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Introduction

Hydrometallurgy and more specifically liquid-liquid (L/L) extraction is a cornerstone of many metal extraction and purification processes. Formulation of such industrial processes are complex as they have many components, which interact at both molecular and mesoscale levels. Because of this high degree of complexity combined with the difficulty of studying liquid interfacial molecular phenomena, the field relies heavily on time consuming and labor-intensive phase diagram determinations. Complex fluid modelling and simulation in "Ienaics" 1 have made lots of progress [START_REF] Zemb | Recycling metals by controlled transfer of ionic species between complex fluids: en route to "ienaics[END_REF][START_REF] Spadina | Synergistic Solvent Extraction Is Driven by Entropy[END_REF], but these efforts often suffer from the lack of in-depth understanding of (i) interfacial mechanism [START_REF] Corti | Nanometric Surface Oscillation Spectroscopy of Water-Poor Microemulsions[END_REF], (ii) their thermodynamic and (iii) their kinetics [START_REF] Nichols | Toward Mechanistic Understanding of Nuclear Reprocessing Chemistries by Quantifying Lanthanide Solvent Extraction Kinetics via Microfluidics with Constant Interfacial Area and Rapid Mixing[END_REF]. This precludes process behavioral anticipation in the case of fluctuation of process parameters around the optimized functioning point. Firstly this can be expensive, for example, if a third and viscous phase appears which blocks the process flow and leads to plant stoppage for cleanup. Secondly, the recycling industry is facing new challenges when dealing with urban mining [START_REF] Jones | Enhanced Landfill Mining in view of multiple resource recovery: a critical review[END_REF]. 2 When treating mine ores, some composition fluctuations can be observed. They are handled by (i) a good understanding of each component's influence on the process; (ii) process simulation codes that are functional in a window close to normal experimental conditions. With urban mining, metal composition, contaminant and other materials concentrations can be radically different from one batch to the other depending on the source of the waste to be treated. With such high variations, B2B waste collection is the current preferred path to circumvent this issue as it assures consistency in the input waste. Beyond this, one will need much better understandings of liquid-liquid extraction processes, their mechanisms, their thermodynamics, their kinetics, as well as modelling tools and validation procedures, so that significant process adjustments or even development times can be drastically reduced. We are however still far from this. For example, most phase diagrams published are obtained using a batch approach in which macroscopic amount of leachate and solvent are used and analyzed for each data point explored. Not only is this time consuming, but it can prove to be expensive in terms of chemical waste management/treatment, especially when dealing with a newly developed, valuable and/or rare extractant molecule or the extraction of radioactive elements. Therefore, a fully automated and computer-controlled liquid-liquid extraction tool using a microfluidic platform integrated with necessary characterization methods would be a great tool to obtain faster phase diagrams. Indeed, it would allow extraction of the structural, thermodynamic and kinetics pieces of information that are necessary to explore the multi-dimensions phase diagram of the process under study. It would also allow to generate complementary data and enable process development based on big data analysis, as has been done in life science [START_REF] Tseng | Research highlights: microfluidics meets big data[END_REF][START_REF] Liu | Why microfluidics? Merits and trends in chemical synthesis[END_REF]. This would therefore represent a significant advance in the field whether the objective is to determine a whole phase diagram, or just to rapidly evaluate process stability and/or performance in new conditions. It should also greatly reduced the amount of time required, the quantities of chemicals used and waste streams, therefore decreasing the cost of the study. It should be noted that in 2014, Ciceri et al. [START_REF] Ciceri | The use of microfluidic devices in solvent extraction[END_REF] stated, "A major area of future developments is envisaged to be the integration of traditional detections directly on chip." In the current review article, we therefore present our opinion on a selection of recent advances in liquidliquid extraction of metals using a microfluidic platform together with associated efforts to automatize and integrate them with characterization methods. This includes original work performed in our group over the past six years to enable fast/cheap liquid-liquid metal extraction process investigation.

Approaches for liquid-liquid extraction using microfluidics

Several requirements must be met in order to fabricate a useful microfluidic device for liquid-liquid extraction:

• Feed and extraction phases should be kept separate or be separable after extraction for chemical analysis.

• Sufficient contact area between the two phases, with respect to sample volume, needs to be maintained to keep contact times in a reasonable order of magnitude and hence for extraction to take place. • The contact area must be known when full kinetics study is the target.

• The device needs to function under a large flow rate window to vary contact time, thereby investigating reaction kinetics. • Devices must be made of materials resistant to all chemicals used. Materials should not intervene with extraction and complex fluids.

• Finally, the devices must be leak-tight to a level well under the minimal flow rate.

Several device methodologies were developed since the early publications [START_REF] Ismagilov | Experimental and theoretical scaling laws for transverse diffusive broadening in two-phase laminar flows in microchannels[END_REF][START_REF] Surmeian | Three-layer flow membrane system on a microchip for investigation of molecular transport[END_REF]. Most recent relevant advances are presented in this section with respective advantages and drawbacks.

Devices using guide structures

Devices with guide structures are based on the principle of interfacial tension. Organic and aqueous liquids used in solvent extraction inherently have an interfacial tension, γ, keeping them from mixing. Nevertheless, in contact, they would at least form an emulsion. Hence, geometric barriers following Laplace pressure are required in order to prevent emulsification between aqueous and organic channels. Laplace pressure ΔP is connected to the radii R1 and R2 at the interface:

ΔP = γ/(1/R1+1/R2) Equation 1
Radii R1 and R2 are dependent on the extension of the contact area, whereas ΔP needs to compare to the hydrodynamic pressure which is related to channel sections, flow rates, and viscosities of the two phases.

There lies the crucial point: contact area and thus channel geometry needs to be very thin in order to maintain the interface. A nice example is given by Priest et al. for extraction of copper from an aqueous solution to a kerosene phase. Channels are in the order of some tens of micrometers with a guide height of 5 µm [START_REF] Priest | Microfluidic extraction of copper from particle-laden solutions[END_REF] (Figure 1). [START_REF] Priest | Microfluidic extraction of copper from particle-laden solutions[END_REF].

Figure 1: (a) channel geometry with guide separating phases by interfacial tension; (b) Complete glass device with macrofluidic interface. Adapted with permission from

Such devices can now be found commercially and have recently been used for the study of liquidliquid extraction (which used Y-Y geometry glass microchips from Dolomite® [START_REF] Helle | Liquid-liquid microflow patterns and mass transfer of radionuclides in the systems Eu(III)/HNO3/DMDBTDMA and U(VI)/HCl/Aliquat(A (R)) 336[END_REF][START_REF] Corne | Experimental Methodology for Kinetic Acquisitions Using High Velocities in a Microfluidic Device[END_REF].

A further development was reported by Kikutani et al. [START_REF] Kikutani | Circulation microchannel for liquid-liquid microextraction[END_REF] based on that principle but enhanced by selective surface modification of the glass channels. The organic channel is rendered hydrophobic by applying a thin film of octadecyl-dichloro-silane, whereas the aqueous channel stays hydrophilic (glass chip). This technique is called capillary-restricted modification by the authors: the 12 µm thin aqueous channel is not wet by the hydrophobizing agent, whereas the 59 µm thick organic channel is. Although the aqueous channel is very shallow, the hydrophobicity and hence augmented interfacial tension between the aqueous phase and the outer channel surface leads to efficient phase separation. The authors demonstrated the extraction of 3 µM methyl red into toluene (Figure 2). methyl red is extracted from the aqueous to the organic phase. Adapted with permission from [START_REF] Kikutani | Circulation microchannel for liquid-liquid microextraction[END_REF].

A further approach on geometrically-assisted separation is given by Berthier et al. [15]. The channel interface is restricted and curved by periodically aligned separation geometries -pillars -of different shapes (Figure 3). Shape geometry is an important parameter for interface stability: since Laplace and hydrodynamic pressure tend to push onto the interface, a round cylindrical geometry can be less effective for interface stability than an edged geometry. This depends on the types of liquids and solids used. In this case, Berthier et al. demonstrated efficient extraction of lead ions from an aqueous phase into a chloroform/dithizone solution. The authors calculate interface and flow parameters extensively based on different methods. They can predict interface (in-)stability depending on flow parameters like viscosity and flow rate.

Overall, the main disadvantage of separation devices using guide structures is the limited functional window concerning flow rates (and hence kinetic window) and viscosity difference. Firstly, counterflowing phases are proscribed, since immediate interface rupture would be the outcome. Secondly, even when working in co-flow regime, users need to dimension the device and the operating window in function of targeted functioning operating parameters. This can prove a difficult issue since viscosity might be changing in unpredictable ways when exploring new systems of complex fluids or unknown phase diagram windows. Indeed, since solvent chemistry implies complex fluid effects, many phases encounter viscosity alteration through molecular aggregation. This alters the required pressure to keep flow rates constant and may thus totally shift hydrodynamic pressure throughout extraction. For these reasons, most extraction systems will require different device approaches. This is particularly true for medium to highly concentrated systems. In addition, to reach fabrication resolution of less than 10 µm, device fabrication requires glass or silicon devices made using lithographic fabrication. This has two consequences: (i) fabrication processes required are more complex and costly than other examples discussed later in this section;

(ii) inner channels volume is increasingly small compared to their surface, which can lead to different results from a bulk experiment due to interaction/adsorption of some of the components onto channel walls. This said, glass devices exhibit excellent chemical properties concerning chemical compatibility with all solvents and most acids, which is a major advantage over polymer-based microfluidic devices. Also, glass is very unlikely to interact with chemical reactions.

Membrane-based devices

Membrane-based liquid-liquid extraction microfluidic cartridges, can be related to pertraction in macroscopic solvent extraction [START_REF] Diaconu | Analytical Applications of Transport Through Bulk Liquid Membranes[END_REF]. It also relies on separation by capillary forces, like the examples described above, but with separating features related to the polymeric membranes topology which are orders of magnitude smaller than the microscopic features described above. Indeed, polymeric membranes are fabricated with pore sizes reaching sub-µm levels and can be made of various materials. Porosity can be adjusted from between 50% to 70% for most products, whereas thickness lies usually between 30 µm and 200 µm. For solvent extraction, mainly hydrophobic polymers such as PTFE or PVDF are useful, since the interface is then situated on the outer side of the membrane between the membrane and aqueous channel.

For co-flow or counter-flow membrane-based devices, as discussed in Theisen et al., a membrane is introduced between two (e.g. polymeric or glass) plates containing milled or etched channels [START_REF] Theisen | Effects of porous media on extraction kinetics: Is the membrane really a limiting factor?[END_REF].

The membrane pores function as a physical separation between aqueous and organic channels (Figure 4). Reprinted with permission from [START_REF] Theisen | Effects of porous media on extraction kinetics: Is the membrane really a limiting factor?[END_REF].

When using the device, it is necessary to introduce the aqueous phase prior to the organic phase to avoid wetting the aqueous side with organic liquid. This wetting, even partial, would build capillary bridges for the organic phase to leak into the aqueous channel. Also, to secure the interface within the membrane, a positive over-pressure of a few hundred Pa needs to be applied to the aqueous channel. Failure to do so would result in the same leakage of organic liquid into the aqueous channel [START_REF] Theisen | Effects of porous media on extraction kinetics: Is the membrane really a limiting factor?[END_REF].

Theisen et al. further demonstrated feasibility of solvent extraction studies over various time scales

for rare earth extraction from an aqueous nitric phase to an organic phase of Isane®, a mixed organic solvent formulation close to dodecane [START_REF] Theisen | Effects of porous media on extraction kinetics: Is the membrane really a limiting factor?[END_REF]. By simulating chemical transport, reaction rates could be estimated. Also, authors discuss the importance of membrane parameters as a kinetics-limiting factor, since it was the focus of some scientific discussions. Hence, this report shows that in some cases a well-chosen membrane is not the limiting factor and that furthermore and most importantly even interfacial mass transfer rate constants can therefore be measured using a very simple, easy to wash & re-use, microfluidic assembly and overall system.

Another membrane-based solvent extraction approach uses supported liquid membranes. This approach consists in soaking the hydrophobic membrane considered earlier with the organic phase used for extraction. In this case, both channels, above and below the membrane, are filled by the aqueous phase: a first phase contains the leachate to be extracted into the organic phase contained within the membrane. The second phase is used for de-extracting the extracted species from the solvent into this second aqueous phase. Both aqueous phases must be adjusted in chemical potential so that studied species will be extracted into the organic phase and further be de-extracted into the second aqueous phase.

With such an approach, Wang et al. demonstrated the extraction of halo-acetic acid by TOPO from an aqueous solution into di-hexyl ether [START_REF] Wang | Microfluidic supported liquid membrane extraction[END_REF]. The polycarbonate device has a compact footprint of a few cm 2 using a 25 µm thick polypropylene membrane facing, for example, a 0.75 mm deep feed channel and a 0.1 mm deep stripping channel of around 400 mm length and 0.75 mm width (Figure 5). This approach is very elegant, since the organic phase only interacts temporarily to bridge extraction and stripping phases and hence both steps are performed in one and the same device. However, some systems may co-extract water, acid or other reagents, which might impact on de-extraction efficiency. Hence, phase diagrams should be well known prior to using such a device.

Discrete microfluidics

Discrete microfluidics is mainly the usage of slug flows or bubble and droplet microfluidics. These approaches are inherently different from the examples discussed above. The main difference is that the extraction takes place in a single channel using a "controlled emulsion". Flows are therefore compartmentalized in a slug flow, and laminar mixing due to wall friction plays an important role.

Flows with a high Péclet number3 allow to speed up diffusional constraints and thus the interface reaction rate may be the controlling regime in these devices.

One prominent example in slug-flow devices for lanthanide extraction is demonstrated by Nichols et al. [START_REF] Nichols | Toward Mechanistic Understanding of Nuclear Reprocessing Chemistries by Quantifying Lanthanide Solvent Extraction Kinetics via Microfluidics with Constant Interfacial Area and Rapid Mixing[END_REF]. The authors developed a slug-flow device extracting rare earths by HDEHP from an aqueous solution into dodecane (Figure 6). The slug-flow-induced convection catapulted the kinetics into a reaction-limited regime. By varying flow rates, and using the known drop size and overall phase contact area, they could measure, for the first time, interfacial mass transfer rate constants.

The advantages of this elegant approach are: (i) the very well-known exchange surface area that can simply be calculated from droplet geometry, as well as (ii) the very large range of flow that can be addressed, reported to be two orders of magnitude wide (from 1 to 100 μL/min). Its main disadvantage is the complexity of the setup and of its fine tuning to separate both phases as realized here on-chip, once extraction is performed. In a further approach, Wang et al. use air bubbles whose surface is covered with solvent [START_REF] Wang | Ultra-thin liquid film extraction based on a gas-liquid-liquid double emulsion in a microchannel device[END_REF] and that are generated and dispersed within an aqueous microfluidic channel. In other words, they created a gas-liquid-liquid double emulsion by dispersing a thin film of solvent around 0.5 µm to 4 µm thickness around the air bubble (Figure 7). With this, they demonstrated the extraction of Sudan IV from an aqueous solution into silicone oil. With such a small organic phase thickness, extraction kinetics are extremely short. However, in addition to disadvantages listed above regarding discrete microfluidics, it should be noted that the experiment described here uses PVA/SDS for interface stabilization. Depending on where these molecules are located, this additional layer could interfere with the kinetics of interfacial exchanges or extraction chemistry. Special attention to the validation procedure should therefore be taken when using such an approach for kinetic studies.

Figure 7: Sketch of the system for generation of a solvent-coated air bubble in aqueous medium. The generated solvent film is of the order of 0.5 to 4 µm thin. Adapted with permission from [START_REF] Wang | Ultra-thin liquid film extraction based on a gas-liquid-liquid double emulsion in a microchannel device[END_REF].

For all techniques using discrete microfluidics, an issue is that it is necessary to separate aqueous and organic droplets after extraction. This stops the process of extraction and contributes to proper on-chip or post-experimental analysis. One way of doing this, which was mentioned earlier in the case of Nichols et al. [START_REF] Nichols | Toward Mechanistic Understanding of Nuclear Reprocessing Chemistries by Quantifying Lanthanide Solvent Extraction Kinetics via Microfluidics with Constant Interfacial Area and Rapid Mixing[END_REF], requires finely tuned orifices to remove the solvent phase by capillary forces.

Figure 8 : Droplet phases separation using a porous membrane, Reprinted with permission from [START_REF] Kralj | Integrated continuous microfluidic liquid-liquid extraction[END_REF].

A different approach is to lead the mixed flow through a separator device which is composed of two channels sandwiching a hydrophobic membrane [START_REF] Kralj | Integrated continuous microfluidic liquid-liquid extraction[END_REF]. By applying high-enough backpressure to the extraction side, either through long tubing or through a pressurized sample vial, the organic phase is squeezed through the hydrophobic membrane, while the aqueous phase continues to the sample vial (Figure 8). Back pressure must not be higher than Laplace pressure given by the pore size and liquid-liquid interfacial tension. This last condition gives an idea about the maximum pore size to be used for the membrane.

Fully automated approach

In an ideal instrumented micro-extraction study, one would need to vary all parameters in a controlled and automatic manner: temperature, concentrations, flow rate and mixing ratio. With modern tools, most instruments can be computer controlled. Thus, simple programs can run a micro-extraction experiment. Yet, it is very challenging to accurately tune and assess the variation of these parameters. For example, the flows can be unstable because of poor injection, or pressure drops within the tubing/channels. These challenges can be overcome using precise flow control systems, shorter tubing, geometry optimization, flow sensors and efficient micro-mixers [START_REF] Lee | Recent advances and applications of micromixers[END_REF].

To develop experimental automation and enable screenings, we also must be able to vary the sampling, for example if we want to perform a combinatorial study to determine the best extractant.

One way is to simply prepare many solutions (one for each extractant) connected with automated valves to dispense the correct samples in sequence. However, this approach requires fastidious preparations and dissolutions of all molecules prior to the experiment. Ideally, the dissolution should occur within the microsystem. In this case, the biggest obstacle is to achieve consistent concentrations over time.

In a recent article, Gökçe et al. described a simple microfluidic device that allows controlled dissolution of reagents with precise control of the concentration [START_REF] Gökçe | Self-coalescing flows in microfluidics for pulse-shaped delivery of reagents[END_REF]. They call the device a "selfcoalescent module" (SCM, Figure 9 (a)). The device is a straight microfluidics channel split in half by a capillary pinning line acting as a leading barrier. The simplicity of this system is that the capillary pinning line is just a 5µm trench. The reagents are positioned at the bottom part while the inlet is at the top. Figure 9(b) shows a time series images of the process. The barrier leads the liquid until the top part is filled. When it reaches the diversion barrier, self-coalescence occurs, and the bottom parts fills up. This results in homogeneous dissolution of the reagents along the channel. By comparison, a control device without the capillary line is shown in Figure 9(c). In this example, the resulting concentration profile is highly heterogeneous (Figure 9(d)). With its simple structure, the SCM yields a very consistent concentration profile.

Figure 9: (a) Schematic view of the Self-coalescent module (SCM); (b) Time series of bright-field microscope images showing the reconstitution of amaranth in an SCM filled with water; (c) Control experiment using a channel without capillary pinning line; (d) Concentration profiles of obtained with an SCM (red) and the control device (black). Adapted with permission from [23]

When carrying out automated L/L extraction, these findings could improve combinatorial screening where several extracting compounds would be tested within the same automated experiment.

Integration with characterization methods

For characterizing L/L extraction processes, the methods need to yield either quantitative (e.g. concentration) or thermodynamic information (e.g. chemical activity). In addition, the techniques must be interfaced and non-invasive. Ideally, it must allow measurements in both the aqueous and organic phase. In this section, we review the characterization methods that could be integrated online with a microfluidic L/L extraction experiment. For a more general listing of characterization methods used in microfluidics, beyond hydrometallurgy, the reader can also refer to a recent review by Rizkin et al. [START_REF] Rizkin | Spectroscopic microreactors for heterogeneous catalysis[END_REF]. Furthermore, Gavoille et al. describe thoroughly recent methods to measure thermophysical properties of fluids (viscosity, density etc.) using microfluidics approaches [START_REF] Gavoille | Microfluidic approaches for accessing thermophysical properties of fluid systems[END_REF]. Lastly, Kocot et al. review the characterization methods that are used to detect metal species after micro-extraction [START_REF] Kocot | How to detect metal species preconcentrated by microextraction techniques?[END_REF].

Infrared spectroscopy: an enabler to measure the chemical activity of volatile molecules, including solvents

With modern optics, Infrared (IR) technology can be scaled down to microfluidics level. Thus, by using an IR-transparent microfluidic chip, absorption of the species yields concentration. This approach has been widely used to perform in-situ imaging of microfluidic flows and thoroughly reviewed by Perro et al. [START_REF] Perro | Combining microfluidics and FT-IR spectroscopy: towards spatially resolved information on chemical processes[END_REF]. To measure concentration, the chip is often used in transmission mode. However, a major challenge is to avoid a total loss of signal due to the high absorption of liquids. To solve this problem, channels must be as shallow as possible which, in turn, induces pressure issues. Another trending solution is to use the very intense synchrotron infrared light sources [START_REF] Li | Synchrotron FTIR mapping of mineralization in a microfluidic device[END_REF][START_REF] Morhart | Attenuated Total Reflection Fourier Transform Infrared (ATR FT-IR) Spectromicroscopy Using Synchrotron Radiation and Micromachined Silicon Wafers for Microfluidic Applications[END_REF][START_REF] Silverwood | Towards microfluidic reactors for in situ synchrotron infrared studies[END_REF]. The main drawback of a synchrotron source is the availability of the beam, the experimental cost and the synchrotron's size. An alternative strategy would be to use quantum cascade lasers for infrared spectroscopy [START_REF] Haase | Advancements in quantum cascade laser-based infrared microscopy of aqueous media[END_REF]. Indeed, they are compact with very high-power throughput, although their wavenumber range is usually narrow which limits its universal use. Hence, only a few studies report the use of QCLs integrated with microfluidics [START_REF] Belkin | Intra-cavity absorption spectroscopy with narrow-ridge microfluidic quantum cascade lasers[END_REF][START_REF] Diehl | Microfluidic tuning of distributed feedback quantum cascade lasers[END_REF].

For integration with L/L extraction, we selected some recent innovative approaches. Since quantification is important, we note that IR spectroscopy enables concentration measurements in the organic phase. An example can be found in the work of Chan et al. where the concentration of benzoic acid in decanol is quantified [START_REF] Chan | FT-IR spectroscopic imaging of reactions in multiphase flow in microfluidic channels[END_REF]. We also note the new technological advancement by Sriram et al. describing a 10 nm-deep channel combined with ATR-FTIR [START_REF] Sriram | 10 nm deep, sub-nanoliter fluidic nanochannels on germanium for attenuated total reflection infrared (ATR-IR) spectroscopy[END_REF]. These nanofluidic solutions will greatly improve the response time of the systems but the detection of small amounts of species may become extremely challenging.

Apart from concentration measurements, the accurate determination of thermodynamic parameters is a major challenge. Another drawback of previous IR approaches is that they do not allow for the measurement of the solvent's chemical activity, which is a key entry for ienaics modelling, as molecular aggregation and solvent interaction translate directly into solvent's activity [START_REF] Zemb | Recycling metals by controlled transfer of ionic species between complex fluids: en route to "ienaics[END_REF]. Indeed, microfluidic processes tend to become more and more complex involving the use of complex fluids, mesophases and aggregations. We are therefore far from diluted systems of noninteracting molecules, for which the convention is to define the solvent's chemical activity to be equal to unity. This is not applicable when dealing with complex fluids such as those used in L/L extraction.

An innovative approach to this problem is to measure the chemical activity of the liquids in the mixture by looking at their vapor phases. Indeed, the chemical activities of the species are related to their vapor pressures (modified Raoult's Law [START_REF] Smith | Introduction to chemical engineering thermodynamics[END_REF]) and, in turn, their molar fraction in the vapor phase considering fugacity is close to unity. This was demonstrated by Kokoric et al. using a fully integrated infrared hollow waveguide system to measure chemical activity and validated using water/ethanol mixtures [START_REF] Kokoric | Determining the Partial Pressure of Volatile Components via Substrate-Integrated Hollow Waveguide Infrared Spectroscopy with Integrated Microfluidics[END_REF] (Figure 10(a)). In this design, the liquid sample is injected through a liquid channel of which one wall is made of an oleophobic membrane [START_REF] Chen | Recovery of dilute aqueous butanol by membrane vapor extraction with dodecane or mesitylene[END_REF]. [START_REF] Chen | Recovery of dilute aqueous butanol by membrane vapor extraction with dodecane or mesitylene[END_REF]. The volatile components present in the sample evaporate through the membrane and diffuse into an infrared waveguide. This membrane permeation feature is common in membrane vapor extraction processes ( [START_REF] Chen | Recovery of dilute aqueous butanol by membrane vapor extraction with dodecane or mesitylene[END_REF][START_REF] Curcio | Membrane distillation and related operations -A review[END_REF]. Figure 10 b) shows that the time needed to reach vapor pressure equilibrium is t90 = 134 s.

From the absorbance of both ethanol and water, the activity can be measured. Calculated activity values are consistent with the data from the literature (Figure 10(b)). We note that this system was later applied for measuring water activity in NaCl/H2O mixtures [START_REF] Penisson | Water activity measurement of NaCl / H 2 O mixtures via substrate-integrated hollow waveguide infrared spectroscopy with integrated microfluidics[END_REF]. 

Raman spectroscopy

Like infrared techniques, Raman spectroscopy is vibrational, therefore it provides information regarding chemical bonds. Raman spectroscopy has been used heavily in microfluidics because it is practical to implement with existing Raman microscopes. Both quantitative and qualitative information can be retrieved, so is compatible with a micro-extraction study. However, it is worth reminding that Raman spectroscopy measures only molecules. In L/L extraction, the technique would be ineffective at measuring pure ions being extracted from an aqueous phase.

For studying thermodynamic parameters, we note a recent study dealing with the characterization of aqueous/organic interfaces with Raman spectroscopy [START_REF] Pinho | Microfluidics with in situ Raman spectroscopy for the characterization of non-polar/aqueous interfaces[END_REF]. The authors obtain high resolution concentration profiles at the aqueous/organic interface. These findings provide useful thermodynamic data for studying diffusion phenomena occurring at the interface during L/L extraction. However, from an on-line analysis perspective, it is still unclear how this type of characterization can be integrated in a micro-extraction system.

Several reviews have been published on Raman Spectroscopy and microfluidics [START_REF] Chrimes | Microfluidics and Raman microscopy: current applications and future challenges[END_REF]. Because Raman signal intensity is inherently low (inelastic scattering), researchers are shifting towards surface enhanced Raman scattering (SERS [START_REF] Jahn | Surface-enhanced Raman spectroscopy and microfluidic platforms: challenges, solutions and potential applications[END_REF][START_REF] Kant | Surface-Enhanced Raman Scattering Spectroscopy and Microfluidics: Towards Ultrasensitive Label-Free Sensing[END_REF]). This is more compatible with the small sampling volumes involved in microfluidics. The principle is to add metallic nanoparticles (typically Ag or Au) to increase the Raman signal using plasmonic resonance phenomena. However, this can add unwanted contamination in the fluidic system and create clogging or aggregates. To solve this problem, researchers use stationary targets (or SERS substrate) such as silver nanopillars or nanoporous gold structures. These structures are embedded in the chip design and should be reusable. However, a so-called memory effect causes irreversible adsorption of the compounds to the targets.

To improve reproducibility, the objective is to regenerate the SERS substrate.

In a recent study, Höhn et al. demonstrated an electrochemical approach to regenerate a SERS substrate using a chip-integrated silver electrode [START_REF] Hoḧn | Raman Spectroscopic Detection in Continuous Microflow Using a Chip-Integrated Silver Electrode as an Electrically Regenerable Surface-Enhanced Raman Spectroscopy Substrate[END_REF]. Figure 11 (a) shows their experimental setup. They use a porous silver wire as the SERS substrate and a copper counter-electrode as the anode. After measuring an organic analyte (Crystal violet), the chip is flushed with an electrolyte solution. By applying a voltage, the SERS substrate can be efficiently regenerated and reused. Höhn et al. explain that the desorption of the analytes occurs because of the electrolytic decomposition of the solvent. They demonstrated the robustness of their setup using an automated approach with more than 18 regeneration cycles. They can also alternate analytes. These advances make SERS an attractive technique to perform on-line characterisation of analytes being extracted within a micro-extraction experiment.

Small angle X-ray diffraction spectroscopy (SAXS)

Using facilities such as X-ray labs or synchrotron radiation sources might seem paradoxical, since the surrounding experimental support outweighs, at first glance, any space gain of the miniaturization of extraction processes. However, the significant advantage in using miniaturization over classical approaches lies in the time gains produced by automated mixing and on-line integration of characterization methods.

SAXS is particularly popular with microfluidics because it uses a collimated X-ray beam that is compatible with the scale of the channels. It enables precise characterisation of nanostructures present in the liquids and can be used both in aqueous and organic phases. In liquid-liquid extraction, complex formulations often contain micelles, emulsions, aggregates and mesophases, therefore we believe that SAXS is an interesting characterisation method to study extraction processes [START_REF] Ghazal | Microfluidic platform for the continuous production and characterization of multilamellar vesicles: A synchrotron small-angle X-ray scattering (SAXS) study[END_REF][START_REF] Martin | Microfluidic processing of concentrated surfactant mixtures: online SAXS, microscopy and rheology[END_REF][START_REF] Poulos | Microfluidic SAXS study of lamellar and multilamellar vesicle phases of linear sodium alkylbenzenesulfonate surfactant with intrinsic isomeric distribution[END_REF][START_REF] Rodriguez-Ruiz | Innovative High-Throughput SAXS Methodologies Based on Photonic Lab-on-a-Chip Sensors: Application to Macromolecular Studies[END_REF]. The technique has already been thoroughly reviewed in previous works [START_REF] Ghazal | Recent advances in X-ray compatible microfluidics for applications in soft materials and life sciences[END_REF][START_REF] Greaves | Toward on-chip X-ray analysis[END_REF][START_REF] Koester | X-ray studies of biological matter in microfluidic environments[END_REF][START_REF] Silva | SAXS on a chip: from dynamics of phase transitions to alignment phenomena at interfaces studied with microfluidic devices[END_REF], so we will not detail these approaches here.

It should however be noted that the main limitation of SAXS is that it is not easy to extract elemental information which is important when dealing with L/L extraction. One must indeed be able to determine the extraction efficiency. An interesting strategy would be to combine it with X-ray fluorescence (XRF) to retrieve elemental analysis. Thus, phase aggregation (SAXS analysis) can be combined with values for extraction efficiency (XRF analysis) on a single device. This would require a single X-Ray source and two detectors yielding elemental and structural information, respectively.

X-ray fluorescence (XRF): Elemental analysis

Compared to SAXS, a handful of studies combine X-ray fluorescence and microfluidics. In the view of studying extraction processes, XRF enables the detection of a very broad range of chemical elements. With accurate calibration, XRF can be used for both qualitative and quantitative measurements. Additionally, XRF can be selective if multiple elements must be detected simultaneously. Another advantage, especially when compared to ICP, is that measurements can just as be performed in both aqueous and organic phases, although with proper calibrations. In terms of chip design, transparency to X-rays only needs to be achieved on one side of the chip thus simplifying fabrication processes and costs compared to SAXS.

In a recent study, Nagasaka et al. use narrow synchrotron radiation beams to perform soft micro-XRF mappings of Pyridine and water flows merging in a T-mixer [START_REF] Nagasaka | Laminar flow in microfluidics investigated by spatially-resolved soft X-ray absorption and infrared spectroscopy[END_REF]. The main downside of spatial measurements in XRF is that the experiment times are lengthy. Indeed, the instrument must scan every pixel in order to complete the image. This could be incompatible with on-line measurements aimed at studying extraction processes.

Other studies describe more quantitative approaches. Researchers performed XRF on single tubing/capillaries [START_REF] Mann | Element-specific detection in capillary electrophoresis using X-ray fluorescence spectroscopy[END_REF][START_REF] Miller | Capillary electrophoresis micro X-ray fluorescence: a tool for benchtop elemental analysis[END_REF][START_REF] Tyssebotn | CE-XRF-initial steps toward a non-invasive elemental sensitive detector for liquid separations[END_REF] or custom-made chips [START_REF] Mcintosh | Microfluidic sample preparation for elemental analysis in liquid samples using micro X-ray fluorescence spectrometry[END_REF]. In these studies, the X-ray beam excites the total sample volume to maximize the signal. More than twenty-two different elements were detected and quantified with limits of detection as low as ≈ 10 -4 mole/L. Thus, only one spectrum is taken but the measurements can be repeated over time. This strategy is fully compatible with online measurements that could be integrated with L/L extraction. It is worth noting that Macintosh et al. measure strontium in both aqueous and organic phases (synthetic fuel) [START_REF] Mcintosh | Microfluidic sample preparation for elemental analysis in liquid samples using micro X-ray fluorescence spectrometry[END_REF]).

In his PhD work, C. Penisson presents preliminary results obtained with a homemade XRF apparatus (Christophe Penisson, PhD thesis, Institut de Chimie Séparative de Marcoule, 2018). Figure 12(a) shows a photograph of the apparatus. The detector and X-ray tube point towards a commercial microfluidics chip (From ChipShop). Figure 12(b) shows the spectrum obtained when a nitric acid leachate CPU (Central processing Unit) is injected. As expected for a CPU, the solution contains large amounts of copper and even small amounts of lead and nickel. This experiment highlights the potential of using XRF as an online characterization tool. We can use both commercial and custom-made chips.

The main limitation of the XRF method is the fluorescence signal that inherently decreases with the volume of liquid. This goes against the microfluidics approach as we need smaller volumes for faster response times, therefore a compromise must be found between liquid volume and limit of detection depending on the applications. Additionally, the intrinsic design of the chip must be considered (surface area, thickness etc.) to minimize scattering and increase the X-ray fluorescence signal.

Other methods

Among other promising methods, there are the end-of-line (EOL) methods. They differ from on-line methods because they destroy the sample in order to obtain data. Hence, they are usually implemented at the end of the microfluidic line. In addition, there can be only one EOL method within a given microfluidic line, while there can be multiple on-line methods (e.g. XRF and Raman).

For accurate quantification, inductively coupled plasma (ICP) systems are very attractive [START_REF] Do | Integration of a micro reactor system to a ICP mass spectrometer[END_REF][START_REF] Zhang | A novel method for the online measurement of impurities in uranium by coupling microfluidics with ICP-MS[END_REF]. We notably emphasize the research of Hellé et al. who performed the first online measurements of coflow L/L extraction integrated with ICP-MS [START_REF] Hellé | Liquid-liquid extraction of uranium (VI) with Aliquat® 336 from HCl media in microfluidic devices: Combination of micro-unit operations and online ICP-MS determination[END_REF], using a commercial glass microfluidic chip. By doing so, they could optimize the liquid/liquid extraction of uranium for various experimental conditions such as flow rate or contact time. These results illustrate the potential of using a characterization technique integrated with micro-extraction approach. Nevertheless, the authors note that the integration of the ICP-MS system induces changes in hydrodynamic conditions (pressure drops, flow instability). Although located at the outlet of the microsystem, the measurement remains indirectly invasive. We also highlight recent interests in similar integrated approaches such as high performance liquid chromatography (HPLC) [START_REF] Wang | Microfluidic supported liquid membrane extraction[END_REF][START_REF] Mcmullen | Rapid determination of reaction kinetics with an automated microfluidic system[END_REF][START_REF] Waldron | An autonomous microreactor platform for the rapid identification of kinetic models[END_REF] or liquid chromatography with mass spectrometry (LC-MS) [START_REF] Verplaetse | Hematocrit-independent quantitation of stimulants in dried blood spots: pipet versus microfluidic-based volumetric sampling coupled with automated flow-through desorption and online solid phase extraction-LC-MS/MS bioanalysis[END_REF]. For in-depth details on mass spectrometry integrated with microfluidics, we refer the reader to a recent review by Lin et al. [START_REF] Lin | Microfluidics-Mass Spectrometry for Cell Analysis[END_REF]. Most of these approaches however have a limited range of functioning concentration which may require additional steps of dilution or concentration.

Among other optical techniques, UV-visible spectroscopy is widely reported and can measure ions concentration [START_REF] Yue | Microreactors with integrated UV/Vis spectroscopic detection for online process analysis under segmented flow[END_REF]. Yet, we believe that this approach often lacks the selectivity required when measuring mixtures of elements in the same sample, especially for both aqueous and organic phases. Also, the optical path and concentration required to reach limit of quantification is often not compatible with microfluidic devices. Finally, quantitative analysis requires in depth analysis of emitting species, which can prove difficult when various aggregates of extractant molecules and ions are mixed. It can become very difficult to analyze and interpret data.

Ultimately, researchers integrate different characterisation methods in the same microfluidic apparatus [START_REF] Sagmeister | Laboratory of the future: a modular flow platform with multiple integrated PAT tools for multistep reactions[END_REF]. This strategy is costly but potentially yields powerful data. One the one hand, the more techniques that are used, the more information are retrieved. On the other hand, if two different techniques yield overlapping information, the level of confidence associated with the results is greater.

Conclusions

This review highlights that Instrumented microfluidics could soon be a fast and efficient way to study L/L extraction processes with lower environmental impact than classic methods (e.g. Lewis cell). It will require accurate mixing and injection capacities as well as suitable combinations of various characterization techniques. For instance, for inorganic species X-ray techniques would be preferred, while infrared/Raman spectroscopy will be used for organic species; the use of combined SAXS and XRF will also represent an innovative and fruitful approach for the automated study of L/L extraction of rare earth, metals and heavy metals.

Hence, we therefore anticipate that automatically produced phase diagrams of complex formulations should be published in scientific literature within a couple of years. From an industrial point of view, one will need to study the correlation between results obtained using a microfluidic approach with those obtained in their process plant. Some improvements are still required such as more compatible materials for the microchip (such as glass).

Other methods might also get integrated in the future which could prove useful and complementary to those presented here, as for example UV-vis spectroscopy, although its use to measure absolute concentrations will be particularly difficult to perform especially in the case of mixtures of various elements and variable extractants. Another one would be the use of ultrasounds that could accelerate significantly the kinetics or enable new separation methods [START_REF] Eigen | SCHALLABSORPTION IN ELEKTROLYTLOSUNGEN ALS FOLGE CHEMISCHER RELAXATION .1. RELAXATIONSTHEORIE DER MEHSTUFIGEN DISSOZIATION[END_REF][START_REF] Duhamet | Self-Regulated Ion Permeation through Extraction Membranes[END_REF][START_REF] Moehwald | Self-regulation and amplification of ion permeation[END_REF][START_REF] Gires | Near-field acoustic manipulation in a confined evanescent Bessel beam[END_REF].

Some of the modules developed in the framework of L/L extraction could also have a significant impact beyond this field as they give access to universal data in kinetics and thermodynamic. The most prominent example being the possibility to measure water or solvent chemical activity [START_REF] Tsurko | Guanidinium Cation Effect on the Water Activity of Ternary (S)Aminopentanedioic Acid Sodium Salt Solutions at 298[END_REF][START_REF] Santos | Water activity in 1-propoxypropan-2-ol aqueous mixtures at T=298 K[END_REF][START_REF] Stevenson | Is there a common water-activity limit for the three domains of life?[END_REF], for the study of the membranes [START_REF] De Bruijn | On the Driving Force of Methanol Pervaporation through a Microporous Methylated Silica Membrane[END_REF] or to quantify mixing quality, especially when dealing with microfluidics. Indeed, mixing fluids down to the molecular level and its quantification is far from easy to perform when using microfluidics where creating turbulence or strong shearing can be challenging [START_REF] Hashmi | On the Quantification of Mixing in Microfluidics[END_REF]. Currently, most methods to check if the mixing is done properly rely on macroscopic/microscopic optical observations. These are however not enough to ensure homogeneous mixing at molecular level, as it has been proven that such a mixture can be separated back to its original constituents by using acoustic fields [START_REF] Karlsen | Acoustic Force Density Acting on Inhomogeneous Fluids in Acoustic Fields[END_REF][START_REF] Poulain | Private Communication[END_REF]. A good signature of molecular mixing could be found in the measurement of the solvent activity.

Regarding the market potential of integrated liquid-liquid extraction microfluidic chips, this technology has currently reached Technological Readiness Level (TRL)4 of 4 to 5, depending on the module considered, which is the threshold that provokes momentum and industrial interest. It should be noted that overall, a recent study by Grand View Research, Inc. on the worldwide microfluidics market size projects that it will reach USD 63.05 billion by 2023 from an estimated USD 12.33 billion in 2019 (hence with a staggering Compound Annual Growth Rate of 22.6%) [START_REF]Global Microfluidics Market: Focus on Application, Type, End User, Country Data (15 Countries), and Competitive Landscape -Analysis and Forecast[END_REF]. We therefore anticipate industrial adoption of these technologies once they are made commercially available, probably within the next few years.

Figure 2 :

 2 Figure 2: Complete glass device (a) with horizontal (b) and vertical (c) channel geometry. The outer solvent channel is hydrophobized, the inner aqueous channel remains hydrophilic. (d) Flow schematic for extraction:methyl red is extracted from the aqueous to the organic phase. Adapted with permission from[START_REF] Kikutani | Circulation microchannel for liquid-liquid microextraction[END_REF].

Figure 3 :

 3 Figure 3: Top: Overview of a channel section with micropillars. Middle left: two examples of interface position depending on pillar geometry. Bottom left: two examples of pillar geometry. Bottom right: interface instability under co-flow. Adapted with permission from [15].

Figure 4 :

 4 Figure 4: Microfluidic cartridge 3D-sketch with a porous polymer membrane (central square) mounted between two PMMA plates containing milled channels and micro-macrofluidic interfaces via stainless steel needles.Reprinted with permission from[START_REF] Theisen | Effects of porous media on extraction kinetics: Is the membrane really a limiting factor?[END_REF].

Figure 5 :

 5 Figure 5: Polycarbonate microfluidic cartridge realizing a supported liquid membrane on a polypropylene basis. Reprinted with permission from [18].

Figure 6 :

 6 Figure 6: Sketch of the flow and mixing in the device prior to on-chip phase separation. Reprinted withpermission from[START_REF] Nichols | Toward Mechanistic Understanding of Nuclear Reprocessing Chemistries by Quantifying Lanthanide Solvent Extraction Kinetics via Microfluidics with Constant Interfacial Area and Rapid Mixing[END_REF] 

Figure 10 :

 10 Figure 10: (a) Schematic cross-sectional view of the integrated infrared hollow waveguide; (b) Integrative absorbance of ethanol vs time; (c) Multiple y-axis diagram showing the integrated peak areas of ethanol absorption at equilibrium and the calculated activity values. The data is compared with literature. Adaptedwith permission from[START_REF] Kokoric | Determining the Partial Pressure of Volatile Components via Substrate-Integrated Hollow Waveguide Infrared Spectroscopy with Integrated Microfluidics[END_REF] 

Figure 11 (

 11 b) shows a plot of the Raman intensity of the analyte vs time. At 20s, a voltage is applied and the signal decreases thus regenerating the SERS substrate within seconds.
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 11 Figure 11: (a) Illustrated view of the SERS-microfluidic experimental setup; (b) Raman intensity vs time showing the SERS substrate regeneration after applying a voltage at 20s. Adapted with permission from[START_REF] Hoḧn | Raman Spectroscopic Detection in Continuous Microflow Using a Chip-Integrated Silver Electrode as an Electrically Regenerable Surface-Enhanced Raman Spectroscopy Substrate[END_REF] 

Figure 12 :

 12 Figure 12: (a) Photograph of the apparatus showing the X-ray tube and the detector directed towards a commercially available microfluidics chip. (b) XRF spectrum obtained with dissolved CPU in HNO3 ; [ Christophe Penisson, PhD thesis, Institut de Chimie Séparative de Marcoule, 2018].

  

The Péclet number is the dimensionless ratio of the advection of a physical quantity by the flow to the rate of diffusion of the same quantity in the presence of a gradient of said quantity[START_REF] Rapp | Chapter 9 -Fluids[END_REF].

The TRL scale was developed to estimate the maturity of technologies during their development process. For a detailed and relevant definition of TRL see https://h2020.org.tr/en/h2020/sme-instrument/TRL
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