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Abstract

:

The VOC emission characteristics of the typical fiber-reinforced plastics (FRPs) industry were studied for an assessment of the impact on the environment. The results showed that the VOC emissions of the typical FRP industry mainly come from grille, sheet, winding, molding, and pultrusion process links, including ketones, aldehydes, alcohols, and benzene series. The benzene series’ concentration represented by styrene was much higher than that of other species. The generation potential of ozone and the SOA in the typical production process were evaluated: in terms of ozone impact, the OFP values of the winding process were the highest, accounting for 65.9% of the total contribution. For the component contribution, the OFP contribution of the benzene series represented by styrene was far more than that of other VOC species, and the styrene mainly came from the use of unsaturated resin. In terms of the SOA impact, the pultrusion process contributed the most to the generation of SOA, accounting for 63.9% of the total SOA contribution. In terms of the component contribution, the contribution of SOA mainly came from the benzene series, accounting for nearly 95% of the total contribution of VOCs. Therefore, FRP enterprises should give priority to controlling the emission of the benzene series.
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1. Introduction


PM2.5 and ozone (O3) concentrations are still heavily polluting some cities in China [1,2,3,4]. In the “14th Five-Year Plan”, air-pollution prevention and control tasks, with the prevention and control of atmospheric compound pollution dominated by fine particles and O3, have become an important goal [5,6,7]. As the main precursors of PM2.5 and O3, volatile organic compounds (VOCs) are currently an important object for the control of air pollution. [8,9,10]. Fiber-reinforced plastics (FRPs) refer to the industry of structural material products that use glass fiber, carbon fiber, basalt fiber, and/or aramid fiber as reinforcing materials with various thermosetting or thermoplastic synthetic resins as adhesives. Their advantageous properties, such as chemical corrosion resistance, high strength, and energy savings in the preparation process, mean that FRPs have been widely used for many purposes. The raw materials used in the production process contain many kinds of organic solvents, including unsaturated polyester resins, vinyl resins, curing agents, and plasticizers, which are heated in the curing process to accelerate the volatilization of solvents, resulting in a large amount of VOCs [11]. With the increasing demand for FRPs in China, the production capacity of FRPs has grown rapidly in recent years, leading to an increase in the pollution from the entire FRP industry year by year.



The pollution control of VOCs in the FRP industry plays an extremely important role in improving air quality, but previous research has mainly focused on industries such as printing, auto repair, asphalt production, and industrial coating. Feng et al. [12] studied the VOC emission characteristics of typical printing companies in Guangzhou and generated the environmental and human health risks; then, they proposed that aromatic hydrocarbons should be the primary pollutants controlled in the printing industry; Wang et al. [13] analyzed the current situation of VOC emissions and control in China’s auto repair industry and provided a technical route for the overall control of VOCs in the auto repair industry; Lu et al. [14] studied the characteristics of VOC emissions in the asphalt production industry and its unorganized and organized emission characteristics. However, there is a lack of research on the VOC emission characteristics of the FRP industry and its impact on the surrounding environment. Therefore, this paper chose a typical FRP industry as the research object, systematically discussed the VOC emission characteristics, and determined the main pollutants through the analysis of the exhaust gas components by GC-MS/FID with an assessment of the impact on the surrounding environment.




2. Materials and Methods


2.1. Sampling and Analysis Methods


Typical FRP enterprises in Hengshui were selected to carry out research on the VOC emission characteristics. The sampling distribution plans are shown in Table 1. For the sampling method, using 10 L Tedlar bags, organized waste gas sampling was carried out according to the method specified in the literature [15], and the samples were collected during normal working conditions.



Once the sample was collected, the waste gas was quickly transferred from the Tedlar bag to the summa tank and sent to the analytical laboratory. A three-stage cold trap preconcentration (Entech 7100)–Gas Chromatography–Mass Spectrometry/Flame Ionization Detector (GC-MS/FID) monitoring system was used for VOC component analysis. C2-C5 compounds and the rest were quantified by FID and MSD, respectively. Details of the concentration analysis can be found in Gao’s research [16]. The standard gas was Photochemical Assessment Monitoring Stations (PAMS) and TO-15, and the four internal standard compounds were bromochloromethane, 1,4-difluorobenzene, deuterated chlorobenzene and 1-bromo-4-fluoro, which were all purchased from Spectra Gases, Bransburg, NJ, USA.



Quality Control: The summa tank was purged with high-purity nitrogen at least 5 times, and then one-fifth of the tank was randomly selected for blank experiments. The detected concentration of the target compound should be lower than the detection limit of the method. During the detection process, the blank experiment and standard curve calibration were carried out every 24 h, in which the concentration of the target compound in the blank sample was required to be lower than the detection limit of the method, and the relative deviation between the measured value of the standard sample and the actual value was required to be less than 10%.




2.2. Ozone Formation Potential Calculation


The maximum incremental reactivity (MIR) method can more objectively characterize the near-surface ozone formation potential (OFP) and VOC reactivity. In this study, the MIR coefficient method [17,18] was used to analyze the OPF of the related VOCs, and the calculation formula is shown in Equation (1).


OFPi = MIRi × Ci



(1)




where OFPi is the ozone formation potential of species i, MIRi is the ozone generation coefficient of species i in the maximum ozone increment reaction, and Ci is the emission concentration of species i.




2.3. Calculation Method of Secondary Organic Aerosol Generation Potential


In this study, the fractional aerosol coefficient (FAC) method was used to analyze the generation potential of the secondary organic aerosols (SOAs) in the related processes, in which the FAC is a characterization of the SOA generation potential. A widely used FAC proposed by Grosjean [19,20] was employed, which was based on the smoke box experiment. The calculation formula is shown in Equation (2).


SOAi = VOCi × FACi



(2)







In the equation, SOAi is the secondary organic aerosol generation potential of species i, VOCi is the initial concentration of the emission sources of species i, and FACi is the secondary organic aerosol generation coefficient of species i.





3. Results and Discussion


3.1. VOC Emission Characteristics of the FRP Industry


For the FRP industry, the production process of VOCs mainly comes from the typical process links such as grille, sheet, twining, molding, pultrusion, etc. The VOC emission components of each process link are shown in Table 2.



The VOCs produced by the FRP grille products mainly came from the process of applying the gel coat and electric heating curing; the soaking of the glass fiber yarn in resin also produced a very small amount of VOCs. The characteristic pollutants were mainly styrene, methyl ethyl ketone, 1,2-dichloroethane, and methyl chloride, among which the concentration of styrene was the highest, reaching 2377 µg·m−3. The concentrations of methyl ethyl ketone, 1,2-dichloroethane, and methyl chloride were 464, 257, and 124 µg·m−3, respectively. The production process of VOCs in the FRP sheet products mainly came from the processes of mixing the ingredients, dipping, and curing and was accompanied by a serious odor. The characteristic pollutants were mainly styrene, dichloromethane, and benzaldehyde, among which the concentration of styrene was the highest, reaching 8759 µg·m−3, and the concentrations of dichloromethane and benzaldehyde were 2630 µg·m−3 and 61.9 µg·m−3, respectively. The VOCs generated during the production of the FRP twining products mainly came from the processes of stirring, dipping, twining molding, curing, and demolding, and the release of VOCs was also accompanied by odors. The characteristic pollutants were mainly styrene, dichloromethane, ethanol, 1,2-dichloroethane, and methyl chloride, among which the concentrations of styrene and dichloromethane were as high as 260,335 µg·m−3 and 94,369 µg·m−3, respectively. The concentrations of ethanol, 1,2-dichloroethane, and methyl chloride were 1550, 901, and 479 µg·m−3, respectively. The links that generated VOCs in the FRP molded products included mixing and stirring, sheet extrusion, and molding curing. The molding curing process needed to be heated by presses, during which a large amount of VOCs were released. Therefore, the molding curing process was the most serious link in the production of VOC pollution in the molded products. Its characteristic pollutants were mainly styrene, 1,2-dichloroethane, ethanol, dichloromethane, and ethyl acetate, among which the styrene concentration was the highest, reaching 13,850 µg·m−3. The concentrations of 1,2-dichloroethane, ethanol, dichloromethane, and ethyl acetate were 2697, 2120, 953, and 518 µg·m−3, respectively. For the FRP pultruded products, the VOCs generated mainly came from the volatilization of organic coatings including fillers and curing agents in the process of stirring, dipping, and twining curing. Therefore, when the fillers and curing agents were not being used, keeping the raw material barrel closed reduced the escape of VOCs. The characteristic pollutants were mainly styrene, dichloromethane, 1,2-dichloropropane, and acetone, among which styrene had the highest concentration, reaching 86,461 µg·m−3; the concentrations of dichloromethane, 1,2-dichloropropane, and acetone were 4315, 1905, and 1367 µg·m−3, respectively.



Based on the above results, the types of VOC emissions mainly included ketones, aldehydes, alcohols, and benzene series, among which the emission concentration of styrene was much higher than that of other species, mainly because styrene was used as a diluent and cross-linking agent in the production process and volatilized quite a lot during curing and storage.




3.2. Analysis of the Ozone Formation Potential in the FRP Industry


In this study, the MIR method was used to evaluate the O3 generation contribution of VOCs emitted from different processes. As shown in Figure 1, the OFP value of the grille section was 9059 µg·m−3, the OFP value of the sheet section was 15,483 µg·m−3, the OFP value of the twining section was 460,304 µg·m−3, the OFP value of the molding section was 58,724 µg·m−3, and the OFP value of the pultrusion link was 154,784 µg·m−3. Among them, the OFP in the twining process was the highest, accounting for 65.9% of the total contribution, followed by the pultrusion process, accounting for 22.2% of the total contribution. Based on the comprehensive analysis results, for typical grille, sheet, twining, molding, and pultrusion processes, the OFP of the benzene series represented by styrene contributed far more than other VOC species, among which styrene mainly came from the use of unsaturated resin.



The proportion of O3 generation contributed by different VOC species is shown in Figure 2, and the contribution mainly came from the benzene series. Although the MIR coefficient of the benzene series was not the highest, due to the extensive use of adhesives including unsaturated resins, a large amount of benzene series was released during the whole production process, resulting in a far greater contribution of the benzene series to ozone generation, accounting for nearly 96.7% of the total contribution, followed by olefins and halogenated hydrocarbons, accounting for about 1.3% and 1.1%, respectively. Therefore, in terms of controlling the generation of O3, priority should be given to controlling the emission of the benzene series.




3.3. Analysis of the Secondary Organic Aerosol Generation Potential in the FRP Industry


The FAC method was used to analyze the SOA generation potential of the VOCs emitted by the FRP products in different process links, as shown in Figure 3. The results showed that the SOA contribution of the grille and sheet process was all from the benzene series, the SOA contribution was small, and the SOA values were 1.53 μg·m−3 and 0.31 μg·m−3, respectively. The SOA contributions of the twining, molding, and pultrusion processes mainly came from alkanes, other VOCs, and the benzene series, and the SOA contributions were 6.57, 14.7, and 40.8 µg·m−3. The molding and pultrusion processes had a greater contribution to the generation of SOA, accounting for 23.0% and 63.9%, respectively. The benzene series contributed the most to the generation of SOA.



In terms of the comprehensive SOA contribution analysis, as shown in Figure 4, the SOA contribution of FRP products mainly came from the benzene series, accounting for nearly 95% of the total contribution of VOCs, followed by alkanes and other VOCs, accounting for about 3% and 2%, respectively. Therefore, as with the influence of O3 generation, in terms of controlling SOA generation, it is necessary to give priority to controlling the process links involving the benzene series’ emissions in production.





4. Conclusions


VOC component analysis was carried out on typical FRP enterprises, and the VOC emission characteristics of the FRP industry were preliminarily assessed. The VOC emissions mainly came from the grille, sheet, twining, molding, pultrusion, and other process links, mainly including ketones, aldehydes, alcohols, and benzene series, among which the emission concentration of the benzene series represented by styrene was much higher than the other species. The impact of VOCs on the environment from the FRP production processes was also evaluated. In terms of the ozone impact, the OFP in the twining link was the highest, accounting for 65.9% of the total contribution. In terms of the component contribution, the OFP contribution of the benzene series represented by styrene far exceeded that of other VOC species, in which the styrene mainly came from the use of unsaturated resins. In terms of the SOA impact, the pultrusion process had a greater contribution to SOA, accounting for 63.9% of the total SOA contribution. In terms of the component contribution, the SOA contribution mainly came from the benzene series, accounting for nearly 95% of the total contribution of VOCs. Therefore, in terms of the environmental impact, FRP enterprises should give priority to controlling the emission of the benzene series.
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Figure 1. Ozone formation contribution of VOC emissions from different processes. 
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Figure 2. Ozone formation contribution of VOC emissions from different species. 
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Figure 3. SOA formation contribution of VOC emissions from different processes. 
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Figure 4. SOA formation contribution of VOC emissions from different species. 
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Table 1. Sampling distribution plans.






Table 1. Sampling distribution plans.





	
Process Type

	
Main Raw Materials and Ingredients

	
Terminal Treatment Facilities

	
Sampling Location






	
grille

	
unsaturated resin, vinyl resin, curing agent, plasticizer, etc.

	
UV Photooxidation + activated carbon

	
exhaust




	
sheet

	
UV Photooxidation + activated carbon

	
exhaust




	
twine

	
UV Photooxidation + activated carbon

	
exhaust




	
molded

	
UV Photooxidation + activated carbon

	
exhaust




	
pultrusion

	
UV Photooxidation + activated carbon

	
exhaust
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Table 2. Emission composition spectrum of VOCs from a typical production process/µg·m−3.
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Composition

	
Production Process




	
Grille

	
Sheet

	
Twine

	
Molded

	
Pultrusion






	
methyl chloride

	
124

	
N.D.

	
479

	
6.41

	
18.4




	
isobutane

	
N.D.

	
N.D.

	
52.6

	
41.7

	
54.6




	
ethylene

	
17.7

	
N.D.

	
81.5

	
20.4

	
129




	
acetylene

	
N.D.

	
N.D.

	
35.5

	
18.4

	
14.9




	
1-butene

	
N.D.

	
N.D.

	
23.2

	
10.9

	
106




	
butane

	
N.D.

	
N.D.

	
14.2

	
7.04

	
N.D.




	
ethane

	
N.D.

	
N.D.

	
33.2

	
26.0

	
22.2




	
ethyl chloride

	
14.4

	
N.D.

	
9.30

	
N.D.

	
N.D.




	
ethanol

	
8.71

	
19.4

	
1550

	
2120

	
22.7




	
acrolein

	
N.D.

	
N.D.

	
60.4

	
17.6

	
15.3




	
acetone

	
11.2

	
14.6

	
303

	
196

	
1367




	
isopentane

	
N.D.

	
N.D.

	
14.5

	
9.22

	
13.4




	
isopropyl alcohol

	
N.D.

	
N.D.

	
20.9

	
31.7

	
15.7




	
pentane

	
N.D.

	
N.D.

	
10.8

	
N.D.

	
N.D.




	
1,1-dichloroethylene

	
N.D.

	
N.D.

	
25.8

	
N.D.

	
N.D.




	
cis-2-pentene

	
N.D.

	
N.D.

	
6.70

	
N.D.

	
16.7




	
dichloromethane

	
10.5

	
2630

	
94,369

	
953

	
4315




	
carbon disulfide

	
N.D.

	
N.D.

	
12.2

	
N.D.

	
N.D.




	
propylene

	
N.D.

	
N.D.

	
20.0

	
9.36

	
18.1




	
propane

	
N.D.

	
N.D.

	
28.5

	
16.8

	
16.0




	
1,1-dichloroethane

	
N.D.

	
N.D.

	
5.45

	
N.D.

	
N.D.




	
vinyl acetate

	
N.D.

	
N.D.

	
28.3

	
N.D.

	
6.35




	
methyl ethyl ketone

	
464

	
9.50

	
69.7

	
12.7

	
87.3




	
ethyl acetate

	
N.D.

	
N.D.

	
368

	
518

	
N.D.




	
n-hexane

	
N.D.

	
N.D.

	
6.59

	
N.D.

	
14.0




	
chloroform

	
20.9

	
N.D.

	
126

	
35.6

	
13.7




	
1,2-dichloroethane

	
257

	
39.8

	
901

	
2697

	
168




	
benzene

	
N.D.

	
N.D.

	
42.2

	
10.7

	
64.9




	
carbon tetrachloride

	
7.60

	
N.D.

	
11.7

	
18.2

	
26.0




	
cyclohexane

	
N.D.

	
N.D.

	
93.8

	
73.1

	
76.4




	
1,2-dichloropropane

	
45.0

	
N.D.

	
79.4

	
425

	
1905




	
1,4-dioxane

	
N.D.

	
N.D.

	
29.1

	
N.D.

	
N.D.




	
methyl methacrylate

	
N.D.

	
N.D.

	
26.2

	
N.D.

	
N.D.




	
methylcyclohexane

	
N.D.

	
N.D.

	
6.16

	
N.D.

	
N.D.




	
1,1,2-trichloroethane

	
42.7

	
N.D.

	
38.8

	
N.D.

	
N.D.




	
toluene

	
N.D.

	
N.D.

	
13.4

	
6.22

	
8.47




	
2-methylheptane

	
N.D.

	
N.D.

	
7.85

	
N.D.

	
N.D.




	
3-methylheptane

	
N.D.

	
N.D.

	
6.42

	
N.D.

	
N.D.




	
octane

	
N.D.

	
N.D.

	
28.8

	
N.D.

	
N.D.




	
chlorobenzene

	
N.D.

	
N.D.

	
8.77

	
N.D.

	
N.D.




	
ethylbenzene

	
8.45

	
5.76

	
53.1

	
145

	
22.5




	
p-m-xylene

	
18.9

	
N.D.

	
44.5

	
368

	
15.1




	
styrene

	
2377

	
8759

	
260,335

	
13,850

	
86,461




	
1,1,2,2-tetrachloroethane

	
N.D.

	
N.D.

	
6.81

	
N.D.

	
N.D.




	
o-xylene

	
9.64

	
N.D.

	
37.8

	
216

	
12.0




	
nonane

	
N.D.

	
N.D.

	
20.8

	
N.D.

	
N.D.




	
cumene

	
N.D.

	
N.D.

	
81.9

	
13.0

	
12.8




	
benzaldehyde

	
24.0

	
61.9

	
140

	
24.7

	
30.7




	
propylbenzene

	
N.D.

	
N.D.

	
59.9

	
27.8

	
11.0




	
m-ethyltoluene

	
N.D.

	
N.D.

	
13.7

	
86.9

	
11.8




	
p-ethyltoluene

	
N.D.

	
N.D.

	
N.D.

	
23.1

	
N.D.




	
1,3,5-trimethylbenzene

	
N.D.

	
N.D.

	
N.D.

	
18.4

	
N.D.




	
o-ethyltoluene

	
N.D.

	
N.D.

	
N.D.

	
28.0

	
N.D.




	
1,2,4-trimethylbenzene

	
N.D.

	
N.D.

	
N.D.

	
12.9

	
N.D.




	
decane

	
N.D.

	
N.D.

	
9.87

	
N.D.

	
N.D.




	
1,2,3-trimethylbenzene

	
N.D.

	
N.D.

	
11.4

	
N.D.

	
N.D.




	
naphthalene

	
N.D.

	
N.D.

	
12.7

	
8.50

	
7.14




	
dodecane

	
N.D.

	
N.D.

	
N.D.

	
N.D.

	
22.7








Note: N.D. means not detected.
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