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Abstract

:

Liquid-liquid extraction is an important separation technology in the chemical industry, and its separation efficiency depends on thermodynamics (two-phase equilibrium), hydrodynamics (two-phase mixing and contact), and mass transfer (molecular diffusion). For hydrodynamics, the dispersion size of droplets reflects the mixing of two phases and determines the mass transfer contact area of the two phases. Therefore, a deep understanding of the droplet dispersion mechanism can help guide process intensification. The mass transfer and droplet behaviors in the liquid-liquid extraction process are reviewed based on three scales: equipment, droplets, and the interface between two liquids. Studies on the interaction between mass transfer and other performance parameters in extraction equipment as well as liquid-liquid two-phase flow models are reviewed at the equipment scale. The behaviors of droplet breakage and coalescence and the kernel function of the population balance equation are reviewed at the droplet scale. Studies on dynamic interfacial tension and interaction between interfaces are reviewed at the interface scale. Finally, the connection among each scale is summarized, the existing problems are analyzed, and some future research directions are proposed in the last section.
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1. Introduction


Generally speaking, extraction is a process of enriching the components to be separated into a solvent. It mainly includes liquid-liquid systems and liquid-solid systems. As an important and widely used separation technology, liquid-liquid extraction can make up for the shortcomings of distillation in the separation of azetropes, high-boiling components, non-volatiles, and heat-sensitive materials. Liquid-liquid extraction is widely used in the extraction of uranium and plutonium from nuclear fuels [1], penicillin extraction [2], hydrometallurgy [3], aromatic extraction [4] and solvent deasphalting [5]. In recent years, liquid-liquid extraction has also played an important role in lithium-ion battery recycling [6], lignin separation [7], and natural medicine extraction [8]. In addition, with increasing awareness of the green chemistry concept, green solvents such as supercritical fluids [9], ionic liquids [10], and deep eutectic mixtures [10] are attracting more attention in research.



An extractor is a type of mass transfer equipment in which the extractant contacts with the feed so that the target solute in the feed is sufficiently extracted by the extractant. In some extraction processes, such as co-current or counter-current microflow extraction [11] and membrane contactor extraction [12], two liquids contact each other without phase dispersion, while in some other extraction processes, one liquid is dispersed into the other liquid in form of droplets. Three kinds of traditional extractors, i.e., mixer-settler [13], extraction column [14], and centrifugal extractor [15], are widely used in the chemical industry. In addition, microflow extraction devices [16] have emerged in recent years, along with the development of micro-chemical technology. Mass transfer performance is significantly enhanced by using micro-dispersion and micro-mixing technology. For example, Taylor flow is an important micro-dispersion method for mass transfer process intensification because of the internal circulation of slugs and plugs [17,18,19].



Essentially, liquid-liquid extraction is a liquid-liquid two-phase mass transfer process across the interface, and it is a complex system involving three scales: equipment, droplets, and the interface. The hydrodynamic performance and mass transfer performance at the equipment scale are largely determined by the behaviors of the dispersed phase at the droplet scale, including breakage, coalescence, deformation, and the internal and external circulation of the droplet. Furthermore, droplet behaviors are closely related to interface properties, such as the interfacial tension. Mass transfer is a dynamic process that causes the composition of the two phases to change continually, changing interfacial tension and affecting droplet behaviors. Therefore, it is extremely important to analyze the effect of mass transfer on interfacial tension and droplet behaviors.



This article is organized as follows: Firstly, the research on hydrodynamic performance parameters and mass transfer performance parameters in extraction equipment is reviewed at the equipment scale, including the influence of mass transfer direction on droplet size, hold-up, flooding velocity, axial dispersion coefficient, and mass transfer coefficient. Meanwhile, two-phase flow models are also introduced. Secondly, the research on droplet breakage and coalescence behaviors is reviewed, including the influence of mass transfer on droplet behaviors. Further focusing on the interface scale, the research on dynamic interfacial tension and force between interfaces, as well as the research methods for measuring the force between droplets and liquid film thickness, are summarized for better understanding the relation between interfacial phenomena and droplet behaviors. Finally, based on the research of the above three scales, the existing problems are discussed, and some future research directions are suggested.




2. Equipment Scale


The important performance parameters of the extractor include hydrodynamic performance parameters and mass transfer performance parameters. From hydrodynamic performance parameters, information such as the operating range (flow ratio, flux, external energy input intensity, etc.) and the diameter of column equipment can be calculated from hydrodynamic parameters. Hydrodynamic parameters mainly include Sauter mean diameter d32, hold-up φ, and flooding velocity uf. Information such as the mass transfer efficiency and the height of column equipment can be calculated from mass transfer performance parameters. Mass transfer performance parameters mainly include axial dispersion coefficient Ec and mass transfer coefficient K. Here, each performance parameter will be introduced with an extraction column as an example.


   d  32   =    ∫ 0 ∞  n  ( d )   d 3  dd    ∫ 0 ∞  n  ( d )   d 2  dd    



(1)







The Sauter mean diameter is the average of the volume-to-surface area ratio, as shown in Equation (1), which is widely used to calculate the average size of bubbles [20], droplets [21], and particles [22]. The Sauter mean diameter can be used to calculate two-phase momentum transfer and two-phase contact area. Therefore, researchers carried out experimental measurements and established empirical correlations for droplet Sauter mean diameter. Hinze [23] preliminarily explored the mechanism of breakage between dispersed phase and fluid and gave a method to calculate the Sauter mean diameter of the dispersed phase. When the viscosity of the dispersed phase is low, the Sauter mean diameter of the droplet is mainly dominated by turbulent kinetic energy, continuous phase density, and interfacial tension, as shown in Equation (2). Subsequently, researchers [24,25,26,27,28] also studied other factors such as physical properties of the dispersed phase, energy input intensity, and two-phase flow rate and concluded that the physical parameters, operating parameters, geometric parameters, wettability of equipment internals, and mass transfer were important factors affecting the Sauter mean diameter in an extraction column. Rohlfing et al. [29] analyzed the effect of mass transfer on the Sauter mean diameter of a droplet in the n-butylacetate-water-acetone system. For the c→d mass transfer, the Sauter mean diameter was not sensitive to the mass transfer flux. For the d→c mass transfer, the size of the Sauter mean diameter was larger and went up with the increase of the mass transfer flux. In addition, the Sauter mean diameter of the c→d mass transfer is smaller than that of the d→c mass transfer. They believed that the mass transfer direction changed the droplet coalescence behaviors by influencing the process of liquid film drainage between droplets.
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Hold-up is the ratio of dispersed phase volume to the total volume of two phases under stable operating conditions. Hold-up can reflect the operating performance and processing capacity of equipment. Kumar and Hartland [30] summarized the experiment data of eight kinds of extraction columns and proposed a general correlation. The correlation was suitable for calculating the hold-up in the dispersion region and the emulsification region, as expressed by Equation (3), where Π reflects the influence of energy input, Φ mainly reflects the influence of two-phase flow rate, Ω represents the influence of the physical properties of two phases, and Γ represents the influence of the geometric parameters of the extraction column. In addition, the slip velocity can be used to predict hold-up. The Pratt equation [31] first used the concept of slip velocity, and by deriving the relationship between slip velocity and characteristic velocity, a method of calculating the hold-up in the extraction column was obtained, as shown in Equation (4), where Vd and Vc represent the apparent flow velocity of the dispersed phase and the continuous phase, respectively. Vslip is the slip velocity, defined as the relative velocity between the two phases in the extraction column. V0 is the characteristic velocity, defined as the sedimentation velocity of dispersed phase droplets in a continuous phase when the apparent flow velocities of two phases approach zero. Tsouris et al. [32] studied the effect of mass transfer on droplet size distribution and hold-up and found that, compared with no mass transfer conditions, for the c→d mass transfer, the droplet size distribution was smaller and the hold-up was higher, and for the d→c mass transfer, the size distribution of the droplets was larger and the hold-up was lower. They believed that the former droplet swarm had a higher breakage rate, and the latter droplet swarm had a higher coalescence rate.


  φ =  Π  ·  Φ  ·  Ω  ·  Γ   



(3)
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Flooding velocity is important for the design and performance calculations of the extraction column. Taking the packed extraction column as an example, the maximum processing capacity can be derived from the flooding velocity, while the required column diameter can be calculated from a given throughput. Summarizing a large number of the literature’s data, Kumar and Hartland [33] suggested a correlation that could be used to calculate the flooding velocity of the packed extraction column. However, most of the experiment data were acquired from high and medium interfacial tension systems with low porosity packing and an organic dispersed phase. Therefore, when the correlation was used in other systems, it usually had a large deviation and needed to be modified. Yu et al. [34] found that, compared with no mass transfer conditions, the flooding velocity under the mass transfer condition was higher, and the flooding velocity of the d→c mass transfer was higher than that of the c→d mass transfer.



In order to understand mass transfer problems in the column equipment, researchers have developed one-dimensional models, such as the plug flow model, the axial diffusion model, and the back-mixing stage model. The plug flow model has no axial mixing or diffusion, so it is also called the ideal flow model. Both the axial diffusion model and the back-mixing stage model take axial mixing into account. The former is in differential form, and the latter is in stage-wise form. The axial dispersion coefficient is an important parameter used to describe the degree that the true flow deviates from the ideal flow. For the dispersed phase, the deviation is caused by different residence times due to the different sizes of the droplets. For the continuous phase, deviation is due to axial mixing and axial dispersion. For the pulsed disc-and-doughnut extraction column, Jahya et al. [28] established the continuous phase axial dispersion coefficient correlation, considering the effect of two phases physical properties, equipment geometry, and operating conditions. Charton et al. [35] used a computational fluid dynamics (CFD) simulation to reexamine the available axial dispersion experiment data of the pulsed disc-and-doughnut column and derived a unified axial dispersion coefficient correlation. Panahinia et al. [36] conducted modeling and simulation in a horizontal pulsed sieve-plate extraction column. The systems used in the simulation were benzene-acetone-water and butylacetate-acetone-water, and the simulation results of both systems showed that the c→d mass transfer led to a higher axial dispersion coefficient.
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The mass transfer coefficient is an important parameter to describe the mass transfer rate across interfaces, which is generally related to the operating parameters, physical properties, and hydrodynamic performance parameters. Classical models for calculating the mass transfer coefficient include the two-film theory [37], the percolation theory [38], and the surface renewal theory [39]. Based on the mass transfer experiment results of the droplet swarm, Kumar and Hartland [40] proposed correlations to predict the continuous phase Sherwood number, Shc, and the dispersed phase Sherwood number, Shd. By applying certain physical property parameters, operating parameters, and hydrodynamic parameters, the continuous phase mass transfer coefficient kc, and the dispersed phase mass transfer coefficient kd, were obtained, and finally the mass transfer coefficient could be calculated by the two-film theory, as shown in Equation (5), where M is the equilibrium distribution coefficient. In addition, some studies showed that mass transfer direction has a significant effect on the mass transfer coefficient. Torab-Mostaedi et al. [41] found that the coefficient of the d→c mass transfer was higher than that of the c→d mass transfer under certain conditions. Asadollahzadeh et al. [42] also found that the coefficient of the d→c mass transfer was much higher in a pilot scale extraction column. For a preliminary analysis, the d→c mass transfer promotes droplet coalescence and leads to a decrease in the interface area. The deceased interface area is not good for improving mass transfer performance. With regard to the experiment results of Asadollahzadeh et al. [42], it indicates that there are other factors that contribute to the improvement of the mass transfer coefficient. In Table 1, the effect of mass transfer on the performance parameters mentioned above is summarized.



From the studies above, it is clear that the hydrodynamic parameters are closely related to the mass transfer performance of the equipment. Enhancing the mass transfer requires a deep understanding of the flow dynamics and mixing behaviors of the two phases. Although the axial dispersion model and the back-mixing stage model both consider the non-ideality of flow, these two models homogenize the droplet size instead of considering the droplet size distribution. In addition, one-dimensional models do not include information related to other dimensions. Therefore, for further understanding of the two-phase flow in equipment, it is important to obtain the 3D spatial and temporal distribution of parameters such as velocity, concentration, droplet size, etc.



Two-phase flow simulations are divided into two main categories [43]: a “real” simulation that focuses on the shape and deformation of two-phase interfaces and a simplified simulation that ignores interface shape information. Free-interface simulation methods such as VOF and level-set belong to “real” simulation, which requires a mesh size much smaller than the droplet size. But limited by computation load, it is mainly used to calculate two-phase flow in a small volume, such as the generation, deformation, breakage, and coalescence of a small number of droplets. For large-scale geometry such as an extraction column, the calculation area size is much larger than the droplet size, and considering the limitation of calculation capacity, further simplification methods are required, ignoring some highly complex information of the droplets. In a simplified simulation, the Euler-Euler model assumes that the dispersed phase is quasi-continuous, the two phases are described by separate N-S equations and mass transfer equations, and the two sets of equations are solved simultaneously through the momentum exchange and mass exchange between the two phases. The retained characteristic parameter of the dispersed phase in the Euler-Euler model is only d32, but d32 cannot replace the droplet size distribution equivalently because the same d32 can correspond to a variety of droplet size distributions. To obtain the droplet size distribution, the population balance model (PBM) is introduced.



PBM originated from describing population dynamic balance and was later extended to describe groups with common characteristics. For liquid-liquid extraction systems, PBM is used to study dispersed phase droplets. PBM plays an important role in dealing with droplet swarms by predicting droplet size distribution. In addition, PBM is an infinitely extensible model [43]. Theoretically, PBM can describe the entire dispersion system by continuously adding droplet characteristic parameters to approach a “real” model. Due to the limited computation load, PBM usually calculates only one or two key characteristic parameters. According to the number of characteristic parameters, PBM can be divided into the Euler-Euler model (null-element population balance model), the unary population balance model, and the binary population balance model, as shown in Table 2.



The core of PBM is the population balance equation (PBE), as shown in Equation (6). Its four terms, from left to right, are unsteady term, convection term, diffusion term, and source term. The source term is mainly determined by droplet breakage and coalescence processes, so the source term can be expressed as the sum of the breakage source term (Sb) and the coalescence source term (Sc), as shown in Equation (7). Since both the breakage and coalescence processes involve the disappearance and generation of droplets, Sb and Sc can be expressed as the difference between the generation source term and the disappearance source term, as shown in Equation (8). The expressions for generation and disappearance of source items are shown in Equations (9)–(12). Three kernel functions are involved in these source terms: the breakage frequency function (b (r, d′)), the coalescence frequency function (h (d, d′)), and the daughter droplet size distribution function (β (d, d′)). In addition, if the dispersed phase has good wettability on the equipment internals and forms a liquid layer on the surface, the dispersed phase has some other behaviors in addition to droplet breakage and coalescence, as shown in Figure 1 [44], so it is not accurate to describe the system only with these two behaviors. Fang [45] considered other behaviors of the dispersed phase and expanded the four-source term to the seven-source term, and the result showed that the simulation of the pulsed disc-and-doughnut column could be significantly improved by using the seven-source term [46], as shown in Figure 2.
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By coupling CFD with PBM, researchers studied the two-phase flow of a variety of extractors. Some of these studies are summarized in Table 3. Drumm et al. [47] carried out CFD-PBM simulation in the rotating disc column, and the hold-up and velocity field were in good agreement with the experimental values. Mirzaie et al. [48] carried out CFD-PBM simulation in the pulsed packing column, and the results were good for predicting the hydrodynamic characteristics of the column. Amokrane et al. [49] used the CFD-PBM method to calculate the Sauter mean diameter and hold-up of dispersed phase droplets in the pulsed disc-and-doughnut column. They compared and analyzed the calculation results of different kernel functions, showing that the CFD-PBM method can effectively describe the hydrodynamic performance of the two phases, and they also found that if the default constants of the widely used kernel functions were not adjusted, unrealistic results may occur. Li’s group applied the directly measured breakage kernel functions to the CFD-PBM simulation, and successfully predicted the hydrodynamic performance of a pulsed disc-and-doughnut column [50] and a pump-mixer [51]. Recent research has verified the feasibility of the CFD-PBM method to simulate liquid-liquid two-phase flow performance at the equipment scale. However, the simulation results depend on the accuracy of the kernel functions of PBM. Therefore, it is critical to build and verify accurate PBM kernel functions.



To summarize, it can be seen that droplet size distribution is one of the key parameters used to determine mass transfer area and the overall extraction performance at the equipment scale. Mass transfer, in turn, influences the drop size distribution by affecting droplet interactions such as breakage and coalescence. Therefore, detailed studies focusing on the droplet scale and a deep understanding of droplet breakage and coalescence are needed.




3. Droplet Scale


In early studies, although the droplet size distribution of the droplet swarm was studied, it was difficult to study droplet behaviors in detail [32]. Therefore, to analyze the relationship between droplet size distribution and droplet behaviors, researchers carried out single-droplet experiments in extractors to facilitate the observation of droplet behaviors. Bahmanya et al. [52] carried out a single droplet experiment in a rotating disc column with no mass transfer and constructed an empirical correlation between droplet size and critical rotor speed with Reynolds number and Weber number. Then they [53] studied the effect of mass transfer on droplet breakage and used the correlation they established before to derive the effective interfacial tension with mass transfer. The effective interfacial tension could be used in the empirical correlation derived from the no mass transfer condition, and finally obtained the droplet breakage probability under the mass transfer condition. Cauwenberg et al. [54,55] studied the single-droplet breakage process in the rotating disc column and examined the breakage probability and daughter droplet size distribution, including non-mass transfer systems, mass transfer systems (d→c and c→d), and surfactant-containing systems. Based on the modified Weber number, a breakage probability model associated with interfacial tension and shear stress was established. In addition, they established an equation for predicting dynamic interfacial tension under mass transfer conditions and combined this equation with a breakage probability model to achieve the calculation of droplet size distribution at each stage.



The early single-droplet experiment studies in extractors further showed that mass transfer could affect droplet behaviors by changing the interfacial tension, but many conditions of these experiments were quite different from the real operating conditions of a droplet swarm. In addition, due to limited observation technology, it was difficult to measure parameters such as breakage time in the kernel function. Therefore, it is necessary to combine new research methods to analyze the behaviors of droplet breakage and droplet coalescence as well as the influence of mass transfer on these behaviors.



3.1. Droplet Breakage


Droplet breakage is the process where droplets deform under the effect of an external force and then split. Droplet breakage is mainly determined by three forces: (1) the external force of the continuous phase; (2) the interfacial tension of the droplet; and (3) the viscous force inside the droplet. The first force deforms and breaks the droplet, and the latter two forces inhibit the deformation and breakage, maintaining the shape of the droplet. In addition to the study of droplet breakage in macroscopic equipment, droplet dispersion in microchannels is an important way to help understand droplet breakage because of its similarity with droplet breakage mechanisms and good experimental repeatability. Therefore, the study of droplet breakage behaviors can be divided into two categories: (1) controllable microchannel droplet dispersion (micro-dispersion) research with limited area; and (2) macroscopic equipment research with droplet breakage kernel function as the core of the study.



Physical properties affecting the micro-dispersion process are mainly the viscosity of the two phases and the interfacial tension between the two phases. Xu et al. [56] found that in a T-junction microchannel, the droplet size decreases with the increase in continuous phase viscosity. Steegmans et al. [57] found that in a Y-junction microchannel, the viscosity of the dispersed phase has almost no effect on the droplet size. Xu et al. [58] found that during the generation of droplets from a micrometer screen hole, the size of the droplets increased with the increase of interfacial tension. From the effect of physical properties, it can be seen that in the micro-dispersion process, the viscous force of the dispersed phase is quite weak compared with the interfacial tension. Therefore, the viscous force of the dispersed phase has little effect on the dispersion size. In addition to the dispersion mechanism of microchannel droplets, researchers used microchannel devices to measure equilibrium interfacial tension by force balance [59] and pressure drop analysis [60].



Among the physical properties that affect the dispersion of droplets, interfacial tension is most influenced by mass transfer and continuously changes during the mass transfer process. With advantages of good controllability and repeatability, microchannels are helpful to observe droplet dispersion state. Therefore, based on equilibrium interfacial tension measurement, researchers carried out dynamic interfacial tension measurement and droplet dispersion behavior analysis under mass transfer conditions. Mass transfer can be mainly divided into two types: (1) interfacial adsorption mass transfer of surfactant; (2) interface-crossing mass transfer of ordinary solutes.



For interfacial adsorption mass transfer of surfactants, researchers have developed a variety of methods for measuring dynamic interfacial tension: (1) using the relationship between dispersion size and interfacial tension [61]; (2) using the pressure variation of the droplet generation process [62]; (3) using the deformation when droplets pass through suddenly enlarged and contracted microchannels [63]; (4) using the transition process between drop flow and jet flow [64]. For the effect of surfactant interfacial adsorption mass transfer on droplet dispersion, Wang et al. [61] found that surfactants decreased the interfacial tension, making the droplet dispersion size smaller, which meant the droplets were more likely to be dispersed.



For the interface-crossing mass transfer of ordinary solutes, Li et al. [65] used the reaction of H2SO4 and BaCl2 to form BaSO4 in microchannel two-phase flow as a probe to characterize the microscale two-phase flow and transport conditions of a system with both interface-crossing mass transfer and reaction. It was found that mass transfer and chemical reaction could significantly affect the interfacial tension and flow pattern of the system, and the dispersed phase flow pattern transited between drop flow and plug flow according to different mass transfer and reaction rates. Lan et al. [66] studied a micro-dispersion process with solute interface-crossing mass transfer (d→c) in a coaxial microchannel, and investigated the dispersion size of droplets and the transient interfacial tension of the whole process of droplet generation, observing that the interfacial tension changed in the mass transfer process. Different from the system with constant interfacial tension, the dispersion diameter of droplets might decrease with the increase of the dispersed phase flow rate under certain conditions with mass transfer. The reason was that the variation of the interfacial tension was affected by contact time, and the increase in dispersed phase flow rate made the interfacial tension of the droplet neck lower, so the droplet was more likely to be dispersed by continuous phase shear force. Based on this work, Lan et al. [67] replaced commercial pressure sensors with Laplace sensors as pressure probes. They integrated the probes into microfluidic chips and placed the probes close to the mass transfer interface to achieve a wide range and high accuracy of transient interfacial tension measurement, which was helpful to further study on the influence of mass transfer and dynamic interfacial tension on droplet dispersion.



In Table 4, some typical studies on micro-dispersion are summarized. Although micro-dispersion is helpful to analyze the influence of some physical properties and flow rate on droplet breakage behaviors under certain conditions, there is still a big gap between micro-dispersion and droplet breakage in macroscopic equipment. The former is under interfacial tension dominance and laminar flow conditions, while the latter is under turbulent flow and needs to consider dispersed phase viscosity. Therefore, it is still necessary to directly carry out droplet breakage research with macroscopic equipment. The important research content is the droplet breakage kernel function, which includes the breakage frequency function and the daughter droplet size distribution function. Based on different mechanism assumptions and constraints, researchers constructed a series of breakage kernel function models. Liao and Lucas [68] summarized the breakage mechanism into four categories in their review: (1) turbulent fluctuation and collision; (2) viscous shear stress; (3) shearing-off process; and (4) interface instability. Based on different assumptions for each mechanism, researchers have constructed different models of breakage frequency. The daughter droplet size distribution model was divided into three categories: (1) empirical model; (2) statistical model; and (3) phenomenological model.



There are a variety of droplet breakage kernel function models in the literature, but some give different predictions, and it is difficult to understand the applicability and accuracy of the model. Theoretically, one droplet size distribution only corresponds to a set of breakage laws and coalescence laws. In order to make the predicted value of the droplet size distribution closer to the experimental value, some studies [69] combined the widely used kernel functions in the literature and adjusted the constants in the kernel functions to construct the droplet size distribution model. However, the kernel functions selected were not individually verified to determine whether the function could describe the actual law of droplet behaviors; therefore, the applicable range of the droplet size distribution model was generally narrow. Therefore, it is extremely important to directly measure the kernel function of droplets through experiments and construct a kernel function model that conforms to droplet behaviors. In this regard, a feasible research method is to directly measure the kernel functions using a high-speed camera, through the suitable design of camera technology and statistical methods. Based on the directly measured experiment data, the predictive correlation of the kernel function is constructed by dimensional analysis or theoretical modeling. For droplet breakage behaviors, this research method can be further divided into single-droplet studies and droplet swarm studies. Some relative studies are summarized in Table 5.



For single-droplet experiments, the systems are less complex, and the factors affecting droplet behaviors can be analyzed in detail. Maaß et al. [70] constructed a droplet breakage time model through a single-droplet experiment in a stirred tank. Combined with the droplet breakage probability model in the literature, they obtained a droplet breakage frequency model that was in agreement with the tendency of the experiment results. However, the breakage time they measured was recorded from the moment when the droplet was injected, which did not meet the definition of crushing time, so the accuracy of the model needs to be further discussed. Zhang et al. [71,72] measured the droplet breakage probability, breakage time, and number of daughter droplets by single-droplet experiment in a reciprocating plate column, and the obtained breakage probability model can be well applied to the PBM of a Karr column. Korb et al. [73] carried out a single-droplet breakage experiment of D2EHPA extraction of zinc in a Kühni column. Comparing the experimental and predicted values and analyzing the applicability of a few droplet breakage kernel functions, they found that the increase in D2EHPA concentration during the extraction process led to a decrease in interfacial tension and an increase in the viscosity and density of the dispersed phase, and mass transfer of zinc ions had a significant effect on the interfacial tension.



For droplet swarm experiments, the hold-up of the system can be adjusted so that the droplet swarm mainly breaks up without coalescence, achieving an individual study of breakage behaviors and the breakage kernel function. Zhou et al. [74,75] statistically analyzed the droplet swarm behaviors under different liquid-liquid systems and operating conditions in a pulsed disc-and-doughnut extraction column and constructed an empirical model of droplet breakage frequency and daughter droplet size distribution. They found that the breakage frequency increased with a decrease in the interfacial tension. For the original breakage, the droplet tended to break up evenly when the diameter of the mother droplet became smaller, and the size distribution of the daughter droplet was inverted U-shaped. In a stirred tank without mass transfer, Zhou et al. [76] used high-speed camera technology to directly determine the kernel function of droplet swarm breakage and comprehensively analyzed the effects of rotor speed, droplet size, interfacial tension, and dispersed phase viscosity. Binary breakage of the droplets mainly occurred in the system. The breakage mode of droplets could be divided into original tensile breakage, intermediate tensile breakage, and revolving breakage. The daughter drop size distributions of the three breakage modes were inverted U-shaped, U-shaped, and M-shaped, respectively. The empirical model of the two kernel functions of breakage frequency (Equation (13)) and daughter droplet size distribution (Equation (14)) was constructed by introducing turbulent stress, interfacial stress, and viscous stress, and the prediction results of the empirical model agreed well with the experiment results. Combining the research results in the pulse column and stirred tank, they further established a droplet breakage model (Equation (15)) based on second-order oscillation of droplets in a turbulent flow field through theoretical analysis, which was well consistent with the experimental results in a pulse column and stirred tank.
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Based on the research of Zhou et al. [74,75], Yu et al. [77] studied the process of removing trace tributylphosphate from nitric acid aqueous solution in a pulsed disc-and-doughnut extraction column by experiments and CFD-PBM simulation, and the simulation successfully predicted the mass transfer performance of pilot equipment. In this study condition, the mass transfer flux was small and the interfacial tension did not change much, so the calculated value based on equilibrium interfacial tension can still be in good agreement with the experimental value. Considering that the variation of interfacial tension at higher mass transfer fluxes cannot be ignored, Wang et al. [78,79] further studied the effect of mass transfer on interfacial tension and droplet breakage in a pulsed disc-and-doughnut extraction column. Firstly, the equilibrium interfacial tension was obtained by using the inverse calculation of the breakage frequency function under no mass transfer condition, and the accuracy of the interfacial tension measurement method was verified. Under mass transfer conditions, the dynamic interfacial tension was measured by the breakage frequency function. By submitting the obtained dynamic interfacial tension into the correlation of the daughter droplet distribution function, it was found that the prediction results were in good agreement with the experimental results, indicating that it was suitable to express the property of the interface by dynamic interfacial tension under mass transfer conditions. Through correlating the dynamic interfacial tension and mass transfer flux in different regions of the column, it was found that the degree of the dynamic interfacial tension deviating from the equilibrium interfacial tension was positively correlated with the mass transfer flux, successfully explaining some results obtained in the experiment (as shown in Figure 3): (1) Compared with no mass transfer conditions, multiple breakage was more likely to occur under mass transfer conditions, especially in the regions with high mass transfer flux; (2) for droplets of the same size, the droplet breakage frequency was higher when the mass transfer flux was higher. This study also found that the dynamic interfacial tension was not only related to the mass transfer flux but also related to the composition of two phases. When the mass transfer flux was low and the composition of the two phases approached equilibrium, the change in the dynamic interfacial tension would be more consistent with that of the equilibrium interfacial tension.
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Table 5. Studies on droplet breakage in a macroscopic setup.
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	Authors
	Experimental Setup
	Conditions
	Subject
	Objectives





	Maaβ et al. [70]
	Stirred tank
	No mass transfer
	Single droplet
	Breakage probability



	Zhang et al. [71]
	Reciprocating plate column
	No mass transfer
	Single droplet
	Breakage probability



	Korb et al. [73]
	Kühni column
	Mass transfer

Chemical reaction
	Single droplet
	Breakage probability;

Daughter droplet size distribution



	Zhou et al. [74,75]
	Pulsed disc-and-doughnut column
	No mass transfer
	Droplet swarm
	Breakage frequency;

Daughter droplet size distribution



	Zhou [76]
	Stirred tank
	No mass transfer
	Droplet swarm
	Breakage frequency;

Daughter droplet size distribution



	Wang et al. [78,79]
	Pulsed disc-and-doughnut column
	Mass transfer
	Droplet swarm
	Effect of mass transfer








A single, high-speed camera is usually used to carry out two-dimensional observation. However, the non-spherical droplets observed from a two-dimensional perspective cannot accurately reflect their three-dimensional shape, so the measured droplet size is somewhat deviated from the real value. Krakau et al. [80] used two cameras to trace the three-dimensional trajectory and shape of a single bubble. However, this method has difficulties and challenges: it is difficult to track and observe a few bubbles at the same time, so it is difficult to evaluate the daughter bubble distribution function of the bubble breakage. In the future, if a few bubbles or droplets can be tracked and monitored at the same time, it will help to obtain the PBM kernel function more accurately.



To summarize, the interaction between mass transfer and fluid flow affects the interfacial tension and ultimately determines droplet behavior. For interfacial adsorption mass transfer of surfactants, the interfacial tension is mainly related to the surfactant interfacial adsorption amount. For interface-crossing mass transfer of ordinary solutes, the interfacial tension is mainly related to the mass transfer flux and two-phase composition. However, most of the dynamic interfacial tension of the mass transfer process in the above studies is an average value in different degrees, ignoring the interface movement caused by the interfacial tension gradient, so many research results are still different from the actual two-phase flow. Therefore, it is necessary to analyze the relationship between mass transfer and interfacial tension at the interface scale.




3.2. Droplet Coalescence


Droplet coalescence has several steps: (1) Two droplets approach each other and contact, forming a continuous phase liquid film at the contact site; (2) liquid film drainage; (3) liquid film rupture; (4) droplets mergence. There are many factors that affect droplet coalescence, such as density, viscosity, interfacial tension (affected by salt, pH, and surfactants), droplet size, mass transfer flux, mass transfer direction, etc. Temperature is an important factor because it can affect some of the factors listed above. The effects of some factors on droplet coalescence are shown in Table 6 [81]. Experimental setups used to study droplet coalescence include venturi tubes [82], microchannels [83,84,85,86,87], and aggregation cells [88,89], and some of these setups are shown in Figure 4. Simon [82] used a venturi tube to trap the droplets in the venturi area through two-phase counterflow. The trapped droplets then merge with the newly injected droplets. However, a small fluctuation of the flow field in the venturi tube will cause the horizontal movement of the trapped droplets, so the droplets were not easily maintained in the focal plane, and the repeatability of the two droplets coalescing was not satisfying. In addition, the device was difficult to clean due to its complex structure, making it difficult to exclude impurities from interfering with the experiment. Gao [86] et al. studied droplet coalescence in a microchannel. They investigated the effects of interfacial tension, continuous phase viscosity, and other factors on droplet coalescence. Among these factors, surfactant interfacial adsorption significantly reduced the interfacial tension and made it more difficult for droplets to coalesce. Besides, the increase in continuous-phase viscosity also made it more difficult for droplets to coalesce. Narayan et al. [87] analyzed the effect of continuous phase viscosity and surfactant concentration on the liquid film drainage process in a microchannel. They found that with low surfactant concentration (about 1/3 CMC), the drainage time increased with the increase in continuous phase viscosity, while with high surfactant concentration (≥CMC), the continuous phase viscosity nearly had no effect on the drainage time. Kamp et al. [89] built a coalescence cell with a simple structure and carried out a droplet coalescence experiment with good repeatability. They found that the mass transfer direction had a significant effect on droplet coalescence behaviors, and the coalescence was promoted with the d→c mass transfer while the coalescence was inhibited with the c→d mass transfer.



Similar to the breakage frequency function, the coalescence frequency function (Equation (16)) describes the droplet coalescence rate, where ω is the collision frequency and λ is the coalescence efficiency. Researchers established a series of models for collision frequency and coalescence efficiency based on different assumptions.


  h  (  d ,   d ′    )  = ω  (  d ,   d ′    )  λ  (  d ,   d ′    )   



(16)







The widely used collision frequency model (Equation (17)) was proposed by Coulaloglou and Tavlarides [90], and this model was derived from the theory of gas molecule motion. Liao and Lucas [91] divided the coalescence efficiency model into three categories in their review: (1) film drainage model; (2) energy model; and (3) critical velocity model.


  ω  (  d ,   d ′    )  =  c 3     ε  1 / 3     1 + φ      (  d +   d ′    )   2     (   d  2 / 3   +     d ′     2 / 3    )    1 / 2    
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  λ  (  d ,   d ′    )  = exp  (  −    t  drainage      t  contact      )   
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  λ  (  d ,   d ′    )  = exp  (  −  C 4     E  interfacial      E  collision      )   
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  λ  (  d ,   d ′    )  = min  (     u  crit      u  cha     , 1  )   
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For the film drainage model (Equation (18)), Coulaloglou and Tavlarides [90] pointed out that the droplet coalescence efficiency depended on the ratio of the interface contact time and the film drainage time, and that coalescence could occur more easily when the contact time was longer than the drainage time. For the energy model (Equation (19)) [91,92,93], the droplet coalescence efficiency depended on the relative magnitudes of the effective collision energy and the interface energy, and the coalescence would occur when the effective collision energy was higher than a certain value. For the critical velocity model (Equation (20)) [94,95], coalescence could occur when the collision velocity was lower than a critical value, indicating that coalescence efficiency was larger with a lower collision velocity. Obviously, there is a contradiction between the energy model and the critical velocity model. Kamp and Kraume [96] pointed out that only the film drainage model proposed by Coulaloglou and Tavlarides [90] could better match the experimental data. In addition, the film drainage model agrees better with the actual coalescence process, so it has been widely used in relevant research. Notably, similar to the breakage kernel function models, there are large differences among the coalescence kernel function models. It is necessary to directly measure the droplet coalescence kernel function through experiments, but there is still a lack of relevant literature.



Film drainage is the key process in droplet coalescence. The Reynolds lubrication theory is an important hydrodynamic model for the film drainage process; the basic equation of this theory is the Reynolds equation [97,98,99]. Equations (21) and (22) are derived from the Navier-Stokes equation and the continuity equation. The Reynolds equation assumes: (1) constant viscosity; (2) film lubrication; and (3) non-slip boundary conditions. The boundary conditions of the film drainage process depend on the deformability and mobility of the interface. According to deformability, the interface can be divided into a rigid interface and a deformable interface. According to mobility, the interface can be divided into a non-mobile interface, a partially mobile interface, and a fully mobile interface. The mobility of the interface is related to the continuous phase-dispersed phase viscosity ratio and surfactant concentration [87]. Interfaces are non-mobile with a high viscosity ratio and high surfactant concentration, while the interfaces are mobile with a low viscosity ratio and low surfactant concentration. Noticeably, the pressure term in the Reynolds equation of the film draining process is related to the Laplace pressure (determined by the interfacial tension and interfacial curvature) and the interaction between interfaces, and the boundary conditions are related to the thickness distribution of the liquid film along the radius. Therefore, a deeper understanding of the film drainage process requires the analysis of interfacial tension and force between interfaces at the interface scale.
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4. Interface Scale


Interfacial tension is an important factor affecting droplet breakage and coalescence. If temperature is not considered, interfacial tension mainly depends on the interface composition. In a two-phase system containing solutes, the solute concentration is an important factor affecting the interfacial tension. When the solute molecules approach the interface of the two immiscible liquid phases, there are three main interface behaviors [100], including positive adsorption, interface-crossing mass transfer, and negative adsorption. These three behaviors are mainly related to the energy distribution of solute molecules near the interface. If the system contains other solutes, it will change the interface properties, and this change has a great effect on the mass transfer process of the original solute [101]. When interface adsorption mass transfer or interface-crossing mass transfer occurs, the interface composition continuously changes until the equilibrium state is reached, accompanied by complex interfacial phenomena such as the Marangoni effect and the Rayleigh effect. Interfacial tension in the mass transfer process is dynamically varying, known as dynamic interfacial tension, which is an important parameter for analyzing the influence of mass transfer on droplet behaviors. In addition, for a droplet coalescence process, the force between interfaces is an important factor affecting the film drainage process, so it is also a research focus at the interface scale.



4.1. Dynamic Interfacial Tension


In general, interfacial tension is determined by temperature and composition. During the mass transfer process, there is always an uneven distribution of temperature or concentration at the interface, resulting in interfacial tension gradients and further causing interface movement. This phenomenon is known as the Marangoni effect. The influence of mass transfer direction on droplet coalescence can be well explained by the interfacial tension gradient [102]. The interfacial tension gradient makes the interface move from a low interfacial tension site to a high interfacial tension site, and the interfacial tension gradients formed by the d→c mass transfer and the c→d mass transfer are in opposite directions. The resulting interface movement promotes and inhibits the film drainage process, respectively. Furthermore, an interfacial tension gradient can also explain the reason for choosing non-mobile boundary conditions in many film drainage models. Klaseboer et al. [103] studied the film drainage process between colliding droplets at constant approach velocity through experiments and simulations and found that non-mobile boundary conditions could predict the variation of film thickness better than mobile boundary conditions. They believed that the reason for the formation of the non-mobile interface was the presence of a trace amount of surfactant in the system, and through calculations, it was found that the small interfacial tension gradient was sufficient to resist the viscous shear force, so that the interface was non-mobile. They believed that it was necessary to ensure the purity of the droplets and the cleanliness of the device to achieve mobile boundary conditions. In addition, Yeo et al. [104] explained in more detail the process of the interfacial tension gradient forming a non-mobile interface: the drainage process generated by droplet collision created a surfactant depletion area near the flow source point, forming an interfacial tension gradient through the surfactant concentration gradient. The interfacial tension gradient delayed the drainage of the film and immobilized the interface.



The Marangoni effect is an important research topic in the interphase mass transfer process, which faces both opportunities and challenges. The opportunity is that mass transfer efficiency can be effectively promoted by the Marangoni effect [105]. The challenge is the uneven temporal and spatial distribution of interfacial tension caused by the complex mass transfer process.



To analyze complex phenomena at the interface, it is necessary to simplify the system into a single droplet and a stationary environment to determine the relationship between mass transfer coefficient and concentration. At a high concentration difference, the d→c mass transfer showed three states as follows [106]: (1) eruption zone; (2) turbulent zone; (3) diffusion zone. Heine et al. [107] combined confocal Raman spectroscopy with interfacial tension measurement to study the d→c mass transfer of a single droplet. Confocal Raman spectroscopy was used to measure the concentration inside the droplet. The concentration at the droplet interface could be obtained by the relationship between interfacial tension and concentration. In this study, the toluene-acetonitrile-water system was used, and it was found that, due to the Marangoni effect, most of the mass transfer was accomplished in the droplets at the early stage of formation. They believed that the research could be extended to the measurement of solute concentrations at different locations inside and outside droplets using confocal Raman spectroscopy under different droplet size, generation rate, and initial concentration conditions. These measurements provide necessary support to the CFD simulation studying a detailed temporal and spatial distribution of important parameters in a droplet formation process. Lan et al. [108] used a bubble and a droplet as probes, as shown in Figure 5, to detect the drop mass and interfacial tension, respectively, through analyzing the deformation of the bubble and droplet profiles. Based on this, they successfully achieved the simultaneous determination of the transient concentration, mass transfer flux, and dynamic interfacial tension during the mass transfer process. They found that the Marangoni effect was more obvious during the c→d mass transfer and that the droplet concentration and the mass transfer flux had a significant effect on the dynamic interfacial tension.



Using Laser-Induced Fluorescence (LIF), researchers can directly understand the distribution and change of solute concentration in a droplet formation process under mass transfer conditions and then analyze the intensity of the Marangoni effect and the influence of the Marangoni effect on fluid flow and mass transfer. Wang et al. [109] used planner laser-induced fluorescence (PLIF) to obtain the concentration distribution of acidic solutes in droplets. They analyzed the bulk flow and the Marangoni effect based on the concentration contours of the solutes and found that the competition between the bulk flow and the unstable flow caused by mass transfer determines the occurrence of the Marangoni effect. Heine et al. [110] investigated the effect of mass transfer during droplet formation in a static continuous phase. Using rhodamine 6G as a tracer, the effects of droplet size, concentration, and formation rate on the internal flow of the suspended droplet were analyzed by LIF. Interfacial turbulent eruptions caused by the Marangoni effect and convection within the droplets were clearly observed. Based on this study, by combining LIF and rainbow schlieren deflectometry (RSD), Heine et al. [111] achieved qualitative, non-invasive, real-time visualization of concentration distribution inside and outside droplets in two standard reference systems. The systems used in this study were: (1) toluene-acetone-water; and (2) n-octanol-butyleneglycol-water. With LIF and RSD measurements in both systems, enhanced mass transfer by Marangoni convection during droplet formation could be observed. The visualized Marangoni effect is shown in Figure 6. Interfacial instability was obvious during droplet formation at lower volumetric flow rates (dispersed phase). It was because the larger specific surface area and lower inlet flow caused a higher concentration gradient. In addition, they found that Marangoni convection dominated the internal mixing of the droplet at low volumetric flow rates, while volumetric flow rates dominated the mixing when the flow rates became high.



In addition to the experimental studies, researchers also studied the effect of the Marangoni effect on fluid flow and mass transfer through numerical simulations. Wegner et al. [112] carried out 2D simulation and 3D simulation of the mass transfer process of single droplets under the influence of Marangoni convection and found that the 2D simulation results had a large deviation from the experimental results, and produced results that contradicted the physical law at a high initial concentration. The 3D simulation enabled the qualitative and quantitative reproduction of experimental data. Engberg et al. [113] proposed that the numerical simulation of mobile droplet Marangoni convection needed to meet the following requirements: (1) complete 3D without a symmetrical plane; (2) couple the velocity field and concentration field through concentration-dependent interfacial tension gradients; (3) allow shape deformation, oscillation, and deviation from the vertical rise path; and (4) adapt sufficiently small grid cells to make the concentration boundary layer have adequate resolution. Based on the above requirements, they carried out a Marangoni effect simulation of a rising single droplet and found that the code captured the essential characteristics of Marangoni convection, namely the interaction of mass transfer and momentum transfer, resulting in a highly transient three-dimensional velocity field and mass transfer enhancement, as shown in Figure 7. In addition, they explained that the path oscillations observed in the Marangoni convection simulation were caused by the asymmetric separation of vortices in the wake of the droplet. Yang et al. [114] conducted numerical simulations of Marangoni convection on mass transfer from a single droplet with a different Reynolds number and found that the flow inside the rising droplet was the combination of Marangoni convection and droplet internal circulation. Increasing the Reynolds number of the droplet would inhibit the development time and development space of the Marangoni convection, so that the droplet could return to the internal circulation state faster, but the total mass transfer rate of the droplet was still improved. They also found that interface-crossing mass transfer with the Marangoni effect was non-Gaussian and oscillating, which was similar to turbulent. These simulations are helpful to understand the effect of the Marangoni effect on fluid flow and mass transfer at macroscopic and mesoscopic scales. For the microscopic properties of Marangoni effect, molecular dynamics (MD) simulation is an important tool [115,116,117]. Liu et al. [117] studied the flow induced by the Marangoni effect at a flat liquid-liquid interface. Through MD simulation, they compared the results of direct nonequilibrium molecular dynamics simulation with the flows that were generated by pressure and chemical-potential gradients and found that the approach based on the chemical-potential gradients agreed with the direct simulation.



The study of droplet breakage under mass transfer conditions shows that dynamic interfacial tension builds an important bridge connecting mass transfer and droplet behaviors. On the one hand, the dynamic interfacial tension reflects the tendency of droplets to break up or coalesce. On the other hand, the magnitude of dynamic interfacial tension reflects the mass transfer of solutes at the interface. Kalli et al. [118] investigated the relationship among mass transfer time, adsorption time, and droplet generation time with different types of surfactants in a microchannel device. They analyzed the effect of surfactant type, concentration, and interfacial adsorption control factors on the interfacial tension during the droplet formation process. Liang [119] measured the adsorption capacity and adsorption rate of surfactants in a microchannel device, and also analyzed the control factors of surfactant interfacial adsorption, namely mass transfer control and adsorption control. For mass transfer control, the decisive factors were mainly concentration differences, physical properties, and flow pattern. For adsorption control, the decisive factors were mainly the adsorption heat and the substance concentration.



In addition, for interfacial adsorption of surfactant and interface-crossing mass transfer of ordinary solutes, researchers [79,120] found that the dynamic interfacial tension was lower than the equilibrium interfacial tension at corresponding concentrations. Based on this phenomenon, Wang [79] proposed the concept of interfacial relaxation force, which was the decrease from the equilibrium interfacial tension to the dynamic interfacial tension. The mechanism of the interfacial relaxation force, as shown in Figure 8, was that when solute molecules were transported across interfaces, their transport “channels” occupied part of the interface, and this part of the interface lost its contribution to the interfacial tension, resulting in the interface “relaxation”. It was believed that the interfacial relaxation force was positively correlated with mass transfer flux, and the correlation was preliminarily quantified through experiments. To some degree, the interfacial relaxation force illustrated the correlation between dynamic interfacial tension and mass transfer flux. Based on this, he explained the influence of mass transfer direction on droplet breakage behaviors from experimental phenomena. When the droplet was stretched and close to breaking up, its shape was dumbbell-shaped, and the condition for droplet breakage was that the pressure in the intermediate neck was higher than the internal pressure at both ends of the droplet. For the d→c mass transfer, the solute concentration in the new stretched neck was higher than that at both ends of the droplet, and the mass transfer flux in the neck was also larger due to the higher difference between the inner and outer concentrations. Both factors caused the dynamic interfacial tension of the neck to be lower than that at both ends of the droplet, which inhibited the neck fracture and the droplet breakage. For the c→d mass transfer, the solute concentration in the neck was lower than that at both ends of the droplet, so that the dynamic interfacial tension of the neck was higher than that at both ends of the droplet, which promoted the neck fracture and the droplet breakage.



Overall, it is necessary to obtain the variation of dynamic interfacial tension when analyzing droplet behaviors coupled with mass transfer. In the study above, although researchers measured dynamic interfacial tension, most of them were spatial averages to different degrees. The interfacial tension distribution can be obtained from the interfacial tension-concentration relationship, the motion equation, and the mass transfer equation in numerical simulations [113,114]. However, there is still a lack of experimental methods to measure interfacial tension distribution, and the numerical simulation results cannot be verified. Not only CFD simulation studies are required to analyze the macroscopic and mesoscopic properties of the dynamic changing interface, but also MD simulation studies are required to analyze the microscopic properties.




4.2. Force between Interfaces


The most important tool for studying forces between interfaces is the DLVO theory, which is derived from the analysis of the forces between solid colloids. Van der Waals forces and electric double-layer forces are mainly considered in this theory. It was found that the force curve between particles sometimes deviated significantly from the DLVO theory [121,122,123], mainly due to the presence of non-DLVO forces such as hydration, solvation, and steric forces [124]. For liquid-liquid systems, some research results [125,126] showed that the force curve between droplets also deviated significantly from the DLVO theory.



In addition to establishing models of force between interfaces based on DLVO theory, researchers have also established a variety of measurement methods for the force between interfaces, as shown in Figure 9 [127]. Among them, the surface force apparatus (SFA) is the most representative measurement tool. In the 1970s, Israelachvili et al. [128] built SFA and achieved the measurement of Van der Waals dispersion force between two surfaces in the distance range of 1.5–130 nm, and its distance resolution could reach 0.1 nm. The greatest advantage of SFA is that it can directly measure the distance and force between two interfaces. However, SFA can only measure the force between two solid interfaces and cannot be used to measure the force between droplets. Total internal reflection microscopy (TIRM) is also an important tool for measuring forces between surfaces, with excellent range resolution (in nm) and force resolution (in pN) [127,129]. However, TIRM can only be used to measure the weak force between colloidal particles and a flat substrate [130], so it is not suitable to measure the force between droplets. The main tools for measuring the force between droplets are atomic force microscopy (AFM) and optical tweezers. Stevens’s group [131,132,133,134,135] used AFM to conduct research on the force between droplets, including: (1) the force between droplets in systems with and without ionic surfactants [131,132,133]; (2) the force between droplets in different concentrations and different types of saline solution [134]; and (3) the steric hindrance of polymers at droplet interfaces in the presence of polymer stabilizers [135]. Although AFM can directly measure the interaction between two droplets, there is still a problem in the study of the droplet film drainage process. Droplets deform during the film drainage process, and the degree of the droplet deformation is unknown. Thus, the front distance between two droplets cannot be accurately obtained. Therefore, the relationship between the force and the front distance cannot be studied by this method. AFM generally measures droplets with the size of 20–200 μm. For smaller droplets (0.1–10 μm), optical tweezers [136] can measure the interaction force. Nilsen-Nygaard et al. [137] tried to measure the force between droplets by optical tweezers and finally obtained some force signals. They qualitatively analyzed the results with the measurement data, but the analysis lacked correlation model fitting and quantitative explanation. Chen et al. [138] directly measured the force between 5.0 μm diameter tetradecane droplets in SDS and NaCl solutions with different concentrations, and analyzed the effect of SDS and NaCl concentrations on the electric double layer. In addition, they found that, compared with the larger droplets studied by AFM, the deformation ability and force mechanism of the smaller droplets studied by optical tweezers were quite different, which required further model analysis. Based on this, Chen et al. [139] refined the model and established a quantitative relationship between the force and the front distance, which provided a basis for better understanding the interaction mechanism between micro-scale droplets. In addition to the above two methods, Lan et al. [140] developed a method, as shown in Figure 10, to measure the dynamic interaction between two droplets by using the profile deformation of droplets, which had the advantages of simplicity, low cost, and visual results. This method was expected to facilitate the study of droplet interaction. However, similar to AFM, it cannot directly obtain the front distance between droplets. The summarized comparison of these force measurement tools is shown in Table 7.



Studying the mechanism of the droplet coalescence process requires simultaneous determination of the force and the front distance between droplets. The liquid film formed during the coalescence process is of nanometer thickness. The above force measurement methods cannot accurately obtain the front distance between droplets. To measure the thickness of the liquid film between the interface fronts, some methods, including the ultrasonic method [141], the electrical method [142], and the optical method [143], are developed. Among them, the optical method uses optical interference fringes to measure the thickness of liquid film, which has the advantages of being non-invasive, high resolution, and highly accurate. Researchers improved SFA and AFM with this method and achieved the simultaneous determination of the interaction force and liquid film thickness of droplet-solid surfaces [144], bubble-solid surfaces [99,145], bubble-bubble surfaces [146,147] in liquid medium. However, there is still a lack of literature on similar measurements in the droplet-droplet system.



The above forces between interfaces were measured without mass transfer. For a film drainage process with interface-crossing mass transfer, the composition at the interface will change continuously, so that the force between interfaces is affected by both the interface composition and the interface distance. If the spatial and temporal variation of the force between interfaces under mass transfer conditions can be characterized, it will help to understand and model the droplet coalescence process in liquid-liquid extraction.





5. Conclusions and Outlook


The core of liquid-liquid extraction process intensification is the efficient mixing of the two phases. In-depth understanding of two-phase mixing needs to focus on muti-scales: equipment, droplet, and interface scales. At the equipment scale, droplet size distribution significantly determines the two-phase mixing and mass transfer. At the droplet scale, droplet dispersion depends on droplet breakage and coalescence behaviors, and droplet behaviors are largely affected by interfacial tension. At the interface scale, interface behavior depends on interface properties, which are greatly affected by mass transfer. The ultimate goal of the studies at each scale is to have a deep understanding of the effect of mass transfer on interface properties and droplet behaviors, and to find a quantitative description. With better predictions on droplet behaviors, people can achieve more accurate simulation of the liquid-liquid two-phase flow and provide theoretical guidance for the intensification of liquid-liquid extraction process.



Focusing on dynamic interfacial tension, force between interfaces, droplet behaviors, and PBM, the conclusion and outlook of this article are as follows:



Dynamic interfacial tension is an important bridge between mass transfer and droplet behaviors. The study based on the Marangoni effect has led to a deep understanding of the coupling of mass transfer and fluid flow. However, there is a lack of experimental methods to measure the interfacial tension distribution to verify the simulation results, and some more microscopic characteristics of the dynamically changing interface need to be studied in depth with MD simulation.



Force between interfaces is an important factor determining droplet coalescence, and a variety of methods have been established to measure the force and liquid film thickness. Among these methods, the optical method is important for accurately measuring nano-scale liquid film. In future research, the combination of optical method and different force measuring tools can realize the simultaneous determination of the force between droplets of various sizes and the thickness of the liquid film, which will provide a basis for better understanding the droplet coalescence process. In addition, the dynamic observation of the film drainage process under mass transfer conditions is a major challenge for future research.



Analyzing droplet behaviors is an important basis for accurately calculating droplet size distribution. At present, a variety of kernel function models have been established for droplet breakage and droplet coalescence, but most of the kernel function models are derived from different assumptions, and it is difficult to obtain satisfactory accuracy and robustness in practical application due to a lack of experimental verification. Therefore, it is important to directly measure the kernel function through experiments and establish the prediction correlation of the kernel function directly based on the experimental data. Currently, this method has made significant progress in studies of droplet breakage behaviors, and it needs to be applied to droplet coalescence studies in the future.



Based on kernel function models acquired at the droplet scale, PBM can be applied to the two-phase flow simulation at the equipment scale. Due to the limitations of computation load, unary PBM is used in most of the current research. With further development of computation power, the efficient application of multi-element PBM can significantly promote two-phase flow simulation.
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Glossary








	Nomenclature
	



	Bb
	Birth source term of breakage, m−4·s−1



	Bc
	Birth source term of coalescence, m−4·s−1



	B
	Breakage frequency, s−1



	C1
	Adjustable parameter



	C2
	Adjustable parameter



	C3
	Adjustable parameter



	C4
	Adjustable parameter



	D
	Diffusion coefficient, m2·s−1



	Db
	Death source term of breakage, m−4·s−1



	Dc
	Death source term of coalescence, m−4·s−1



	d
	Diameter, m



	d32
	Sauter mean diameter, m



	Ec
	Axial diffusion coefficient, m2·s−1



	Ecollision
	Kinetic collision energy, kg·m2·s−2



	Einterfacial
	Interfacial energy, kg·m2·s−2



	Fβi
	Daughter droplet size distribution function (intermediate tensile breakage), 1·m−1



	Fβo
	Daughter droplet size distribution function (original tensile breakage), 1·m−1



	Fβr
	Daughter droplet size distribution function (revolving breakage), 1·m−1



	fv
	Volume ratio of daughter droplet to mother droplet



	g
	Gravitational acceleration, m·s−2



	H
	Film thickness, m



	h
	Coalescence frequency, m3·s−1



	K
	Mass transfer coefficient, m·s−1



	kc
	Mass transfer coefficient of continuous phase, m·s−1



	kd
	Mass transfer coefficient of dispersed phase, m·s−1



	M
	Distribution coefficient



	n
	Number density, m−4



	p
	Pressure, Pa



	pco
	Droplet cohesive force, Pa



	pv,c
	Viscous stress of continuous phase, Pa



	r
	Spatial coordinate, m



	r
	Radial distance, m



	S
	Source term, m−4·s−1



	Sb
	Breakage source term, m−4·s−1



	Sc
	Coalescence source term, m−4·s−1



	Shc
	Continuous phase Sherwood number



	Shd
	Dispersed phase Sherwood number



	tdrainage
	Film drainage time, s



	tcontact
	Droplet contact time, s



	ucrit
	Critical velocity, m·s−1



	ucha
	Characteristic velocity (collision), m·s−1



	U
	Bulk velocity, m·s−1



	uf
	Flooding velocity, m·s−1



	Vd
	Velocity of dispersed phase, m·s−1



	Vc
	Velocity of continuous phase, m·s−1



	Vslip
	Slip velocity, m·s−1



	V0
	Characteristic velocity, m·s−1



	Wed
	Droplet Weber number



	WeL
	Dimensionless Weber number



	z
	Height, m



	β
	Daughter droplet size distribution function, 1·m−1



	Γ
	The effect the column geometrical characteristics



	Γ(·)
	Upper incomplete gamma function



	γ
	Interfacial tension, N/m



	ε
	Turbulence dissipation rate, m2·s−3



	λ
	Coalescence efficiency



	μc
	Viscosity of continuous phase, Pa·s



	μd
	Viscosity of dispersed phase, Pa·s



	Π
	The effect of the power input per unit mass



	ρc
	Density of continuous phase, kg·m−3



	ρd
	Density of dispersed phase, kg·m−3



	Φ
	The effect of the phase flow rates



	φ
	Hold-up



	Ω
	The effect of physical properties



	ω
	Collision frequency, s−1



	Abbreviations
	



	AFM
	Atomic force microscopy



	CFD
	Computational fluid dynamics



	CMC
	Critical micelle concentration



	DBFF
	Droplet breakup frequency function



	LIF
	Laser-induced fluorescence



	MD
	Molecular dynamics



	PBM
	Population balance model



	PBE
	Population balance equation



	PLIF
	Planner laser-induced fluorescence



	RSD
	Rainbow schlieren deflectometry



	SFA
	Surface force apparatus



	TIRM
	Total internal reflection microscopy



	VOF
	Volume of fluid method
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Figure 1. Droplet behaviors in a pulsed disc-and-doughnut column with wettable internal plates [44]. 
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Figure 2. Comparison of droplet size distributions between augmented PBM and original PBM. Reprinted with permission from Ref. [46]. 2020, ACS (American Chemical Society). 
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Figure 3. Statistical results of droplet breakup frequency function (DBFF) in a pulsed disc-and-doughnut column. (a) The DBFF at different heights under mass transfer conditions. (b) The DBFF at different heights for the blank experiments without mass transfer. Reprinted with permission from Ref. [78]. 2020, Wiley (John Wiley and Sons). 
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Figure 4. Some typical devices for droplet coalescence studies. (a) Microfluidic device; (b) coalescence cell. Reprinted with permission from Ref. [87]. 2020, ACS (American Chemical Society). Reprinted with permission from Ref. [89]. 2014, Elsevier. 
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Figure 5. The setup using a bubble and a droplet as probes to analyze the mass transfer process. Reprinted with permission from Ref. [108]. 2023, Elsevier. 
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Figure 6. Visualized Marangoni effect during droplet formation. Reprinted with permission from Ref. [110]. 2019, Wiley (John Wiley and Sons). 
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Figure 7. Streamlines and concentration fields of simulations without (top) and with Marangoni convection (cA0 = 0.9 g/L (middle), cA0 = 3.7 g/L (bottom), and cA0 was the initial concentration of acetone in the droplet) after a rise time of 0.1 s, 0.5 s, and 1 s ((left) to (right)). Reprinted with permission from Ref. [113]. 2014, Elsevier. 
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[image: Separations 10 00264 g007]







[image: Separations 10 00264 g008 550] 





Figure 8. Schematic diagram of the generation mechanism of the interfacial relaxation force [79]. 
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Figure 9. Schematic diagram of tools for direct force measurements. (a) Surface force apparatus (SFA); (b) Atomic force microscopy (AFM); (c) Total internal reflection properties (TIRM); and (d) Optical tweezers. Reprinted with permission from Ref. [127]. 2020, Elsevier. 
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Figure 10. Measuring the force between two droplets by using profile deformation. Reprinted with permission from Ref. [140]. 2022, Elsevier. 
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Table 1. The effect of mass transfer direction on performance parameters.
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	Parameters
	d→c
	c→d
	Authors





	Sauter mean diameter, d32
	Higher
	Lower
	Rohlfing et al. [29]



	Hold-up, φ
	Lower
	Higher
	Tsouris et al. [32]



	Flooding velocity, uf
	Higher
	Lower
	Yu et al. [34]



	Axial dispersion coefficient, Ec
	Lower
	Higher
	Panahinia et al. [36]



	Mass transfer coefficient, K
	Higher
	Lower
	Torab-Mostaedi et al. [41]

Asadollahzadeh et al. [42]
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Table 2. The characteristic parameters of PBM [43].






Table 2. The characteristic parameters of PBM [43].





	Type of Model
	Characteristic Parameters





	Euler-Euler model (Null-element)
	d32



	Unary population balanced model
	Diameter or volume



	Binary population balanced model
	Diameter or volume, and concentration
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Table 3. Studies on CFD-PBM simulation.
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	Authors
	Extractors





	Drumm et al. [47]
	Rotating disc column



	Mirzaie et al. [48]
	Pulsed packing column



	Amokrane et al. [49]
	Pulsed disc-and-doughnut column



	Yu et al. [50]
	Pulsed disc-and-doughnut column



	Zhou et al. [51]
	Pump-mixer
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Table 4. Studies on micro-dispersion.
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	Authors
	Experimental Setup
	Conditions
	Objectives





	Xu et al. [56]
	T-junction microchannel
	No mass transfer
	Effect of μc



	Steegmans et al. [57]
	Y-junction microchannel
	No mass transfer
	Effect of μd



	Xu et al. [58]
	Micrometer screen hole
	No mass transfer
	Effect of γ



	Xu et al. [59]
	Coaxial microchannel
	No mass transfer
	Equilibrium interfacial tension



	Zhou et al. [60]
	Microchannel with tapered sub-channels
	No mass transfer
	Equilibrium interfacial tension



	Wang et al. [61]
	T-junction microchannel
	Surfactant adsorption
	Dynamic interfacial tension



	Wang et al. [62]
	T-junction microchannel
	Surfactant adsorption
	Dynamic interfacial tension



	Brosseau et al. [63]
	Microchannel with a chamber
	Surfactant adsorption
	Dynamic interfacial tension



	Moiré et al. [64]
	Coaxial microchannel
	Surfactant adsorption
	Dynamic interfacial tension



	Li et al. [65]
	T-junction microchannel
	Mass transfer

Chemical reaction
	Effect of mass transfer and chemical reaction



	Lan et al. [66]
	Coaxial microchannel
	Mass transfer
	Dynamic interfacial tension



	Lan et al. [67]
	Coaxial microchannel
	Mass transfer
	Dynamic interfacial tension










[image: Table] 





Table 6. Influencing factors on coalescence [81].
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	Promote Factors
	Inhibit Factors
	No or Undefined Factors





	Interfacial tension

Electrostatic field

Temperature

Surface wetting

Mass transfer d→c
	Surface potential, pH

Energy input

Viscosity

Surface active component

Mass transfer c→d
	Droplet diameter

Ionic strength

Pressure

Density
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Table 7. Comparison of force measurement tools.
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	Measurement Tools
	Applied Systems
	Advantages
	Disadvantages





	SFA [128]
	Force between two planes
	Directly measure the absolute separation distance between the two planes
	Cannot measure the force between two droplets



	TIRM [127,129,130]
	Force between colloid (6–30 μm) and flat substrate
	High distance resolution and high force resolution
	Cannot measure the force between two droplets



	AFM [131,132,133,134,135]
	Force between two particles

Force between particle and substrate

Particle size (20–200 μm)
	Measure the force between droplets directly;

Have mature theory support
	Cannot measure the front distance between two droplets during the film drainage process



	Optical tweezers [136,137,138,139]
	Force between two particles (0.1–10 μm)
	Measure the force between micro-scale droplets directly
	Fewer studies;

Lack of theoretical model support



	Droplet probe [140]
	Force between two droplets (1–2 mm)
	Simplicity

Low cost

Visual results
	Cannot measure the front distance between two droplets during the film drainage process
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