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High-temperature hazards of asphalt pavement and pollution from car exhaust are two major problems that need to be solved in road construction. In this paper, a multifunctional composite coating has been prepared from the perspective of reducing road temperature and car exhaust degradation. The principle of heat-reflecting coating is used to reduce the road surface temperature. At the same time, the TiO2 aqueous solution with photocatalytic degradation effect is added to the heat-reflective coating material to achieve the purpose of degrading automobile exhaust degradation, creating a new type of multifunctional coating that has both cooling and exhaust degradation effects. In addition, by changing the amount of carbon black, a multi-functional coating with the best coloring is selected, so that it has better functionality and has the most suitable shade for the road surface. Finally, the cooling effect and the exhaust gas reduction effect are examined through indoor and outdoor tests and the slip resistance of the coating is tested using the pendulum method. The results show that the functional coating group has a certain ability of cooling and exhaust gas degradation compared to the normal control group without coating. For the functional coating group with different carbon black content, the functional coating (G2) with 0.9% carbon black content has the strongest overall functionality. The cooling and exhaust gas reduction effects proved to be the best. The surface cooling rate is 5.4°C, while the internal cooling rate is 4.3°C. The cumulative degradation efficiency of CO and NO is found to be 27.77%, and 73.75%, respectively.
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1 INTRODUCTION
Asphalt pavement is the most widely used form of pavement in highways and urban road systems due to its advantages, and its application proportion is far greater than that of cement concrete pavement. However, asphalt pavement is black and its absorption rate of solar radiation can be as high as 85%–95% (Lei, 2010; Gong et al., 2020). Because of the strong temperature dependence, the persistently high temperature in summer leads to an increase in the temperature of the asphalt pavement, which is susceptible to rutting, shifting, oiling, and congestion (Si et al., 2018; Cheng et al., 2020). At the same time, with the continuous improvement of living standards and quality of life, the number of national motor vehicles and mileage on highways have also increased rapidly year by year. While this facilitates people’s transportation and travel, the environment is inevitably seriously polluted by the large amounts of automobile exhaust, which has become one of the major environmental problems of road transportation (Zhang et al., 2018; Cui et al., 2020).
The risk of high temperature on asphalt surfaces is mainly expressed in two aspects: rutting and the heat island effect. Rutting is the permanent deformation of the road structure layer under the repeated impact of vehicle load. Due to the softening of asphalt under high-temperature conditions, displacement of asphalt mixture occurs. The heat island effect refers to the phenomenon that the temperature inside the city is significantly higher than the temperature outside the city. With increasing urbanization, a series of ecological and environmental problems have emerged that have negatively impacted people’s health and quality of life (Wang et al., 2014; Debbage and Shepherd, 2015; Suszanowicz and Kolasa-Wiecek, 2019). Among them, the impact of urban temperature rise caused by the heat island effect is particularly serious. According to the data, the annual average temperature in the city is 2°C higher than in the suburbs, and in the hot summer, the temperature difference between the indoors and outdoors is up to 10°C (Mathew et al., 2018; Zhang et al., 2020; Kang et al., 2022). At present, to slow down the heat island effect, a series of remediation measures such as Sponge City and increasing green space coverage have been adopted, but they only achieved certain results in the local area, and did not fundamentally solve the problem of high temperature impacts caused by the heat island effect (Lin et al., 2019; Wang et al., 2019). From a road construction perspective, in order to mitigate the negative effects of solar radiation on asphalt pavements, it is necessary to reduce the thermal effect of the road. By improving the heat exchange between the asphalt pavement and the natural environment, the hydrothermal circulation system changes the heat transfer system. Nowadays, it has formed a heat-shielded pavement, a water-retaining pavement, thermal resistance pavement and a permeable pavement based on low heat absorption pavement. The study finds that the water stability and durability of the water-retaining asphalt pavement are insufficient, which has a negative impact on the structural layer of the asphalt pavement (Geng et al., 2019; Shimazaki et al., 2022). The cooling effect of the thermal resistance pavement is not good, and its cooling effect is mainly reflected in the middle and lower layers of the pavement structure, which does not have a sufficient mitigation effect on the urban heat island effect (Du et al., 2020; Zhang et al., 2022). Permeable pavements require the addition of many coarse aggregates and high-viscosity asphalt, but there is still a risk of rutting (Liu et al., 2018; Kia et al., 2021), The heat-shielding pavement uses the principle of reflecting solar radiation and uses the heat-reflecting coating technology to change the absorption of solar radiation by the asphalt pavement, so as to achieve the cooling effect of the pavement. This type of pavement has a certain cooling effect, but attention must be paid to slip resistance (Dalapati et al., 2016; Chulkov et al., 2019; Si et al., 2022; Gao et al., 2023). Synnefa et al. have compared the cooling effect of heat-reflecting coatings made from white, green, red and gray pigments. The results show that the reflectivity of the coatings of the four colors were all higher than that of the ordinary pavement, and the maximum temperature drop reached 12°C (Synnefa et al., 2011). Guntor N AA uses epoxy resin and hardener as base material, crushes brick and tile waste as fine aggregate, sand through 0.5–2 mm sieve as filler, and mixes broken tiles, sand and base material in the same mass ratio to prepare cooling materials (Guntor et al., 2014). It is brushed onto the asphalt surface according to the coating amount of 1.2 kg/m2. After a week of cooling tests, the results show that the reflectivity of the pavement can be increased by 41% and the solar radiation can be reduced by 37.06%. In addition, the pollution problem caused by car exhaust has always been a problem. Its harmful components primarily include hydrocarbons, nitrogen oxides, etc., which cause serious harm to human health. As the next source of contact after the exhaust emission of motor vehicles, the road is about 30 cm away from the exhaust emission position. Therefore, this is obviously the most direct way, using the road surface as an entry point, and applying photocatalytic technology to the road surface treatment to achieve rapid exhaust gas degradation is considered an effective means of solving the problem of exhaust pollution (Jiang and Yu, 2020). For this reason, researchers at home and abroad have carried out numerous research works and found that titanium dioxide has strong photocatalytic degradation ability for pollutants (Maury-Ramirez et al., 2013). It can capture certain photon energy and reduce nitrogen hydrides and hydrocarbons in car exhaust into harmless substances such as water, carbon dioxide and salt. Xu et al. (2018) investigated the effect of recycled aggregate on the photocatalytic performance of nano-TiO2 concrete. The results show that recycled aggregates coated with nano-TiO2 significantly improve the photocatalytic performance of nano-TiO2 concrete (Xu et al., 2018). Yu et al. studied the influence of light intensity on the photocatalytic performance of nano-TiO2 using visible light as the indoor light source. The results showed that the efficiency of NOx removal by nano-TiO2 increased with increasing light intensity (Brouwers, 2009).
In summary, the high temperature of asphalt pavement is the main cause of rutting and urban heat island effect. At the same time, with the increasing number of cars, car exhaust fumes have caused a significant burden on human health and the natural environment. At present, research at home and abroad only focuses on one of the problems, and the function is relatively simple and not economical. Therefore, a multifunctional composite asphalt pavement structure with dual effects of temperature regulation and exhaust gas degradation is proposed in this paper. The road temperature is reduced by using heat reflective coating technology, and the catalytic aqueous solution of titanium dioxide is added to the heat reflective coating material for photocatalytic degradation to achieve the purpose of reducing automobile exhaust pollution.
2 MATERIALS AND EXPERIMENTAL DESIGN
2.1 Material selection mechanism
2.1.1 Cooling mechanism of heat-reflective coating
Compared with ordinary pavement, the surface layer of heat reflective pavement is covered with a film containing base material, pigments and fillers, and heat-insulating fillers. The upper layer of the coating film can reflect part of the incident light to the external environment, while the other part of the heat enters the interior of the coating film and comes into contact with the heat-insulating filler, such as a hollow microsphere. Due to the poor thermal conductivity of the gas inside the hollow microsphere, it can block heat transfer to the lower layer. At this point, the solar radiation heat is partially reflected by the coating, the blocking part and the absorbing part, and finally the remaining part is transmitted downward, which can reduce the absorption and accumulation of heat by the asphalt pavement to achieve the purpose of cooling. The cooling mechanism of the heat-reflective coating is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the cooling mechanism of heat-reflective coating.
2.1.2 Degradation mechanism of exhaust gas by photocatalytic material
Currently, the most commonly used material in asphalt exhaust degradation is nanotitanium dioxide. Titanium dioxide (TiO2) has three crystal forms: banqinite, anatase and rutile. Based on the principle of photocatalysis, when the light energy of the photocatalytic material is greater than the energy of the band gap, the electrons in the valence band change to the conduction band, leaving holes in the valence band and forming electron-hole pairs. Secondly, the O2 adsorbed on the surface of the catalyst captures electrons and forms superoxide radicals (·O2-). The hole oxidation of water (H2O) or hydroxide (OH−) adsorbed on the surface of the catalyst is a hydroxyl radical (·OH). Finally, both ·O2- and ·OH are strongly oxidizing, and most organic substances can be oxidized to CO2 and H2O. When the photocatalytic material is exposed to photons with energy higher than its band gap, electron transfer occurs. Finally, hydroxyl radicals (·OH) and superoxide radical (·O2-) form an oxidation group on the surface of the catalytic material. The oxidation group has strong redox ability, which can convert harmful components CO, HC and NOx in car exhaust into harmless water, CO2, and other harmless substances.
2.1.3 Selection mechanism of composite coating material
In general, organic/inorganic composite materials can not only retain the flexibility, plasticity and light transmittance of organic polymer materials, but also exploit the advantages of non-flammability, strong weather resistance, good wear resistance and high hardness of inorganic materials. Aluminum sol and silica sol are commonly used inorganic raw materials in composite materials. In this study, silica sol is selected as an inorganic raw material. Since organic and inorganic materials are two types of materials with different properties, the particle size of silica sol particles is small, the specific surface area is large, and they are easy to agglomerate. Therefore, it is necessary to carry out certain operations to achieve the combination of both. Silane coupling agent is a kind of reagent commonly used in coupling mixing. Its molecular structure is generally Y-R-Si(OR)3, where Si(OR) represents the siloxane oxygen group, the siloxane oxygen group can be connected to an inorganic substance, Y represents an organic functional group, and the organic functional group can be connected with an organic substance. The coating base material investigated in this paper uses pure acrylic emulsion as the organic raw material and silica sol as the inorganic raw material. After the silica sol and the silane coupling agent are mixed and stirred, the silane group at one end of the silane coupling agent can react with the silanol group on the surface of the silica sol particles and then added to the pure acrylic emulsion. The C=C at the other end of the silane coupling agent can be polymerized with the pure acrylic emulsion, which plays a “bridge” role between the two, finally forming a stable system of pure acrylic emulsion-silane coupling agent-silica sol. The mechanism of modification of the silane coupling agent is shown in Figure 2. When the coating is brushed, the water in the coating evaporates and the silicon sol particles dehydrate to form Si-O bonds, which are connected into a network to form a Si-O bond three-dimensional structural skeleton with stable and solid structure. The pure acrylic emulsion develops a continuous and even coating thanks to its good film formation and strong plasticity. In short, the pure acrylic emulsion molecules have high flexibility, easy deformation and fusion, and good continuous film forming performance, which improves the brittle cracking and pulverization properties of the silica sol coating, finally forming a continuous, uniform coating. The silica sol particles have small particle size and strong permeability, which can be filled between the molecules of pure acrylic emulsion to form silicon-oxygen bonds, improve crosslinking density, make the coating dense and hard, and improve weather resistance and staining durability to produce organic/inorganic composite coatings in a way that takes full advantage of the benefits of both.
[image: Figure 2]FIGURE 2 | Schematic diagram of silane coupling agent modification mechanism.
2.2 Preparation of multifunctional coating
According to the expected functions and application requirements of coating materials, the raw materials for functional coatings are divided into three categories: the first category is the main film-forming material, which refers to the main component of the coating and plays a role in stabilizing the adhesive bond. The second category is the secondary film-forming material, which refers to the raw materials that give the coating a specific function, such as pigments and fillers, heat-insulating fillers, etc. The third category is the film-forming auxiliary material, which refers to the auxiliary material to improve the coating function or speed up the preparation process during the coating preparation process. Finally, the composition of the functional coating material in this paper is determined as follows: (1) Main film-forming materials: pure acrylic emulsion, silica sol, silane coupling agent KH-570; (2) Secondary film-forming substances: carbon black, rutile titanium dioxide, hollow microspheres; (3) Film-forming auxiliaries: catalytic aqueous solution as solvent, defoamer, film former, dispersant. The main index parameters of the coating material are listed in Table 1. In order to achieve the best application effect of functional coatings, this article attempts to achieve the best organic/inorganic mass ratio of 2:3 and silica sol particle size of 15 nm. In addition, the carbon black in the coating can cause the color of the coating to become gray to prevent glare and improve the visual effect. However, the amount of carbon black should not be too high and the cooling effect of the road surface should be ensured while avoiding glare. Based on this, three groups of functional coatings with different carbon black content and a blank control group were designed to compare their functionality. The blend design of each coating is shown in Table 2.
TABLE 1 | Main index parameters of materials.
[image: Table 1]TABLE 2 | Coating mix proportion design.
[image: Table 2]The volume concentration of TiO2 refers to the percentage of the volume of titanium dioxide volume in the titanium dioxide and in the volume of the mixed base material. The amount of carbon black, hollow microspheres, catalytic aqueous solution, defoamer and dispersant refers to the percentage of the mass of each component to the mass of the mixed base material. The amount of silane coupling agent refers to the mass ratio of the coupling agent to silica sol. The amount of film-forming agent refers to the mass ratio of film-forming agent to pure acrylic emulsion. G0 represents the blank control group without coating. In addition, the ratio of the catalytic aqueous solution was designed as deionized water: silane coupling agent: titanium dioxide: activated carbon: dispersant = 100: 5: 2: 2: 1. The manufacturing process of the final multifunctional coating is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flow-chart of step-by-step preparation process of multifunction composite coating.
2.3 Experimental methods
2.3.1 Indoor tests
2.3.1.1 Preparation of coated rutting plate specimen
According to the testing requirements, the rutting plate specimens and sizes in this paper meet the specifications and are stored after the preparation is completed. After the rut plate specimen is cooled and formed, the rut plate is divided into four pieces on average by a cutting machine, with a size of 150 mm × 150 mm × 50 mm, which is used to paint the functional coating. In this paper, based on the different content of carbon black, three groups of different functional coatings and a control group without functional coatings were designed for functional tests: G0 is a non-functional coating; G1 is a functional coating with 0.6% carbon black content; G2 is a functional coating with 0.9% carbon black content; G3 is a functional coating with 3.6% carbon black content. Each rut specimen was coated with a coating amount of 0.6 kg/m2. In addition, to facilitate the indoor cooling test, holes were drilled at the centroid point of 25 mm height on the side of each small rut plate using an electric drill. The hole diameter was 5 mm and the drilling depth was 75 mm. After drilling was successful, the temperature sensor was implanted into the hole in the center of the specimen. The seal was poured with polyurethane adhesive and the surface was cleaned. The temperature sensor was stuck in the middle of the specimen surface, and then the entire specimen was placed in a self-made insulation mold. The operation process is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Fabrication of small rutting plate specimen.
2.3.1.2 Indoor cooling test
To make the solar radiation conditions more realistic, this paper created a temperature environment box to simulate the high-temperature outdoor conditions and used an iodine-tungsten lamp as the simulated light source, which is close to the solar radiation spectrum, as well as the power of the iodine. The tungsten lamp is 300 W. To improve the accuracy of the test and the controllability of the variables, the test device should be visualized, which can control the height of the light source, the internal temperature and the humidity. The self-made test device used in this paper is shown in Figure 5. The temperature and humidity inside the environment box can be controlled. The temperature adjustment range is 0°C–60°C (±0.5°C), the humidity adjustment range is 1%–95% (±0.5%), the accuracy is ±0.5% F.S. and the power supply is 220 V. The specimen can be placed in it to keep it warm, adjust the initial test temperature of the specimen, and improve the accuracy of the test. In addition, other test instruments in this test include a temperature sensor (for collecting temperature information), a paperless recorder (for recording the temperature information collected by a temperature sensor in real time), and a thermal insulation mold (for thermal measurement of rut plate specimens to avoid heat loss). To improve the accuracy of the cooling test, this paper tests the surface temperature and internal temperature changes of small rutting plate specimens. The pre-prepared G0 to G3 coating rutting plate specimens are placed in the insulation mold in turn and placed directly below the iodine tungsten lamp. At the same time, the temperature sensors inside and on the surface of each specimen are connected to each channel of the paperless recorder to facilitate the recording of temperature data. The test temperature was set at 60°C, the test time was 4 h, and the temperature data after each 30-min interval was used to analyze the cooling effect.
[image: Figure 5]FIGURE 5 | Self-made test environment box.
2.3.1.3 Indoor exhaust gas degradation test
The test device for indoor exhaust gas degradation consists of four parts: an ultraviolet lamp, gas bottle, exhaust gas degradation environment box, and gas detector. The test device is shown in Figure 6. The light source wavelength of the ultraviolet lamp is 395 nm, and the radiation intensity of the specimen is 5 mW/cm2. The gas composition in the gas bottle is the composition of simulated automobile exhaust, and the specific composition and concentration are shown in Table 3. The environment box adopts the DZ-2BCII vacuum drying box produced in Shandong, which can provide a dry, constant temperature and vacuum test environment for the test. The light source is a 395 nm ultraviolet lamp. The gas detection instrument adopts the FASM-5000 analyzer produced by Foshan Analyzer Co., Ltd., and its main parameters are shown in Table 4. The test environment was maintained at about 30°C and the test time was 2 h. The evaluation method of photocatalytic degradation efficiency is based on Eq. 1.
[image: image]
[image: Figure 6]FIGURE 6 | Simulated tail gas degradation device.
TABLE 3 | The composition and concentration of simulated gas.
[image: Table 3]TABLE 4 | Main technical parameters of FASM-5000 analyzer.
[image: Table 4]Where η is the simulated exhaust gas degradation efficiency, C0 is the initial simulated exhaust gas concentration in an environmental chamber, and C1 is the simulated exhaust gas concentration after detection in the environmental chamber.
2.3.2 Outdoor tests
Because there is no real simulation of solar radiation in the indoor test, and the conditions such as wind speed and space are constant, the actual environment of the project cannot be truly reflected. Therefore, to test the use effect of the multifunctional coating, this paper carries out outdoor tests. The test site is selected in the test section of a section of a sluiceway of an expressway. Based on the indoor test of multifunctional coating, it is found that among the three groups of functional coatings designed, the color of the functional coating group (G1) with 0.6% carbon black content is white, which will affect the driving safety in the actual road surface. Therefore, the outdoor test in this paper will no longer test the functionality of G1, and the test group is proposed as G0, G2, and G3. G2 and G3 coatings were prepared according to the mix ratio of indoor functional coatings and brushed onto the surface of the test section for subsequent functional tests.
2.3.2.1 Outdoor cooling test
The detection of outdoor temperature includes two parts: road surface and road interior. Among them, the surface temperature of the road surface is detected by an infrared thermometer; the temperature inside the road is detected by a temperature sensor. In this paper, the temperature sensor is embedded in the road before the asphalt surface is paved to achieve the test of the internal temperature of the structure. To avoid damage to the temperature sensor during the paving and rolling process of the asphalt mixture, the temperature sensor is buried and fixed by asphalt mortar, which can effectively improve the success rate of embedding. Among them, the asphalt mortar is calculated and prepared by the equivalent asphalt content in the asphalt mixture.
2.3.2.2 Outdoor exhaust gas degradation test
Photocatalysts can convert the light energy of nature into chemical energy, thereby promoting photocatalytic reactions (Zhao et al., 2022). The reaction principle is mainly to convert the water and oxygen molecules in the surrounding environment into free negative ions with strong oxidation ability, to achieve the purpose of catalytic decomposition of harmful substances. The specific reaction principle is shown in Figure 7. Based on this principle, the outdoor exhaust gas degradation test in this paper compares the exhaust gas degradation effect of each test group by collecting the concentration of nitrate ions produced by the reaction between the coating and the exhaust gas under the condition of solar illumination by industrial distilled water. The specific test methods are as follows: Take an area in each of the three groups of test sections, and use the sealant to form a 20 cm × 20 cm square area in each area. Each square area was cleaned with water once. After drying, the exhaust gas was sprayed with the tail vent of the car towards the square area for 5 min, and then an appropriate amount of distilled water was poured into the square area. After waiting for 3 min, the distilled water was collected into a sealed bottle. Finally, the concentration of nitrate ions in the collected distilled water was detected.
[image: Figure 7]FIGURE 7 | Reaction principle diagram of TiO2.
2.3.3 Slip resistance test
The anti-sliding performance of the road surface characterizes the ability of the road surface to resist rutting and slip and is an important indicator of the degree of safety of the vehicle. For road coating materials, skid resistance is a common problem. The coating is brushed to the surface of the road to form a coating film, and the surface is smooth. This has changed the original surface characteristics of the road surface, changed the interface state between the wheel and the road surface, and has a bad impact on traffic safety. Therefore, the study of coating materials for road engineering must consider the skid resistance of the road surface and meet the requirements of the specification indicators. In addition, the thickness of the coating has a direct impact on the skid resistance of the pavement. The thicker the coating, the worse the skid resistance and the lower the driving safety. Therefore, the control of the coating thickness is particularly important. In this paper, the anti-skid performance test is carried out by the pendulum value method, and the test instrument is the pendulum friction instrument. At the same time, the coating thickness is controlled by selecting the coating amount. In this paper, the coating amount of 0.6 kg/m2 is selected and the coating is evenly applied to the surface of the rutting specimen. The rutting test piece with a coating amount of 0.6 kg/m2 per unit area was compared with the ordinary test piece. Each test piece was tested at three points, and the average value was finally taken for statistics. According to the ‘Highway Subgrade and Pavement Field Test Regulations’ (JTG E60-2008), the pendulum value of 45BPN is considered to be qualified.
3 RESULTS AND DISCUSSION
3.1 Indoor cooling test
Figure 8 shows that the surface temperature of each group increases with the extension of time in the condition of high-temperature test at 60°C, which is due to the temperature rise caused by the absorption of simulated light source radiation heat by the specimen. The slope of each point on the temperature curve generally shows a gradual decrease trend, and the curve tends to be gentle. It can be seen that the heating rate is gradually decreasing and tends to be in a thermal equilibrium state. While Figure 9 shows the internal temperature at 60°C with time, and the trend of curve is similar to that of Figure 8. Overall the temperature of internal is lower than the surface. This is due to the fact that the road surface reflects and blocks some of the heat to the interior of the road. By comparing with the control group G0 without coating, the temperature and heating rate of the specimen with functional coating are lower than those without coating, indicating that the functional composite coating has a cooling effect. By comparing three groups of functional coatings (G1∼G3) with different carbon black content, it was found that with the increase of carbon black content, the cooling effect showed a downward trend, that is, the cooling effect was G1 > G2 > G3, which indicated that the increase of carbon black content reduced the reflection effect of titanium dioxide on solar radiation to a certain extent, thus weakening the cooling effect of the coating. From the data point of view, the surface cooling of each functional coating specimen: G1 cooling 5.8°C, G2 cooling 5.4°C, G3 cooling 4.7°C; the internal cooling of each functional coating specimen: G1 cooling 4.8°C, G2 cooling 4.3°C and G3 cooling 3.8°C. In summary, the functional coating has a certain cooling effect under high-temperature conditions. At the same time, with the increase of carbon black content, the cooling effect of the functional coating decreased, but the decrease was not too large. Therefore, the content of carbon black can be selected according to the comprehensive consideration of the cooling effect and visual effect.
[image: Figure 8]FIGURE 8 | Variation of surface temperature (at 60°C) with time.
[image: Figure 9]FIGURE 9 | Variation of internal temperature (at 60°C) with time.
3.2 Indoor exhaust gas degradation effect
Figure 10 shows that the functional coating group has a good effect on the degradation of automobile exhaust, and the degradation efficiency of the exhaust gas is higher at the beginning of the test, but the degradation efficiency gradually decreases with the increase of time, and the part after the curve shows a gentle trend. Compared with CO, the degradation effect of functional coatings on NO is more prominent, and the cumulative degradation efficiency of NO in G1 to G3 is much higher than that in G0. In addition, by comparing the exhaust gas degradation effect of three groups of functional coating groups with different carbon black content, the results show that the degradation effect from high to low is: G2 > G3 > G1, that is, the best degradation ability is G2. The cumulative degradation efficiency of CO was 27.77%, and the cumulative degradation efficiency of NO was 73.75%.
[image: Figure 10]FIGURE 10 | Exhaust gas degradation effect: (A) Variation of CO cumulative degradation efficiency with time and (B) Variation of NO cumulative degradation efficiency with time.
3.3 Outdoor cooling test
The surface temperature and internal temperature of the three test groups were tested at the same period, and the temperature of each measuring point was measured four times at an interval of 15 s in 1 minute. Because the surface temperature test is greatly affected by the surrounding environment, the average of the four temperatures measured on the surface is taken as the surface temperature of the period. The measured surface temperature and internal temperature data are collated in Table 5; Figure 11, respectively.
TABLE 5 | Surface temperature change.
[image: Table 5][image: Figure 11]FIGURE 11 | Variation of internal temperature change with time.
It can be calculated from the data results of Table 5 and Figure 11 that the difference between the surface temperature and the internal temperature of G0 in the non-coating group is 0.72°C. The difference between the road surface temperature and the internal temperature of G2 and G3 in the functional coating group was 2.75°C and 2.48°C, respectively. It can be seen that the functional coating has a good heat reflection effect, thereby reducing the heat absorption of some road surfaces and transmitting it to the interior of the structure. In addition, compared with the control group G0 without coating, it was found that the surface temperature of the functional coating group G2 decreased by 2.7°C, and the internal temperature decreased by 4.7°C. The surface temperature of G3 decreased by 1.2°C, and the internal temperature decreased by 1.9°C. In summary, the functional coating group G2 has better cooling capacity.
3.4 Outdoor exhaust gas degradation effect
By collecting the collected distilled water to determine the nitrate ion concentration, the detailed test results are shown in Table 6. According to the reaction mechanism of TiO2 in Figure 7, the catalytic degradation effect of photocatalyst (TiO2) in functional coatings is proportional to concentration of nitrate ions, that is, the higher the concentration of nitrate ions, the better the degradation effect of the exhaust gas. Therefore, it can be seen from Table 6 that the concentration of nitrate ions in G2 and G3 in the functional coating group is higher than that in the uncoating control group G0, indicating that compared with the ordinary pavement, the pavement with functional coating has a certain ability to reduce exhaust gases. In addition, for the functional coating group with different carbon black content, the nitrate ion concentration of G2 is higher than that of G3, indicating that G2 with 0.9% carbon black content has a stronger exhaust gas degradation effect.
TABLE 6 | NO3- concentration detection result.
[image: Table 6]3.5 Slip resistance test
Through the pendulum value test of the two specimens, the result is shown in Table 7.
From the test results in Table 7, it can be seen that the pendulum values of the two specimens are greater than 45 BPN, which meets the requirements of the specification and has passed the anti-slip performance test. On the whole, the slip resistance value of the rutting specimen with coating is lower than that of the rut pattern without coating. This is because after the coating is applied to the surface of the mixture, part of the coating fills the gap between the surface structure of the asphalt mixture and changes the structure of the specimen. The depth makes the friction between the rubber slider of the pendulum instrument and the surface of the specimen decrease, and the pendulum value decreases. Therefore, when brushing the coating, it is necessary to control the amount of coating while ensuring the cooling effect. When the coating amount is small, the coating is partially filled with the road surface structure, and there are still some areas where the structure is still rough, providing friction. As the coating amount gradually increases, the coating fills the road surface structure of the specimen, and the friction depends on the friction of the coating itself. At this time, the friction provided is low, and the anti-slip performance cannot meet the requirements, which poses a danger to driving safety.
TABLE 7 | Pendulum test result.
[image: Table 7]4 CONCLUSION
The danger posed by high temperature on asphalt surface has always been the focus of road workers. At the same time, environmental pollution caused from car exhaust is also an urgent problem that needs to be solved. To overcome these two main problems, the solutions proposed in the past are mostly “palliative solutions” that do not fundamentally solve the main problems and whose functionality is relatively simple. This article proposes a multifunctional composite coating to achieve a coating on the surface of the asphalt pavement, which can achieve the effect of cooling and exhaust gas degradation at the same time. It not only controls the material cost but also has a good application. Indoor and outdoor cooling tests and emissions degradation tests are also carried out on multifunctional coatings. The main conclusions of study are summarized as follows:
1. A functional composite coating with cooling and exhaust gas degradation effects was developed and rutile titanium dioxide and carbon black were used as pigments and fillers in the coating preparation, including titanium dioxide with a certain refractive index and photocatalytic effect. Carbon black is used to balance the color of the coating and avoid glare caused by the excessive white color of the coating, affecting the driver’s driving safety. However, the amount of carbon black should not be too high, and the cooling effect of the road surface should be ensured while avoiding glare. In this paper, three types of functional coatings with different carbon black content are examined in order to select an optimal solution in terms of functionality and safety.
2. The results of the indoor test show that in the cooling test, the cooling effect of the multifunctional coating group decreases with the increase in carbon black content. It turns out that G1 with a content of 0.6% achieves the best cooling effect, followed by G2 with a content of 0.9%. However, the cooling rate of G1 is only slightly higher than that of G2. Considering the visual effect, it is considered that G2 is the optimal cooling function coating group. In the exhaust gas degradation test, the multifunctional coating group showed a certain exhaust gas degradation ability, and the degradation efficiency reached a high level at the beginning of the test. The test results show that the degradation effect is from high to low: G2 > G3 > G1. This implies that the functional coating group with the best exhaust gas degradation ability is G2. The cumulative degradation efficiency of CO was 27.77% and the cumulative degradation efficiency of NO was 73.75%.
3. The results of the outdoor tests showed that in the cooling test, the surface temperature of the functional coating group G2e surface temperature of the functional coating group decreased by 2.7°C and the internal temperature decreased by 4.7°C. The surface temperature of G3 decreased by 1.2°C and the internal temperature decreased by 1.9°C. This shows that G2 has better heat reflection ability and cooling effect. In the exhaust gas degradation test, the NO3- concentrations detected by G2 and G3 in the functional coating group were 2.17 and 1.18, respectively, indicating that the exhaust gas degradation effect of G2 was stronger than that of G3.
4. Based on the results from the functional tests indoors and outdoors, the conclusion is that the functional coating group G2 with 0.9% carbon black content has the best cooling and exhaust gas reduction effect. At the same time, it is concluded from the anti-slip test that the BPN value of the multifunctional coating with a coating amount of 0.6 kg/m2 meets the requirements of the specification and ensures road safety.
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