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The development of a regeneration agent is one of the key technologies for pavement regeneration and one of the methods to reduce carbon emissions in the transportation field, so it is very necessary to develop a regeneration agent. Based on the composition of asphalt and rejuvenator components, the optimal dosing of extraction oil, plasticizer dioctyl phthalate (DOP), and hydrogenated (carbon 9) C9 petroleum resin was determined by the response surface method, and the suitable dosing of the anti-aging agent was also designed to optimize the orthogonal experiment to prepare the ZJ-I (Zenith Yummy-Invent) rejuvenator with good overall performance. On the basis of the ZJ-I rejuvenator, dynamic shear rheology (DSR), bending beam rheometery (BBR), Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), and contact angle experiments were used to investigate the effects of the ZJ-I rejuvenator dosing on the high- and low-temperature rheology, chemical structure, surface microscopic morphology, and adhesion between asphalt and aggregate of aged asphalt and to explore the regeneration effect and regeneration mechanism of the ZJ-I rejuvenator. The results showed that the ZJ-I rejuvenator formulated with 83.6% extracted oil, 15% plasticizer DOP, 1.4% hydrogenated petroleum resin, 0.6% antioxidant, and 0.4% light stabilizer has the best regeneration effect, and its optimal dosing is 7% aging degree. It can also improve the adhesion performance of asphalt and aggregate.
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1 INTRODUCTION
In the background of peaking carbon dioxide emissions, carbon emissions from transportation have become a giant problem that needs to be solved urgently, and one of the main sources of carbon emissions in this field is the maintenance of roads which will generate a lot of waste asphalt materials. Under such circumstances, pavement recycling becomes one of the important measures to reduce carbon emissions. Pavement recycling is necessary for its effects in reducing resource waste, cost, and carbon emissions, and it is a way to achieve the sustainable development of the economy, society, and environment.
There are many technologies for pavement recycling, and one of the key technologies is the development of asphalt-recycling agents. The purpose of pavement recycling is to restore the aged asphalt to the level of the original asphalt. The aged asphalt inside which the components have been out of balance and most of the aromatics and saturate are converted to asphaltenes becomes hard and easy to crack (Huang et al., 2011). According to the principle of four components of asphalt, light oil, the main component of the asphalt-recycling agent, can dissolve or disperse the content of high molecular weight (or dissolve a large number of asphaltenes) so that the components in the asphalt can be balanced and the asphalt can be restored to the original state, so as to achieve the asphalt recycling. Thus, the research on the asphalt-recycling agent is the key to achieving pavement recycling.
At present, scholars at home and abroad have carried out a lot of research on the development of rejuvenators. Yanan et al. (2022) found that waste engine oil can better improve the low-temperature cracking resistance of asphalt. AlSaffar et al. (2022) and Elio et al. (2021) found that maltose was effective in improving the low-temperature cracking resistance of asphalt and its improvement effect was close to that of the as-built asphalt. Sokolova et al. (2019) found that different plasticizers such as TBC, DOM, and DOP were able to improve the low-temperature properties of asphalt, with DOP plasticizers improving most significantly. Gómez-Mejide et al. (2018) and Han et al. (2022) also studied the effect of plasticizers on high- and low-temperature rheology and microstructure and also proposed the optimum number of plasticizers to be 7%.
Previously, it was found that materials such as waste engine oil have improved the low-temperature crack resistance of asphalt, but the best improvement was achieved by DOP plasticizers. However, DOP plasticizers can adversely affect the high-temperature shear and aging resistance of asphalt, so some materials that can improve the high temperature and aging resistance of asphalt need to be added. Nie et al. (2019) and Radzi et al. (2020) and Sharma et al. (2020) and Shao-peng et al. (2002)) found that adding hydrogenated C9 petroleum resin to plasticizers can better improve the aging resistance of asphalt. Wu et al. (2022) determined the microscopic morphology and the results proved that the addition of petroleum resin could indeed alleviate the aging of SBS-modified asphalt. Meanwhile, Zhao et al. (2022) and Yin and Pan (2022) found that the addition of antioxidants to plasticizers could improve the high-temperature performance of asphalt, which could compensate for the negative effects of plasticizers.
The aforementioned literature reveals that the addition of plasticizers, tackifiers, and antioxidants can significantly improve the performance of asphalt, such as low-temperature rheology and anti-aging properties. In order to further study the effect of these material components on asphalt properties, some scholars choose to optimize the materials by compounding, of which the use of the orthogonal design method for material compounding is one of the most widely used methods. Li et al. (2022) used the orthogonal design method to compound six base oils and five plasticizing modifiers, and the results proved that the low-temperature and adhesion properties of asphalt were significantly improved. Li et al. (2022) similarly used an orthogonal design approach to compound glycolaldehyde extraction oil with hydrogenated C9 petroleum resin, and the results demonstrated a large improvement in the low-temperature properties of asphalt.
At present, most scholars in China and abroad use the orthogonal design method to compound the rejuvenator and study the influence of rejuvenator on the aged asphalt at high temperature and its anti-aging performance. At the same time, they studied the regeneration mechanism of the rejuvenator. These studies have important contributions to the improvement of asphalt performance and the utilization ratio of reclaimed materials. However, there are still some problems with the existing rejuvenators of asphalt. Taking the commonly used configuration mode as an example, there are some defects in single matching, while the orthogonal design method which is used in compounding frequently is not that accurate.
To address the existing problems, this paper develops an inexpensive rejuvenator with good overall performance based on a rejuvenator formulation optimization design. According to the research of previous scholars, it can be found that the combination of three materials, namely, glyoxal extracted oil, plasticizer DOP, and hydrogenated C9 petroleum resin, can improve the low-temperature rheology, anti-aging, and adhesion of asphalt and aggregate. In order to improve the high-temperature shear resistance of asphalt, some anti-aging materials were added to the rejuvenator. First, the response surface method was used to determine the optimal amount of extracted oil, plasticizer DOP, and hydrogenated C9 petroleum resin, and then the orthogonal design method was used to determine the optimal amount of anti-aging materials so that a ZJ-I type rejuvenator was prepared. Next, dynamic shear rheology (DSR), bending creep stiffness, Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), and contact angle tests were conducted to verify the regeneration performance of the ZJ-I rejuvenator and to investigate the regeneration mechanism of the ZJ-I rejuvenator. The effect of the ZJ-I rejuvenator on the road performance of asphalt and asphalt mixes was analyzed from a macro and micro perspectives. The resulting technology roadmap is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Thesis technology roadmap.
2 MATERIALS AND METHODS OF EXPERIMENT
2.1 Raw materials
2.1.1 Asphalt
In this paper, heavy traffic No. 70 Grade A asphalt was used as the base asphalt, and the base asphalt was aged in a rotating film oven for 5 h to obtain the aged asphalt samples. The basic properties of the aged asphalt were tested and found to be close to those of the extracted aged asphalt. The basic properties of the matrix asphalt, aged asphalt (homemade), and aged asphalt (extracted) are shown in Table 1.
TABLE 1 | Basic performances of the three kinds of asphalt.
[image: Table 1]2.1.2 Raw materials of the rejuvenator
According to the related literature, the elements making rejuvenators include a base oil component, plasticizer component, tackifying component, and anti-aging component. The basic performances of materials of various components are shown in Table 2, Table 3, Table 4, and Table 5.
TABLE 2 | Base oil component.
[image: Table 2]TABLE 3 | Plasticizer component.
[image: Table 3]TABLE 4 | Tackifier component.
[image: Table 4]TABLE 5 | Anti-aging component.
[image: Table 5]2.2 Optimal design method of the rejuvenator
2.2.1 Proportion design of the rejuvenator
We usually use the response surface methodology (RSM) and orthogonal design to design the proportion of the rejuvenator.
1) Response surface methodology
The response surface methodology, one of the methods to determine the optimal content of materials, has higher accuracy in proportion than the orthogonal design methodology. First, it uses reasonable experimental design methods and obtains certain data through experiments. Then, the multiple quadratic regression equation is used to fit the functional relationship between factors and response values. Finally, the analysis of the regression equation is used to seek the optimal process parameters and solve multivariable problems. Therefore, here, the text response surface methodology is used to determine the optimal dosage of extract oil, plasticizer, and hydrogenated C9 petroleum resin. In the experiment, here are three variables, X1 (extract oil), X2 (plasticizer), and X3 (hydrogenated C9 petroleum resin). Correspondingly, the three response values are penetration (Y1), 10°C ductility (Y2), and softening point (Y3). Since there are three factors and levels, the design of the experiment is based on three factors and three levels. The Box–Behnken design (BBD) method in the response surface method is selected to design the experiment, so 17 groups of experiments are required for three factors and three levels. To distinguish the materials, the extracted oil is marked as X1, the plasticizer DOP is marked as X2, and the hydrogenated C9 petroleum resin is marked as X3. The response surface design table is shown in Table 6.
2) Orthogonal design
TABLE 6 | Experiment design table.
[image: Table 6]The method of the orthogonal design is used to determine the optimal dosage of anti-aging materials. Because there are altogether two anti-aging materials and each has three optimal dosages, the orthogonal experimental design conduct nine groups of experiments by adopting two factors and three level. In order to distinguish the materials, the antioxidant is marked as D, and the light stabilizer is marked as F. The orthogonal experimental design table is shown in Table 7.
TABLE 7 | Orthogonal experimental design table.
[image: Table 7]2.2.2 Preparation of the self-made rejuvenator and recycled asphalt
To make the rejuvenator, first, the extracted oil, plasticizer DOP, hydrogenated C9 petroleum resin, antioxidant, and light stabilizer should be weighed according to the proportion. Then, the extracted oil is put in a water bath with a temperature of 120°C. Next, the plasticizer DOP is added into it for stirring with a high-speed shearing machine with a rotation speed of 2,000 r/min and stirred it for 5 min. Then, the temperature is increased to 150°C and the rotation speed is improved to 5,000 r/min. After that, C9 petroleum resin, antioxidant, and light stabilizer are added into the water bath in order and stirred it for 14 min, 8 min, and 8 min, respectively. Finally, the ZJ-I type rejuvenator has been made and the prepared rejuvenator is put in a vessel. To make the recycled asphalt, first, the aged asphalt is heated in a 130°C oil bath until it melts. Then, 4% ZJ-I type rejuvenator, 7% ZJ-I type rejuvenator, 10% ZJ-I type rejuvenator, and 7% (Roughness American) RA-5 rejuvenator are added (a commercial rejuvenator, as the control group of the self-made rejuvenator, the optimal dosage of the rejuvenator has been determined to be 7% in the preliminary test) to aged asphalt and used the shearing machine for high-speed shearing at 2,500 r/min for 8 min. In this way, different kinds of dosages of recycled asphalt are made. The process of making the self-rejuvenator goes as follows (Figure 2, Figure 3).
[image: Figure 2]FIGURE 2 | Process diagram of rejuvenator preparation.
[image: Figure 3]FIGURE 3 | Preparation process of recycled asphalt.
2.3 Test methods of asphalt performance
2.3.1 DSR
DSR tests of aged asphalt, original asphalt, and recycled asphalt are carried out with a dynamic shear rheometer. The temperature scanning is conducted according to the procedure specified in T0628-2011. The test temperature is from 50°C to 75°C and there will be a temperature scanning when the temperature increases by 5°C every time. The two indicators tested are the complex modulus G * and the phase angle δ. G * reflects the permanent deformation resistance of asphalt and is related to the stiffness of asphalt. The larger the G *, the greater the stiffness and the stronger the deformation resistance of asphalt. δ is related to asphalt viscoelasticity. The smaller the δ, the closer it is to elastic materials, and on the contrary, the closer it is to viscous materials.
2.3.2 BBR
According to T0627 in JTGE 20–2011, the 60 s bending creep stiffness modulus S value of asphalt and creep rate m value are used to evaluate the low-temperature performance of aged asphalt, original asphalt, and recycled asphalt. In the test, the 60 s bending creep stiffness modulus S value means that the larger the creep stiffness modulus of asphalt, the easier the asphalt is to crack at low temperature, and the creep rate M value means that the higher the creep rate of asphalt, the better the stress relaxation ability, and the better the low-temperature crack resistance of asphalt. The size of the test samples is 127 mm × 6.35 mm × 12.7 mm and the test temperature is -12°C,-18°C, and -24°C.
2.3.3 FTIR
Here in the paper, infrared spectra of base asphalt, aged asphalt, and recycled asphalt are measured by using infrared spectrometers. By comparing and analyzing the infrared spectra, the changes in chemical characteristic functional groups of asphalt can be shown after adding the self-made rejuvenator. In the experiment, the scanning range of the infrared spectrometer is 500–4000cm−1, the number of scans is 32 times, and the resolution is 4cm−1.
2.3.4 AFM
There have been a great number of scholars, who have adopted various microscopic analysis methods to analyze the mechanism of asphalt regeneration in the aspect of asphalt regeneration and recycled asphalt mixture. Atomic force microscopy has proven to be an effective microscopic technique for observing the microscopic morphology of asphalt. Hence in this experiment, atomic force microscopy is used to observe the microstructure of asphalt and study the effect of self-made rejuvenators on the aging and regeneration of asphalt.
The tapping mode of atomic force microscopy has been used in this experiment. The AFM uses a probe with a size of 0.4 N/m. In this experiment, the scanning range is 20 μ m × 20 μ m and the scanning frequency is 512. According to the documents, to produce the AFM, first, a little asphalt is dipped with a glass rod and dropped it in the center of the slide. Then, put it into the baking oven to heat for 15 min. Eventually, the AFM sample has been made when the asphalt sample flow into a thin film on the glass slide.
2.3.5 Contact angle test
The adhesion between asphalt and aggregate affects the stability of the asphalt mixture. Therefore, it is necessary to explore the index of adhesiveness. In this section, the contact angle test is used to determine the contact angles of original asphalt, aged asphalt, and recycled asphalt. Then, the surface free energy and adhesiveness of various asphalts are calculated by using the correlation formula of the surface free energy theory. Hence in this way, it is used to determine the effect of the rejuvenator on the adhesion of the asphalt to the aggregate. Surface energy parameters of the three liquids with known surface free energy required for the contact angle test are shown in Table 8. The formula for adhesiveness is
[image: image]
TABLE 8 | Surface energy parameters of three test liquids.
[image: Table 8]In the formula, [image: image]—adhesiveness ([image: image]; [image: image] [image: image]—surface energy of the asphalt material ([image: image]; and [image: image]—contact angle between the asphalt material and aggregate (°).
3 RESULTS AND DISCUSSION
3.1 Proportion design of the rejuvenator using the response surface method
See Table 9 for the results obtained by the response surface method.
TABLE 9 | Test design and results.
[image: Table 9]Next, according to the obtained test data, we take the softening point value of the response value as an example, simulate the equation, and test the significance with the help of Expert-Design software (Liu et al., 2012; Huang et al., 2021; Al-Saffar et al., 2022). The remaining two response value analysis methods and processes are the same. The results are shown in Table 10.
TABLE 10 | Numerical analysis of the softening point.
[image: Table 10]A significant model means that a response value has a large effect on several variables, and the predicted data have very little difference from the measured data. If you want the model to be significant, the p value in the model must be less than 0.05. According to the table, the model p value of the softening point indicator is < 0.0001 < 0.05, so the model is significant. The regression equation of the softening point was also calculated according to the software:
[image: image]
In the aforementioned formula, X1 is the content of extracted oil, X2 is the content of plasticizer DOP, and X3 is the content of hydrogenated C9 petroleum resin.
Through software analysis, we get that the correlation coefficient of the regression equation of the softening point is R2 = 0.9968, which indicates that the response surface method is reasonable in predicting the softening point. The following figure intuitively shows the difference between the predicted and measured softening point values (Figure 4).
[image: Figure 4]FIGURE 4 | Distribution of measured and predicted softening point values.
As can be seen from Figure 4, all the points fall on the diagonal line, which indicates that the measured results are in good agreement with the simulation results, indicating that the model used is reasonable and the reliability of the fitted equations is good. In addition, the surface relationship between the softening point value and the extracted oil, plasticizer, and hydrogenated C9 resin is shown in Figure 5, Figure 6, and Figure 7.
[image: Figure 5]FIGURE 5 | Extraction oil with DOP plasticizer.
[image: Figure 6]FIGURE 6 | Extracted oil with hydrogenated C9 petroleum resin.
[image: Figure 7]FIGURE 7 | DOP plasticizer with hydrogenated C9 petroleum resin.
According to Figures 5–7, under the condition that the content of hydrogenated C9 petroleum resin is unchanged, the softening point value decreases with the increase of plasticizer DOP and extracted oil, and the influence of the content of extracted oil and plasticizer DOP on the softening point is relatively small. Under the condition that the content of extracted oil is fixed, the softening point value increases with the increase of the content of hydrogenated C9 petroleum resin and decreases with the increase of the content of plasticizer DOP. In particular, the range of change of the softening point value with the content of plasticizer DOP is significantly higher than that of hydrogenated C9 petroleum resin. When the DOP content of the plasticizer is constant, the softening point value increases with the increase of the content of hydrogenated C9 petroleum resin and decreases with the increase of the content of extracted oil. In particular, the range of change of the softening point value with the content of extracted oil is slightly lower than that of hydrogenated C9 petroleum resin.
It can be concluded that the influence intensity of three factors on the softening point value is: DOP > hydrogenated C9 petroleum resin > extracted oil.
Similarly, the other two response values can be analyzed. The influence intensity of the three factors on the penetration value is: extracted oil > DOP > hydrogenated C9 petroleum resin. The strength of influence on ductility is DOP > extracted oil > hydrogenated C9 petroleum resin. In terms of the influence degree, DOP and extracted oil have a significant influence on the factors, so the content of extracted oil and DOP will be more than that of hydrogenated C9 petroleum resin.
Therefore, the optimal ratio of the main materials of the rejuvenator was obtained after optimization by the response surface method: 83.6% extraction oil, 15% plasticizer DOP, and 1.4% hydrogenated petroleum resin.
3.2 Optimization of anti-aging agent materials by the orthogonal test
See Table 11 for test results of the orthogonal test design.
TABLE 11 | Test and test results.
[image: Table 11]The data in the aforementioned table are analyzed, and the range of each indicator is calculated. Taking the mass loss range as an example, the calculation results are shown in Table 12. Using the same method, the remaining penetration and the range of penetration ratio can be analyzed.
TABLE 12 | Analysis of the quality loss range.
[image: Table 12]According to the mass loss extreme difference analysis table, we can see that level 1, level 2, and level 3 of antioxidants are −0.21, −0.25, and −0.35, respectively, and level 1, level 2, and level 3 of the light stabilizer are −0.22, −0.24, and −0.30, respectively, because the smaller the mass loss, the better the anti-aging ability, so we need to choose the one with the smallest mass loss extreme difference value. The lowest mass loss polarization among the antioxidants is −0.21, and the lowest mass loss polarization among the light stabilizers is −0.22, so it can be seen that the optimal combination of mass loss polarization is D1F1. Similarly, the optimal combination from the needle penetration polarization analysis is D2F1 and D2F3.
In summary, from the extreme difference analysis table of mass loss, needle penetration, and needle penetration ratio, it can be seen that the doping amount marked as D2 affects both needle penetration and needle penetration ratio, and the doping amount marked as F1 also affects both mass loss and needle penetration, and these two doping amounts have significant effects on the test, so the final combination is D2F1, where D2 represents the data of antioxidant level 2, and F1 represents the data of light stabilizer level 1, according to Table 7, D2 is 0.6% and F1 is 0.4%.
Finally, the optimal combination of homemade new rejuvenators obtained by the response surface method, and the orthogonal design is 83.6% extraction oil, 15% plasticizer DOP, 1.4% hydrogenated petroleum resin, 0.6% antioxidant, and 0.4% light stabilizer.
3.3 DSR
After dynamic shear change (Jaafar et al., 2021) recycled asphalt, original asphalt, and aged asphalt with different rejuvenators, the relevant data chart is obtained, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | High-temperature rheological index of asphalt.
According to Figure 8, the rutting factor G/sinδ and complex modulus of various asphalts gradually decrease with the increase of temperature, while the phase angle increases. Moreover, when the temperature is 75°C, there is almost no difference in the complex modulus, phase angle, and rutting factor of various asphalts. In particular, at the same temperature, the rutting factor and complex modulus of asphalt after aging are higher than other asphalts, and the phase angle of aged asphalt is lower than other asphalt. After adding the rejuvenator, the rutting factor and complex modulus of the regenerated asphalt decrease with the increase of the rejuvenator content, but the rutting factor and complex modulus of recycled asphalt decreased slowly and were both higher than those of the original asphalt, while the phase angle of the regenerated asphalt increases with the increase of the rejuvenator, but both are lower than the original asphalt. In addition, the rutting factor of the ZJ-I recycled asphalt is smaller than that of RA-5 recycled asphalt when the content of the rejuvenator is the same as 7%.
The main reason for this phenomenon is that the increase in temperature makes the asphalt increase in volume and internal void volume, which increases the intermolecular spacing, decreases the intermolecular forces, decreases the asphalt’s resistance to deformation, and gradually transforms the asphalt from an elastomer to a viscous body, thus making the complex modulus of all types of asphalt decrease while the phase angle increases (Zhu et al., 2017). Since the rutting factor of asphalt is derived from the equation G*/sin?, according to the equation, the rutting factor of asphalt is proportional to the complex modulus, and therefore the rutting factor decreases.
Since all types of asphalts are exposed to excessively high temperatures for an extended period of time, their molecular compositions may remain constant, making the variation in their high-temperature rheology index minimal. However, asphalt gradually hardens after thermal-oxidative aging, and the elastic recovery ability is enhanced while the viscous component is reduced, so the complex modulus and rutting factor of asphalt are enhanced while the phase angle is reduced, which makes the high-temperature shear resistance of asphalt improve (Wang et al., 2014).
The rejuvenator has the function of dissolving and softening asphalt, so after adding the rejuvenator, asphalt becomes softer and gradually shifts from the elastic state to the viscous state. Thus, the rutting factor and complex modulus of the recycled asphalt are reduced to a certain extent, and the phase angle gradually increases. As the amount of the rejuvenator is increased, the asphalt becomes closer to the viscous body, resulting in a smaller rutting factor and complex modulus, and a larger phase angle.
In addition, due to the limited function of the regenerating agent to dissolve and soften the asphalt, the elastic component of the regenerated asphalt is always higher than the original asphalt, but the elastic component of the ZJ-I regenerated asphalt is lower than the RA-5 regenerated asphalt. Therefore, the rutting factor of the ZJ-I recycled asphalt is lower than the RA-5 recycled asphalt but higher than the original asphalt.
3.4 BBR
After the low-temperature rheology of recycled asphalt, original asphalt, and aged asphalt with different rejuvenators, the creep stiffness modulus data in Figure 9 and creep rate data in Figure 10 are obtained.
[image: Figure 9]FIGURE 9 | Change of stiffness modulus.
[image: Figure 10]FIGURE 10 | Change diagram of the creep rate.
According to Figure 9, the stiffness modulus of various asphalts increases in varying degrees with the decrease in temperature. When the temperature is the same, the stiffness modulus of asphalt increases after aging. The stiffness modulus of recycled asphalt decreases after adding a rejuvenator. When the amount of rejuvenator increases, the stiffness modulus of asphalt becomes smaller and smaller. When the content of the ZJ-I rejuvenator added is greater than or equal to 7%, the stiffness modulus of asphalt is smaller than the original asphalt, and 7% RA-5 recycled asphalt.
The reason for these patterns is that the lower temperature leads to an increase in the modulus of elasticity of the asphalt, which makes the asphalt more brittle, thus increasing the creep modulus. Under the same temperature conditions, asphalt gradually hardens after thermal-oxidative aging, and the complex modulus and rutting factor of asphalt are enhanced, so the strength of asphalt becomes larger, which in turn makes the creep strength modulus of aging asphalt also becoming larger (Walubita Lubinda et al., 2021).
The regenerating agent has the function of dissolving and softening asphalt, so after adding regenerating agent, it can make asphalt soft, which can promote the mobility of asphalt molecules, reduce the modulus of stiffness, and enhance the resistance of the asphalt to low-temperature cracking, the more the amount of regenerating agent, the stronger the mobility of asphalt molecules, so the asphalt'’ low-temperature cracking resistance is better. Therefore, the ZJ-I rejuvenator light component content is more than the RA-5 rejuvenator, so the ability of ZJ-I rejuvenator to dissolve and soften aging asphalt is stronger than the RA-5 rejuvenator, meaning that in the case of the same rejuvenator dose, the ZJ-I rejuvenated asphalt modulus is less than RA-5 rejuvenated asphalt.
According to Figure 10, the creep rate of all asphalts decreases in varying degrees with the decrease in temperature. At the same temperature, the creep rate of asphalt decreases after aging. The creep rate of recycled asphalt increases with the addition of a rejuvenator. With the increase of the rejuvenator content, the creep rate of recycled asphalt also increases. When the content of the ZJ-I rejuvenator added is 7% or more, the creep rate of asphalt is larger than that of original asphalt and 7% RA-5 regenerated asphalt.
The reason for this law is that the asphalt is in a glassy state at low temperatures, the asphalt molecular chains are almost frozen and cannot move quickly, and as the temperature drops the stress relaxation capacity of asphalt also decreases, so the creep rate of all asphalt decreases. Under the same temperature conditions, asphalt gradually hardens after aging, resulting in the increase of asphalt stiffness, the stress relaxation time will also become longer, resulting in a gradual decrease in stress and creep rate , asphalt easily becomes brittle, and its resistance to low-temperature cracking performance will be poor (Al-Saffar et al., 2021; Wu and Dai, 2022).
However, after adding the rejuvenator, the rejuvenator has the function of dissolving and softening asphalt, enhancing the mobility of asphalt molecules, the rate of asphalt release temperature stress is accelerated, the creep rate becomes larger, and asphalt low temperature crack resistance is enhanced. More regenerating agent means quicker asphalt molecular movement, greater mobility, and a higher creep rate for recycled asphalt.
In addition, the light component content of the ZJ-I rejuvenator is more than that of the RA-5 rejuvenator, so the ability of the ZJ-I rejuvenator to dissolve and soften asphalt is stronger than that of the RA-5 rejuvenator, so the effect of the ZJ-I rejuvenator on the low-temperature crack resistance of asphalt is better than that of the RA-5 rejuvenator.
In summary, the addition of the ZJ-I rejuvenator to resist the low-temperature cracking performance of asphalt is very significant, and the improvement effect is higher than the RA-5 rejuvenator.
3.5 FTIR
In this section, infrared spectrometers are used to observe the changes in the chemical structures of recycled asphalt, aged asphalt, and base asphalt. Observe Figure 11 for the obtained infrared spectrogram. At the same time, we use the calculation formula of the two evaluation indexes of the infrared spectrum: carbonyl (IC=O) and sulfoxide (IS=O), as shown in Table 13.
[image: Figure 11]FIGURE 11 | Infrared spectrum of various asphalts.
TABLE 13 | IC=O and IS=O index data of the four asphalts.
[image: Table 13]Looking at the aforementioned figure, it is found that the positions of characteristic absorption peaks of various asphalts are roughly the same, but the intensity of absorption peaks has changed, which indicates that there is physical dissolution but no chemical reaction between aged asphalts and added rejuvenators. At the same time, there are obvious absorption peaks at 1,700 cm−1, 11,00 m−1, 11,60 m-−1, 11,75 m−1, and 11,30 m−1 referring to the description of the infrared characteristic absorption peak position of common functional groups, it can be concluded that 11,00 m−1 belongs to the C = C stretching vibration of the aromatic ring; 11,60 m-−1 and 1375cm-−1 belong to the C-H deformation vibration of methylene (- CH2) and (- CH3), respectively; 11,30 m−1 belongs to the stretching vibration of sulfoxide group S = O; and 1,700 cm−1 belongs to the stretching vibration of carbonyl C=O (Xiao et al., 2018). When asphalt is aged, the absorption peak intensities of sulfoxide group S = O at 11,30 m−1 and carbonyl group C = O at 1,700 m−1 increase obviously, but decrease obviously after adding a rejuvenator. With the increasing rejuvenator content, the absorption peak intensities of sulfoxide group S = O at 11,30 m−1 and carbonyl group C = O at 1,700 m−1 decrease continuously. It can be deduced that the absorption peaks of sulfoxide group S = O and carbonyl group C = O have a significant influence on asphalt. Therefore, the sulfoxide group and carbonyl group can be used as the most critical parameters to evaluate the aging degree.
In order to further verify the effect of adding rejuvenators on the functional groups of aged asphalt, sulfoxide group index (Is=o), and carbonyl group index (Ic=o) are introduced in this paper. See Table 13 for the calculation results.
By observing Table 13, it is found that for the original asphalt, IC=O and IS=O indexes increase significantly after asphalt aging. After adding rejuvenators, the IC=O and IS=O indexes of aged asphalt gradually decrease, and with the increase of rejuvenators, the IC=O and IS=O indexes of aged asphalt decrease more and more. When the amount of the rejuvenator is 10%, the aging asphalt is closest to the index of the original asphalt, but it cannot reach the level of the original asphalt.
The reason for this pattern is that after thermal-oxidative aging of asphalt, the long-chain alkyl group inside the asphalt undergoes chemical bond breakage, and after the breakage, small molecular weight free radicals are generated, but the free radicals are easily oxidized and combined with oxygen elements to form various types of functional groups at the breakage, among which the combination with free sulfur elements polymerizes under the action of oxygen elements to generate large molecular weight polar sulfoxide (S=O) functional groups, while the alkanes at the breaks polymerize with oxygen to form large molecular weight polar carbonyl (C=O) functional groups (Gao and Wang, 2016). In this way, the asphalt molecules continuously undergo chain breaking and polymerization reactions, generating more large molecules of the sulfoxide and carbonyl functional groups, resulting in increased intermolecular forces and reduced mobility, increased stiffness and complex modulus, and reduced phase angle and longer stress relaxation time, which in turn leads to a gradual decrease in stress and creep rate, and ultimately results in a significant increase in IC=O and IS=O indicators after asphalt aging, as well as the asphalt'’ high-temperature shear ability is enhanced, and low-temperature crack resistance is weakened.
After adding the rejuvenator, the rejuvenator supplements the long-chain alkyl, effectively inhibiting the generation of free radicals, while the aging C=O bond (carbonyl) and S=O bond (sulfoxide) are also easily reduced to C=C bond, S= = bond, etc. by some reducing substances in the rejuvenator, which makes the large molecular weight gradually migrate to the small molecular weight, i.e., the large molecular weight carbonyl and sulfoxide and other polar functional groups are gradually decreasing and the more amount of regeneration agent, the faster the proportion of large molecules decreases, making the asphalt molecular mobility and weakening of the force, which in turn reduces the asphalt complex modulus, phase angle increases at the same time the asphalt release temperature stress rate is also accelerated, creep rate becomes larger, and finally make the aging asphalt IC = and IS = indexes also decreases more and asphalt low-temperature cracking resistance and high-temperature cracking resistance performance is enhanced and weakened.
In addition, the biggest difference between recycled asphalt and the original asphalt is the proportion of internal macromolecular weight, the proportion of recycled asphalt’s macromolecular weight is higher than original asphalt, that is, the carbonyl and sulfoxide group polar functional group contents are higher than original asphalt, so the rejuvenator has a significant improvement effect on aging asphalt but still cannot be fully restored to the state of the original asphalt.
3.6 AFM
In this section, the base asphalt, recycled asphalt, and aged asphalt are observed by using the atomic force microscope (AFMM), and the two-dimensional map of asphalt is obtained. Based on the change of bee-like structure, the improvement effect of the recycled agent on aged asphalt is analyzed. See Figure 12 for the two-dimensional diagram of six asphalts.
[image: Figure 12]FIGURE 12 | Two-dimensional AFM diagram of various asphalts.
According to Figure 12, it is found that the two-dimensional diagrams of the six asphalts are all composed of non-bee-like and bee-like structures, and there is no essential change. Their morphologies are very similar, but there are some differences in the single bee-like structure and number. This shows that the rejuvenator and asphalt are simply physically dissolved, and there is no chemical reaction to produce new substances. This conclusion echoes the conclusion of the infrared spectrum mentioned earlier. Compared with the original asphalt, the number of bee-like structures of the aged asphalt decreases, while the size of a single structure increases. After adding the rejuvenator, the size of the single bee-like structure of aged asphalt decreases, but the number increases, and with the increasing amount of rejuvenator, this change continues to intensify.
The reason for this change lies in the aggregated state of the bee-like structure in asphalt is mainly influenced by the wax crystals and polar molecules in asphalt (Lv et al., 2019; Hong et al., 2020). From the experimental results of infrared spectroscopy, it is clear that after thermal-oxidative aging of asphalt, the asphalt molecules undergo chain-breaking and polymerization reactions to generate large molecules of polar functional groups such as carbonyl and sulfoxide groups as well as promoting the wax crystals, which also result in a decrease in the number of small molecules. As time grows, more and more polar molecules are gathered, finally, a bee-like molecular structure is formed. Therefore, the volume of the bee-like structure will become larger as the aging degree increases, and the number of bee-like structures is decreasing. At the same time, the force between the polar molecules is gradually increasing and the mobility is gradually decreasing, which makes the stiffness and complex modulus increase, the phase angle decreases, the stress relaxation time becomes longer, the stress gradually decreases, the creep rate decreases, and finally the asphalt high-temperature shear ability increases and the low temperature crack resistance decreases.
The addition of the regenerating agent dissolves the aggregated polar molecules, making the polar molecules decompose into multiple small molecules, and to a certain extent, it inhibits the wax crystallization in asphalt, which leads to the enhancement of intermolecular mobility, the acceleration of the rate of asphalt release of temperature stress, the creep rate becomes larger, and finally, the area of the individual bee-like structure of asphalt becomes smaller and the number of bee-like structures becomes larger and significantly increases the low-temperature crack resistance of asphalt.
3.7 Adhesion
The results of the contact angle of aged asphalt, recycled asphalt, and original asphalt with liquid and the contact angle of aggregate with asphalt and water are shown in Table 14 and Table 15, respectively.
TABLE 14 | Contact angle of asphalt and liquid.
[image: Table 14]TABLE 15 | Contact angle of aggregate with asphalt and water.
[image: Table 15]According to the data obtained in Table 14 and Table 15, combined with the formula, the surface free energy and adhesion work of asphalt can be obtained, and the results are shown in the following Table 16.
TABLE 16 | Adhesion work and surface free energy.
[image: Table 16]According to Table 16, it can be seen that the surface free energy of aged asphalt and the adhesion work between asphalt and aggregate are lower than the original asphalt and recycled asphalt. After adding the rejuvenator, the surface free energy of the aged asphalt and the adhesion work between asphalt and aggregate are significantly increased. With the increase of the rejuvenator content, the higher the values of the surface free energy of the regenerated asphalt and the adhesion work between asphalt and aggregate are. When the rejuvenator content is 10%, the surface free energy of the regenerated asphalt and the adhesion work between asphalt and aggregate are close to the original asphalt, but still slightly lower than the original asphalt. In addition, the surface free energy of the ZJ-I recycled asphalt and the adhesion work between asphalt and aggregate are slightly higher than RA-5 recycled asphalt when the content of the rejuvenator is 7%.
The reason for this phenomenon is that after the thermal oxygen aging of asphalt, the internal components of asphalt have changed, aromatic components, saturated components, and colloids have all been converted to asphaltene, and a large number of polar substances such as the maple group and carbonyl group have been generated, resulting in the reduction of surface free energy of aging asphalt and adhesion work between asphalt and aggregate (Azarhoosh et al., 2018; Masri et al., 2021). However, after the rejuvenator is added, the rejuvenator dissolves the macromolecular weight, which reduces the surface tension of macromolecular segments in the aged asphalt, enhances the mobility between molecules, and reduces the polar components. Therefore, the surface free energy of the regenerated asphalt and the adhesion work between asphalt and aggregate gradually increase, approaching the original asphalt. However, the asphaltene of the ZJ-I regenerated asphalt is lower than the RA-5 regenerated asphalt and higher than the original asphalt. Therefore, the surface free energy of the ZJ-I recycled asphalt and the adhesion work between asphalt and aggregate are higher than the RA-5 recycled asphalt but lower than the original asphalt.
To sum up, through a series of macro and micro tests, it is found that the indexes of low-temperature and adhesion properties of asphalt with the 10% ZJ-I type rejuvenator are close to those of the original asphalt, but the high-temperature performance is worse than that with the 7% self-made ZJ-I type rejuvenator. Therefore, in order to take into account the high- and low-temperature performance and save costs, the optimal dosage of the rejuvenator is finally determined to be 7%.
4 CONCLUSION
In this paper, the formulation of the rejuvenator, as well as the regeneration effect and anti-aging property of the prepared rejuvenator were studied and evaluated by the results of different tests using dynamic shear rheology, bending creep stiffness, Fourier transform infrared spectroscopy, atomic force microscopy, and contact angle. The results showed that
1. Through the proportioning study, we get the ZJ-I rejuvenator’s better performance formula as 83.6% extraction oil, 15% plasticizer DOP, 1.4% hydrogenated petroleum resin, 0.6% antioxidant, and 0.4% light stabilizer
2. Aging asphalt with ZJ-I rejuvenator dosing improves the rheological properties of recycled asphalt, but at the same time will lead to high-temperature shear resistance decay
3. ZJ-I rejuvenator admixture dissolved the large molecular weight of carbonyl and sulfoxide groups and other polar functional groups, thus alleviating the degree of aging asphalt, but not fully restored to the level of the original asphalt
4. After adding the ZJ-I regenerating agent, the area of the individual bee-like structure of the regenerated asphalt gradually decreases, and the number of bee-like structures increases, which makes the large molecular weight content decrease, thus alleviating the aging degree
5. After adding the ZJ-I rejuvenator, the free energy of the asphalt surface and adhesion work increased, thus enhancing the adhesion of asphalt and aggregate, and finally, the best dosing of the ZJ-I rejuvenator was determined to be 7% (Shao-peng et al., 2002; Radzi et al., 2020; Sharma et al., 2020; Elio et al., 2021; Yin and Pan, 2022; Han et al., 2022)
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