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Microfluidic approaches for accessing thermophysical properties of fluid systems

Thermophysical properties of fluid systems are highly desirable as they are used in many industrial processes both from a chemical engineering point of view and also to push forward the development of modeling approaches. To access these data, microfluidic approaches have recently attracted increasing interest as they provide flexible and reliable ways for measurements, leading to fast screening capabilities compared to the conventional experimental systems. In this review, we present a general overview of microfluidic methodologies integrating in situ characterization to determine thermodynamic properties of fluid systems. In addition to drastically reducing the time to reach thermodynamic equilibria, one major advantage of microfluidics is to provide an optical access to the fluid behavior, even in harsh conditions. Therefore, several in situ characterization techniques can be implemented to get insights in fluids properties. In here, we emphasize approaches developed using high pressure and high temperature microfluidics. Indeed, such conditions are of interest for energy industries and present plenty of challenges. Several recent examples of high pressure microfluidics optical approaches will be detailed, in particular to determine viscosity and density, phase equilibria, mass transfer coefficient and solubility parameters.

Introduction

The determination of fluid thermodynamic properties is critical to a wide range of industrial applications such as gas treatm ent, biomass energy process or Enhanced Oil Recovery (EOR). Although thermodynamic models have been developed, they are not always adapted. Indeed, according to the operating conditions and the type of fluids, a specific equation of state (Virial equation of state, Peng Robinson equation of state…) or activity coefficient models have to be chosen. Therefore, the need for experimental data is still very crucial. Being able to perform fast and accurate properties measurements with low quantities of product is a major challenge Industries are working on for financial and schedule reasons. In addition, when high pressure and high temperature conditions are required for the measurements, traditional methods are time-and money-consuming. In fact, if the thermodynamic properties characterization technique requires a homogenous fluid mixture, industries and research laboratories traditionally use Pressure-Volume-Temperature (PVT) cells [START_REF] Ahmed | Equations of state and PVT analysis[END_REF] to reach the thermodynamic equilibrium under the right conditions. This kind of equipment requires volumes of fluids ranging from 50 ml to a few liters which are introduced in a pressurized column, equipped with a transparent window for getting an optical access. The fluid pressure is applied by a piston and the entir e PVT cell is placed in a heated chamber for controlling the temperature. The mass of fluid in the PVT cell, along with the construction material of the cell, imply a major thermal inertia. Consequently, reaching the phase equilibrium in such systems usually tak es several hours [START_REF] Mostowfi | [END_REF]3 . Moreover, the amount of energy to reach and maintain the temperature can be high. In terms of safety, a small fabrication defect in such systems could easily causes an explosion that might results in severe injuries to the operators o r damages in equipment.

To address these problems, microfluidics is an appropriate support. Thanks to the small mass to heat and channel dimensions (tenths to hundreds of micrometers in width and depth), thermodynamic equilibrium can be reached in minutes, even miliseconds 4 . Concurrently, since energy, product consumption and safety are all critical parameters to consider, microfluidics provides an efficient alternative to conventional experimental tools. By means of the small volumes (few microliters) in the micro-reactors, microfluidics allows working in energy efficient and safe environments. Eventually, the recent development of microfabrication techniques have provided microdevices with enhanced mechanical and thermal properties for working under high pressure and high temperature conditions 5 which can be adapted to meet the conditions required for most of characterization methods. In this context, the purpose of this review is to give a broad overview of the existing microfluidic optical approaches for in situ fluids thermodynamic properties characterization with a focus on high pressure and high temperature, as such conditions are of interest for chemical engineering and energy applications among others. In particular, we have targeted the determination o f the viscosity and density, phase equilibria, mass transfer coefficients and the solubility determination. Microfluidic devices developed to access these demanding conditions will be first introduced to understand issues that may occur in the compatibil ity with characterization instrumentations. The adaptation of characterization techniques to microfluidics for in situ fluids thermodynamic properties determination and the associated constraints will be outlined as well as some methodologies developed for case studies. Subsequently, for each property, an overview of in situ microfluidic strategies will be presented through examples along with upgrades made on equipment and methodologies.

High pressure and high temperature microfluidics

In the early years of microfluidics, the scope of applications was limited by the materials that were employed. With the development of nanotechnologies came new micro-manufacturing techniques and microdevices have been perfected, allowing the use of a wider range of materials. New microfluidic devices are now allowing to work under high pressure and high temperature conditions with a wide variety of fluids. Along with these new devices and materials, new challenges for thermodynamic properties characterization have arisen. In this section, we will review technologies used for high pressure and high temperature microfluidic devices fabrication along with in situ characterization methods that have been developed to investigate fluids flows under such demanding conditions.

Microfabrication techniques for accessing high pressures and temperatures on a chip

The first microsystems allowing to work under high pressure and high temperature condition were simple tubing made with stainless steel or silica 6 . These systems are still used to study jets breakup regimes for example 7 , however, they are rather limited in term of design. Since, more complex devices have been developed, in particular on a chip, resulting in a wide range of des igns in two to three dimensions. This design flexibility provided by microfabrication allows for precise manipulation of hydrodynamics and fast mixing, which are typically needed for the study of fluid flows and thermodynamics. In particular, Marre et al. 8 have extensively reviewed the fabrication approaches and developments in microfluidics processes under supercritical conditions. Several materials can be chosen depending on the targeted applications and conditions that are required.

i.

Microfabrication materials

Metal microfluidic devices can be manufactured by electroforming, electro-discharge machining or laser ablation [START_REF] Ahmed | Equations of state and PVT analysis[END_REF] . They can hold several hundreds bar of pressure and high temperature conditions (up to 800 °C when considering nickel based alloys). They are also chemically compatible with a wide range of fluids except for strong acids. However, the main limitation is the absence of optical accesses inside the channels. Similarly, ceramic micro-reactors do not provide optical access but are well adapted to high temperature processes and applications as they can withstand high temperatures (up to 1200 °C) and exhibit good chemical resistances. Their pressure compatibility is however rather poor and manufacturing costs can be expensive. Modular ceramic micro-reactors have been developed 9 using standard molding techniques. These devices do not necessarily required to be manufactured in a clean room environment. However, current machining tools are not precise enough and the precision on the channel dimensions would be in the ord er of tens of microns. To benefit from the advantage of in situ monitoring of fluids flow, it is necessary to provide an optical access into microfluidic channels by considering transparent microfabrication materials. For instance, glass-glass microdevices are etched with Hydrofluoric acid (HF) or BOE (Buffer Oxide Etchant) 10 and are thermally bonded. These micro-reactors offer an easy optical access for in situ characterization techniques. Depending on the channel dimensions, such devices are compatible with pressu res up to 400 bar 11 under reasonable temperature conditions. However, given the poor thermal conductivity value of the glass, such devices do not allow quick and homogenous temperature changes, which can lead to a temperature gradient across the chi p. The optical access, the low cost manufacturing technique and the commercial availability make these devices widely used for research applications at room temperature and pressure up to 50 bar with commercial devices and up to 400 bar with lab built devices.

Additionally, silicon-borosilicate microdevices have the advantage to allow performing experimentations under even higher pressure and temperature conditions (up to 400 °C and 300 bar 5

). They are made through silicon etching with further anodic bonding to a borosilicate wafer. The high thermal conductivity value of the silicon allows a good control of the device's temperature. High pressure can be reached and the borosilicate side still provides an easy optical access 5 . These devices provide a mean for the implementation of a wide range of in situ characterization methods. In brief, for a considered study, the choice of the microfluidic device will depend on the type of fluids flowing through the system regarding the device dimensions (and the associated pressure drop) but also its chemical compatibility. Concerning the thermomechanical stability, the maximum pressure the microsystem can withstand will depend on the construction materials, the temperature 5 , the surface area out of which the pressure is applied (i.e. the channels dimensions and geometry) 5,11 and the bonding quality. The parameters to considered were already reported in a former study 5 .

The ability to have an excellent control of the operating conditions is essential in the acquisition of experimental thermody namic data. The main parameters to control are the temperature, the pressure and the flow rates (when working on fluid mixtures).

ii.

The importance of temperature control on chip Due to the size of microfluidic devices, the temperature is a challenging parameter to control and measure, when some areas o f the chip need to remain available for in situ characterization. Several heating and cooling modules for microfluidic devices have been developed and reviewed over the last decades 12 , but most of them are applied to low pressure microfluidics. When working with devices capable of performing under high pressure conditions, materials and manufacturing protocols are so stri ct that integrating heating components to the chips is a challenge. All of the methods applied to high pressure microfluidics encountered in the literature involve an external heating or cooling module. Local homogenous temperatures on a microfluidic device have been applied by immersing the device in a temperature controlled bath 7 , by contacting the device to electrical heater 13,14 or to Peltier elements 15,11 (Figure 1 (a) and (b)). A more sophisticated device has been developed by Lao et al. 16 , indeed, using sputtering processes, they deposited nanolayers of platinum and titanium layers as heater and temperature sensors. Microwaves 17 have also been used to heat locally a glass-glass microfluidic device (Figure 1 (c)).

Temperature gradients can also be applied over microfluidic devices by combining thermostated fluids flowing in metallic blocks contacting different zones of the device and heating cartridges 18,19 . The temperature of a microfluidic device can be measured using external or internal probes. The former case is simpler to implement and temperature sensors such as resistors or thermocouples can be put in contact with the external surface of the microdevice 13 . However, the precision of such approaches is highly dependent upon (i) the mode in which the microreactor is used (flow or batch) and (ii) the thermal conductivity of the construction materials. Silicon-based microreactors, therefore, exhibit improved temperature measurements than glass-based microdevices thanks to the higher thermal conductivity of silicon (149 W.m -1 .K -1 ), compared to most of the glasses (≈ 1 W.m -1 .K -1 ).

Temperature measurements using internal probes require more complicated fabrication processes, yet the probe is in direct contact with the fluid, leading to higher confidence in the measurement. Such devices integrat ing in situ temperature sensors have been widely developed for polymer based microfluidics (documented in a review written by Miralles et al. 12 ). Recently, these tools have been extended to high pressure microfluidics, Andersson et al. 20,21 managed to integrate thin film metal heater and temperature sensors in fusion bonded glass chips in order for the system to act as a flow sensor.

Other means to measure temperature inside a microreactor include thermal cameras 15 , which can also be employed, taking into account reflection or transparency issues or the use of a reference fluid 22 flowing in side microchannels placed next to the microchannel of interest, to have an indirect measurement / control of the temperature.

Figure 1: (a) Schematic of a microfluidic approach with high pressure, high temperature stainless steel chip holder. Heat cartridges maintained the temperature of the unit (Reproduced from ref. 14 . Copyright © 2014, American Chemical Society). (b) Schematic of a thermoelectric cooling system assembly (Reproduced from ref. 15 . © The Royal Society of Chemistry 2017) (c) Photograph of an experimental setup with a microwave heating device (Reproduced from ref. 17 . Copyright 2010 RSC publications).

In situ optical characterization approaches

Being able to access space and time-resolved information of thermodynamic properties of fluids in a non-intrusive way still presents challenges, which can be overcome by microfluidic approaches. Many existing macroscopic characteriza tion methods can be adapted to work on microdevices. In this section, we will present some in situ characterization methods developed for microfluidics and which are also compatible in high pressure and high temperature environments provided that the sys tems are transparent to the wave length employed. We purposefully focused this review on optical characterization approaches but other characterization devices and methodologies are being developed, such as MEMS [START_REF] Harrison | SPIE[END_REF][START_REF] Etchart | [END_REF] which will only be mentioned.

i. Optical microscopy and high-speed cameras

One of the main interests of microfluidics is to have an optical access to the fluid inside the channels by simply using opti cal microscopy. These observations can be used to study the flow hydrodynamics, the formation, the disappearance or the evolution of interfaces, which can indicate a phase transition. Such phenomena can be extremely rapid at the microscopic scale, ther efore, it is often necessary to monitor them by connecting a high-speed camera to an optical microscope. The combination with an image processing software can in some cases allow determining concentrations 25 , diffusion coefficients 26 , interfacial tensions 27,28 , viscosities 29 etc. For instance, Zhu et al. 30 monitored the mass transfer of CO 2 chemical absorption into monoethanol amine (MEA) aqueous solutions under a Taylor flow in a T-junction micro-channel by measuring the volume of CO 2 bubbles along the channel with a high speed camera (Figure 2). The volume reduction observed of the CO 2 bubbles is directly linked to the CO 2 quantity dissolved into the solution.

Optical microscopy has also been exploited to monitor gas hydrates crystallization and dissociation 31 . Gas hydrates have a solid water-crystalline structure stabilized by a host molecule such as methane or carbon dioxide. Such clathrate compounds are a cause of numerous pipeline blockages in cold areas or in offshore production plants. More recently, natural methane clathrate s found in cold regions (North Canada) or in seafloor sediments (for instance: Nankaï throat) are also investigated as a potential energy (gas) source. Hence, acquiring thermodynamic data about hydrates equilibrium stability is of high importance for energ y industries. Jung et al. 32 investigated the kinetics of hydrates crystallization using image analysis on three different sets of experiments (in a capillary tube, between two surfaces and between spherical particles). In these experiments, CO 2 and CH 4 2 hydrates formation near the substrate was monitored using time-lapse pictures (Figure 3). Experiments were performed at 34 bar for CO 2 hydrates, 80 bar for CH 4 hydrates and 275 K for both of them.

Figure 2: Pictures of a gas-liquid segmented flow CO2 -MEA in a micro-reactor. CO2 dissolves in monoethanol amine, leading to a slow decrease of CO2 bubbles size, which can be monitored using optical microscopy (Reproduced from ref. 30 . Crown copyright 2014 Published by Elsevier Ltd. All rights reserved). 

ii. Fluorescence

Fluorescence is widely used in microfluidics as a detection tool for micro-sensing systems 33 but it can also be used to visualize and measure thermodynamic properties such as diffusion rate, solubility, miscibility and concentration fields. Fluorescence is a technique based on particles or molecules excitation. When excited at a specific wavelength, fluorophores emit back instantaneously at a different wavelength, which can be monitored independently from the excitation wavelength thanks to the use of specific filters. In 2001, Culbertson et al. 34 used fluorescence to compare four different microfluidic characterization methods used to measure diffusion coefficients. More details of their work and other diffusion measurements 35,36,37 are explained in the section Mass transfer and solubility measurement strategies at microscale. Fluorescence can also be used to determine the concentration of species since the signal intensity depends on the fluorophore concentration 25,38 . For instance, Nguyen et al. 39 lay on this principle to measure the minimum miscibility pressure of CO 2 in crude oils (Figure 4 (a)) using silicon-Pyrex® micro-reactors at a pressure of 60 bar. Another approach has been developed by Kuhn et al.
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, they used a pH-sensitive laser-induced fluorescence technique (LIF) to monitor the mass transfer in a Taylor flow of CO 2 in alkaline solutions (Figure 4 (b)). The measured property is the pH of the alkaline solution and because dissolved CO 2 decreases the pH, the mass transfer can be monitored. This study was carried out in silicon-Pyrex® microdevices and they managed to highlight a connection between local mass transfer and secondary flow structures. Temperature variations inside a microfluidic channel can also be quantified by measuring the fluorescence intensity. Quinto-Su et al. 41 worked on that approach to monitor the temperature variations following single laser-induced cavitation inside a microfluidic gap. iii. µ-PIV Being able to map the velocity field of a flow in a microfluidic channel can be of interest to classically quantify the residence time of fluids in complex structures (e.g. in case of a reaction) but also to understand mixing processes (appearance of dead zones with zero velocity or flow recirculation). Micro Particle Image Velocimetry (µ-PIV) is an in situ characterization approach that can provide better understanding of mixing phenomena at the microscale. Indeed, the mixing process in a microfluidic channel is mostly governed by diffusion, but microfluidic active or passive mixers have been developed 42,43 to accelerate this process. The operating principle of µ-PIV (similar to the one of PIV 44 ) relies on the tracking of dispersed illuminated fluorescent particles in a fluid. The hypothesis made here is that these particles follow exactly the flow dynamics (i.e. (i) particles are small enough to avoid settling, they are monodispersed and (ii) they do not interact with walls). The velocity information is calculated b y taking pictures at precise time intervals. The distance between each individual particle is measured between two images and the velocity field is obtained by dividing the displacement field by the time interval between the pictures. Kinoshita et al. 45 developed a confocal µ-PIV equipment combining a high-speed confocal scanner with a conventional µ-PIV technique. The device enables to obtain cross-sectional particle images of droplets travelling in a micro-channel. The proces sed images show the 2D velocity distribution inside droplets at different focus positions (Figure 5). Therefore, 3D images can be computed on a small thickness (less than 50 µm in that case). 

iv. UV-vis spectroscopy

Monitoring the evolution of molecule concentrations such as surfactant can be of interest for energy applications. Ultraviole tvisible (UV-vis) spectroscopy is a simple method to quantify a known molecule in a solution. This approach is based on molecule absorption. A solution is excited with a specific wavelength (between 100 and 800 nm) of initial intensity I 0 . Certain molecules can absorb this energy and therefore, the signal intensity is going to be smaller once it went through the solution containing this type of molecules. UV-vis is not the most effective method to identify an unknown molecule, however, it is an efficient appro ach to quantify the concentration of a known molecule as the Beer-Lambert law states that the absorbance A of the incoming light is proportional to the number of absorbing molecules. In 2002, Petersen et al. 46 developed a silicon-borosilicate microdevice integrated waveguides and a long path length detection cell for UV-vis spectrometry. In their work, they compared electrophoretic separation performances and sensitivity of molecules such as caffeine, paracetamol or ascorbic acid using their absorbance with different approaches (using conventional capillary electrophoresis instruments and an on-chip U-cell). They found their microchip with the integrated U-cell and in plane waveguides to have a sensitivity between 9 and 22 times higher than in capillaries (with inner diameter of 50 and 75 µm) in a conventional electrophoresis. Later on, Yue et al. 47 reported the use of a more sophisticated commercial device, a glass microfluidic chip with integrated waveguides for UV-vis absorbance detection in the evanescent wave field. They only demonstrated its capabilities performing UV-vis detection of a segmented flow of N 2 bubbles into water. To do so, they monitored the synthesis of gold nanoparticles (GNP) in droplets flowing in a segmented flow in a PTFE capillary micro-reac tor using UV-is spectrometry (Figure 6). In 2008, Wagner et al. 48 applied in situ UV-vis spectroscopy for in situ monitoring and kinetic measurements of the generation of metal nanoparticles by borohydride reduction in silicon-glass micro-mixers. This approach allowe d them to demonstrate that the size and size distribution of metal nanoparticles depend on the p rocess parameters. Microfluidic devices with in situ UV-vis spectrometry are also used in the medical field to measure the solubility of powder for example. Recently, Peybernès et al. 49 presented a device made of PEEK (Polyether ether ketone) in order to generate saturated solutions. Their work enables to rapidly measure the solubility of a compound in different solvents with concentrations from mg/ml to hundreds of mg/ml. v.

Infrared spectroscopy

Although optical microscopy allows for accessing critical information, spatial chemical information cannot be obtained throug h such approaches. Therefore, it is also critical to map the chemical composition of a fluid mixture for measuring kinetics in microfluidic devices. In this context, infrared spectrometry has been proven to be an effective non-invasive technique th at can be coupled to microfluidics for in situ analysis. One could monitor the kinetics of a chemical reaction or a diffusion phenomenon, while it could also give access to the composition of different phases in a multiphasic flow and to solubility limits measure ments. However, progress in term of microfabrication methods and materials along with devices development still need to be done, especially for high pressure applications. Materials traditionally used in the fabrication of microfluidic devices (glass, polydimethyl-siloxane (PDMS), borosilicate glass, etc.) do not exhibit transparency properties allowing performing Fourier transform infrared (FT-IR) characterization primarily due to IR absorption. To overcome this problem, Mid-IR wavelength transparent microdevices have been developed 50,51 to couple Mid-Infrared (Mid-IR) spectroscopy (wavelength between 3 and 50 µm) with microfluidic devices. Therefore, such setups have been used for decades 52,50,53 .

Barich et al. 51 presented an innovative fabrication method that allows the combination of PDMS with IR spectroscopy. Indeed, by using an IR transparent backbone such as CaF 2 and by keeping a total chip thickness under 200 µm, the authors were able to obtain IR compatibility for accessing important information on carbonyl, azide and nitrile vibrational modes. Others work ed on the image optimization 54,55 or on the signal enhancement 56 to avoid any setup modification.

New Fourier transform infrared (FT-IR) spectrometers can also be coupled with microfluidics 57 , as long as transparency issues are taken into account. They have the main advantages of improving the signal to noise ratio and of reducing the scanning time at all frequencies. Polshin et al. 58 reported the coupling of a FT-IR microscope with microfluidics for the label-free study of enzyme kinetics. By the mean of a Si-PDMS-CaF 2 microdevice (with only a 10 µm PDMS layer thickness), they investigated the kinetics of the enzymatic reaction between D-glucose and glucose oxidase using Mid-IR spectroscopy. They also demonstrated the quantification of the spatial distribution of water and oil inside micro-channels based on their Mid-IR spectra (Figure 7). Such approaches can also be used into various different fields like chemistry 59 , biology 60 and even pharmaceutical drug investigations 61 .

Recently, in 2016, Perro et al. 62 wrote a review about combining microfluidics and FT-IR spectroscopy in order to obtain information on chemical processes. One of the main limitations of infrared spectroscopy is that it cannot be easily employed for aqueous media since water exhibits a strong absorption band in the 3000 -3700 cm -1 area due to the O-H stretching vibration. 

vi. Raman spectroscopy

The local molecular fingerprint of the chemical composition of a fluid can be of interest to monitor diffusion and mixing phenomena. Coupling Raman spectroscopy and microfluidics offers that possibility. Raman microscopy is yet another advanced spectroscopy technique combining optical microscopy, laser excitation and spectrometry. It allows acquiring experimental data on the composition of organic and inorganic chemical compounds available in small quantities. Raman peaks can even give informat ion about the local pressure of the system 63 like in the case of CO 2 , in which the Fermi dyad shifts with pressure. As water is a weak Raman scatterer, this approach can be applied to obtain information about the chemical composition of aqueous phases. Raman spectroscopy is therefore highly complementary to IR spectroscopy. In 2010, Lin et al. 64 studied the temperature dependence of diffusion coefficients for the toluene/cyclohexane system in siliconglass microdevices by the mean of a confocal Raman microscope. Using a Y-junction microfluidic chip, they monitored the diffusion of two fluids flowing side by side (Figure 8) and determined their interdiffusion coefficients. However, they found the heating effect induced by the Raman laser to contribute abnormally to high diffusion coefficients values. In that case, they had to coat the channel bottom with a 200 nm thick aluminum reflection film to eliminate this bias. In 2012, Liu et al. 65 studied the CO 2 solubility in water and brine using confocal Raman spectroscopy. One of their observations demonstrated that in segmented microflows, the equilibrium is reached in less than a minute. They operated under pressures ranging from 11 to 100 bar and temperatures from 22 to 100 °C. More recently, Luther et al. 66 worked on the determination of vapor-liquid equilibrium data using Raman spectroscopy on a segmented flow inside a capillary. In the studied conditions, they also determined the composition of the different phases at several positions after the mixing point (Figure 9). Raman spectroscopy can also be used to characterize hydrate crystals and help understand hydrate formation conditions, which can cause serious damage in oil production. In 2017, Chen et al. 15 combined a silicon-Pyrex® microdevice with a Peltier thermoelectric cooling system (for temperature control), a CCD camera to monitor methane hydrate formation and propagation, and Raman spectroscopy to confirm that they were actually observing hydrates and not ice. In their study, they also use Raman spectroscopy to monitor the hydrate density.

To summarize, microdevices implemented with in situ characterization are operational to perform thermodynamic properties determination at microscale. Label-free and non-intrusive measurements to access thermodynamic data on fluid systems are possible by adapting instruments and tools and by working on associated innovative approaches.

Strategies for accessing thermodynamic properties of fluids at small scales

In this section we will review microfluidic approaches developed for fast screening in situ characterization of viscosity and density, mass transfer and solubility, and phase equilibrium determination. We will focus on high pressu re and high temperature microfluidic approaches and methodologies. Although some studies are not done on microfluidic devices capable of working under high pressure conditions, their approaches and methodologies could be applied for such devices. As al ready mentioned, in situ thermodynamic properties characterization instruments and methodologies have been developed to allow label-free nonintrusive in situ measurements on microfluidic devices. New challenges are to be faced in order to perform thermo dynamic properties characterization under more realistic conditions (pressure and temperature of oil reservoirs for example).

Viscosity

Thermodynamic properties such as fluid viscosities can be measured using simple processes. The most common metho d reported in the literature is the co-flow method. The principle is to measure the position of the interface of two non-miscib le fluids -the fluid of interest and a reference fluid of known viscosity -that flow in a laminar and parallel way in a microfluidic channel. Such devices generally have two inlets that meet at a T-junction (Figure 10 (c)). For a same flow rate, the fluid w ith a higher viscosity value will fill a higher volume in the channel due to its lower speed.

In their study, Guillot et al. 29 managed to determine the shape of the interface and therefore its exact position by using optical microscopy on a PDMS microfluidic chip. Indeed, different flow patterns can be observed depending on the flow rates and the viscosities of the two fluids. Once the position of the interface is measured and knowing the flow rates of the two liquids, the pressure drop in the microchannel and the viscosity of the fluid of interest can be computed. Note that the detection of th e exact position of the interface can be challenging depending on its shape (Figure 10 (a) and (b)).

In order to overcome this issue, Kang et al. 67,68 developed a microfluidic design composed of two inlets and one hundred indicating channels leading to two distinct outlets. Two fluids are injected independently in the inlets (located in the ce ntre of each circle on the schematic of Figure 11). The position of the interface is measured by simply cou nting the number of channels filled with a single fluid. They also developed a two outlets device where flow rates ratio needs to be adjusted in order for a fluid to switch from one outlet to the other 69 , which correspond to a specific viscosity value (Figure 12). 71 developed a hybrid system with a smartphone camera coupled with an objective lens and a Y-junction microfluidic device for viscosity measurement (Figure 14). Their work is based on the same physical principle as discussed before. Even so, their approach offers great mobility for performing viscosity measurement on field and other analysis related to healthcare.

For example, commercial laboratory unit stations are also available using these methods like the FLUIDICAM RHEO from Formulaction Inc [START_REF] Inc | Visual flow rheology by microfluidics[END_REF] . The device detects the interface position in a Y-junction to determine the viscosity of the fluid of interest.

Other microfluidic devices have been developed to measure fluid viscosity like a nanoliter capillary viscometer. By mo nitoring the capillary driven flow in a silicon-glass microfluidic chip (Figure 15), Srivastava et al. More sophisticated devices such as microelectromechanical systems (MEMS) also allow the measurement of t he viscosity. Indeed, the vibration range of the vibrating cantilever of a MEMS depends of the fluid density surrounding that part. Fo r instance, Cakmak et al. 75 presented a method for measuring blood plasma and serum viscosity using a micro cantilever-based MEMS sensor.

Dehestru et al. 76 elaborated a microfluidic vibrating wire viscometer that works under high pressure and high temperature conditions. Srivastva et al. 77 integrated electrodes to their microfluidic devices in order to measure changes in the electrical conductivity and therefore viscosity. A self-powered microfluidic viscometer has been developed by Wang et al. 78 , the working principle of such a device is based on the piezoelectric energy harvesting from flowing droplets. Table 1 gives a comparison of the different viscosity ranges measured in the studies detailed above, depending on their approach. 

Density

Density measurements using microfluidics is more challenging. Indeed, this property appears in the inertial forces. Since the flow inside a microfluidic channel is laminar, inertial forces are very small compared to viscous forces, therefore, observing the m is challenging in conventional microfluidic systems. However, Pinho et al. 79 showed they can simultaneously determine the viscosity and the density of a fluid mixture by measuring the pressure drop between the inlet and the outlet of a flow in a capillary. The only condition for this process to stay in a reasonable range of precision, the pressure drop should not increase too much to significantly change the fluid mixture thermophysical properties. Indeed, the density and the viscosity will change with the pressure along the tubing due to th e pressure drop. The pressure drop ∆ can be expressed by the Hagen-Poiseuille equation:

∆ = 16 2 p ) (1)
4 ( Where is the mass flow, is the fluid dynamic viscosity, A is the cross-section, is the length between the two spots where the pressure is measured, the fluid density appears in the molecular mass M ( = ( -1 )), p is the polar moment of inertia which depends on the geometry of the channel cross-section, is the compressibility factor, is the ideal gas constant, is the temperature, ¯ is the average pressure and is the pressure. The process has been applied to pure fluids (CO 2 an N 2 ) and then to mixtures (cyclohexane + CO 2 and CO 2 + H 2 ). From these pressure losses, the density and the viscosity were consequently determined. Figure 16 shows the experimental data compared with the NIST data base or calculated using PR78 equation of state. This process is appropriate to determine densities of (i) monophasic and homogenous fluids (ii) in a laminar flow. However, for small viscosity values, one needs to improve the uncertainty concerning the measurement of the pressure drop. MEMSs have also been developed to perform density measurements in parallel with viscosity measurements. Such devices are based on the resonant frequency of objects such as cantilevers 80 , silicon beams 24 , micro-plate [START_REF] Harrison | SPIE[END_REF] or suspended micro-channel resonators 81 . The resonant frequency of these vibrating objects depends on the hydrodynamic forces applied on them. Since these forces are a function of both viscosity and density, these two thermodynamic properties can be measured by monitori ng the resonant frequencies. Table 2 gives a comparison of the different density ranges measured in some of the studies detailed above, depending on their approach. The approach developed by Pinho et al. 79 is the only non-MEMS based study, however the mass flow rates of the different compounds of the fluid mixture need to be known. 

Mass transfer and solubility measurement strategies at micro-scale

In microfluidics, mixing several miscible phases is mainly achieved by molecular diffusion because most of the time, flows ar e laminar. The time d a molecule takes to diffuse on a distance can be roughly estimated by:

€ 2 Σ d =
with the molecular diffusion coefficient. Having a homogenous sample across the system can take a time that can become non-negligible compared to convection times. However, the advantage of working on such small distances is that molecular diffusion is the only reason for mixing. Therefore, diffusion coefficients of a system can be determined by knowing the distance of complete mixing. A T sensor (Figure 17) is a microfluidic device that allows to monitor optically the diffusion of components from several input fluid streams. Therefore, analyte concentrations can be measured on a continuous basis using fluorescence, which gives a cartography of concentrations and allows the back-calculation of the diffusion. In 1999, Kamholz et al. 26 presented a method for determining diffusion coefficients by interpreting T-sensor experiments through a model. Later on, they extended their model by quantifying the time-dependent evolution of analyte distribution 82 . They managed to get an accurate representation of the shape of the diffusion region. By quantifying the importance of the velocity profile on the distribution of analytes, this last study brings an important improvement in the precision of the measurements. The flow is at steady state, projecting the interdiffusion along the length of the channel (Reproduced from ref. 26 . Copyright 1999, American Chemical Society).
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Over time, several models have been developed 83 , Broboana et al. 35 even took into account and analyzed effects that occur during the non-stationary dynamical process like the "butterfly effect" (asymmetry in concentration due to the parabolic vel ocity in the channel).

The following year, in 2002, Culbertson et al. 34 compared four methods to measure diffusion coefficients using rhodamine 6G as analyte. Their results were all within the experimental error bar of one another and previously reported values except for on e method where the diffusion coefficient measured is 11 % higher. This gap can be explained by the analyte-wall interactions or their accuracy in measuring the chip temperature. They also concluded that static methods can give acceptable results as long as the equilibration time for adsorption-desorption processes remains small versus the measurement time.

During the past years, numerous works were done on the optimization of methods to study the diffusion process through microfluidics 25,84,85,86 . Focusing on getting the best measurement conditions to minimize experimental uncertainties, Häusler et al.
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, inspired by the work of Franceschini et al. 88 , started by developing a model that gave them the theoretical optimal experimental designs of a microfluidic H-cell (Figure 18). Then, they tested these designs based on the optimal Fourier number (it represents a dimensionless contact time, defined as = S 2 with D the diffusion coefficient, t the average residence time in the channel and the channel half width). Their results were consistent with the literature values and came to the conclusion that the ratio (height over width) of a channel is the most important parameter to master in order to minimize uncertainties on diffusion coefficient measurements. Other studies like the one from Wolff et al. 89 were about finding the optimal geometries to measure diffusion coefficients, but not limited to micro scale. Getting access to diffusion coefficients in fluids systems is critical. Indeed, in order to measure miscibility using microfluidic devices, one needs to be certain that the diffusion process is over. In some cases, chemical reactions also need to be taken into account 30 but this is not the scope of this review. When working with a non-reactive system, microfluidics can be a high throughput experimentation tool that can be used from biology [START_REF] Dou | Chemical communications[END_REF][START_REF] Lau | [END_REF] to physics and CO 2 applications. With progress made in the fabrication of microdevices over the past decades, studies concerning oil extraction and CO 2 storage 92 problematics can be conducted under high pressure conditions. In 2017, Bao et al. 93 wrote a critical review where they summarized microfluidic phase characterization methods for CO 2 , oil and gas. Among the studies on CO 2 solubility 39,94,95,[START_REF] Sauzade | Physical review. E, Statistical, nonlinear, and soft matter physics[END_REF][START_REF] Sell | [END_REF] , one simple way to measure CO 2 solubility in solvents concerns the monitoring of CO 2 bubbles dissolution by image processing 94,[START_REF] Sauzade | Physical review. E, Statistical, nonlinear, and soft matter physics[END_REF] . Abolhasani et al.

94

monitored the volume of a bubble in a microfluidic channel to determine the quantity of CO 2 dissolved in a solvent (Figure 19). Such a method can combine fast and accurate measurements when working with gases exhibiting a low density. However, when the dissolved fluid is liquid, the solvent is rapidly saturated and the volume variation of a droplet is not quantifia ble or the variation remains in the measurement uncertainty. To address this problem, Liu et al. 65 used a Raman Spectroscopy. They reported an accurate method to quantify dissolved carbon dioxide in water and salted water using a microfluidic systems probed by Raman spectroscopy. Other methods have been developed over the years. In 2013, Fadaei et al. 98 have presented a microfluidic approach to measure toluene diffusivity in Athabasca bitumen by imaging transmitted light profiles over ti me (Figure 20). where the rest of the system is filled with air. Middle and bottom:

Toluene-bitumen mutual diffusion in the microchannel (Reproduced from ref. 98 . Copyright 2013, American Chemical Society).

In 2016, Sieben et al. 99 worked on the evaluation of the solubility of asphaltenes in crude oil. The asphaltenes precipitation was monitored by the change in optical absorbance for each chosen solvent volume fraction (Figure 21). 99 . Copyright 2016, American Chemical Society).

More recently, in 2017, Talebi et al. 36 demonstrated a microfluidic approach to determine both the solubility and diffusivity of propane in bitumen by monitoring the swelling of bitumen in a microfluidic PVT cell using fluorescence. The next year, in 201 8, Sharbatian et al. 37 expanded this approach by redesigning the microfluidic chip (Figure 22) to enable several measurements on the same experimentation. They worked on a CO 2 -crude oil system to determine mutual solubilities and diffusivities, along with the measurement of the minimum miscibility pressure, the extraction pressure and the contact angle.

In order to have a better knowledge about mass transfer occurring across interfaces, Pinho and Hartman 100 developed a new microfluidic device. By trapping volumes of a non-polar liquid fluid (here toluene) in a water flow (Figure 23), the composition of the interface was characterized using Raman spectroscopy and different zones (toluene bulk, mixing zone and water bulk) were identified. Oppositely to the literature, they found, in their experimental conditions (2 to 20 µl/min in their 800x800x500 µm 3 trap), the flow rate to have no influence on the thickness of the interface. This method could be exploited to study the rela tion between mass transport and the interface thickness and also to analyze concentration profiles in different zones of the chip during the same experiment. A summary of some approaches described above is given in Table 3. Microfluidics coupled with in situ characterization techniques enables to obtain critical information around interfaces, and therefore, it is a powerful tool to work on mass transfer characterization. .

Reference

Phase equilibria

Many macroscopic approaches have been developed to study the phase behavior of fluid mixtures 107,108,109,110 but lately, microfluidics became a powerful tool in this domain. As mentioned earlier, phase equilibria are rapidly reached in microfluid ic devices and accessing thermodynamic diagrams of pure fluids or fluid mixtures can take less than a day. Phase diagrams and envelope diagrams are often obtained using silicon-Pyrex® microfluidic devices as they allow working under high pressure and high temperature conditions (up to 300 bar and 400 °C) 5 . Moreover, the glass cover provides an optical access to phase and transport behavior in micro-channels. In 2012 and 2014 Mostowfi et al. [START_REF] Mostowfi | [END_REF]111 presented two microfluidic PVT devices for analyzing phase diagrams of gas-liquid systems. Their setup 2 consists in injecting a fluid mixture (selected to represent the phase behavior of typical black oils), initially liquid, in a long serpentine microchannel to generate an isothermal pressure gradient (at room temperature). When the pressure in the channel decreases under the bubble point, the first bubbles nucleate (Figure 24). These conditions refer to a transition point on the phase diagram of the mixture. Such a device is a brea kthrough in petroleum engineering because it allows working under reservoir conditions and it reduces the measurement time of thermodynamic properties from hours to minutes. This method can only be used to detect the bubble point of a pure compound or a fluid mixture but does not allow the detection of the dew point to determine the full phase envelop of a mixture and can only be carried out in a continuous flow mode. To overcome this challenge, Pinho et al. 13 developed a silicon-Pyrex® microfluidic device imitating a PVT cell in a dynamic stop flow concept. Phase transitions like bubble and dew points are optically detected. The fluid mixture is at equilibrium within the microsystem, and then the temperature is increased or decreased under isobaric conditions. The bubble point corresponds to the temperature at a given pressure for which the first bubble starts nucleating in the fluid (Figure 25). The dew point corresponds to the temperature at a given pressure for which the last bubble disappears in the fluid. This method is repeated at higher pressures until the maxcondembar is reached. This point corresponds to the maximum pressure value on the P-T envelope. Under isochoric conditions (stop flow mode), the pressure is linked to the temperature variations, which is a lack of liberty in the setting of the conditions. Working under a continuous flow mode allows a better setting of the fluids conditions but leads to a slight uncertainty on the pressure measurement due to the pressure loss between the inlet and the outlet of the chip.

Figure 25: General loop method for building a P-T phase diagram through bubble and dew point detection and phase envelope construction. The bubble and dew points were determined by increasing or decreasing the temperature from the initial conditions under isobaric conditions (Reproduced from ref. 13 . Copyright 2014 RSC publications).

Song et al. 14 also developed a smart microfluidic device to optically determine the dew point conditions for CO 2 with impurities.

A more complex device has been elaborated by Bao et al. 22 where bubble and dew points are detected using optical thin-film interference in a PVT cell. Although these approaches are much quicker than at the macroscopic scale, only a single pressure-temperature point can be measured at once. This is a restricting factor but further research has allowed observing a phase diagram directly on the chip. Bao and al. 18 developed a device allowing the direct observation and measurement of the full pressure-temperature phase diagram of a pure fluid. The micro-chip is made of silicon sealed with glass. The areas of interest are located in the one hundred horizontal dead-end channels. Each of these channels has one hundred orthogonally connected microwells in order to have a b etter vision of the transition points. Each channel is connected on the left side to a vertical serpentine channel acting as a fluidic resistance. This channel provides an elevated hydraulic resistance so that when the fluid flows through the micro-channel, a vertical pressure gradient is induced due to the linear pressure drop. A temperature gradient is then applied horizontally. The bubble points can therefore be observed and be determined in the dead-end channels. When precise conditions have been reache d, the vapor state, liquid state and the supercritical region can be observed simultaneously. The setup allows the distinguishing of the liquid-vapor saturation line all the way to the critical point on the chip (Figure 26). 18 .

Copyright 2016, American Chemical Society).

This method only allows the study of pure compounds. To overcome this issue, Xu et al. 19 extended the system and developed a new methodology working with a piston fluid. This new tool enables the visualization of the entire P-T phase envelope of a fl uid mixture. The fluid of interest is compressed in one thousand microfluidic chambers, each isolated by the piston fluid (Figure 27). The piston fluid must be immiscible under any test condition with the fluid system. A pressure gradient is applied using the same principle as Bao et al. 18 . Therefore, each chamber represents the thermodynamic steady-state of the system at a given condition of pressure and temperature. Although this new method is a step forward in the high throughput experimentation, it is limited in the fact that the device must be filled with a fluid at the state of vapor to be compressed into the chambers. Moreover there is the difficulty to change the fluid composition (the microfluidic chambers need to be emptied). In addition, finding a sui table piston fluid could be difficult especially, when supercritical and subcritical conditions are reached on the same experiment. A MEMS-based microfluidic device has been developed by Sullivan et al. 112 to measure the bubble point of an unknown fluid. The glass-silicon-glass sandwich structure has a built in heater electrode generating short heat pulses. The heater electrode is followed by a detector electrode to increase the detection speed and sensitivity. The thermal pulses allow a bubble nucl eation and the bubble size is then monitored. An overview of the methods described above is given in Table 4, as well as the operating conditions. 

Figure 3 :

 3 Figure 3: Time-lapse pictures of CO2 hydrate formation and growth in a capillary tube (275 K, 34 bar). The hydrate crystal starts crystalizing at the CO -water interface and propagates (Reproduced from ref. 32 . Copyright 2012 Elsevier B.V. All rights reserved).

Figure 4 :

 4 Figure 4: (a) Example of a Fast Fluorescence-Based microfluidic method to measure the minimum miscibility pressure of CO2 in crude oils (Reproduced from ref. 39 . Copyright 2015, American Chemical Society). (b) Contours of the pH distribution at the back (left) and front (right) of a CO2 bubble. This image was taken with a pH-sensitive laser-induced fluorescence approach (Reproduced from ref. 40 . Copyright 2012, American Chemical Society).

Figure 5 :

 5 Figure 5: 2D velocity distribution of the cross-section of a droplet moving from left to right in a microfluidic channel. The arrow on the top right scales for 0.1 mm/s and it represents the reference vector

Figure 6 :

 6 Figure 6: Online UV-vis monitoring of gold nanoparticles produced in a capillary micro-reactor. (a) UV-vis spectrum obtained in a crosstype flow-through cell at a light wave-length of 559 nm and an integration time of 2 ms. The inset shows an image of liquid-liquid segmented flow in the capillary micro-reactor. (b) UV-vis absorption spectra of the GNP solution in the cell (reproduced from ref. 47 . © The Royal Society of Chemistry 2013).

Figure 7 :

 7 Figure 7: Vis (A) and FT-IR images of coflowing water (B) and oil (C) in a micro-channel. The scale bars represent 100 µm. Mid-IR absorption spectrum of water and oil (D), extracted from the main and the second channel (at the cross of the two dashed lines) (Reproduced from ref. 58 . Copyright 2014 Elsevier B.V. All rights reserved).

Figure 8 :

 8 Figure 8: Schematic view of Raman measurements in a Y-junction microchannel. A Raman microscope was operated at hydro-and thermodynamic steady states (Reproduced from ref. 64 . Copyright 2010 Elsevier B.V. All rights reserved).

Figure 9 :

 9 Figure 9: Equilibration process for the ternary system of CO2, N2, and acetone, showing the composition of the two phases with increasing distance to the mixing point in a capillary (Reproduced from ref. 66 . Copyright 2015, American Chemical Society).

Figure 10 :

 10 Figure 10: Cross-sectional picture of the parallel flow between hexadecane (O) and an aqueous phase with rhodamine (W) in a 100 µm × 100 µm microchannel. (a) Inside the funnel. (b) In the outlet channel. (c) Sketch of the microfluidic device (Reproduced from ref. 29 . Copyright 2006, American Chemical Society).

Figure 11 : 67 ,

 1167 Figure 11: Schematic representation of the microfluidic device for viscosity measurements using a discrete fluidic circuit model. The path taken by the fluid depends on the hydrodynamic resistances. The position of the interface is measured by simply counting the number of channels filled with a single fluid (Reproduced from ref. 67 , with the permission of AIP Publishing).

  Using a stainless steel needle in a Teflon capillary, Lan et al.70 worked on stable liquid/liquid annular co-laminar flows. By measuring the diameter of the inner phase (Figure13) and by solving the Navier-Stokes equations, they were able to determine the advantage of new technologies available to the general public, Kim et al.

Figure 12 :

 12 Figure 12: Proposed viscosity measurement method using fluidic flow switching in microfluidic channels based on hydrodynamic balancing with a label-free operation. Schematic diagram of the proposed method using a simple microfluidic device. (a) Silicone oil and (b) blood (Reproduced from ref. 69 , with the permission of AIP Publishing).

Figure 13 :

 13 Figure 13: Image of a stainless steel needle coaxially inserted within a Teflon capillary, used to measure u and u . The inner n ƒ phase comes from the stainless steel needle (Reproduced from ref. 70 . Copyright 2009, Springer-Verlag).

Figure 14 :

 14 Figure 14: Schematics of the experimental setup composed of a smartphone, an objective lens and a microfluidic device to measure viscosity. A photograph of setup is inserted on the top right corner (Reproduced from ref. 71 . © 2018 Elsevier Ltd. All rights reserved.).

Figure 15 :

 15 Figure 15: Snapshots from a test run on the micro-fabricated capillary viscometer. (a) t = 0, a pipet is used to place a drop of liquid at the inlet. (b-d) are snapshots of the liquid inside the channel as it moves toward the outlet. The red arrows indicate the advancing interface of the imbibing liquid (Reproduced from ref. 73 . Copyright 2005, American Chemical Society).

Figure 16 :

 16 Figure 16: Parity graphics for density (a) and viscosity (b) of pure compounds (ΔCO2 and *N2) and mixtures ( •CYC + CO2 and ♦CO2 + H2) at homogeneous experimental conditions (Reproduced from ref. 79 . Copyright 2015 Elsevier B.V. All rights reserved).

Figure 17 :

 17 Figure 17: (a) Photograph of a silicon-Pyrex® micro-fabricated device. For operation as a T-sensor, two inputs and one output are used. (b) Schematic representation of flow in the T-sensor with two input fluids, each containing one diffusing species. The flow is at steady state, projecting the interdiffusion along the length of the channel (Reproduced from ref. 26 . Copyright 1999, American Chemical Society).

Figure 18 :

 18 Figure 18: Schematic representation of the H-cell. Gray intensity represents concentration change during the diffusion process.Such models were used to give the optimal experimental design (Reproduced from ref.87 . Copyright 2012 Elsevier Ltd. All rights reserved).

Figure 19 :

 19 Figure 19: (a) Schematic drawing of a CO2 plug shrinkage in a segmented flow. (b) The net plug volume reduction (highlighted in red colour) that results from the competing effects of pressure drop and gas dissolution is schematically shown. Plugs isothermally expand due to the decreasing pressure (highlighted in blue colour). (c) Pressure profile along the flow direction (Reproduced from ref. 94 . Copyright 2012 RSC publications).

Figure 20 :

 20 Figure 20: Schematic representation of the experimental microfluidics-based setup for toluene-bitumen mutual diffusion coefficient measurement. The magnified image shows the section of the channel near the interface. Top: before toluene injection,

Figure 21 :

 21 Figure 21: Conceptual diagram for measuring asphaltene solubility in solvent mixtures using an automated microfluidic apparatus. The symbols V and P represent valves and pressure sensors. The optical absorbance is a function of the asphalten concentration (Reproduced from ref.99 . Copyright 2016, American Chemical Society).

Figure 22 :

 22 Figure 22: Microfluidic platform for CO2-oil phase behavior; Schematic view of a microfluidic setup combined with fluorescence microscopy; and typical oil swelling and extraction inside the micro-PVT channel (Reproduced from ref. 37 . Copyright © 2018, American Chemical Society).

Figure 23 :

 23 Figure 23: (a) Microfluidic semi-flow device. (b) Scheme of a hydrophilic phase injection into a microchannel filled with a hydrophobic phase and electrical analogue for its stationary state (Reproduced from ref. 100 . Copyright 2017 RSC publications).

Figure 24 :

 24 Figure 24: The concept of the microfluidic technique for phase behavior determination. A saturated gas-liquid mixture is injected at high pressure (greater than the bubble point) into the channel. Once the pressure drops below the one of the bubble point (at the restriction), a two-phase slug flow is formed (Reproduced from ref. 2 . Copyright 2012 RSC publications).

Figure 26 :

 26 Figure 26: Measurement of the pressure-temperature phase diagram of pure CO2. Phase-mapping device in operation, with liquid, vapor, and supercritical regions visualized (Reproduced from ref.18 . Copyright 2016, American Chemical Society).

Figure 27 :

 27 Figure 27: Schematics of the rapid pressure-temperature phase mapping device for fluid mixtures. The 1000 chambers are isolated and pressurized by a piston fluid. They represent the thermodynamic equilibrium state of the fluid system, each at a given pressure and a given temperature (Reproduced from ref. 19 . Copyright 2017, Wiley-VCH Verlag GmbH & Co.).

Table 1 :

 1 Summary of some microfluidic approaches for viscosity measurements

Reference Viscosity range of the experiment Shear rate (s -1 ) Geometry

  

	Guillot et al. 29	2 mPa.s to 70 Pa.s	0.2 to 2000	T-junction
	Kang et al. 67,68,69	Blood, N/A	N/A	Co-flow and hydrodynamic resistance
	Lan et al. 70	0.6 to 40 mPa.s	N/A	Annular co-flow
	Kim et al. 71	1.5 to 130 mPa.s	Up to 5000	Y-junction
	Fluidicam Rheo 72	0.1 mPa.s to 200 Pa.s	100 to 10 5	Y-junction

Table 2 :

 2 Summary of some microfluidic approaches for density measurements

	Reference	Density range (kg.m -3 )	Uncertainty	Approach
	Pinho et al. 79	111 to 813	4 %	ΔP measurement
	Cakmak et al. 80	995 to 1150	< 3 %	MEMS cantilever
	Harrison et al. 23	600 to 1500	N/A	MEMS vibrating plate

Table 3 :

 3 Summary of some microfluidic approaches to measure mass transfer related propertiesThe need for separating solutes in analytical chemistry or to recover products in chemical engineering has generated numerous microfluidic studies on liquid-liquid extraction101,102,103 . This interest on microfluidics is based on the simple principle that at small scale, extraction is enhanced due to small length transfer and high interfacial areas.Under high pressure and high temperature conditions, efficient microextractions have been demonstrated and q uantified in supercritical CO 2 . Assman et al.

	et al. 34	(m 2 .s -1 )		analyte
				monitoring
	Häusler et al. 87	Diffusion coefficient (m 2 .s -1 )	1.18 -3.4 .10 -9	Conductimetry
	Liu et al. 65	Diffusion coefficient (m 2 .s -1 )	10 -9	Raman spectrometry on a segmented flow
	Talebi et al. 36	Diffusion coefficient (m 2 .s -1 )	10 -10 to 10 -8	Fluorescence
	Liu et al. 65	Solubility of CO2 in water and brine (mol/mol)	0.003 to 0.023	Raman spectrometry on a segmented flow
	Abolhasani et al. 94	Volumetric vapor-liquid mass transfer coefficient k a (s -1 ) L	5 to 30	Optical detection on a segmented flow
	Sauzade et al. 96	Dissolution coefficient kD of CO2 in silicone oil (g.m -2 .s -1 .atm -1 )	0.8 to 100	Optical detection on a segmented flow
	Talebi et al. 36	Solubility of (kg.m -3 ) propane in bitumen	2.5 to 5.1	Fluorescence
	Liquid-liquid extraction		

104 used a segmented flow for vanillin continuous extraction in a microdevice and measured distribution coefficients. Segmented flows, allowing good interfacial exchanges, are flow regimes favored in that case, due to the small viscosity of supercritical CO 2 105 . The possibility to investigate steps involved in extraction processes illustrated by a supercritical fluid extraction of emulsions is discussed by Luther et al. 106 .

Microfluidic tools under high pressure and high temperature conditions are fast and efficient for separation processes. They open new ways for studies and screening, but lack of high throughput: device parallelization may be necessary for production purposes

103,106 

Table 4 :

 4 Summary of some microfluidic approaches for phase equilibria determination. All microfluidic devices are silicon-glass based, only Song et al.14 is glass-glass based.

	Reference	Property	Experimental conditions	Approach
	Mostowfi et al. 2	Bubble point	5 -45 bar Room temperature	Optical detection
	Mostowfi et al. 2	Liquid-vapor phase volume distribution	5 -45 bar Room temperature	Image processing
	Molla et al. 111	Bubble point	Up to 860 bar Room temperature to 150 °C	Optical detection
	Molla et al. 111	Liquid-vapor phase volume distribution	Up to 860 bar Up to 150 °C	Image processing
	Pinho et al. 13	P-T phase envelope of fluid mixtures	Up to 140 bar Up to 300 °C	Optical detection
	Song et al. 14	Dew point	Up to 130 bar Up to 50 °C	Optical detection
	Bao et al. 18	P-T vapor-liquid saturation line	Up to 80 bar Up to 38 °C	Optical detection
		P-T phase		
	Xu et al. 19	envelope and liquid-vapor phase volume	Up to 70 bar Up to 90 °C	Image processing
		distribution		
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Conclusion, challenges and opportunities

Microfluidics is commonly chosen for its main advantage to minimize the experimentation time. Especially under high pressure and high temperature conditions, microfluidic phase characterization is of growing interest. Indeed, progress achieved in manufacturing techniques are now allowing to access critical conditions and to adapt microdevices and in situ characterization instruments to be compatible with each other. Thermodynamic properties characterization using microfluidic devices has been developed over the past decades. Recent progresses made in this field are now allowing to perform label-free and non-intrusive in situ characterization. To that end, characterization methods as well as microfluidic devices need to be adapted to be compatible. Meas urements are done rapidly with very small quantities of fluids. Research under high pressure and high temperature conditions is now accessible with noncomplex-heavy experimental setups. Indeed, for microfluidic devices to keep their good performances un der such conditions, materials and methodologies need to be thoroughly selected, which implies limitations in terms of micromanufacturing flexibility. Thermodynamic properties such as viscosity, density, diffusion coefficient, solubility and phase e quilibrium can be characterized directly on chip. To this purpose, tools usually employed at macroscopic scale have been improved to fulfill th e specific conditions of high pressure and high temperature microfluidics without interfering with the meas urement itself. Viscosity can be measured by studying co-flows in microfluidic T-junctions or in capillaries within one another. Density measurement is more challenging and typically requires the use of MEMS if the fluid is of unknown composition. Diffu sion coefficient and solubility determination is achieved by monitoring the mass transfer between several phases in microchannels. Complete phase equilibria can also be determined by the optical detection of transition points in micro-reactors. Recent methodologies allow accessing a wide spectrum of experimental conditions (pressure and temperature) in one experiment, i.e. to perform high throughput experimentation. All these methods remain challenging under high pressure and high temperature conditions. New devices could allow widening even more the scope of experimental conditions to meet new application fields. One interesting way (aside from inventing new micro-chips) is to work on an even smaller scale. Nanofluidics is rising 113,114 and can be a lead to energy applications for example (such as oil extraction in nanoporous systems). In any event, by working on innovative designs and methodologies, opportunities are to be seized and important progresses are to be made to access multiproperties characterization and to perform high throughput experimentation. With an increasing demand in efficiency and a trend in miniaturization, the study of microfluidic approaches for in situ characterization of thermodynamic properties is burgeoning and very promising.
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