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To explore the effect of emulsifier structure on mass transfer performance, and provide theoretical basis and ideas for the structure design of new asphalt emulsifier. The mass transfer process of the anionic surfactant sodium dodecyl benzene sulfonate (SDBS) and its four isomers on the solid surface of calcium carbonate, as well as the resulting main chemical component of its aggregates, were studied using molecular dynamics (MD) simulations. It was found that the SDBS and its isomers can be adsorbed on the calcium carbonate surface over a relatively short time and gradually form an aggregate structure during the mass transfer process. In this process, Na ions have no obvious aggregation behavior in the polar head of the emulsifier. The calculated interfacial interaction energy indicates that the adsorption performance and aggregation on the calcium carbonate surface are related to the degree of branching and steric hindrance of the emulsifier molecule. Both the lipophilic group and the hydrophilic group in the emulsifier promote its diffusion into the solution. The results show that molecular dynamics (MD) simulations can be used to supplement experiments to provide the necessary microscopic information and theoretical basis for further experimentation.
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INTRODUCTION

It is of great importance to find a method for road construction that is environmentally friendly, resource-saving, and convenient in light of the increasingly significant environmental problems and diversification of construction in China. Traditional road asphalt pavement construction requires the asphalt to be heated to 160–170°C, the mineral materials to 170–180°C, and the mix asphalt mixture to 150–160°C. There are corresponding temperature requirements for the transportation, paving, and compaction of a mixture, especially when the mixture meets water, which makes paving roads difficult (Lissant, 1975). Moreover, the heating process of asphalt during road construction is time-consuming and produces harmful substances that cause serious pollution to the environment. Further, the organic solvents used to dilute asphalt volatilize into the air after road construction, which also pose a serious threat to environmental safety and endanger the health of construction workers (Jerzy and Bengt, 1990). Through long-term research and practice, researchers have shown that the development of emulsified asphalt is one of the most effective ways to solve many problems that exist in traditional road asphalt construction (Ouyang et al., 2017, 2018b).

The use of emulsified asphalt has important practical significance in the field of highway construction (Kong et al., 2017). Based on recent statistics, the apparent consumption of asphalt in China exceeded 32 million tons in 2018, which was distributed across road construction, housing construction, airport construction, and water conservancy projects. With the rapid growth of investment in China's highway construction, the asphalt used in road construction has exceeded 75% of the total national asphalt consumption. In current road construction methods, the heating temperature for the asphalt emulsification process only needs to reach 120°C, which is lower than the processing temperature of hot asphalt by about 50°C. Compared with hot asphalt, the production of emulsified asphalt of unit mass requires 50% less energy and allows a large reduction of the emission of harmful gases. Moreover, the construction environment for emulsified asphalt is largely unaffected by weather conditions; therefore, this production process is currently considered one of the most effective, economical, and environmentally friendly means of road construction and maintenance (Chu and Shen, 2016).

Emulsified asphalt was first used in the field of road construction in the early 1920s. Over the first 40 years of emulsified technology exploration, anionic emulsified asphalt was the primary method developed for construction. Anionic emulsified asphalt has the advantages of energy efficiency, convenient construction, and cost effectiveness, and enables the use of a wide range of emulsifiers. However, both anionic emulsified asphalt and the wet aggregate surface are negatively charged. The resulting homogeneous repulsion between the asphalt particles prevents rapid adsorption of the aggregate surface, which affects pavement formation early in the process and delays its availability for traffic use. With the recent development of surface and colloidal chemistry, cationic emulsified asphalt has gradually replaced anionic emulsified asphalt because of its opposite charge to the aggregate surface, which successfully compensates for the lack of adhesion from anionic emulsified asphalt and has gradually become the predominant technique. However, a wide range of inexpensive anionic emulsifiers are available; further, these emulsifiers can be synergized with cationic, non-ionic, and amphoteric emulsifiers to form a composite, which greatly improves its emulsifying performance. Therefore, the study of anionic emulsified asphalt remains of practical significance (Yang, 2004).



BACKGROUND


Emulsifier and Emulsified Asphalt

Since the 1960s, the adsorption of emulsifier molecules on solid surfaces has gradually become a major focus of attention (Somasundaran et al., 1964). Methods for the study of emulsified asphalt have developed from a large number of emulsifying compatibility evaluation tests through a combination of Raman spectroscopy, surface free energy, fluorescence spectroscopy, interfacial viscoelasticity, neutron scattering, and other research techniques (Lu et al., 1995; Conboy et al., 1998; Kunieda et al., 1998; Penfold et al., 1998, 2000; Bumajdad et al., 1999; McKenna et al., 2000), which has provided abundant information on the structural design of emulsifiers. Jin et al. (2013) synthesized a composite asphalt emulsifier with an OP-10 cationic surfactant as the intermediate. The effects of the synthesis conditions and formulation on the emulsifying performance, surface activity, and service performance of the emulsifier were studied, and a new way to prepare composite asphalt emulsifiers was explored. Tan et al. (2013) found that emulsifier has significant retarding effect on cement hydration, which is relevant to the types of emulsifier and its dosages. Therefore, suitable emulsifier with little retarding effect on cement hydration and its appropriate dosage are recommended when producing asphalt emulsion for CA mortar. Han and Yu (2014) studied the pressure-sensitivity of cement mortar composites with different concentrations of multi-walled carbon nanotubes and different surfactants under repeated loading and impulsive loading, respectively. Experimental results indicate that the response of the electrical resistance of composites with SDBS to external force is more stable and sensitive than that of composites with Sodium dodecyl sulfate. Ouyang et al. (2016) studied the effect of emulsifier and superplasticizer on the rheology of cement paste and asphalt emulsion and the results show that the apparent viscosity and yield stress of asphalt emulsion increase with superplasticizer and emulsifier dosage. Wang et al. (2018) synthesized a new cationic surfactant containing non-ionic aliphatic alcohol polyoxyethylene ether using epichlorohydrin, octadecyl dimethylamine, and aliphatic alcohol polyoxyethylene ether as raw materials. It was concluded through experiments that the surfactant met the requirements for the asphalt emulsifier.

Emulsified asphalt is a kind of stable oil-in-water or water-in-oil emulsion formed by the action of the asphalt, emulsifier, and stabilizer, and offers the advantages of energy savings, reductions to environmental pollution, and convenient construction (Wu et al., 1992). Based on whether the hydrophilic group of the emulsifier molecule dissolves in water and what ions it dissociates into, asphalt emulsifiers can be divided into ionic and non-ionic types, among which the ionic type can be further divided into anionic, cationic, and amphoteric. The hydrophilic group of anionic asphalt emulsifiers consists of anions, which have been widely used since 1925. The common anionic asphalt emulsifiers are carboxylate (-COONa), sulfonate (-SO3Na), and sulfate (-OSO3Na). Cationic emulsified asphalt were developed after anionic types; however, owing to the excellent emulsifying performance and ability of the former to overcome the shortcomings of slow demulsification, long construction time, and poor ductility, the development of cationic emulsified asphalt progressed more quickly.

In recent years, Seref et al. (2006) studied the effect of Portland cement to improve the mechanical properties of dense graded emulsified asphalt mixtures for structural road layers. It was found that adding Portland cement to emulsified asphalt mixtures improves their mechanical properties, resilience modulus, temperature sensitivity, water damage, creep, and permanent deformation resistance. Yongjoo et al. (2011) studied the cold in-place recycling (CIR) mixture composed of foamed and emulsified asphalt, and found that the CIR-foam sample showed a higher tensile strength and lower water content than the more conventional CIR-latex sample. Zhao et al. (2012) studied the aging resistance of emulsified asphalt using the weightlessness coefficient method. It was found that the aging resistance of emulsified asphalt was better than that of the original asphalt. The aging kinetics equation was established based on the relationship between the n-pentane asphaltene and time. Ouyang et al. (2018a,b, 2019) found that temperature and Water greatly affects the mechanical properties of cement bitumen emulsion mixture.



Application of Molecular Dynamics Simulations for Research Into Road Materials

Molecular dynamics (MD) simulation technology is a comprehensive application that integrates multiple disciplines. As one of the most widely used simulation methods in recent years, MD simulations are mainly based on Newton's basic theory of kinematics and the corresponding force field to simulate the movement processes of molecular system. They can obtain trajectories for particles in a system in addition to predicting the micro-morphological changes during the movement process. At the same time, the structural characteristics and thermodynamic properties of some complex systems can be calculated and analyzed (Matthieu and Punit, 2019).

With the development of MD and of the force field, simulations have been more often and more widely applied while the computational efficiency has been greatly improved. To date, MD simulation technology has become an important method to study the mechanisms of molecular mass transfer. These simulations enable tracking of the dynamic evolution of complex systems over time, reveal the adsorption properties and mechanism of molecules at interfaces at small time scales, and provide kinetic information that is difficult to observe and detect directly through experiments (Han et al., 2016; Hou et al., 2018). Maiti et al. (2002) obtained the equilibrium conditions and surface coverage of surfactants in oil and water phases using symmetrical MD. Ding et al. (2014) studied the effect of styrene-butadiene-styrene (SBS) on the molecular aggregation behavior of asphalt binders via MD simulations. It was found that the influence of the modifier largely depends on the molecular structure of the asphaltene. Xu et al. (2016) developed a molecular simulation method based on thermodynamics to study the cohesion and adhesion of asphalt concrete for the first time. The results showed that the cohesion between the asphalt and aggregate depends mainly on the type of aggregate minerals (silica or calcite) under dry and wet surface conditions. In the case of low moisture content, the type of asphalt has a significant influence on the adhesion between asphalt and silica. Vekeman et al. (2019) studied the adsorption and selectivity of CH4/N2 mixtures on a flexible graphene layer by molecular simulation. It was found that the accuracy of the potentials guarantees a quantitative description of the interactions and trustable results for the dynamics, as long as the appropriate set of intramolecular and intermolecular force fields is chosen. And based on the MD simulations, Zhou et al. (2019) studied the Intermediate Phase in Calcium–Silicate–Hydrates: Mechanical, Structural, Rigidity, and Stress Signatures. It demonstrated that the intermediate phase observed in this system arises from a bifurcation between the rigidity and stress transitions. These features might be revealed to be generic to isostatic disordered networks.

Sodium dodecylbenzene sulfonate (SDBS) is a common anionic asphalt emulsifier that is suitable for slurry seals, viscous oil, and base maintenance. During the preparation of SDBS, a small amount of isomers are simultaneously generated. Owing to the similar properties and morphologies of SDBS and its isomers, it is difficult and expensive to purify its isomers. Therefore, the use of molecular dynamics simulation to study the mass transfer process of SDBS and its isomers on aggregate surface enables accurate prediction of their performance differences, saving manpower and material resources, and improving the efficiency of scientific research. Li et al. (2009) used MD simulations to study the role of SDBS for the oil-water separation of chloroform and water. It was found that the presence of SDBS significantly inhibited the separation of chloroform and water. Song et al. (2009) simulated the adsorption of SDBS on an amorphous silica solid surface using MD. It was found that SDBS can be adsorbed on solid surfaces from solution over a certain time. Liu et al. (2011) studied the adsorption behavior of SDBS and its isomers at the oil/water interface using the MD method, and proposed that changes in the adsorption from the simulations could be investigated by calculating the contact area. The results showed that the proper oil phase can make the interface SDBS and its isomers more compact and orderly, providing better interfacial activity. Ni et al. (2018) investigated the adsorption characteristics of anionic surfactant sodium dodecylbenzene sulfonate on the surface of montmorillonite minerals. It showed that the addition of H+ to the SDBS solution could reduce electrostatic repulsion and promote the adsorption of SDBS on montmorillonite.




OBJECTIVE

In this paper, the interactions between SDBS, its isomers and calcium carbonate, which is the main chemical composition of the aggregate, were studied using MD simulations, and the effect of SDBS and its isomers on the mass transfer of the aggregate on the surface of the main chemical component was explored. The main purpose is as follows:

(i) To improve the understanding of mass transfer and condensation behavior of anionic asphalt emulsifier on the surface of main chemical components of aggregate.

(ii) The parameters of the radial distribution function (RDF), mean square displacement (MSD), and interfacial energy were used as indicators of molecular mass transfer and condensation behavior to assess the behavior changes of isomers on the surface of the main chemical components of aggregates.

(iii) To explore the effect of emulsifier structure on mass transfer performance, and provide theoretical basis and ideas for the structure design of new asphalt emulsifier.



MODEL AND METHOD


Potential Function

At present, Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies force field (Sun, 1998), Universal force field (Rappé et al., 1992) and consistent-valence force field (Jon et al., 1988) are widely used in the field of interface adsorption. Through a large number of trial calculations, the author found that the potential energy of Stretch-Torsion-Stretch, Separated-Stretch-Stretch, Torsion-Stretch, Bend-Bend, Torsion-Bend, Bend-Torsion-Bend, Long range correction in sodium dodecylbenzenesulfonate-water-calcium carbonate system is much smaller than that of Bond, Angle, Torsion, van der Waals, and Electrostatic interactions. To effectively utilize the limited computing resources, the simulation was performed using the FORCITE module in the Materials Studio (MS) 2017 software, for which the universal force field (Rappé et al., 1992) was selected. The force field includes six potential functions, including bond, angle, torsion, inversion, Van der Waals (VdW) and Electrostatic, which can save time and improve efficiency while ensuring simulation accuracy. The potential energy function has the following form:

[image: image]

The first four terms are Valence energy, which represent the potential energy of bond, angle, torsion and inversion respectively. They are obtained mainly by Fourier Cohen function expansion. Footmarks I, J, K, and L represent different atoms in the model. K_IJ, K_IJK and K_IJKL all represent force constants between different atoms in units of (kcal/mol)/Å2. r_IJ is the natural bond length between atoms in unit of Å. The coefficient C_n represents the minimum value satisfying the boundary conditions at the natural bond angle θ_0. θ, φ and ω represent the angles of bond angle, torsion, and inversion, respectively. The latter two terms are Non-bond energy, representing VdW, and Electrostatic, respectively. In Van der Waals, D_IJ denotes the depth of the potential well, and x denotes the distances of different atoms. In Electrostatic, Q denotes charge, R_ij denotes distance between Q_i and Q_j, and ϵ denotes dielectric constant.



Material Model

Based on the determined chemical composition of the aggregate (Kong, 2017), calcium carbonate is one of the main chemical components of the aggregate. Further, through a large number of trial calculations, it is found that calcium carbonate has higher adsorption performance than other chemical components in aggregate. Therefore, the calcium carbonate model was established in this study to replace aggregate for molecular simulation. The calcite structure model (Sitepu, 2009) was therefore established as the research object; its spatial group is R-3cH, and the spatial coordinates are given in Table 1.


Table 1. Space coordinates for the calcite model (Sitepu, 2009).

[image: Table 1]

The calcite supercell was constructed, and the SDBS (4-1ΦC12S) and its isomers (4-3ΦC12S, 4-5ΦC12S, 2-1ΦC12S, and 3-1ΦC12S) were established using the amorphous cell tool in MS. The model formed a layered structure with the calcite supercell (Liu et al., 2011). The chemical structural models of emulsifier are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Sodium dodecyl benzene sulfonate (SDBS) and its isomer models. The leading digit 2, 3, or 4 indicates that the long alkyl chain is in the ortho, interposition, or para position of the benzene ring, respectively; Φ represents the benzene ring; 12 is the number of carbon atoms in the long alkyl chain; the digits 1, 3, or 5 before the Φ indicate that the benzene ring is at the position 1#, 3#, or 5# of the long alkyl chain; and S represents the sulfonate.




Structure Model

The supercell thickness for the calcium carbonate was 2.0 nm. An aqueous layer composed of 300 water molecules was placed above the emulsifier solution to prevent the influence of periodic boundary conditions on the emulsifier solution system, where the thickness of the vacuum layer was 3.0 nm. The emulsifier solution contained 10 SDBS molecules and 1,200 water molecules. SDBS molecules are often disassociated as Na+ ions and DBS− ions in solution; therefore, these ions were distributed randomly in a 1:1 ratio when constructing the amorphous emulsifier structure with the goal of maintaining electrical neutrality. Further, the net charge of the DBS− ions and water molecules were selected using the QEq method (Rappé and Goddard, 1991). Owing to the simple structure of the Na+ ions, their formal charge was distributed as a direct response to the force field, and the electrostatic interactions were calculated using the Ewald addition method (Allen and Tildesley, 1987). The van der Waals interactions were based on atomic calculations with a moderate simulation accuracy and a cutoff radius of 12.5 Å. The structural model discussed by Yan and Zhu was adopted for the water molecules (Yan and Zhu, 2013). The test value of the O-H bond length was 0.95718 Å and the H-O-H bond angle was 104.523°. The MD simulations used the canonical ensemble (NVT) approach to simulate a temperature of 298 K and the Nose method (Hoover, 1985) to control the temperature. The time step was 1 fs, the total simulation time was 1,000 ps, and the trace file was stored once every 0.5 ps for the subsequent structural and MD analyses. The component models and architecture are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Representation of the simulation model. Obtained by Materials studio 2017. (A) Na+ ions, (B) the supercell o calcium carbonate, (C) H2O, (D) dodecylbenzene sulfonate ions (DBS), (E) water layer, and (F) test model.





RESULTS AND DISCUSSION


Agglomeration Structure of the Amorphous Calcium Carbonate Surface

The SDBS MD simulation trace file was derived to clearly observe the adsorption process and improve the simulation efficiency. Figure 3A shows the random distribution model doe the DBS− with a negative charge and the anti-particle Na+ ions on the solid surface of the simulated system (at 0 ps). As the simulation progressed, the intermolecular interactions of the emulsifier were the first to occur. The DBS− ions aggregated in the water, the intermolecular space gradually reduced (200 ps; Figure 3B), and the degree of aggregation increased with time, which gradually formed half micelles (400 ps; Figure 3C). At the same time, because of the adsorption of calcium carbonate on the emulsifier molecules, the molecules close to the surface of the calcium carbonate gradually moved closer to the surface (600 ps; Figure 3D) where they were finally adsorbed (800 ps; Figure 3E). As a result of the difference in the concentrations between the upper water layer and the emulsifier solution, the upper water layer also had a certain adsorption effect on the emulsifier molecules. This eventually led to a separation of the upper and lower emulsifier molecules in the solution, which were adsorbed at the liquid–liquid and solid–liquid interfaces, respectively.


[image: Figure 3]
FIGURE 3. Adsorption process of the surfactant molecules at the solid–liquid interface in the SDBS system. (A) 0 ps, (B) 200 ps, (C) 400 ps, (D) 600 ps, and (E) 800 ps.


During the adsorption process, Na+ ions were distributed randomly in the emulsifier solution, and no obvious aggregation was observed around the polar head of the emulsifier (Figure 4). The authors reason that while the Na+ ions are positively charged, the oxygen atoms in the water and the polar head of the emulsifier molecule have a significant negative charge. The calculated charges given in Table 2 indicate that the charge of the oxygen atoms in the DBS− ion polarity head was significantly lower than that of the oxygen atoms in the water molecules. Thus, there were stronger electrostatic interactions between the Na+ ions and the water molecules based on the charge magnitudes.


[image: Figure 4]
FIGURE 4. Na+ aggregation in the SDBS system. The purple sphere is Na+. (A) 0 ps, (B) 400 ps, and (C) 800 ps.



Table 2. Oxygen atomic charge.

[image: Table 2]

RDF of the sulfur atoms in the polar-head of the DBS− and Na+ ions indicates that there was no obvious aggregation in the polar-head of the DBS− or Na+ ions (Figure 5A). However, there were obvious aggregation peaks between (i) the sulfur and oxygen atoms in the water molecules and (ii) the Na+ ions and the oxygen atoms in the water molecules (Figures 5B,C, respectively). This indicates that a water layer between the Na+ ions and the polar head prevented relative proximity between them. For a Na+ ion and a polar-head to interact, the electrostatic interactions between (i) the water molecules and Na+ ions and (ii) the water molecules and the polar-heads must be broken down.


[image: Figure 5]
FIGURE 5. Radial distribution as a function of distance between the S atom in the polar-head, the O atom in water molecules, and the Na+ ions in the solution for the SDBS system. The obvious characteristic peak indicates that there is adsorption between them.




Adsorption of the SDBS and Its Isomers on the Calcium Carbonate Surface

Figure 6 shows the adsorption of SDBS and its isomers on the surface of calcium carbonate. It was observed that calcium carbonate had an adsorption effect on the SDBS and its isomers. Additionally, there were obvious aggregation peaks through the radial distribution function of the carbon atoms between the emulsifiers (Figure 7), indicating mutual aggregation between the emulsifiers at this concentration.


[image: Figure 6]
FIGURE 6. Adsorption of the SDBS and isomers on the CaCO3 surface.



[image: Figure 7]
FIGURE 7. Radial distribution function of the emulsifier end-carbon atoms in the SDBS solution. The obvious characteristic peak indicates that there is adsorption between them.


In this system, the emulsifier molecules near the calcium carbonate surface aggregated on the solid surface to form a distinct semi-micelle structure. The emulsifier molecules far from the calcium carbonate surface also aggregated with each other because of their own electrostatic adsorption. The adsorption performances of the emulsifiers 4-3ΦC12S (Figure 6d) and 4-5ΦC12S (Figure 6e) on the calcium carbonate surface were significantly weaker than those of the other three. The calcium carbonate adsorbed only the lowermost layer of the 4-3ΦC12S and 4-5ΦC12S emulsifier molecules, and there was no adsorption effect on the half-micelle structure of the middle and upper layers of the system. This was attributed to the increased degree of branching as the aromatic hydrocarbons in the benzene sulfonate molecules moved toward the middle of the alkyl chain, which led to a higher coverage rate of the emulsifier molecules, enlarged the contact area between the emulsifier molecules and the water molecules, and led to decreased adsorption.

Further, as the benzene ring moved toward the middle of the alkyl chain, the degree of aggregation for the emulsifier in the solution gradually decreased, indicating that the critical micelle concentration increased with the degree of branching when the length of the alkyl chain remained the same. As the degree of intermolecular branching increased, the interactions between the emulsifier molecules gradually decreased. The spatial volume of the hydrophobic group increased as the benzene ring moved toward the middle of the alkyl chain, making it more difficult for the emulsifier to form a tight alignment, thereby increasing the critical micelle concentration.



Interface Energy Calculation and Analysis of the SDBS on the Calcium Carbonate Surface

The interfacial energy parameters characterize the bonding degree and adsorption performance of the solid-liquid phase. The adsorption model with the lowest energy can be obtained through MD simulations; furthermore, the energy parameters for each part could be obtained, whereupon the interface energy (Pradip, 2002) can be calculated according to
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where E_total is the total energy of the system, E_surface is the energy of the underlying solid surface, E_“emulsifier” is the energy of the emulsifier solution, and ΔE is the interaction energy between the aggregate and emulsifier interface (Gao et al., 2013).

Xu et al. (2016) pointed out that the solid-liquid interface interaction energy ΔE, which characterizes the stability of the adsorption system, indicates that larger negative values give a greater interaction and stronger surface adsorption. In contrast, if ΔE is zero or positive, the emulsifier has little or no adsorption on the solid surface. The potential energies of the five emulsifier–calcium carbonate interface models were calculated using the FORCITE module in MS, and the interfacial interaction energy was calculated according to the interface energy formula.

The interfacial interaction energies of the SDBS and its isomers were consistently negative, indicating that the five emulsifiers had a certain adsorption on the calcium carbonate surface (Figure 8). Among them, the interfacial interaction energy of the 4-1ΦC12S, 4-3ΦC12S, and 4-5ΦC12S decreased as the benzene ring moved toward the middle of the alkyl chain. Furthermore, the interfacial interaction energies for the 4-3ΦC12S and 4-5ΦC12S were significantly lower than for the other three emulsifiers, indicating that their adsorption performances were weaker, which is consistent with the conclusions drawn in section Application of Molecular Dynamics Simulations for Research Into Road Materials. When the straight alkyl chain was in the ortho and meta positions of the benzene ring, the interfacial interaction energy was improved to some extent with respect to the 4-1ΦC12S, indicating that the 2-1ΦC12S and 3-1ΦC12S had better adsorption performances in the system. However, the benzenesulfonate ions of the 2-1ΦC12S were close to its own carbon chain, causing the outer electron clouds of different groups to overlap and repel each other. There was also a steric hindrance effect, making the adsorption performance lower than that of the 3-1ΦC12S.


[image: Figure 8]
FIGURE 8. Results of the potential energy calculation for the emulsifier on the CaCO3 surface.




Interfacial Diffusion of the Emulsifier (Solution)–Calcium Carbonate System

The diffusion coefficient refers to the ease by which a material passes through a unit area when the concentration gradient of the solution is constant. According to Einstein's analysis of Brownian motion, MSD has a linear relationship with time when the system is a liquid. Here, the diffusion coefficient of a particle in the emulsifier solution can be calculated from the slope of this linear relationship. Therefore, when an MD simulation is used to calculate the diffusion coefficient, the MSD curve of the particles is usually calculated from the Einstein equation (Allen and Tildesley, 1987). This relationship is given by

[image: image]

where D is the diffusion coefficient of the particles in the system, N is the number of diffusion molecules, and the differential term is the linear slope of the MSD vs. time. The MSD curves were obtained and statistically analyzed using the MD simulation of the post-phase trajectory files for each group model. The diffusion-coefficient relationships for the carbon atom at the end of the alkyl chain, the DBS− ion centroid, the S atom in the benzene sulfonate ions, the Na+ ions, and the emulsifier solution were obtained, as shown in Figure 9.


[image: Figure 9]
FIGURE 9. Results of the diffusion coefficient for various components in the solution.


In the diffusion process, the diffusion coefficients of five layers were similar, which indicate that the molecular structure, degree of branching, and other factors had minimal effects on the diffusion ability of the emulsifier. However, the diffusion coefficients of the Na+ ions in different systems were significantly different. The authors believe that this is because the steric hindrance caused by different configurations of the emulsifiers was different. In the system, some atoms or groups were closer to each other with overlapping outer electron clouds. This resulted in repulsion between the atoms and groups and decreased the sensitivity of the soluble cations in the solution.

The diffusion-coefficient distributions of the carbon atom at the end of the alkyl chain and the S atom in the benzene sulfonate ions were higher than that of the DBS− ion centroid, indicating that both the oleophilic group and the hydrophilic group in the emulsifier system could promote the diffusion of the emulsifier in the solution. In the 3-1Φc12s, 4-1Φc12s, and 4-3Φc12s, the diffusion coefficient of the carbon atom at the end of the alkyl chain was higher than that of the sulfur atom in the benzene sulfonate ions, indicating that the activity of the oleophilic group was higher than that of the hydrophilic group in the system.



Experimental Study on Mass Transfer Performance of Emulsifier (Solution)–CaCO3 System

In the solution system of the emulsifier/aggregate, the mass transfer process was complete at the moment solid-liquid contact occurred. However, the relevant test parameters cannot be obtained directly using existing testing methods. Therefore, the conductivity method was used to characterize the mass transfer performance of the emulsifier onto the surface of CaCO3. This method can determine the mass transfer by measuring the conductivity of the supernatant after solid-liquid mixing and centrifugation. A higher conductivity and supernatant concentration of the emulsifier causes fewer emulsifier molecules to be adsorbed onto the CaCO3 surface in the original mixed solution, which leads to a weaker mass transfer performance.

The isomers of 12 alkylbenzene sulfonates are currently rarely sold in China because of their difficult purification process, poor biodegradability, and high price. Therefore, the reliability of the simulation data was verified using the relevant tests with the 4-1ΦC12S and 2-1ΦC12S emulsifier products due to their availability. The emulsifier reagents are shown in Figures 10a,b.


[image: Figure 10]
FIGURE 10. Test equipment. (a) 4-1ipmen, (b) 2-1ΦC12S, (c) samples, (d) TG16-WS high speed centrifuge, (e) ultrasonic cleaning machine, and (f) DDSJ-308A conductivity meter.


To verify the simulation results, the supernatants of the samples (Figure 10c) with CaCO3/emulsifier solution solid-liquid ratios of 1:1, 1:5, and 1:10 were obtained after ultrasonic oscillation and high-speed centrifugation (Figures 10d,e). The conductivity of the supernatant was measured using a DDSJ-308A conductivity meter (Figure 10f) where the test temperature was 28°C and the conductivity units were μS/cm. The results are shown in Figure 11.


[image: Figure 11]
FIGURE 11. Conductivity test results.


It can be seen from Figure 11 that the conductivity of the 4-1ΦC12S solution was higher than that of the 2-1ΦC12S solution at the same concentration. It was shown that calcium carbonate adsorbs more 2-1ΦC12S emulsifier at the same concentration, which results in a relatively low conductivity for the upper supernatant as extracted from the experiment. This suggests that the mass transfer performance for the 2-1ΦC12S emulsifier is better than that of the 4-1ΦC12S emulsifier. The 2-1ΦC12S showed better adsorption performance on the surface of calcium carbonate, which is consistent with the calculation results for the interfacial energy in Interface Energy Calculation and Analysis of the SDBS on the calcium carbonate Surface. At the same time, it was found that a larger solid-liquid ratio of the calcium carbonate/emulsifier solution in the 4-1ΦC12S sample caused a gradually increasing conductivity. This indicates that the 4-1ΦC12S emulsifier had better adsorption performance at low solid-liquid ratios. In contrast, larger solid-liquid ratios for the 2-1ΦC12S sample showed a gradually decreasing conductivity, which indicates it had a better adsorption performance at higher solid-liquid ratios. Determining whether this phenomenon is related to interatomic repulsions caused by overlapping outer electron clouds due to the close group in the emulsifier requires further study.




CONCLUSIONS

The use of emulsified asphalt in highway construction has significant practical applications. The existing asphalt emulsifier qualities are intermingled, which leads to poor adaptability, low compatibility with asphalt, an incomplete formula design, and problems associated with quality control methods. Research on traditional asphalt emulsifiers and its formulation is often based on experience and relies on a large number of emulsifying compatibility selection experiments, which lacks systematic theoretical guidance. This study introduces a new method to examine the mass transfer of emulsifiers and their isomers on the surface of the main chemical components of aggregates through MD simulations regarding the structural design of asphalt emulsifiers for road use. Further, the mass transfer of emulsifier and its isomers on the surface of calcium carbonate, the main chemical composition of aggregate, was also investigated. The following conclusions are obtained through relevant studies:

1. During the mass transfer process, it was found that the five emulsifier molecules aggregated in a relatively short period and were adsorbed at the liquid–liquid and solid–liquid interfaces. Furthermore, the Na+ ions did not aggregate around the polar head of the emulsifier.

2. Owing to the influence of the steric hindrance, the branching degree, and other factors, the mass transfer performance of the 3-1Φc12s was the strongest while that of the 4-5Φc12s was the weakest. As the aromatics in the benzene sulfonate molecules moved to the middle of the alkyl chain, the branching degree of the molecules increased, and the mass transfer performance and degree of aggregation on the calcium carbonate surface decreased.

3. Factors such as the molecular structure and degree of branching had a limited effect on the diffusion capacity of the SDBS and its isomers. Both the lipophilic group and the hydrophilic group promoted the mass transfer performance of the emulsifier in the solution.

4. Conductivity tests showed that the 2-1ΦC12S emulsifier had an overall better mass transfer performance on the surface of the calcium carbonate than the 4-1ΦC12S emulsifier, which is consistent with the MD simulation results. At the same time, it was found that the 4-1ΦC12S emulsifier had a better mass transfer performance at lower solid-liquid ratios while the 2-1ΦC12S emulsifier was better at higher solid-liquid ratios.
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