in emission source   m  ,     P    A , i , m      is fraction of   i   species in the   A   profile, and     P   B C D , i , m     is fraction of   i   species in the   B C D   profiles.


    P    A , j , m    =     P     ori    A , j , m          ∑  i      P     ori    A , j , m          ×    1 -      P    BCD , i , m     ¯    ,  



(2)




where     P    A , j , m      is fraction of   j   species in the   A   profile, and     P     ori    A , j , m        is fraction of   j   species before revision in the   A   profile.


    P     composite    m , n      =     ∑  k      P    m , n , k        k   ,  



(3)




where   n   is the VOC species,     P   c o m p o s i t e     is the fraction of   n   species in the composite profile,     P    m , n , k      is the fraction of n species, and   k   represents the number of profiles.





3. Source Profiles by Sectors


3.1. Petrochemical Industry


3.1.1. Overview of VOCs Profiles


The petrochemical industry with complex emission constituents contributes significantly to the emissions of VOCs in China, and its VOC emission characteristics have been investigated in recent years [59]. The source profiles of the petrochemical industry in China were mainly investigated from two aspects: taking the petrochemical industry as an overall source or developing refined source profiles specific to the process units [21]. The early profiles of petrochemical industry only characterized stack emissions using outlet sampling, while VOCs from fugitive emissions were neglected [15]. Subsequently, outlet and workshop samplings were used to provide more extensive information of VOCs profiles (including stack and fugitive emissions) [15,60]. More recently, detailed process-based information was collected and used to characterize process-level profiles [3].



For VOC profiles of the overall petrochemical industry, the official databases have been established and constantly updated on the basis of a large number of localized tests in the United States, Europe, and other Western countries, while the source profiles in China are still at the stage of localization testing [60]. VOC control technologies have been increasingly promoted in the petrochemical industry, leading to variations of VOC emission characteristics. For example, leak detection and repair (LDAR) was fully implemented in petrochemical industry in China by 2017 [61]. During the VOC emission reduction period of the 13th Five-Year Plan, comprehensive management of VOC emissions, such as the wide application of oil and gas separation and recovery devices, was strengthened in the petrochemical industry in China. As a result, VOC profiles of this industry have changed obviously. For instance, the oil and gas separation devices significantly reduced the contents of light hydrocarbons in the separated crude oil components; oil and gas recovery, underwater loading, and unloading of organic liquids (such as gasoline) and hazardous chemicals (such as benzene) reduced the contribution of alkenes and aromatics; sealing and collection in wastewater treatments also resulted in a decrease in the contributions of volatile components in general [62,63].



With the improvement of VOC pollution control requirements, VOC profiles based on processes played an important role in the refined control of VOCs in the petrochemical industry. The processes generating VOCs in the petrochemical industry included heating furnace, catalytic cracking, hydrocracking, catalytic reforming, delayed coking, sulfur recovery, storage tanks, and wastewater [64]. VOC profiles based on the production processes in petrochemical industry were not comprehensive in early studies, in which only processes with large emissions were investigated, such as oil refining processes, storage tanks, and wastewater [65,66]. More recently, information on comprehensive processes from large petrochemical plants was collected and used to establish process-based VOCs profiles [17,66].



Figure 1 compares the VOC profiles of the petrochemical industry in China that have been published. The tests mentioned in these early studies were all carried out by collecting gaseous samples in SUMMA canisters and analyzing them using GC–MS/FID; thus, the test data were reliable and highly comparative. Figure 1a presents the overall characteristics of VOC profiles [10,15,17,23,66], which were relatively consistent. It is obvious that alkanes represented a much higher percentage of the total VOCs in all the studies. This is related to the high content of alkanes in crude oil, which is the most important raw material in the petrochemical industry. The major compositions were consistent with the results reported in a Greek oil refinery [67]. However, the percentages of chemical groups varied greatly in the petrochemical industry. For example, the percentages of aromatics measured by Liu et al. [23] and Wei et al. [15] were relatively high (with values of 14.6% and 19.2%, respectively), maybe caused by the fact that these studies were conducted in earlier years, and oil and gas recovery devices were not installed during the loading and unloading process of benzene, toluene, xylene, and other hazardous chemicals [62,63]. In addition, the sampling site was close to the nitrobenzene production site in Liu et al. [23], which could have resulted in high levels of benzene and toluene [23]. On the other hand, a relatively small proportion of aromatics (9.3%) was found in Mo et al. [17], which may have been caused by the raw materials and the production of products. Halocarbons accounted for a small proportion in most studies. However, methyl chloride was the main component of VOCs in a Turkish petroleum refinery, which may have been related to the chlorine content of gasoline additives [68]. The latest study suggested that OVOCs made up a small percentage (3.2%) of the petrochemical industry [10], while they were not evaluated in previous studies [15,17]. Obviously, the processes were incomplete, and the profiles were inaccurate in these previous studies.



Figure 1b shows the process-based characteristics of VOC profiles for the petrochemical industry [10,17,66]. As a whole, alkanes were the dominant chemical groups for almost all the processes, similar to the overall characteristics in the petrochemical industry (Figure 1a). The second largest groups emitted from heating, catalytic reforming, and delayed coking were aromatics, while other processes were mainly contributed by alkenes; which were mainly caused by different raw materials. For example, the use of reformate resulted in high levels of aromatics in catalytic reforming, and the use of polyacrylamide (producing propene) resulted in high levels of alkenes in wastewater treatment [17,66]. There were also discrepancies even in one process, where alkanes (60.3%) were dominant in Mo et al. [17], while alkenes (82.3%) contributed the most in Qi et al. [66] for storage tanks, which might be attributed to the different substances (gasoline or crude oil) stored in these tanks.



To sum up, the VOC profiles in the petrochemical industry were dominated by alkanes (55.6–69.8%), followed by alkenes (9.5–20.4%) and aromatics (9.3–19.2%). Halocarbons and OVOCs accounted for a small proportion, and OVOCs were often neglected in the petrochemical industry. As for refined profiles, alkanes were the most prevalent for almost processes, and the second contributors were aromatics or alkenes.




3.1.2. Merging of VOC Profiles Based on Previous Studies


A few studies of the merging or revision of VOCs profiles have been carried out. Using the method proposed by Li et al. [24], Mo et al. [69] revised and reconstructed the source profiles without OVOCs to obtain the normalized VOC source profile. Sha et al. [44] and Zhou et al. [70] also collected domestic source profiles of the petrochemical industry from the literature, and established the latest VOC profile dataset in China. Although the studies above collected a large number of domestic measurements in the petrochemical industry, some of the tests were carried out about 15 years ago, resulting in inaccurate VOC emission characteristics owing to the out-of-date data. In this study, the VOC test data before 2010 were eliminated, and the VOCs profiles in the past 5 years were complemented to compile the latest VOC profile of the petrochemical industry. OVOC species were added to the merged profile, which were often neglected in previous profiles. The merged profile could supplement the missing components in previous studies and reduce the potential uncertainty of individual measurements.



The merging of VOC profiles in this study was also used to compile process-based profiles, which played a significant role in the refined control of VOC emissions. Given the obvious discrepancies in VOC profiles caused by different substances stored in tanks in the petrochemical industry, the storage tanks were divided into three categories, i.e., gasoline, diesel, and crude oil tanks, and the corresponding source profiles were obtained. More details on VOC profile merging can be found in the Supplementary Materials (Tables S1 and S2).



Figure 2 presents the merged profiles for overall and process-based characteristics of VOCs for the petrochemical industry in China. As a whole, VOCs were mainly contributed by alkanes (60.6%), followed by alkenes (16.7%) and aromatics (14.4%), in the overall characteristics of the petrochemical industry. Although OVOCs contributed less to the total VOCs (3.2%), they were also complemented in this study. In the refining process of heating furnace, catalytic cracking, hydrocracking, catalytic reforming, delayed coking, and sulfur recovery, the percentages of alkanes were much higher, with a range of 53.0–77.7%. For wastewater treatment of sewage stripping and oxidation pond, the percentages of alkenes were commensurate, but alkanes were higher in sewage stripping. Alkanes were the most prevalent in gasoline, diesel, and crude oil tank, while the percentages of alkenes were relatively higher in gasoline tank, and aromatics were higher in diesel tank. In this study, we included relatively comprehensive chemical groups of VOCs and provided a more detailed classification of the production processes in the petrochemical industry.





3.2. Industrial Solvent Use Industry


3.2.1. Overview of VOC Profile


The industrial solvent use industry is considered to be a significant emission source of anthropogenic VOCs, responsible for more than 15% of total VOC emissions in China [11,14,71]. According to the Chinese official Classification System, this industry can be divided into two types: printing/dyeing and surface coating; their source profiles in China were mainly determined on the basis of sectors and processes. In early studies, the measurements of single outlet sampling were conducted commonly in the industrial solvent use industry. The measurements of VOC profiles of both outlet and workshop sampling were carried out in recent years, thereby improving the accuracy of VOCs profiles in this industry [19,23]. In addition, OVOC species were included in the profiles [37].



During the VOC emission reduction period (13th Five-Year Plan), VOC emission control measurements including raw material substitution, process improvement, and waste gas treatment were widely carried out in the industrial solvent use industry. For example, in the automobile industry and wooden furniture manufacturing industry, water-based paints with OVOCs as the main components gradually replaced solvent-based paints with a high content of aromatics. Furthermore, the process units were required to be fully enclosed in the industrial solvent use industry, thus reducing the VOC emissions [72,73]. The effects of these measurements were reflected in the localized source profiles in the industrial solvent use industry in China [30,74,75,76], where OVOCs replaced aromatics and became the dominant chemical group.



In addition to sector-based profiles of the industrial solvent use industry in China, the process-based profiles were also studied in certain subsectors [19,34]. In the printing and dyeing industry, the overall VOC profiles of different manufacturing technologies were established due to simple production processes (gravure printing, letterpress printing, etc.) [10,19]. Process-based profiles were established in the surface coating industry, while they were not comprehensive in general. For instance, process-based VOCs profiles in the automobile manufacturing industry were established, covering comprehensive production processes (coating, drying and repairing) [7,34]. However, only VOC profiles for stack and fugitive emission were established in most surface coating industries [19,77], which did not involve specific processes.



The chemical groups emitted from the printing and dyeing industry are illustrated in Figure 3. The chemical groups emitted from the sector-based surface coating industry and the process-based profiles of the automobile industry are shown in Figure 4 [7,18,34,36,74,77,78,79,80,81,82]. Most of the measurements mentioned in Figure 3 and Figure 4 were collected in SUMMA canisters and analyzed by GC–MS; thus, the profiles were reliable and highly comparative. As can be seen, aromatics and OVOCs were the dominant chemical groups for almost all industrial solvent use industries, while there were large differences in the composition characteristics among different industries. For example, OVOCs were the predominant contributors (36.6–87.8%) in the printing industry, while aromatics (49.0–92.2%) were the most abundant chemical compounds in the surface coating industry. This is consistent with the facts that toluene accounted over 50% in the process of paint coating in Mexica, mainly due to the predominance of aromatics in the paints [83]. The differences were related to the high content of OVOCs in inks and large amounts of aromatics in solvent-based paints.



Moreover, chemical groups emitted from different processes of the industrial solvent use industry varied greatly. Through the detailed comparison of raw and auxiliary materials, it was pointed out that the discrepancies were caused by the comprehensive effect of inks, thinners, and cleaning solvents [7]. VOC emission characteristics were different in each production process studied in automobile manufacturing industry. OVOCs (71.3%) were the most important contributors to paint coating, and aromatics (84.1%) were dominant for drying processes [34], mainly attributed to the fact that water-based paints were used in paint-coating process and solvent-based paints in the latter.



There were also discrepancies in the same industry among present studies. For instance, aromatics were the main contributors in the furniture manufacturing industry in Zhong et al. [7] and Liang et al. [79], whereas OVOCs were the dominant components in Fang et al. [34] and Zhang et al. [77] (Figure 4a). The main reason can be attributed to the fact that solvent-based paints were used in the former and water-based paints were applied in the latter, as mentioned above. Moreover, additional measurements by GC–MS/FID were conducted by Fang et al. [34], which showed a high level of ethanol and led to the relatively high contribution of OVOCs (55.1%). Furthermore, as shown Figure 4b, different conclusions were found, even for the same process. For example, OVOCs were found to be the main contributor in Fang et al. [34] in the electrophoretic drying process, while the proportions of alkanes and aromatics were high in Zhou et al. [18]. This was attributed to the water-based paints and solvent-based paints used in the sampling objects, respectively. Compared with the two studies above, OVOC components were not detected in Li et al. [82], probably owing to the loss of OVOC species due to air bag sampling.



In summary, OVOCs were the most prevalent components in the printing and dyeing industry, contributing 34.4–87.8% of the total VOCs. The VOCs emitted by the industrial surface coating industry with solvent-based paints were mainly aromatics (65.1–96.6%), whereas OVOCs (55.1–85.5%) dominated in the water-based surface coating industry.




3.2.2. Merging of VOC Profiles Based on Previous Studies


In previous studies, domestic profiles were collected from the literature, and databases of VOC profiles were compiled in the industrial solvent use industry in China [44,70]. At present, the control measurement of raw material substitution (i.e., oil-to-water transformation) is supposed to be completed in some industries, including furniture manufacturing and the coating process of the automobile manufacturing industry [75]. However, due to the focus on solvent-based VOCs profiles and the lack of tests of water-based profiles in early studies, the consequence of these control measurements was not taken into account in the compiled profiles in these industries. Therefore, the domestic VOC profiles of these two industries using water-based paints as their raw materials were collected and merged using the latest test data from literature [7,34,77,84]. Although the oil-to-water transformation had not yet been completed in other industries (metal surface coating, shipping manufacturing industries, etc.), the early profiles were unable to reflect the existing emission characteristics due to the change in raw materials. Therefore, the profiles in early studies were eliminated. More details on the original and merged VOC profiles can be found in the Supplementary Materials (Tables S3 and S4).



Figure 5 displays the compositions of chemical groups in merged VOC profiles from the industrial solvent use industry, as well as the differences between the printing/dyeing and surface coating industries. OVOCs were the most dominant compounds in the printing and dyeing industry where inks with a high content of OVOCs were commonly applied, ranging from 38.6% to 59.7%. In the surface coating industry, OVOCs were the most prevalent in processes with water-based paints, such as furniture manufacturing industries and the automobile coating process. Solvent-based paints with high amounts of aromatics were frequently applied in metal surface coating, shipping coating, and other surface coating industries, and aromatics were major contributors of the total VOCs in these industries. Environmentally friendly coating products such as water-based paints are suggested by the Chinese government at present; therefore, studies of VOC profiles based on water-based paints should be strengthened in the future.





3.3. Chemical Industry


3.3.1. Overview of VOC Profiles


The chemical industry, which serves as an important component of the economic development of China, is complex and involves many subindustries: the basic chemical industry, synthetic material manufacturing, paint and ink production, and other industries [85]. In previous studies, samples of the chemical industry were mainly collected from the flues of enclosed plants, from stacks, and within production areas of incompletely enclosed plants [32,41]. Usually, product-based VOC profiles were carried out in the basic chemical industry and synthetic material manufacturing industry [28,33,41], whereas the profiles based on solvent properties were extensively studied in the paint and ink production industries [82].



The compositions of chemical groups in VOC profiles in studies from the three industries above are displayed in Figure 6, Figure 7 and Figure 8 [14,16,17,32,33,41,79,81,86,87,88,89]. The samples were all collected in SUMMA canisters and analyzed by GC–MS and/or GC–MS/FID. As shown in these figures, the compositions of VOCs in different sectors varied significantly. The dominant chemical groups differed in subsectors in the basic chemical industry (Figure 6). For example, aromatics (82.6–100%) predominated in VOC emissions from chemical production related to aromatics (e.g., benzene (BEN), ethylbenzene (EBEN), styrene (STY), and polystyrene (PS)). Similarly, alkenes (37.1–50.0%) dominated in the production processes related to alkenes (e.g., ethylene (ETH), butadiene (BUT), and polyethylene (PE)). Halocarbons (88.7%) and OVOCs (77.9%) dominated in the polyvinylchloride (PVC) and polypropylene glycol production processes, respectively.



In general, similar to the basic chemical industry, the main compositions of VOCs varied in subsectors of the synthetic material manufacturing industry (Figure 7). Specifically, VOC emissions from productive processes of SIS rubber (SIS), SEBS rubber (SEBS), styrene butadiene rubber (SBR), and acrylic resin (AR) were dominated by alkanes (49.7–85.8%), while those from phenol formaldehyde resin (PF), epoxy resin (ER), coating resins (CR), and acrylonitrile–butadiene–styrene (ABS) production were mainly contributed by aromatics (46.3–96.5%). Furthermore, the VOCs emitted from the production of ethylene propylene diene monomer (EPD) and polyethylene terephthalate (PET) were dominated by halocarbons (46.2%) and OVOCs (87.1%), respectively. However, there were discrepancies even in the same production process among studies due to the monitoring methods and pollution control technologies. For example, GC–MS was used to analyze the samples in Huang et al. [32], revealing that OVOCs accounted for 22.9% in PP production process (Figure 6). Although GC–MS/FID was applied in Mo et al. [17], OVOC species were not identified and quantified, probably because they were lost during sampling. Moreover, as shown in Figure 7, aromatics contributed to 96.5% [16], 57.2% [33], and 20.2% [32] of the three PF production studies. It is possible that water curtain absorption was applied in the plant measured by Ma et al. [33], whereas alkali spray, water spray, and activated carbon adsorption were used in Zhang et al. [32]; the pollution control devices were not explained in Huang et al. [32]. The strong adsorption capacity of activated carbon for aromatics [90] was the main reason for the low contribution of aromatics in Zhang et al. [16]. As shown in Figure 8, in the paint and ink production industry, aromatics (45.3–81.8%) were mainly released in the productive processes of solvent-based paint in the paint and ink production industries, while OVOCs (46.5–96.1%) dominated those of water-based paint and inks, similar to VOCs emitted from the solvent use industries.



In general, the compositions of VOCs in different production processes varied significantly across the basic chemical industry and synthetic material industry. Alkanes (33.0–85.8%) were predominant in the production of alkane-related products, and alkenes had a mass fraction of 37.1–80.0% in that of alkene-emitting products. Aromatics accounted for 55.2–100.0% in processes of aromatics products. Halocarbons accounted for 46.2% and 71.9% in the production of EPD and PC, respectively. The production processes of OVOC-emitting products were contributed by OVOCs, with emission contributions of 32.4–87.1%. For the paint and ink production industry, aromatics and OVOCs represented a much higher percentage of the total VOCs.




3.3.2. Merging of VOC Profiles Based on Previous Studies


In previous studies, domestic profiles were collected from test data, and the databases of VOCs profiles involving the chemical industry were established, including the production of basic chemical products, synthetic rubber, resin, and paint [44,70]. However, due to the wide range of products involved in the chemical industry, the product types were still limited in these databases. In this study, the VOC profiles for 30 chemical products (including 11 basic chemical products, 14 synthetic rubbers and resins, and five coatings and inks) were further collected and merged to establish a more comprehensive profile of the chemical industry. More details on VOC profile merging can be found in the Supplementary Materials (Tables S5 and S6).



Figure 9 illustrates the chemical groups in merged VOC profiles compiled in this study for the chemical industry in China. As shown in the figure, chemical groups were quite different among various production processes. Obviously, the composition of VOCs for the basic chemical industry were determined by the components in products. ETH, BUT, and PP were alkane-related products, and the contribution of alkanes in their production processes was 34.2–88.9%. As the main raw materials, aromatics has a mass fraction of 82.5–100% in the production processes of BEN, EBEN, STY, and PS. In addition, halocarbons accounted for 88.6% in the production processes of PVC, and OVOCs accounted for 77.9% in PPG production. For the synthetic material manufacturing industry, the proportion of alkanes in the production processes of alkane-emitting products (SISR, SEBSR, SBR, and AR) ranged from 59.8% to 85.8%, and aromatics contributed 40.0–64.0% for PU, PF, ER, CR, and ABS. Moreover, the contribution of OVOCs in ERP, PET, and FR production was 36.3–87.6%, and the share of halocarbons in EPD and PC production was 49.6% and 48.0%, respectively. OVOCs (76.5–96.2%) were the largest contributors in the paint and ink industry, except for SBP production where aromatics contributed to 75.1%, followed by OVOCs (23.0%). Although VOC profiles of the production of 30 products in the chemical industry were compiled, the source profiles were still limited. This was attributed to the fact that the chemical industry has a variety of subsectors and a wide range of products, whereas the source profiles from the production of the products were limited. More profiles of production processes need to be measured to improve the recognition of the VOC emission characteristics in the chemical industry in the future.






4. Conclusions and Outlook


In recent years, great progress has been made in establishing localized VOC source profiles in the petrochemical, solvent use, and chemical industries in China, including both sector-based and process-based profiles. However, some of these profiles are outdated or lack scientific corrections. According to previous studies, the most up-to-date measurement-based VOCs profiles of the petrochemical, solvent use, and chemical industries were developed in this study, increasing the knowledge of VOC source profiles of typical industries. Specifically, the early profiles which are unable to represent the VOC emission characteristics at present were eliminated, and the updated profiles that characterize the latest industrial emission characteristics (e.g., water-based solvent use industry) were added. In the profiles compiled in this study, missing species, particularly OVOC species, were supplemented, and process-based profiles (petrochemical and automobile manufacturing industry) were merged on the basis of domestic measurements. As a result, more refined profiles were obtained in typical industries, thus further improving the cognition of VOC profiles.



The conclusions were as follows:



(1) Alkanes (55.6–69.8%) dominated in the overall petrochemical industry and most processes, followed by alkenes (9.5–20.4%) and aromatics (9.3–19.2%). Halocarbons and OVOCs accounted for a small proportion, and OVOCs were often neglected in the petrochemical industry. These groups accounted for 60.6%, 16.7%, 14.4%, 5.3%, and 3.2% via adjustment and reconstruction of the test data from the literature.



(2) Aromatics and OVOCs dominated in the solvent use industry. According to the selection and integration of profiles, OVOCs were the most prevalent in printing and dyeing industries, furniture manufacturing industries, and automobile coating processes, whereas aromatics were the major contributors of the total VOCs in metal surface coating, shipping coating, and other surface coating industries.



(3) The compositions of VOCs in different production processes varied significantly in the chemical industry, mainly related to the raw materials used in the products. Although VOC profiles of the production of 30 products in chemical industry were compiled, the source profiles were still limited due to the wide range of products and limited profile studies.



In the future, it will be essential to carry out more studies on VOC profiles related to the sampling, establishment, and evaluation methods. Firstly, it is suggested to strengthen the regulation of sampling and analytical methods for VOC profiles to establish more reliable and representative profiles. Secondly, the establishment of process-based profiles for all industries should be further studied. It is not only essential to accurately acknowledge the emission characteristics from various pollution sources, but also important to formulate cost-effective VOC pollution control strategies. Thirdly, the measurements for industrial and other sources need to be strengthened and updated to establish up-to-date source profiles of VOCs. Lastly, the evaluation of VOC profiles should be further studied to provide reliable support for the applications of VOC profiles, such as air quality modeling, source allocation, and policy formulation.
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Figure 1. The mass fraction of chemical groups for the whole petrochemical industry (a) and process-based petrochemical industry (b) [10,15,17,23,66]. Abbreviations: heating furnace (HEA), catalytic cracking (CAC), hydrocracking (HYC), catalytic reforming (CAR), delayed coking (DEC), sulfur recovery (SUL), wastewater treatment (WAS), storage tanks (TAN), oxidation pond (OP), sewage stripping (SS), gasoline tank (GT), diesel tank (DT), crude oil tank (CT). 
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Figure 2. The mass fraction of chemical groups for the petrochemical industry. 
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Figure 3. The mass fraction of chemical groups for printing and dyeing industry [36,78,79]. 






Figure 3. The mass fraction of chemical groups for printing and dyeing industry [36,78,79].



[image: Atmosphere 14 00878 g003]







[image: Atmosphere 14 00878 g004 550] 





Figure 4. The mass fraction of chemical groups for sector-based surface coating industry (a) and process-based automobile manufacturing (b) [7,18,34,74,77,79,80,81,82]. Abbreviations: * oil-to-water transformation. 
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Figure 5. The mass fraction of chemical groups for industrial solvent use industry. 
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Figure 6. The mass fraction of chemical groups for the basic chemical industry [14,17,32,81]. Abbreviations: ethylene (ETH), benzene (BEN), ethylbenzene (EBEN), butadiene (BUT), styrene (STY), polyvinylchloride (PVC), polystyrene (PS), polypropylene glycol (PPG), polypropylene (PP), polyethylene (PE). 
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Figure 7. The mass fraction of chemical groups for the synthetic material manufacturing industry [14,16,17,32,33,41]. Abbreviations: SIS rubber (SIS), SEBS rubber (SEBS), styrene butadiene rubber (SBR), ethylene propylene rubber (ERP), ethylene propylene diene monomer (EPD), polyurethane (PU), phenol formaldehyde resin (PF), polyethylene terephthalate (PET), polycarbonate (PC), epoxy resin (ER), coating resins (CR), acrylic resin (AR), acrylonitrile–butadiene–styrene (ABS), furan resin (FR). 
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Figure 8. The mass fraction of chemical groups for the paint and ink production industry [79,86,87,88,89]. Abbreviations: solvent-based paint (SBP), water-based paint (WBP), UV paint (UVP), water-based ink (WBI), UV ink (UVI). 
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Figure 9. The mass fraction of chemical groups for chemical industry. 
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Table 1. Measurements of VOC profiles from typical industries.
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No.

	
Sources

	
Location, Time

	
Source Category

	
Sample Location

	
Sampling Methods (No. Samples)

	
Analysis Method and Analytical Components (No. Species)






	
1

	
Petrochemical industry

	
The Pearl River Delta, 2005 [23]

	
Petrochemical industry

	
Workshop sampling and environmental sample collection

	
- (4)

	
GC–MS/FID: alkanes, alkenes, aromatics, and halocarbons (92)




	
2

	
Beijing [15]

	
Petroleum refinery

	
Workshop sampling and environmental sample collection

	
SUMMA canister (101)

	
GC–MS/FID: alkanes, alkenes, aromatics, and halocarbons (56)




	
3

	
The Yangtze River Delta [17]

	
Petrochemical industry

	
Outlet sampling and workshop sampling

	
SUMMA canister (-)

	
GC–MS/FID: alkanes, alkenes, aromatics, and halocarbons (-)




	
4

	
Wuhan, 2016–2017 [10]

	
Petrochemical industry

	
Outlet sampling and workshop sampling

	
Stainless-steel canister (35)

	
GC–MS/FID: alkanes, alkenes, aromatics, halocarbons, and OVOCs (86)




	
5

	
Solvent-used industry

	
The Pearl River Delta [19]

	
Printing, wood furniture coating, shoemaking, and metal surface coating

	
Outlet sampling and workshop sampling

	
Stainless-steel canister (72)

	
GC–MS; DNPH–HPLC: alkanes, alkenes, aromatics, halocarbons, and OVOCs (102)




	
6

	
The Pearl River Delta [7]

	
Shipbuilding, wood furniture, metal surface, plastic surface, automobile, and fabric surface coating industry

	
-

	
SUMMA canister (116)

	
GC–MS: alkanes, alkenes, aromatics, and OVOCs (-)




	
7

	
Beijing [34]

	
Automobile coating, wood furniture coating, and printing industry

	
Workshop sampling

	
- (39)

	
GC–MS/FID: alkanes, alkenes, aromatics, halocarbons, and OVOCs (106)




	
8

	
Guangdong Province [35]

	
Electronic equipment manufacturing

	
Outlet sampling and workshop sampling

	
Tenax tube (-)

	
GC–MS: alkanes, alkenes, aromatics, halocarbons, and OVOCs (17)




	
9

	
Nanjing [36]

	
Printing

	
Outlet sampling

	
Teflon bag (-)

	
GC–MS: alkanes, alkenes, aromatics, halocarbons, and OVOCs (47)




	
10

	
Chengdu, 2018 [37]

	
Packaging/printing, wood-based panel manufacturing, furniture manufacturing, and shoemaking

	
Outlet sampling and workshop sampling

	
Tedlar bag (-)

	
GC–MS: alkanes, alkenes, aromatics, halocarbons, and OVOCs (65)




	
11

	
Chemical industry

	
Shanghai, 2019 [33]

	
Synthetic resins industry

	
Outlet sampling

	
SUMMA canister (52)

	
GC–MS/FID: alkanes, alkenes, aromatics, halocarbons, and OVOCs (106)




	
12

	
The Yangtze River Delta, 2018–2019 [32]

	
Chemical industry

	
Outlet sampling and workshop sampling

	
SUMMA canister (148)

	
GC–MS/FID: alkanes, alkenes, aromatics, halocarbons, and OVOCs (107)
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Table 2. Advantages and disadvantages of sampling methods.
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Sampling Methods

	
Category

	
Advantages

	
Disadvantages






	
Solid-phase sorbent tube sampling

	
Adsorption tubes [35,38]

	
Small size; long-distance transportation; high reusability

	
Unsuitability for highly volatile compounds; susceptibility to particulate matter and moisture




	
Container sampling

	
Air bags [36,37]

	
Low cost; large sampling volume; high reusability

	
Low stability for samples




	
Canisters [17,32,34]

	
High stability for samples

	
High cost; high demand for gas dilution and canister cleaning
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