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The current understanding of the influence of smoke suppressants on the smoke inhibition effect and working performance of different types of asphalt is limited. In this study, portable gas detector (PGD) tests were used to investigate the influence of the smoke suppressant on different types of asphalt and the smoke purification effect. Subsequently, gas chromatography-mass spectrometry (GC-MS) was used to analyze the influence of the smoke suppressant on the volatile organic compounds (VOCs) in different types of asphalt fume, so as to compare and verify the PGD tests results. Finally, scanning electron microscopy and energy dispersive spectrometry were used to observe and analyze the influence of the smoke suppressant on the microstructure and element composition of different types of asphalt. The results show that the smoke suppressant can purify various harmful gases volatilized from different types of asphalt, but the effect and the optimal dosage of smoke suppressant are slightly different. The purification rate of the smoke suppressant for SO2 or H2S in the fumes of various asphalts can reach >70% and the NO and VOC purification rates can reach >40%. The influence of the smoke suppressant on the VOC purification rate of different asphalts detected through the GC-MS and PGD tests is similar. The smoke suppressant has little effect on the asphalt surface microstructure and on the changes in the element content in asphalt, indicating that it has no effect on the main properties of the asphalt itself. This study is helpful to further understand the relationship between smoke suppressants and the smoke inhibition effect and the working performance of different types of asphalt. Additionally, it provides basis and guidance for the development of low-smoke asphalt with a better emission reduction effect, which has a certain guiding and application significance.
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1 INTRODUCTION
Mankind has attached more and more importance to environmental protection during the construction of infrastructure (Zhang et al., 2022; Sun et al., 2023). However, the construction of asphalt pavement has always been one of the main sources of volatile organic pollutants. At present, the construction of asphalt pavements mainly adopts the hot mixing and hot paving method (Li et al., 2021; Lin et al., 2022; Shi et al., 2022). Asphalt generally needs to be heated to >160°C, and even >175 °C if it is modified asphalt. At high temperatures, asphalt emits a certain amount of “green smoke,” which contains more than 100 types of volatile organic substances, as well as carbon oxides, nitrogen oxides, and sulfides. Asphalt fume not only causes serious air pollution, but also damages the respiratory system of construction personnel (Rhomberg et al., 2015; Lin et al., 2016; Autelitano and Giuliani, 2018; Wu et al., 2018; Mo et al., 2019; Qu et al., 2021), especially in relatively closed construction environments (such as tunnels). Although the construction of asphalt pavement is to meet the traffic needs, it also introduces a series of problems that run counter to the direction of social development, such as environmental protection.
Therefore, many scholars have conducted a large amount of researches on ensuring the construction quality and performance of asphalt pavement while effectively reducing harmful gas emissions during construction with asphalt mixtures. The research focus is to reduce atmospheric pollution and protect the health of construction personnel. Some scholars have proposed that asphalt construction technology can be improved to reduce or eliminate the emission of asphalt fume at the source, wherein the warm mix asphalt (WMA) and the cold mix asphalt (CMA) construction technology are undoubtedly the two most effective methods (Hasan et al., 2017; Shanbara et al., 2021). The construction temperatures of WMA and CMA are generally more than 50°C and 100°C lower than that of hot mix asphalt (HMA), respectively. Therefore, the emissions of asphalt fume during the construction of WMA and CMA are significantly less than those of HMA (Rubio et al., 2013; Toraldo et al., 2014; Hansen et al., 2017; Dash et al., 2022). However, compared to HMA, WMA and CMA still fall slightly short in terms of road performance. Furthermore, despite WMA and CMA’s energy saving features, the use of additives and improved equipment in production would still increase costs. As a result, for reasons mentioned above and many others, WMA and CMA are not as widely used as HMA.
Due to the high temperature and large amount of fume emission of HMA, many scholars have researched on the addition of asphalt smoke suppressants to HMA to reduce emissions. As early as 2014, Cui et al. (2014) (Cui, 2015) found that adding styrene-butadiene-styrene (SBS) into the matrix asphalt can help the asphalt form a network structure to limit the movement of light components, thus increase the volatilization conditional threshold of the volatile organic compounds (VOCs). However, they also reported that the addition of SBS can improve the high and low temperature performance of asphalt materials, but the smoke inhibition effect is limited. Additionally, SBS needs to be used together with activated carbon filler to achieve an ideal smoke inhibition effect. Other types of materials have also been studied as asphalt smoke suppressants. Huang et al. (2014) (Huang et al., 2015) found that the expanded graphite (EG) layer will swell during the hot mixing process owing to the light components in the asphalt. At high temperature, the light components and polycyclic aromatic hydrocarbons in the asphalt can partially plug between the layers of EG and nucleate crystallization growth, or be absorbed on the EG surface. The lattice bonding and Van der Waals force can effectively suppress the release of asphalt fume. The HMA mixture prepared with EG has a good paving performance. Wu et al. (2016) studied the flame retarding mechanism of hydrated lime on asphalt mastic through cone calorimeter tests, thermogravimetry and differential scanning calorimetry analyses. They showed that hydrated lime has a strong flame retarding effect and can effectively reduce the total heat release rate, CO yield, and total smoke release rate of asphalt mastic. Xiao et al. (2017) analyzed and evaluated the effect of activated carbon on VOCs in asphalt materials using gas chromatography-mass spectrometry (GC-MS) and ultraviolet-visible spectrophotometry. The results show that activated carbon has a good inhibition effect on the asphalt VOC emission process, and the addition of activated carbon does not change the chemical composition of the asphalt. Zhang (2017) studied the inhibition effect of tourmaline powder on asphalt smoke emission, and found that tourmaline powder has little impact on asphalt smoke emission, but its inhibition effect on light components is better than that on heavy components. Tourmaline powder can replace mineral powder and has no effect on the stability and deformation resistance of asphalt mixtures at high temperature. However, tourmaline powder slightly reduces the ductility of asphalt. Wang et al. (2020) prepared an environmentally-friendly asphalt by adding SBS, Mg(OH)2, and deodorant into the matrix asphalt, effectively reducing the smoke emission, odor grade, and content of polycyclic aromatic hydrocarbons and mercaptan in the asphalt. Tang et al. (2020) found that adding geopolymer to asphalt effectively reduces VOC and particulate matter (PM) emissions in the asphalt production process, according to the results of thermogravimetry together with mass spectrometry and PM tests.
There are many types of asphalt smoke suppressants, they can be roughly divided into the three categories (Peng et al., 2011; Yang et al., 2022), namely, adsorbents with physical or chemical reaction adsorption; flame retardants that can reduce surface temperature to achieve smoke inhibition; and polymer modifiers that can form a network structure in asphalt to prevent volatilization of asphalt fumes. Previous research results provide rich references for the development, smoke inhibition effect, smoke inhibition mechanism, and working performance of asphalt smoke suppressants. However, the test methods, research objects, evaluation indicators, and smoke suppressants of different sources used by different researchers are varied, which could affect the reliability of the test results. Additionally, it is difficult to compare the smoke inhibition performance of smoke suppressants using unified evaluation indicators. More importantly, most of the existing literature only focuses on a single type of asphalt, while the smoke inhibition effect and working performance of the proposed smoke suppressant in other types of asphalt remains unknown. Therefore, the promotion and application of the smoke suppressant is limited.
Based on the research background and the perspective of the effect of smoke suppressants on different types of asphalt, this study first used a portable gas detector (PGD) and GC-MS to study the composition, quantification, and smoke inhibition effect of asphalt fume before and after adding smoke suppressant to four common types of asphalt. Subsequently, the microscopic morphology and element changes of the asphalts before and after adding smoke suppressant were analyzed by scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS). The results of this study can help determine the impact of smoke suppressants on the smoke purification effect and work performance of different types of asphalt. Thereby a low smoke asphalt with a good emission reduction effect could be developed, so as to control and reduce the emission of asphalt fumes from the source, protect the atmospheric environment and the health of construction personnel, and therefore provide significant social and environmental benefits.
2 MATERIALS AND INSTRUMENTS
2.1 Asphalt
The main test objects of this study are four different types of asphalt, namely 70# matrix asphalt, SBS-modified asphalt, SBS high viscosity modified asphalt, and Trinidad Lake asphalt (TLA). Their properties are shown in Table 1. The test methods and properties of the four types of asphalt are in accordance with specification requirements (Research Institute of Highway Ministry of Transport, 2004; Research Institute of Highway Ministry of Transport, 2011).
TABLE 1 | Properties of four types of asphalt.
[image: Table 1]2.2 Smoke suppressant
The asphalt smoke suppressant used in this study was provided by Shenzhen Oceanpower Industrial Co., Ltd., and is mainly composed of aldehydes and carboxylic ester compounds. Table 2 lists the technical indicators of the smoke suppressant. The smoke suppressant is a white powder at room temperature, which is convenient to store and easy to handle when mixed with asphalt, as shown in Figure 1A. The technical principle of this technology is that the additives can directly react with specific elements that have an impact on the air quality in the asphalt, including gases, particles, and molecules. The reaction could generate non-volatile macromolecules, minimize the possibility of escape of volatile harmful gas molecules, thus reduce the potential for air pollution and harm to construction personnel. Additionally, the smoke suppressant has a strong climatic resistance, therefore, the smoke inhibition effect is not easily affected by temperature or environment.
TABLE 2 | Technical indicators of the smoke suppressant.
[image: Table 2][image: Figure 1]FIGURE 1 | Test materials and instruments.
2.3 Instruments
2.3.1 PGD
PGDs have many advantages, such as easy to carry, simple to operate, and they can effectively detect harmful gases. PGDs have been widely used in recent years for indoor air quality detection, industrial safety monitoring, environmental protection monitoring, etc. The instrument used in this study was a MultiRAE six-in-one PGD. The PGD can test the SO2, NO, H2S, CO, NO2 and VOCs in the measured gas, with a minimum counting unit of 0.1 ppm. PGDs also need to be equipped with a filter when used. In addition, a 500 ml three-port flask and asphalt mixer were also used in combination with the PGD. Figures 1B–D show the related instruments.
2.3.2 GC-MS
GC-MS is an instrument that integrates the characteristics of gas chromatography and mass spectrometry to identify different substances in a sample. Gas chromatography is a physical separation method that mainly uses the differences in the boiling point, polarity, and adsorption properties of substances to achieve the separation of mixtures. As the detector of gas chromatography, mass spectrometers use an ionization source to ionize various constituent molecules into mass spectrometry fragments, and retrieves the fragment information through the corresponding spectrum library, providing the matching degree of this information with a chemical substance to qualitatively analyze a substance. GC-MS can accurately analyze the organic pollutants in a measured gas and is often used in many fields such as the petrochemical, food safety, and drug safety industries. The GC-MS apparatus used in this study was a SHIMADZU TD-30 thermal desorption instrument, as shown in Figures 1E, F.
2.3.3 SEM and EDS
SEM and EDS were also used in this study. The working principle of SEM is to form an electron beam from the electron gun, which then converge through the condenser and objective lens. The high-energy electron beam formed by focusing is used to bombard the surface of the sample so as to obtain the detailed microstructural characteristics of materials. SEM is widely used in materials and other fields because it can provide a direct observation of the interface morphology, microstructure and appearance characteristics of various components of materials. EDS can use the X-ray photon energies of different elements to qualitatively and quantitatively analyze the element composition of the test object. Currently, it is often used in conjunction with SEM.
3 TEST DESIGN
Asphalt emits a certain amount of smoke at high temperature, and the smoke often contains many harmful gases. In indoor test, due to the small amount of asphalt and the low concentration of its volatile flue gas, it is very important to select a gas test method with reliable accuracy and easy operation according to the characteristics of the asphalt fume release.
The test scheme of this study is mainly divided into three parts, as described below.
3.1 Part 1
A PGD was used to analyze the changing relationship between the four types of asphalt and the SO2, H2S, CO, NO, NO2, and VOCs in the asphalt fumes with different dosages of the smoke suppressant. The aim was to analyze the impact of the smoke suppressant on the different types of asphalt and its effect on smoke purification, as well as to determine the optimal dosage of smoke suppressant for the four types of asphalt.
The specific operation steps for one single test were: 1) 240 g heated asphalt was poured into a 500 ml three-port flask sealed by pistons on both sides, and then the smoke suppressant was added. 2) The three-port flask was then placed in the thermostatic oil bath of the asphalt mixer with the temperature set, and the stirring shaft of the foldable stirring blade was then placed in the middle of the three-port flask and the height of the stirring shaft was fixed. 3) The uniform rotational speed was set and the mixture was mixed for 10 min so that the smoke suppressant can fully react with the asphalt. 4) The PGD was calibrated to zero with fresh air. The piston on one side of the three-port flask was then pulled out, the gas test part of the PGD was aligned with the exhaust port, and the test was performed for 20 min. The asphalt mixing was not stopped during the test to simulate the smoke environment generated by mixing asphalt during construction. 5) After the test was completed, the PGD was connected to a computer to export data.
3.2 Part 2
The influence of the smoke suppressant on the VOCs of the fumes from different types of heated asphalt was analyzed using the separation ability of chromatography and the qualitative function of mass spectrometry in GC-MS. And the results were compared with that of the PGD test so as to verify the latter’s accuracy and feasibility.
The sample was prepared in the same manner as described in part 1. The smoke suppressant was then added to the asphalt and mixed for 10 min. A small amount of asphalt was weighed and placed in a petri dish for sealing. After the cooling completed, 10 mg asphalt was placed in a test tube using liquid nitrogen freezing and crushing. When the sample was prepared, it was placed in the GC-MS, and the volatile gas of the sample was collected at specified temperature for 30 min. Then, the collected gas was separated and tested. The detection condition was a programmed increase of temperature. The initial temperature was 50°C and maintained for 1 min, then it was increased to 300°C at the speed of 10°C/min and maintained for more than 5 min at 300°C. The process duration was 30 min.
3.3 Part 3
SEM and EDS were used to observe and analyze the influence of the smoke suppressant on the micro-morphology, microstructure, distribution, and element composition of the different types of asphalt.
The production of the sample was similar to that described in Section 3.2. Part 2. Liquid nitrogen freezing and crushing was also used to prepare a small asphalt sample to place on the SEM stage. The sample was placed in a gold spray coating machine to prepare an asphalt sample with a charged surface so that the asphalt sample and the sample stage can form a good conductive body. During the scanning process, the electron beam formed by the SEM will be transferred due to the conductivity of the asphalt, which inhibits the aggregation of electrons to create SEM images, affecting the follow-up observation. Finally, the gold-coated asphalt sample was placed in the SEM chamber, and the microstructure was observed using the SEM and the element composition of the asphalt sample was determined using the EDS.
4 ANALYSIS OF THE PGD TEST RESULTS
In this study, the average value of the gas concentration emitted by the tested sample in the interval period (20 min) was taken as the fume emission performance of the sample in this period. Three samples with the dosage of each group of smoke suppressants were prepared and the average value was reported.
The ratio of the gas emission reduction of asphalt with smoke suppressant to asphalt without smoke suppressant was determined using:
[image: image]
where C is the specific gas concentration reduction rate or purification rate (%), A is the average concentration of the specific gas during the test time of the asphalt sample without smoke suppressant (ppm), and B is the average concentration of the specific gas during the test time of the asphalt sample after adding smoke suppressant (ppm).
It should be noted that the gas concentration measured in this test was based on the direct connection of the test port of the test instrument to the exhaust port of the test object. Therefore, the measured gas concentration is relatively high, which does not represent the indoor gas concentration during the test.
4.1 Effect of the smoke suppressant on matrix asphalt
70# matrix asphalt is often used as the base asphalt to produce modified asphalt and can also be directly used for the preparation of asphalt mixtures for the middle and lower surface course, or low-grade pavement. The mixing temperature of matrix asphalt during construction often reaches 165°C. Under high temperature, asphalt will emit a certain amount of smoke, which contains many volatile harmful substances that are harmful to the air environment and the health of construction personnel. After considering the initial range recommended by the manufacturer and the economics, the dosage of the smoke suppressant in this study was proposed to be 0, 0.02%, 0.03%, 0.04%, and 0.05%. During the test, the temperature of the thermostatic oil bath of the asphalt mixer, namely, the mixing temperature was set to 165°C. Figures 2, 3 show the statistical analysis results of the data obtained from the PGD test of the impact of the different smoke suppressant dosages on the 70# matrix asphalt. It was found that the gas emission concentration of NO2 was 0, therefore, this gas data is not listed in Figure 2.
[image: Figure 2]FIGURE 2 | In the matrix asphalt, the relationship between the concentration of each gas and the smoke suppressant dosage.
[image: Figure 3]FIGURE 3 | Influence of the smoke suppressant dosage on the purification rate of matrix asphalt.
The data show that 1) the emission concentration of SO2, NO, H2S, CO, and VOCs from the matrix asphalt decreased with an increasing dosage of smoke suppressant, indicating that the smoke suppressant can effectively purify the harmful gases in the matrix asphalt fumes. Additionally, the emission concentration of each gas and the effect of the smoke suppressant differed. 2) Figure 3A shows the results of the statistical analysis of the purification rate of various gases as a function of the smoke suppressant dosage, which shows that the smoke suppressant had the best effect on H2S and SO2 in the asphalt fume, that is, the smoke suppressant can achieve a higher purification rate of the two gases at lower dosages. At the maximum smoke suppressant dosage (0.05%), the purification rate of the two gases exceeded 80%. However, since the SO2 emission from this asphalt is very low, the inhibition effect of the smoke suppressant on SO2 must be judged in combination with the test results of other asphalt types. Furthermore, the smoke suppressant also had a good inhibition effect on the VOCs and NO in the asphalt fumes. The VOC and NO purification rates were 46.8% and 38.7%, respectively, at a smoke suppressant dosage of 0.05%. Finally, the effect of the smoke suppressant on CO was limited, and the maximum purification rate was only 18.7%. 3) The total gas emission concentration of each sample can be obtained by aggregating the emission concentration of the five gases of each group of samples, and then calculating the purification rate (hereinafter referred to as the “total purification rate”) of the total gas emission concentration with different smoke suppressant dosages, as shown in Figure 3B. It is clear that the addition of smoke suppressant can effectively reduce the total emission concentration of the matrix asphalt gas, and that a higher dosage of smoke suppressant can result in a higher total purification rate. When the dosage of the smoke suppressant was 0.02%–0.04%, the total purification rate increased rapidly. However, the growth rate weakened at dosages >0.04%. The total purification rate of matrix asphalt was 41.1% and 46.6% when the smoke suppressant dosage was 0.04% and 0.05%, respectively. There was little difference in the total purification rate of the two dosages, indicating that the smoke suppressant dosage was close to saturation. The effect of the two dosages on the purification rate of various gases was comprehensively compared. The purification rates of NO, SO2, H2S, VOCs, and CO at a smoke suppressant dosage of 0.04% were 12.9%, 7.7%, 7.1%, 6.1%, and 2.3% lower than those of the sample with a smoke suppressant dosage of 0.05%. Except for NO, there was little difference between the two dosages. Considering the low NO emission of this asphalt, which is not the factor of main concerned, and the economic cost, the optimal dosage of smoke suppressant for this matrix asphalt is 0.04%.
4.2 Effect of the smoke suppressant on SBS-modified asphalt
Although SBS contributes to the formation of an asphalt network structure and can inhibit the volatilization of smoke to a certain extent, its smoke inhibition effect on asphalt is limited. Additionally, SBS-modified asphalt also contains a small amount of other modified materials. The mixing temperature during construction is usually >175°C, which is higher than the construction temperature of matrix asphalt. Therefore, SBS-modified asphalt will still volatilize more harmful gases at higher temperatures, and it is recommended that the smoke suppressant dosage be appropriately increased. In this study, the smoke suppressant dosages in SBS-modified asphalt were 0, 0.02%, 0.04%, 0.06%, 0.08%, and 0.1%, and the mixing temperature was 175°C. Figures 4, 5 show the statistical results of the data obtained from the PGD test of the influence of different smoke suppressant dosages on SBS-modified asphalt. This asphalt also had no NO2 emissions.
[image: Figure 4]FIGURE 4 | In the SBS-modified asphalt, the relationship between the concentration of each gas and the smoke suppressant dosage.
[image: Figure 5]FIGURE 5 | Influence of the smoke suppressant dosage on the purification rate of SBS-modified asphalt.
The above data show that 1) except for CO, the emission concentrations of various gases from SBS-modified asphalt exhibited a decreasing trend with an increasing smoke suppressant dosage, indicating that the smoke inhibition effect of the smoke suppressant on the SBS-modified asphalt was effective. 2) The smoke suppressant significantly inhibited the sulfides in the SBS-modified asphalt fumes, and the purification rates of SO2 and H2S in the asphalt fume were 80% and 66.2%, respectively, when the smoke suppressant dosage was 0.1%. 3) The smoke suppressant also exhibited a clear inhibition effect on NO and VOCs in the SBS-modified asphalt fumes, with the highest purification rates being 43.9% and 47.1%, respectively. 4) The inhibition effect of the smoke suppressant on CO was poor, with a purification rate of only 12.4%. Furthermore, the smoke suppressant dosage and gas concentration curves did not decrease with an increasing smoke suppressant dosage. 5) When the smoke suppressant dosage was 0.1%, the total purification rate of SBS-modified asphalt was 40%, and the comprehensive effect was at its optimal, which has obvious advantages over the other dosages. Furthermore, except for the purification rates of NO and CO, the inhibition effect of the dosage on the remaining gases was optimal; therefore, the optimal smoke suppressant dosage for SBS-modified asphalt is 0.1%.
4.3 Effect of the smoke suppressant on high viscosity modified asphalt
The construction mixing temperature of high viscosity modified asphalt is often >180°C, and it is more likely to emit harmful gases at high temperatures. In this study, the smoke suppressant dosage range was also 0%–0.1%, and the mixing temperature was 180°C. Figures 6, 7 show the statistical results of the data obtained from the PGD test of the influence of different smoke suppressant dosages on high viscosity modified asphalt. This asphalt also had no NO2 emissions.
[image: Figure 6]FIGURE 6 | In the high viscosity modified asphalt, the relationship between the concentration of each gas and the smoke suppressant dosage.
[image: Figure 7]FIGURE 7 | Influence of the smoke suppressant dosage on the purification rate of high viscosity modified asphalt.
The above data show that 1) the gas emission concentration of high viscosity modified asphalt decreased with an increasing smoke suppressant dosage, indicating that the smoke inhibition effect of the smoke suppressant on high viscosity modified asphalt fume was effective. 2) The highest SO2 and H2S purification rates in the high viscosity modified asphalt fumes were 70.6% and 81.1%, respectively, indicating that the inhibition effect of the smoke suppressant on the sulfides in the asphalt fumes was excellent. 3) The NO and VOC purification rates in the high viscosity modified asphalt fumes were 48.3% and 34.1% respectively, which are relatively significant inhibition effects. 4) The smoke suppressant had a moderate effect on the CO in the high viscosity modified asphalt fumes, and the maximum purification rate was only 20.1%. 5) The total purification rates of the high viscosity modified asphalt were 30% and 32.1% when the smoke suppressant dosage was 0.08% and 0.1%, respectively, indicating that when the effect of the smoke suppressant on high viscosity modified asphalt was close to saturation, to increase the dosage would only have limited smoke inhibition effect. The effects of the two dosages on the inhibition of various gases were comprehensively compared. The H2S and NO purification rates for the sample with the 0.1% dosage were only 7.7% and 5.2% higher than those of the sample with the 0.08% dosage. However, the SO2 purification rate was reduced by 5.9% and the CO and VOC purification rates were similar. Therefore, considering the economic cost, 0.08% is the optimal smoke suppressant dosage for high viscosity modified asphalt.
4.4 Effect of the smoke suppressant on TLA
TLA is a type of natural asphalt, that is, often added to matrix asphalt as a modifier to produce TLA-modified asphalt. Due to the excellent compatibility between TLA and ordinary asphalt, its allowable mixing amount is significantly high. The usual maximum mixing amount is 50%, and the maximum mixing amount of special pavement, such as on steel bridges, can even reach 70% (Feng et al., 2013; He et al., 2019). The mixing temperature of TLA-modified asphalt for construction is slightly higher than that of matrix asphalt and a certain amount of ash remains after refining the TLA. Therefore, it is more likely to emit more harmful gases. In this study, the dosage range of the smoke suppressant was also 0%–0.1%, the mixing temperature was 170°C, and the research object was a single TLA. Figures 8, 9 show the statistical results of the data obtained from the PGD test of the impact of different smoke suppressant dosages on TLA. No NO2 was released during the test.
[image: Figure 8]FIGURE 8 | In the TLA, the relationship between the concentration of each gas and the smoke suppressant dosage.
[image: Figure 9]FIGURE 9 | Influence of the smoke suppressant dosage on the purification rate of TLA.
The above data show that 1) the emission concentration of various gases from TLA decreased with an increasing smoke suppressant dosage, indicating that the smoke suppressant can also suppress the smoke from TLA. 2) The smoke suppressant significantly inhibited the sulfides in the TLA fumes, and the SO2 and H2S purification rates in the TLA fumes could reach up to 62.0% and 72.5% respectively. 3) The smoke suppressant also exhibited a good inhibition effect on NO and VOCs in the TLA fumes, with the highest NO and VOC purification rates being 53.9% and 49.6% respectively. However, the smoke suppressant exhibited a weak effect on CO, and the highest purification rate was only 18.5%. 4) When the smoke suppressant dosages were 0.08% and 0.1%, the total TLA purification rates were 33.0% and 36.2%, respectively, which were similar and indicated that the smoke suppressant dosages were close to saturation. The influence of the 0.08% and 0.1% dosages on the inhibition of various gases was analyzed. The H2S and VOC purification rates with a smoke suppressant dosage of 0.1% were 7.5% and 11.5% higher than that of the sample with a smoke suppressant dosage of 0.08%. However, the NO and CO purification rates were 7.8% and 4.2% lower than that of the sample with a smoke suppressant dosage of 0.08%, showing little difference. In contrast, the SO2 purification rate at a dosage of 0.1% was 24% higher than that of the 0.08% dosage, indicating a significant difference. Considering that SO2 is a gas with the potential to significantly harm the human body and that VOCs are an important indicator for environmental protection evaluation, it is necessary to effectively inhibit the emission of both these gases. Accordingly, the 0.1% smoke suppressant dosage was selected as the optimal dosage of smoke suppressant for TLA.
4.5 Comprehensive analysis
The analysis of the influence of the smoke suppressant on the four types of asphalt shows that although the mixing temperatures differ and the emission concentrations of various gases are different, the smoke suppressant can inhibit the smoke from the four types of asphalt.
First, the total emissions of all the gases from matrix asphalt were significantly lower than that from the other three types of asphalt, which is mainly due to the low mixing temperature of matrix asphalt and the low content of other modifiers or mineral components in matrix asphalt. Therefore, it is reasonable that the smoke suppressant dosage range for the designed matrix asphalt is less than that for the other three types of asphalt. The emission concentration of various gases is mainly related to the temperature and asphalt material itself. The H2S concentration in the fumes of the SBS-modified asphalt used in this test was the highest, and the concentrations of SO2 and CO released by TLA were significantly higher than that released by matrix asphalt and the other two modified asphalts. The NO emissions from matrix asphalt were the lowest, whereas that from the other three types of asphalt were similar. Matrix asphalt discharged the lowest amount of VOCs, the VOC quantity discharged from SBS-modified asphalt was similar to that discharged from TLA, and the VOC quantity discharged from high viscosity modified asphalt was the highest. NO2 was not detected in the four types of asphalt, indicating that the asphalt fume contains almost no NO2. Additionally, the proportion of VOCs and CO in the fume emitted by the four types of asphalt were significantly higher.
Second, by comparing the purification rate of the smoke suppressant on various gases, it was found that the smoke suppressant inhibited sulfides the most, and the highest SO2 or H2S purification rates were generally >70%. This is because the smoke suppressant can decompose H2S in asphalt fumes into water molecules and non-volatile organic sulfides. It can also decompose SO2 into water molecules and non-volatile alkyl sulfonic compounds. The smoke suppressant also plays a role in inhibiting NO and VOCs, and the average NO and VOC purification rates in the various asphalt fumes was >40% with the optimal dosage of smoke suppressant, indicating that the smoke suppressant can also help to reduce and decompose some NO and VOCs. The effect of the smoke suppressant on CO was poor. The relationship between the smoke suppressant dosage and the change in the purification rate was not stable and the purification rate was generally not high, indicating that this type of smoke suppressant had a limited effect on inhibiting CO.
Finally, the smoke inhibition effect of the smoke suppressant on different asphalts differed. The total purification rate showed that the smoke suppressant exhibited the best compatibility with matrix asphalt, that is, the optimal dosage of the smoke suppressant was the lowest but its effect was the greatest, and the total purification rate was >40%. The analysis shows that this was mainly because matrix asphalt contains very few modifiers or impurities. Therefore, the reaction between the smoke suppressant and asphalt was not affected by the presence of other components. The effect of the smoke suppressant on SBS-modified asphalt was also ideal, and the total purification rate with the optimal dosage was 40.0%. The smoke suppressant also played a significant role in TLA and high viscosity modified asphalt, and the total purification rates of both at the optimal dosage were >30%.
5 ANALYSIS OF THE GC-MS TEST RESULTS
The inhibition effect and optimal dosage of the smoke suppressant on different types of asphalt fumes can be determined using the PGD test. To verify the validity of the PGD test results, GC-MS was also used to test the four types of asphalt fumes with different dosages of smoke suppressant. The previous PGD test results showed that the proportion of VOCs in the fume released from asphalt was relatively high. Considering that VOCs are one of the more serious air polluters and are highly representative, the amount of VOCs released by the sample within 30 min was used as the evaluation index in this test. To conduct the GC-MS test, the sample needs to be gasified, separated, and detected. The measured data is often expressed as the peak area. If the peaks appear at different times, the boiling points and polarity of the organic components of the peaks differ, that is, each retention time corresponds to different organic components. Therefore, the greater the total peak area, the greater the amount of VOCs in the tested sample.
5.1 Effect of the smoke suppressant on the VOCs in matrix asphalt
According to the PGD test results, the smoke suppressant dosages of 0.04% and 0.05% exhibited ideal inhibition effects on the 70# matrix asphalt fumes. Therefore, the samples with these two dosages and the sample without the smoke suppressant were selected for the VOC test. The specified temperature of the collected gas was consistent with the mixing temperature of the PGD test, which was 165°C. Figure 10A shows the VOC peak area variation of the asphalt samples with the three smoke suppressant dosages. To determine the effect of the smoke suppressant on the release of organic components with different boiling points, the VOC peak area was counted every 5 min, as shown in Figure 10B. Finally, the total VOC peak area was counted for each sample, and the total amount of VOCs as well as the purification rate were calculated (the purification rate was also calculated from the total VOC peak area, and the calculation method used was the same as shown in Eq. 1, as shown in Figure 10C.
[image: Figure 10]FIGURE 10 | VOC test results of matrix asphalt.
The above data show that 1) the matrix asphalt samples with different smoke suppressant dosages produced significantly different VOC peak area curves, which indicates that the smoke suppressant can change the amount of VOCs in the asphalt fumes. The peak area curve of the samples with smoke suppressant was significantly lower than that of the samples without smoke suppressant, which also indicated that the quantity of VOCs in the samples with smoke suppressant was generally lower. 2) In the GC-MS tests, the initial temperature was 50°C, which was maintained for 1 min and then increased to 300°C at 10°C/min. Therefore, the peak at 0–5 min indicates that the detected boiling point of the organic components was approximately 50°C–100°C, and the peak at 5–10 min indicates that the boiling point of the organic components was 100°C–150°C, and similarly for the remaining ranges. 3) There was little difference in the quantity of VOCs at 0–5 min, indicating that the influence of the smoke suppressant on organic components with a boiling point below 100°C was low. However, at 5–10 min, the quantity of VOCs in the samples with smoke suppressant was significantly lower than that of the samples without smoke suppressant, indicating that the smoke suppressant began to inhibit the release of organic components with a boiling point >100°C. 4) The VOCs in the matrix asphalt sample were mainly released at 5–25 min, and the quantity of VOCs reached its highest value at 15–20 min, indicating that the main organic components in the matrix asphalt fumes had a large boiling point range, from 100°C to 300°C, and that the organic components with a boiling point of 200°C–250 °C accounted for the biggest proportion. The quantity of VOCs started to decline gradually after reaching 20 min, and the quantity of VOCs at 20–25 min was lower than that at 5–10 min and at 10–15 min, indicating that not many organic components with a boiling point >250°C were released from the matrix asphalt fume, and even fewer components with a boiling point up to 300°C were released from the matrix asphalt fume. 5) After 5 min, the quantity of VOCs in the sample without smoke suppressant was always higher than that of the samples with the smoke suppressant. The peak area of the sample with a smoke suppressant dosage of 0.05% was the smallest over the entire time range, indicating that the smoke suppressant effectively inhibited the release of the main VOCs in the matrix asphalt fumes, and the comprehensive effect was more ideal when the dosage of the smoke suppressant was 0.05%, as compared to that of 0.04%. (6) The VOC purification rate of the asphalt fume was 35.5% and 46.5% at the smoke suppressant dosages of 0.04% and 0.05%, respectively. The PGD test results showed that the VOC purification rate was 40.7% and 46.8% when the smoke suppressant dosage was 0.04% and 0.05%, respectively. This comparison showed that there was a difference between the results of the two test samples with the 0.04% dosage and that the results of the samples with the 0.05% dosage were similar.
There are many reasons for the above-mentioned differences. First, it is caused by the different quality of the asphalt samples. The GC-MS test sample weighed only 10 mg, whereas that of the PGD test sample was 240 g. Second, the instruments used for the tests were different. The VOCs range of GC-MS encompasses more organic substances, and the test accuracy is higher. Third, the test status was inconsistent. The PGD test was conducted under the condition that asphalt is continuously mixed, and the GC-MS test used the gas collected at the set temperature. Although there were significant differences between the two tests, these differences did not affect the similarity of the two results. The two test results showed that the smoke suppressant has a good inhibition effect on the VOCs in the matrix asphalt fumes, which also further verifies the validity of the PGD test results. At a smoke suppressant dosage of 0.05%, the VOC purification rate increased by 11%, as compared to that at a smoke suppressant dosage of 0.04%, which is significantly advantageous. However, according to the PGD test results, the difference between the two was only 6%. Therefore, it is necessary to reevaluate the optimal dosage of smoke suppressant for matrix asphalt. Considering that the GC-MS is more accurate for the detection of VOCs and the importance of VOCs in the environmental protection evaluation index, the optimal dosage was revised to be 0.05%.
5.2 Effect of the smoke suppressant on the VOCs in SBS-modified asphalt
According to the PGD test results, the smoke suppressant dosages of 0.08% and 0.1% exhibited a relatively ideal inhibition effect on the SBS-modified asphalt fumes. Therefore, the samples with these two dosages and the samples without the addition of smoke suppressant were selected for the VOC test, and the specified temperature of the collected gas was 175°C. Figure 11 shows the test results of the influence of different smoke suppressant dosages on the VOCs in SBS-modified asphalt.
[image: Figure 11]FIGURE 11 | VOC test results of SBS-modified asphalt.
The above data show that 1) the VOC peak area curves of the SBS-modified asphalt samples with different smoke suppressant dosages were inconsistent, indicating that the amount of VOCs was also inconsistent. The peak area values of the samples with smoke suppressant were significantly lower than those of the samples without smoke suppressant, indicating that the amount of VOCs was also lower. 2) At 0–10 min, the quantity of detected VOCs in each sample was small, indicating that the quantity of organic components with a boiling point <150°C released from the SBS-modified asphalt fumes was lower. Additionally, there was little difference in the quantity of VOCs in each sample at 0–5 min. However, the quantity of VOCs in the sample with smoke suppressant was lower than that in the sample without smoke suppressant at 5–10 min, indicating that the smoke suppressant had no obvious effect on the release of organic components with a boiling point <100°C, but it began to inhibit the release of organic components with a boiling point >100°C. 3) At 10–20 min, the quantity of VOCs in each sample was large and achieved the highest value at 15–20 min, indicating that the SBS-modified asphalt fumes released more organic components with a high boiling point and that the boiling point was concentrated at 150°C–250 °C. The quantity of VOCs started decreasing at 20–25 min. At > 25 min, the quantity of VOCs decreased to a lower value, indicating that the SBS-modified asphalt fumes contained very few organic components with a boiling point >300°C. 4) After 5 min, the quantity of VOCs in the sample with smoke suppressant was lower than that of the sample without smoke suppressant. The peak area of the sample with a smoke suppressant dosage of 0.1% was still the smallest, indicating that the smoke suppressant had an inhibition effect on the release of various main organic components with different boiling points in the SBS-modified asphalt fumes and that the inhibition effect was more ideal when the smoke suppressant dosage was 0.1% than when it was 0.08%. 5) When the smoke suppressant dosages were 0.08% and 0.1%, the VOC purification rates were 27.6% and 40.9%, respectively. The PGD test results showed that the VOC purification rates were 38.6% and 47.5% at the smoke suppressant dosages of 0.08% and 0.1%, respectively. This comparison shows that the results of the two test samples with a smoke suppressant dosage of 0.08% differed, whereas the results of the samples with a dosage of 0.1% were similar. However, both tests showed that the smoke suppressant had a good inhibition effect on the VOCs in the SBS-modified asphalt fumes, which verifies the validity of the PGD test results. The causes of the differences were mentioned above. Finally, the two test results showed that the smoke inhibition effect on the SBS-modified asphalt was the best at a smoke suppressant dosage of 0.1%.
5.3 Effect of the smoke suppressant on the VOCs in high viscosity modified asphalt
Similarly, according to the PGD test results, high viscosity modified asphalt samples with smoke suppressant dosages of 0, 0.08%, and 0.1% were selected for the VOC test, and the specified temperature of the collected gas was 180°C. The test results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | VOC test results of high viscosity modified asphalt.
The data show that 1) the VOC peak area curves of the three high viscosity modified asphalt samples with different smoke suppressant dosages were clearly different, indicating that the VOC amounts in the three samples differed. The addition of smoke suppressant increased the VOC peak at some times. However, the overall peak area value of the sample with smoke suppressant was still lower than that of the sample without smoke suppressant, indicating that the amount of VOCs in the sample with smoke suppressant was also lower. 2) At 0–5 min, the amount of VOCs in each sample exhibited little difference. At 5–10 min, the amount of VOCs in the sample with smoke suppressant was higher than that of the sample without smoke suppressant, indicating that the inhibition effect of the smoke suppressant on the release of organic components with a relatively low boiling point in the high viscosity modified asphalt fumes was limited, and that the release of organic components within this boiling point range was unstable or even increased due to the addition of the smoke suppressant. 3) At 10–25 min, the quantity of VOCs in the high viscosity modified asphalt was large, achieving the maximum at 15–20 min, indicating that the boiling point of the main organic components released from the high viscosity modified asphalt fume was high and was concentrated at 150°C–300°C. From 10 min after entering till the end of test, the quantity of VOCs in the samples with the smoke suppressant was continuously lower than that of the samples without the smoke suppressant, indicating that the smoke suppressant had a good inhibition effect on the organic components with a high boiling point in the high viscosity modified asphalt, and that the curves of the VOC quantities at different time periods of the two samples with the smoke suppressant dosages of 0.08% and 0.1% were relatively similar. This indicates that there was no significant difference in the VOC inhibition effect between the two smoke suppressant dosages. (4) The VOC purification rates at the smoke suppressant dosages of 0.08% and 0.1% were 30.6% and 36.5%, respectively, corresponding to the PGD test results of 31.9% and 34.2%, respectively. This comparison shows that two test results were similar, which verifies the PGD test results. Because the effect of the two smoke suppressant dosages did not differ much, the best and most cost-effective smoke suppressant dosage for high viscosity modified asphalt is 0.08%. This conclusion is consistent with the conclusion of the PGD tests.
5.4 Effect of the smoke suppressant on the VOCs in TLA
Similarly, TLA samples with smoke suppressant dosages of 0, 0.08%, and 0.1% were selected for the VOC test, and the specified temperature was 170 °C. The test results are shown in Figure 13.
[image: Figure 13]FIGURE 13 | VOC test results of TLA.
The test results show that 1) the VOC peak area curves of the TLA samples with different smoke suppressant dosages differed, and the quantity of VOCs was also different. The peak area values of the samples with smoke suppressant were generally lower than that of the samples without smoke suppressant; therefore, the VOC release was also lower. 2) At 0–15 min, the quantity of VOCs in each sample exhibited little difference, indicating that the smoke suppressant had no obvious inhibition effect on the release of organic components with a boiling point lower than 200°C in the TLA fumes. 3) The quantity of VOCs at 0–15 min was large and achieved the maximum value at 15–20 min, indicating that the main organic components released from the TLA fumes also had a high boiling point, which was concentrated at 150°C–250°C. From 15 min after entering till the end of test, the amount of VOCs in the sample with the smoke suppressant was always lower than that of the sample without the smoke suppressant, indicating that the release inhibition effect of the organic components with a higher boiling point in the TLA by the smoke suppressant was clearly better. Additionally, the curves of the VOC quantities of the two smoke suppressants dosages at different time periods were similar. Therefore, the inhibition effect on the VOCs was also similar. 4) The VOC purification rates at the smoke suppressant dosages of 0.08% and 0.1% were 38.9% and 44.3%, respectively, and the corresponding PGD test results were 38.1% and 49.6%, respectively. The two test results were similar, confirming the validity of the PGD test results. Both tests showed that there was little difference in the effect of the two smoke suppressant dosages. Therefore, a dosage of 0.08% should also be used as the optimal smoke suppressant dosage for TLA. However, the PGD test results showed that a smoke suppressant dosage of 0.1% had a better SO2 purification rate. Therefore, to combine with the previous analysis, the optimal dosage of smoke suppressant for TLA was determined to be 0.1%.
5.5 Comprehensive analysis
The GC-MS tests confirmed that the smoke suppressant can effectively purify the VOCs in the different types of asphalt and verified the rationality of the PGD test results. Additionally, the VOC release characteristics of the different types of asphalt were different and the effect of the smoke suppressant was also different.
First, the VOC test results showed that the matrix asphalt exhibited peaks in the front, middle, and rear sections, indicating that the main organic components released from it have both low and high boiling points, whereas the peaks of the other three types of asphalt were concentrated in the middle and second half sections, indicating that the main organic components released have high boiling points. The peak area diagram was in bulge form, that is, the isomer peaks were concentrated and released in large amounts. Therefore, it is speculated that matrix asphalt releases not only VOCs with relatively low boiling points, such as short-chain alkanes, organic solvents, benzene hydrocarbons, and others, but also releases VOCs with relatively high boiling points, such as petroleum hydrocarbon volatiles, and others. The other three types of asphalt release VOCs with relatively high boiling points, such as petroleum hydrocarbon volatiles, and contain are few organic substances with relatively low boiling points. However, because there are thousands of volatiles in asphalt and the amount of volatiles released is large, it is necessary to comprehensively determine which organic components in asphalt are the main volatiles, and further tests and studies are needed.
Second, the inhibition effect of the smoke suppressant on organic components with different boiling points released from different asphalts was not consistent. The smoke suppressant exhibited a good inhibition effect on the release of organic components in the matrix and SBS-modified asphalts with lower and higher boiling points. The inhibition effect of the smoke suppressant on the release of organic components in the high viscosity modified asphalt and TLA with lower boiling points was not obvious, but the inhibition effect on the release of organic compounds with higher boiling points was good. Third, at the optimal smoke suppressant dosage, the VOC purification rate for matrix asphalt and TLA was 46.5% and 44.3% respectively, which is ideal. The VOC purification rate for SBS-modified asphalt was 40.9%, which is considered to be good, and that for high viscosity modified asphalt was 30%, which is considered to be acceptable. The results showed that the inhibition effect of the smoke suppressant on the release of different asphalt VOCs was different.
Finally, the total amount of VOCs in TLA was the highest, that in matrix asphalt was similar to that in high viscosity modified asphalt, and that in the SBS-modified asphalt was the lowest. Considering that the specified temperatures of the SBS-modified and high viscosity modified asphalts was significantly higher, SBS should be conducive to reducing the release of VOCs from asphalt. However, the PGD test results showed that the concentration of VOCs in high viscosity modified asphalt was the highest, that in SBS-modified asphalt was similar to TLA, and that in matrix asphalt was the lowest. It was clear that more VOCs were released at the higher set asphalt mixing temperatures. The analysis shows that the main reason for the difference lies in the test state and test method. The asphalt was continuously mixed during the PGD tests, whereas the asphalts in the GC-MS detection method were static. Therefore, the inhibition effect of the network structure formed by SBS on VOCs is slightly weakened when in a state of mixing, and the effect of temperature seems to be the more important factor. Additionally, the principles and detection ranges of the two test methods are also significantly different. Therefore, there are certain differences between the two test results. In fact, the two test methods have their own advantages. The GC-MS test method is more accurate, has a wide range of detection, and covers a variety of organic substances, though the sample preparation is difficult and the test cost is high. The PGD test method is convenient to use, and the asphalt is in the mixing state, which is close to the actual construction state. However, the detection accuracy and range require improvement. Although there are differences between the two test results, they still have commonalities, that is, they demonstrated that the smoke suppressant can inhibit the VOCs in different asphalts, and the data of the influence of the smoke suppressant on the VOC purification rate for the different asphalts measured by the two tests were similar.
6 ANALYSIS OF THE SEM AND EDS TEST RESULTS
This study used SEM to observe and analyze the microstructures of the four types of asphalt before and after the addition of the optimal smoke suppressant dosage. The SEM magnification was 1000 times, and the test results are shown in Figure 14.
[image: Figure 14]FIGURE 14 | SEM pictures of each sample.
Figure 14 shows that 1) the surfaces of the matrix, SBS-modified, and high viscosity modified asphalts were smooth and homogeneous, in which the network structure of SBS-modified asphalt was clearly visible, whereas the network structure of high viscosity modified asphalt, which also contains SBS, was not obvious. The TLA surface contained a small quantity of granular objects, indicating that natural asphalt contains more impurities than petroleum asphalt. 2) The SEM images of the four types of asphalt before and after the addition of smoke suppressant exhibited little difference. After the addition of smoke suppressant, a small quantity of wrinkles were observed on the asphalt surface, and the comparison was only obvious in the matrix asphalt. However, it is also possible that after being frozen by liquid nitrogen, the asphalt sample slowly softened with time and under the influence of the electron beam. When the electron beam hit the sample, the gas inside escaped out of the sample surface, thus causing the wrinkles. Therefore, it was demonstrated that the smoke suppressant had little effect on the microstructure of the asphalt surface after it was fully dissolved in the asphalt. No new network structure was formed, indicating that the chemical reaction between the smoke suppressant and the asphalt does not change the microstructure of the original asphalt, nor does it have much effect on the main performance of the asphalt. In fact, the ideal smoke suppressant should only change the fumes emitted by the asphalt without interfering with the performance of the asphalt itself, which not only ensures the research and development cost of the smoke suppressant but also ensures that it can be applied to other types of asphalt.
This study also used EDS to analyze the elemental composition of the four types of asphalt before and after adding the optimal smoke suppressant dosage. It should be noted that this test is limited to the detection instrument; therefore, only the element after the fourth element is detected, and it is difficult to detect certain elements when their content is very low. Each sample was tested twice and the average value was reported. Figure 15 shows the test results.
[image: Figure 15]FIGURE 15 | Elemental composition change of four types of asphalt.
The data in Figure 15 show that 1) the weight and atomic percentage of carbon in the four types of asphalt were the highest, indicating that the main constituent element of asphalt is carbon. The weights and atomic percentages of carbon in the matrix, SBS-modified, and high viscosity modified asphalts were >90%, but the weight and atomic percentage of carbon in TLA were a little over 70% and 80%, respectively, indicating that there were more impurities in TLA, which was similar to the conclusion obtained by the SEM analysis. Apart from carbon, sulfur, and oxygen, TLA also contained silicon, aluminum, iron, sodium, calcium, and other trace elements. 2) The weight and atomic percentage of oxygen in TLA were high, both values were approximately 10%, whereas the weight and atomic percentage of oxygen in the other three asphalts were similar, indicating that the oxygen content in TLA was higher. The weight and atomic percentage of sulfur in the four types of asphalt were similar, indicating that the sulfur content in the four types of asphalt was similar. 3) Nitrogen was not detected in the four types of asphalt; however, the PGD tests showed that the asphalt fumes contained trace NO, indicating that the nitrogen content in the asphalts was very low, which may not be detectable by EDS. 4) After the addition of smoke suppressant, the overall changes in the various elements in the four types of asphalt were small. The change in carbon was close to zero, the weight and atomic percentage of oxygen slightly increased, and that of sulfur slightly decreased, indicating that the addition of smoke suppressant did not affect the carbon in a large total amount of asphalt, but did cause a small change in the elements during the transformation process of harmful substances discharged from asphalt. Theoretically, the addition of smoke suppressant only produces chemical reactions with volatile and harmful substances in the asphalt, and the weight and atoms of the elements should remain constant. Therefore, whether the change in the elements is caused by the conversion of volatile organic substances, oxides, and sulfides in the asphalt into non-volatile substances by the smoke suppressant or by the measurement errors of the instrument needs to be analyzed and verified by further comprehensive tests.
Based on the SEM and EDS analysis, it is believed that the smoke suppressant had little effect on the microstructure of the asphalt surface and little effect on the change in the element content in asphalt. Therefore, the smoke suppressant only produced a chemical reaction with volatile and harmful substances in the asphalt and converted them into non-volatile substances. Furthermore, the conversion process did not affect the other main properties of the asphalt; therefore, it has specificity. This characteristic is also conducive to the wide application of the smoke suppressant in other types of asphalt.
7 CONCLUSION
This study first analyzed the influence of a smoke suppressant on different types of asphalt and its smoke inhibition effect using the PGD test. Then, the influence of the smoke suppressant on the VOCs in different types of asphalt was comprehensively analyzed using GC-MS and compared with the PGD test results. Finally, SEM and EDS were used to observe and analyze the influence of the smoke suppressant on the micro-morphology and elemental composition changes of the different types of asphalt. The main research conclusions are as follows:
(1) The smoke suppressant exhibited a smoke inhibition effect on the four types of asphalt, but the inhibition effect and the optimal smoke suppressant dosage differed. The smoke suppressant exhibited the best inhibition effect on sulfides, and the highest SO2 or H2S purification rates were generally >70%. The smoke suppressant also had a good inhibition effect on NO and VOCs, with the highest NO and VOC purification rate reaching >40% on average. However, the inhibition effect of the smoke suppressant on CO was limited, and the relationship between the smoke suppressant dosage and the change in the purification rate was not stable. Additionally, the purification rate was generally not high.
(2) The smoke inhibition effect of the smoke suppressant on the organic components released from different asphalts was not consistent. The smoke suppressant had a good inhibition effect on the organic components in the matrix and SBS-modified asphalts with lower and higher boiling points. The inhibition effect of the smoke suppressant on the organic components in the high viscosity modified asphalt and TLA with a low boiling point was not obvious, but the inhibition effect on the organic components with a high boiling point was good. The GC-MS test results further confirmed that the smoke suppressant effectively inhibited the VOCs in the different types of asphalt and that the inhibition effect was different, which verified the accuracy and rationality of the PGD test results. Additionally, the influence data of the two test results on the VOC purification rate of the different asphalts were roughly close, and there was a certain similarity.
(3) The PGD tests showed that the smoke suppressant had the best effect on matrix asphalt, followed by SBS-modified asphalt, and the total purification rate for both was >40.0%. The effect of the smoke suppressant on high viscosity modified asphalt and TLA was slightly weak, and the total purification rate for both was >30%. The GC-MS tests showed that the VOC inhibition effect of the smoke suppressant on matrix asphalt was the best, followed by the TLA and SBS-modified asphalt. The VOC purification rate for the three types of asphalt was >40%. The VOC purification rate of the smoke suppressant for the high viscosity modified asphalt was the weakest. However, it still reached >30%. Therefore, the smoke suppressant exhibited the best compatibility with the matrix asphalt and the weakest compatibility with the high viscosity modified asphalt. Finally, based on the results of two tests, the optimal smoke suppressant dosage for matrix asphalt, SBS-modified asphalt, high viscosity modified asphalt, and TLA were determined to be 0.05%, 0.1%, 0.08%, and 0.1%, respectively.
(4) The smoke suppressant had little effect on the microstructure of the asphalt surfaces and the change in the elemental content in the asphalts. Therefore, the smoke suppressant only produced chemical reactions with volatile and harmful substances in the asphalt and converted them into non-volatile substances. The reaction process had no impact on the main performance of the asphalt itself. This characteristic is also conducive to the wide application of the smoke suppressant in various types of asphalt.
The above conclusions not only explore the influence and action of the smoke suppressant on harmful gas emissions, microstructure, and elemental changes in different asphalts, but also concluded that there were similarities between the two tests in evaluating the influence of the smoke suppressant on asphalt by comparing the PGD and GC-MS test results in terms of VOCs. Concurrently, it was also confirmed that this type of smoke suppressant, which is mainly composed of aldehydes and carboxylic ester compounds, can react with the gas molecules in asphalt fumes, effectively decompose SO2, H2S, NO, VOCs, and other gases in the smoke, and inhibit the volatilization of harmful substances.
The recommended dosages of smoke suppressant drawn from this study can provide a suitable reference value for the corresponding type of asphalt. However, in practice, the optimal smoke suppressant dosage may vary slightly due to differences in the oil source and refining process of asphalt, but the appropriate dosage for the same type of asphalt will not differ significantly. The difference in the optimal smoke suppressant dosage for different types of asphalt further indicates that the reaction mechanism of the smoke suppressant with different asphalts is different and cannot be generalized. It is more appropriate to conduct tests before using each asphalt to determine the optimal smoke suppressant dosage. Additionally, the smoke suppressant is of low cost. For example, the cost of one ton of matrix asphalt with a smoke suppressant dosage of 0.05% only increases the cost by approximately US $30, which makes it widely applicable.
The results of this study are helpful to determine the influence of smoke suppressants on the smoke inhibition effect and working properties of different types of asphalt and can provide guidance and a basis for the development of low-smoke asphalt with good emission reduction effects. The research process and experience also provide relevant guidance and suggestions for peers. This study has good practical value and promotional significance. However, this study has some limitations. Only six types of gases were analyzed with the PGD test, and the coverage was limited. The GC-MS detection test only detected VOCs. This study did not perform a comprehensive microscopic analysis of how the smoke suppressant reacts with asphalt to inhibit the emission of harmful gases. Therefore, follow-up research should focus on exploring these aspects.
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