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Reactive crystallization: from mixing to control of kinetics by additives

The study of the mechanisms laying underneath reactive crystallization is a key subject in a myriad of natural and industrial processes. Here, control on particle nucleation and growth are active topics of research, in which important advances can be highlighted within the last years. While novel mechanisms for crystal nucleation have been recently unveiled, the effects of reagent mixing process and timescales on them, together with the effect of impurities and/or additives present during the reaction, still lack of fundamental comprehension. This work intends to provide a general view on the latest advances made on the critical parameters involved in reactive crystallization processes: nucleation, fast and efficient mixing and use of additives.

Introduction

Reactive crystallization is at the core of numerous pharmaceutical, chemical, biological and industrial processes. In this latter case, it is a particularly active research subject for novel hydrometallurgical processes associated to materials recycling in urban mines, such as the recycling of permanent magnets, LED light sources and rechargeable batteries [START_REF] Binnemans | Recycling of rare earths: a critical review[END_REF], and also to the recycling of catalysts from industry or the recovery of lanthanides and actinides on nuclear waste treatment [START_REF] Binnemans | Recycling of rare earths: a critical review[END_REF][START_REF] Torres-Arenas | Thermodynamics of binary and ternary solutions of multivalent electrolytes with formation of 1: 1 and 1: 2 complexes, within the mean spherical approximation[END_REF]. Beyond a simple purification and separation step, the main objective of crystallization and precipitation processes is to produce a controlled population of crystals in terms of (among other parameters) crystal structure, crystal habit/aspect ratio (shape), size distribution, physical and chemical quality (purity, composition in case of co-crystals), porosity, etc. This wide range of properties to be controlled are dependent on the coupling between the hydrodynamics of the reactor (from both macroscopic and microscopic point of views), and the complex physico-chemical processes responsible for the formation of crystals, in which other molecules and/or by-products might be involved. In this regard, the control, not only on the previously mentioned product properties, but also on crystal nucleation kinetics, becomes essential for the selective recovery of compounds in complex fluid media [START_REF] Binnemans | Recycling of rare earths: a critical review[END_REF][START_REF] Nowottny | Recovery of platinum, palladium and rhodium from industrial process leaching solutions by reactive extraction[END_REF], avoiding undesired by-product precipitation along with main products, or forming unwanted solid depositions in pipelines, heat exchangers and reactors.

The design, the understanding, and the control of a reactive crystallization process usually rely on phase diagrams. These phase diagrams are used to represent the frontiers between each equilibrium phases, but also, in case of crystals, between metastable phases like polymorphs, solvates, amorphous and liquid phases, etc., as a function of reaction variables (reagent/solvent/additive concentration, pressure, temperature). Though, it is widely known that non-equilibrium (i.e. dynamic) constraints, would determine the crystallization pathway, which critically influences the final crystal properties [START_REF] Besselink | How Short-Lived Ikaite Affects Calcite Crystallization[END_REF]. Indeed, the recent works of of P. Vekilov, J De Yoreo H. Coelfen, and D. Gebauer research groups (discussed in the following sections), have experimentally proved that non-equilibrium intermediate phases play a vital role on determining crystallization routes. However, within the dynamic constraints favouring the formation on non-equilibrium phases, and thus affecting crystallization routes, two critical factors are frequently overlooked: it is of high importance to consider reagent mixing process and their time and length scales, and also the action mechanisms of additives or impurities, which can locally and dynamically modify reagentreagent and solvent-reagent interactions. This paper aims to provide a global vision of the most critical parameters or mechanisms that control reactive crystallization processes: nucleation, fast and efficient mixing and additives. The current state of the art on the subject is approached from the basis of the understanding of crystallization mechanisms to the influence of mixing, and of the presence of additives, on the control of both nucleation and crystal growth.

Classical and non-classical nucleation

Reactive crystallization is a particular case of first-order phase transition. Even if the basic principles on which first-order phase transitions are founded were laid down almost 150 years ago, they are not yet well understood. These principles and developments are nowadays framed within the so-called Classical Nucleation Theory (CNT) [6]. Despite its well-known limitations on the quantitative description of certain experimental observations, CNT is widely utilized in process engineering as an empirical modelling tool, with an undeniable qualitative predicting value. Indeed, although CNT has been recently challenged by novel experimental observations, all more recent alternative theories and proposed nucleation mechanisms remain on the qualitative, and sometimes merely conceptual, experimental description, and up to date CNT represents the only quantitative theoretical and parameterable nucleation framework.

The possible existence of thermodynamically metastable states is a characteristic feature of the first-order phase transitions, and also the cause of multi-stage systems occurrence, which will be discussed below. Here, a multi-stage system is defined by the formation of transient metastable phases, eventually transforming into more thermodynamically stable ones. Physically, this is due to the threshold character of the nucleation rate dependence on the supersaturation. From a practical and classical point of view, it is found that phase metastability is lost at a certain critical supersaturation, ∆µc at which the energy barrier is already small enough for nucleation to occur at an observable rate. In fact, the determination of ∆µc is among the first problems addressed by the CNT, and it can additionally be obtained experimentally [6]. Accordingly, Alimi et al. [START_REF] Alimi | Kinetics of the precipitation of calcium sulfate dihydrate in a desalination unit[END_REF] determined a decreasing activation energy for calcium sulfate dehydrate precipitation (from 71 to 51 kJ.mol -1 ) as a function of the increase in supersaturation range (from 2.5 to 11). Additionally, precipitation occurring via metastable intermediate phases in multi-stage systems, or in the presence of additives or impurities requires lower activation energies to precipitate than the direct precipitation of more thermodynamically stable ones. In this regard, an illustrative model system for multi-stage precipitation is calcium carbonate. Energies of 69 kJ.mol -1 [START_REF] Andreassen | Growth and aggregation phenomena in precipitation of calcium carbonate[END_REF] and 66 ± 2 kJ.mol -1 [START_REF] Rodriguez-Blanco | The kinetics and mechanisms of amorphous calcium carbonate (ACC) crystallization to calcite, via vaterite[END_REF] have been reported for vaterite-mediated systems (46 kJ.mol -1 in presence of additives [START_REF] Xyla | The precipitation of calcium carbonate in aqueous solutions[END_REF]), while 155 kJ.mol -1 have been reported for pure calcite [START_REF] Koutsoukos | Precipitation of calcium carbonate in aqueous solutions[END_REF], decreasing to 45 ± 7 kJ.mol -1 for the heterogeneous calcium carbonate nucleation on quartz [START_REF] Li | The apparent activation energy and pre-exponential kinetic factor for heterogeneous calcium carbonate nucleation on quartz[END_REF]. However, ∆µc represents a kinetic limit of metastability, as it is sensitive to the concrete kinetics of nucleation and growth of the new phase, and to the particular experimental technique used to detect the onset of the nucleation process [6].

Multi-stage systems are often present in reactive systems located far from thermodynamic equilibrium (i.e. ∆µ ~ ∆µc ), where the reagents diffusion times are in the same order of magnitude as the phase transition kinetics, and very local supersaturation conditions favours the appearance of different metastable phases. In this context, more and more evidences nowadays indicate alternative routes for nucleation, which cannot be explained with a straightforward classical interpretation. Besides, the observation of pre-nucleation dense liquid clusters formation, leading to a two-step nucleation mechanism has been reported [START_REF] Vekilov | The two-step mechanism of nucleation of crystals in solution[END_REF][START_REF] Sleutel | Role of clusters in nonclassical nucleation and growth of protein crystals[END_REF]. These two-step (multi-step) mechanisms have to be differentiated from the multi-stage classical mechanisms already described, as long as the molecular densifications taking place would remain as a part of the mother phase, and thus could not be defined as a nucleating phase per se. Indeed, CNT states that crystal nucleation from solution occurs when a sufficiently large density fluctuation (that is, a cluster that has reached a critical size) pushes the system over a free-energy barrier. In this sense, the two-step mechanisms described by Vekilov and co-workers can be understood from a classical point of view as nucleation events taking place in metastable local densifications of the molecular populations, which generate a local supersaturation increase, reducing the bulk free energy and thus lowering the barrier for nucleation. These densifications become more stable than the free molecules in solution and thus when occurring, nucleation cannot take place by the single thermodynamic path described by CNT [START_REF] Yoreo | Crystal nucleation: more than one pathway[END_REF]. Analogously to these reported observations for macromolecular systems, the existence of liquid precursors have also been observed in ionic compounds for which reactive crystallization systems lead to the quick onset of high supersaturations, and also for poorly soluble salts. This latter is the case for calcium carbonate [START_REF] Demichelis | Stable prenucleation mineral clusters are liquid-like ionic polymers[END_REF][START_REF] Wolf | Early Homogenous Amorphous Precursor Stages of Calcium Carbonate and Subsequent Crystal Growth in Levitated Droplets[END_REF], and more recently, liquid precursors have been observed for rare earths oxalate reactive precipitation systems [START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF]. Indeed, the formation of liquid precursors is explained by either a binodal demixing or spinodal decomposition. Figure 1F, depicts two different phase diagrams, with or without a spinodal region, combining the thermodynamic nature of solubility curves and phase equilibrium with the existence of dynamic phenomena [START_REF] Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF]. On this graphical example we can observe that the binodal line marks the metastable (thus implicitly considering the existence of an energy barrier) coexistence of the solid and the liquid phase under a given set of conditions, where the spinodal line depicts a region of unstability where nucleation proceeds in a barrierless manner. For a more detailed description of liquid-liquid phase separation routes, we invite the readers to address the works of Garcia-Ojalvo et al. [START_REF] García-Ojalvo | Phase separation driven by external fluctuations[END_REF] and Gebauer et al. [START_REF] Gebauer | Pre-nucleation clusters as solute precursors in crystallisation[END_REF].

In both previously mentioned ionic systems in which liquid precursors have been observed [START_REF] Demichelis | Stable prenucleation mineral clusters are liquid-like ionic polymers[END_REF][START_REF] Wolf | Early Homogenous Amorphous Precursor Stages of Calcium Carbonate and Subsequent Crystal Growth in Levitated Droplets[END_REF][START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF], the liquid-liquid separation observations are consistent with a binodal rather than a spinodal route, being this first phase separation an illustrative example of a classical nucleation pathway for phase transition, prior to the appearance of the solid phase. In fact, the existence of a proper spinodal decomposition from the onset of supersaturation to the formation of a crystalline phase has been debated [START_REF] Bartell | Do supercooled liquids freeze by spinodal decomposition?[END_REF][START_REF] Sosso | Crystal Nucleation in Liquids: Open Questions and Future Challenges in Molecular Dynamics Simulations[END_REF], and the observation of liquid-liquid separation on systems in which supersaturation is increased gradually [START_REF] Wolf | Early Homogenous Amorphous Precursor Stages of Calcium Carbonate and Subsequent Crystal Growth in Levitated Droplets[END_REF], points to a binodal separation. Out of the discussion about liquid-liquid phase separation mechanisms, a subsequent crystallization episode after the formation of a liquid precursor brings a more complex and dynamic multi-stage crystallization route, where two or more phases would temporary coexist in a non-equilibrium system. A good example for that is the case of calcium carbonate system, where the initial formation of a liquid phase gives rise to the formation of different amorphous phases, which eventually transform into more stable calcium carbonate crystalline phases [START_REF] Avaro | Stable Pre-nucleation Calcium Carbonate Clusters Define Liquid-Liquid Phase Separation[END_REF]. Actually, often a phase transition may not induce the formation of the most thermodynamically stable phase, when it is also possible that a metastable phase appears in the supersaturated old one. This led to the formulation of the so-called Ostwald's Rule of Stages. According to this rule, 'if the supersaturated state has been spontaneously removed then, instead of a solid phase which under the given conditions is thermodynamically stable, a less stable phase will be formed' [START_REF] Ostwald | Studies on the Formation and Change of Solid Matter[END_REF]. Abundant multi-stage systems of very different nature can be found in literature, from metals [START_REF] Turnbull | Metastable structures in metallurgy[END_REF], to ice [START_REF] Takahashi | On the role of cubic structure in ice nucleation[END_REF], proteins [START_REF] Sazaki | A novel approach to the solubility measurement of protein crystals by twobeam interferometry[END_REF], fatty acids [START_REF] Garti | Crystallization and polymorphism of fats and fatty acids[END_REF] or polymers [START_REF] Keller | An approach to the formation and growth of new phases with application to polymer crystallization: effect of finite size, metastability, and Ostwald's rule of stages[END_REF], among many others. When the direct formation of the thermodynamically stable phase is not possible, overall crystallization becomes a two-stage process: the formation of the stable phase (second stage) is preceded by the appearance of the metastable one (first stage). Experimentally, whether these crystallization routes should be considered as a classical multi-stage mechanism in a multi-phase system, or a "less classical" multi-step phase transition, would depend on observers capability to spot if the appearing solid phase is born within the bulk of the first nucleating phase, or independently in the bulk of the mother solution, where the Ostwald's rule would apply. In this regard, it has been proposed that pre-nucleation clusters have little impact on nucleation rates, and that amorphous phases formed prior to or during crystal nucleation are not the stable products of nucleation and are not observed to act as precursors to the crystalline phase [START_REF] Hu | The thermodynamics of calcite nucleation at organic interfaces: Classical vs. non-classical pathways[END_REF]. These observations have been attributed to kinetically favoured multistage pathways resulting from extreme driving forces typically used in experiments, and thus not to multi-step nucleation mechanisms. Besides, evidently, the possible nucleation and growth of a stable phase within the metastable one makes the kinetics of formation of the first (apparent formation kinetics in this case) depend on those of the second. Considering a molecular scale, whereas instantaneous equilibrium is considered by the CNT, there are two rate-limiting phenomena involved in the apparent formation kinetics of the more stable phase: first, any solvent-mediated phase transition would be a diffusion-rate limited process, while at the same time these apparent kinetics would also be affected by the formation and dissolution rate of the precursor phase. Hence, the apparent kinetics will be governed by the slowest mechanism, and the possibility of experimentally spotting the precursor metastable phase (therefore having a sufficiently long lifetime allowing for its observation), would depend on the apparent nucleation and growth kinetics of the more stable phase. As an example of apparent formation kinetics involving two different multi-stage systems, Figure 2 illustrates i) the metastable precipitation of calcium carbonate hexahydrate (crystalline ikaite), firstly detected as a transient precursor for calcite precipitation at normal P and T [START_REF] Rodríguez-Ruiz | Transient Calcium Carbonate Hexahydrate (Ikaite) Nucleated and Stabilized in Confined Nano-and Picovolumes[END_REF] (Figure 2a to 2h), and ii) the solvent-mediated phase transition, from a liquid precursor to the crystalline product for the cerium oxalate reactive precipitation system in acidic media (Figure 2i -2j) [START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF]. Additionally to the previously discussed multi-stage and multi-step routes for crystallization, another mechanism of particle stabilization and growth have also been observed to occur by colloid aggregation in stable pre-nucleation clusters [START_REF] Ten Wolde | Enhancement of protein crystal nucleation by critical density fluctuations[END_REF][START_REF] Galkin | Control of protein crystal nucleation around the metastable liquid-liquid phase boundary[END_REF][START_REF] Sauter | Real-time observation of nonclassical protein crystallization kinetics[END_REF]. These observations have also been recently reported for ionic systems such as calcium carbonate, and they are being today in the spotlight of hot scientific discussions [START_REF] Gebauer | Pre-nucleation clusters as solute precursors in crystallisation[END_REF][START_REF] Gebauer | On classical and non-classical views on nucleation[END_REF]. These pre-nucleation clusters appear to be thermodynamically stable species, and thus from the CNT point of view they are considered as intermediate metastable phases trapped in a minimum free energy pit [START_REF] Yoreo | Crystal nucleation: more than one pathway[END_REF]. Thus they are not considered as nucleation precursors, however they can be orders of magnitude more abundant than critical nuclei [START_REF] Gebauer | On classical and non-classical views on nucleation[END_REF]. But besides the discussion around their classical or non-classical nature, pre-nucleation clusters have been reported to be chain-like structures, resembling highly dynamic liquid-like structures, which as a function of supersaturation, can develop higher degrees of coordination [START_REF] Wallace | Microscopic Evidence for Liquid-Liquid Separation in Supersaturated CaCO<sub>3</sub> Solutions[END_REF]. These formations would eventually lead to the formation of a novel phase of highly hydrated liquid nano-droplets approximating a binodal route [START_REF] Gebauer | Pre-nucleation clusters as solute precursors in crystallisation[END_REF][START_REF] Sebastiani | Frontispiece: Water Dynamics from THz Spectroscopy Reveal the Locus of a Liquid-Liquid Binodal Limit in Aqueous CaCO3 Solutions[END_REF], which barrier associated with condensation toward solid-state phase appears to be based on prior aggregation/coalescence mechanism to form larger droplets and a subsequent dehydration [START_REF] Demichelis | Stable prenucleation mineral clusters are liquid-like ionic polymers[END_REF].

Noticeably, there is more and more evidence of the role of liquid precursors on the precipitation of very different crystallizing systems, either salts [START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF][START_REF] Wallace | Microscopic Evidence for Liquid-Liquid Separation in Supersaturated CaCO<sub>3</sub> Solutions[END_REF], drug molecules [START_REF] Wiedenbeck | Liquid Metastable Precursors of Ibuprofen as Aqueous Nucleation Intermediates[END_REF] or macromolecules, where its existence and study were first reported [START_REF] Vekilov | The two-step mechanism of nucleation of crystals in solution[END_REF][START_REF] Galkin | Control of protein crystal nucleation around the metastable liquid-liquid phase boundary[END_REF][START_REF] Zhang | The role of cluster formation and metastable liquidliquid phase separation in protein crystallization[END_REF]. However, it becomes clear that there is no single pathway to the crystalline state, and the thermodynamically favoured one will strongly depend on the dynamics and the energy landscape of each system (Figure 1 published by De Yoreo and coworkers [START_REF] Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF]). While classical mechanisms can be observed in systems close to thermodynamic equilibrium and/or in controlled environments [START_REF] Hu | The thermodynamics of calcite nucleation at organic interfaces: Classical vs. non-classical pathways[END_REF][START_REF] Sleutel | Observing classical nucleation theory at work by monitoring phase transitions with molecular precision[END_REF], nucleation by stable clusters can be kinetically dominated [START_REF] Demichelis | Stable prenucleation mineral clusters are liquid-like ionic polymers[END_REF][START_REF] Gebauer | Pre-nucleation clusters as solute precursors in crystallisation[END_REF]. Moreover, particle growth can follow non-classical routes, such as by oriented aggregation of clusters or nanocrystalline particles, leading to the formation of mesocrystalline assemblies [START_REF] Niederberger | Oriented attachment and mesocrystals: non-classical crystallization mechanisms based on nanoparticle assembly[END_REF][START_REF] Van Driessche | The role and implications of bassanite as a stable precursor phase to gypsum precipitation[END_REF]. There is therefore no single picture, and just as different phasechange mechanisms might occur among different systems, various different mechanisms can be involved in a single system, from the nucleation of a first phase, to subsequent transitions to various solid phases (multi-stage nucleation), as a function of the energy of the system.

At this point, the observation of possible different cluster formation mechanisms must be framed in a bigger picture, and observed from an energy point of view, in order to bring out the following question: can different cluster formation mechanisms being explained in a single theoretical framework, as a function of the energy of the system? Some conceptual attempts have been made to bridge the gap among the existing classical and non-classical (from the point of view of single monomer attachment to form the new phase) theories [START_REF] Hu | The thermodynamics of calcite nucleation at organic interfaces: Classical vs. non-classical pathways[END_REF][START_REF] Habraken | Ion-association complexes unite classical and non-classical theories for the biomimetic nucleation of calcium phosphate[END_REF]. However, and owing to the previously defined unknowns, this question remains unanswered to date, and it is crucial to understand how systems free energy affects the work for cluster formation and thus potentially the nucleation pathways. The difference between Gibbs energy in the initial phase (equilibrium state), Gold, and at the formation of the new phase, Gnew, that is ∆G = Gold -Gnew, can be proposed as a thermodynamic quantity describing if the initial state is close or far from equilibrium. By means of eq. ( 1) we can easily define this Gibbs energy differential as a function of ∆µ, by which we can also define the boundaries within a given phase is considered metastable. These boundaries outline a range of supersaturations enclosed between ∆µ = 0, at equilibrium, and the thermodynamic limit of metastability, where Gibbs ∆G second derivative is zero. The locus of these points is known as the spinodal curve. For any states within this curve, there is no energy barrier for nucleation, and thus, infinitesimally small density fluctuations will lead to phase separation via spinodal decomposition. Therefore, we can conceive a linear thermodynamic approach in the neighbourhood of the equilibrium, i.e. when ∆µ reaches small values, and a completely non-linear situation when ∆µ widely overpasses a critical value ∆µc and gets to its thermodynamic limit. At this point, the boundaries of linearity, and the nucleation pathways in addition to their description at limit ∆µ values are still ill-defined.

• (h) t = 120 min, the growth of calcite stops few seconds after complete dissolution of the sol particles. Adapted with permission from [START_REF] Rodríguez-Ruiz | Transient Calcium Carbonate Hexahydrate (Ikaite) Nucleated and Stabilized in Confined Nano-and Picovolumes[END_REF]. Copyright (2014) American Chemical Society. i),j) Analogous solvent-mediated phase transition observed from a liquid precursor for the cerium oxalate reactive precipitation system in acidic media. Adapted from [START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF] with permission from the Royal Society of Chemistry

Mixing

When two miscible fluids meet, they homogenize their content: this phenomenon is called mixing. This generic term includes a number of processes that involve different spatial and temporal scales. In 1958, Danckwerts [START_REF] Danckwerts | The effect of incomplete mixing on homogeneous reactions[END_REF] was the first to discuss about the influence of mixing on precipitation and reactions. Indeed, for chemical reactions which characteristic times are shorter than the mixing times, or in the same order of magnitude, the latter have a significant role on the path followed by the precipitation reaction and thus consequently on the yield, purity and physical quality of the produced suspension. The mixing time is the time needed to achieve a certain degree of homogeneity of a tracer (typically a fluorescent dye or a colorant) in a vessel. For instance in the case of a binary mixture of two miscible compound A and B, the quality of mixing can be deduced from the intensity of segregation by the following expression [START_REF] Danckwerts | The effect of incomplete mixing on homogeneous reactions[END_REF]:
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Where ߶ ത is the average (expected) volume fraction of compound A in B and ߶ is the measured value of the volume fraction at given point and time. The average can be take either over space (in a stirred vessel) or time in a continuous (i.e. tube) crystallizer. The values of I range from 0 for a uniform mixing at molecular scale to 1 when segregation is complete (no mixing). From a macroscopic point of view, the bulk mixing time (macromixing) is the time required to achieve a uniform concentration in the entire vessel. From a microscopic point of view, it is the time to evenly distribute material in a particular region of the vessel. In the case of reactive crystallization, if the reaction occurs before the complete homogenization of reagent concentrations in the reactor (i.e. when the concentration gradient of each reactant in the vessel is non-zero), it will take place in fluid regions more or less rich in certain elements, in which the supersaturation levels may be very different.

This generally results in the formation of crystals of different nature (crystallization of impurities, formation of polymorphs) or with nonhomogeneous size distributions (correlated to a distribution of residence time in the reactor).

Turbulent mixing process in stirred vessels is generally divided into two main length-scales (Figure 3): the macro-and micro-mixing. Macromixing corresponds to the homogenization of concentrations at the macroscopic scale and reflects the existence of residence time distributions within the reactor. Micro-mixing refers to the homogenization of concentrations at the microscopic or molecular level. At this scale, the mixing is carried out by molecular diffusion and is accelerated by the convective viscous process that creates a sheet structure and thus increases the exchange surface between the fluid layers. The link between these two mixing processes occurring at very different scales is ensured by an intermediate-scale mechanism: the mesomixing (or turbulent dispersion). This phenomenon is, for instance, responsible for the formation of a fluid plume when injecting a reagent into an agitated tank.

J. Baldyga [START_REF] Bałdyga | Mixing and Fluid Dynamics Effects in Particle Precipitation Processes[END_REF] classified reactive-crystallization as instantaneous (τM>>τR), fast (τM≈τR) or slow (τM<<τR) where τM is one of the mixing time (macro, meso or micro) and τR is the reaction time. For an "instantaneous", mixing-controlled reaction (i.e. for τR much smaller than any mixing time scale) but with τN>τE, the influence of molecular diffusion on nucleation can be neglected. However, when τN≈τE, the viscous-convective micromixing (engulfment) affects precipitation. Usually, τN<<τG, thus mixing affects precipitation mainly through the nucleation step.

• Figure 3. Turbulent mixing mechanism across various time and length scales. The macromixing time, can be defined as the time to circulate the tank content once, it depends on the tank volume (V) and on the stirrer geometry ( ) and its rotational speed . The mesoscale mixing usually occurs at the vicinity of the feed solution, its time scale depends on the feeding rate (Qfee+) the mean velocity close to the feed tube (uC), and the turbulent energy dissipation (ࣕ). At small length scale (i.e. length scale smaller than the Kolmogorov length scale, ൌ /ࣕ

) mixing is driven by the mechanism of viscous-convective deformation of fluid elements, followed by molecular diffusion (micromixing). Its time scale depends on the fluid viscosity and the turbulent energy dissipation. The analysis based on mixing time scale are only used in first approximation, for scale-up purpose for example, precise spatial and time scales of turbulence are extracted from computational fluid dynamics (CFD) simulation results. Vicum et al. [START_REF] Vicum | Multi-scale modeling of a reactive mixing process in a semibatch stirred tank[END_REF], Bałdyga et al. [START_REF] Bałdyga | Interaction between Mixing, Chemical Reactions, and Precipitation[END_REF] found satisfactory agreement between the experimental results of a reactive mixing process in a semi-batch stirred-tank reactor and an engulfment model as well as a CFD-based approach. More recently, Bal et al. [START_REF] Bal | Mechanistic aspects in the formation of nano-and submicron particles in a batch and a continuous microfluidic reactor: Experiment, modeling and simulation[END_REF] have developed a coupled CFD -Population Balance equation model that incorporate, mixing, reaction nucleation, growth, coagulation and Ostwald ripening. Their model was able to predict SiO2 nanoparticle sizes over a wide range of operating conditions (temperature, mixing intensity and solvents). In addition, they found that, in order to predict (without any adjustable parameter) the nanoparticle size distribution for the syntheses performed at elevated temperature, the solvent evaporation rate becomes a critical factor. Indeed, the solvent evaporation significantly reduces the critical radius of the Oswald ripening process. For more detailed information on coupling CFD and population balance models, we suggest the review of D. Ramkrishna [START_REF] Ramkrishna | Population Balance Modeling: Current Status and Future Prospects[END_REF] and the references [START_REF] Lavino | A novel multiscale model for the simulation of polymer flash nano-precipitation[END_REF][START_REF] Akroyd | A coupled CFD-population balance approach for nanoparticle synthesis in turbulent reacting flows[END_REF][START_REF] Cheng | Kinetic modeling of nanoprecipitation using CFD coupled with a population balance[END_REF][START_REF] Schwarzer | Combined experimental/numerical study on the precipitation of nanoparticles[END_REF]. The timescale analysis for fast reactive crystallization processes shows that the limiting phenomenon is micromixing. As in stirred batch crystallizers the mixing time cannot be as low as few hundreds of milliseconds, micromixers have been particularly designed to overcome this issue. In addition, they have been used for the study of fast nucleation kinetics or to achieve a higher control on the continuous production of nano and microparticles.

Within the framework of the discussed timescale analysis, the mixing time scales in turbulent flows are relevant as long as the crystal size is much smaller than the smallest characteristic length scale of the flow structures (the Kolmogorov length scale). As the crystal size becomes of the order of the Kolmogorov scale, mixing time scale should take into account the flow modulation by the presence of the dispersed phase, that depends in a complex way on the size, inertia and concentration of the dispersed phase [START_REF] Homann | Finite-size effects in the dynamics of neutrally buoyant particles in turbulent flow[END_REF][START_REF] Alméras | Mixing induced by a bubble swarm rising through incident turbulence[END_REF]. The modulation of mixing properties may come into play in the estimation of the crystal growth rate at the latest stage of crystallization, only in case the volume concentration of crystals is larger than 1%. Moreover, the mixing timescales as presented here assume the solvent is Newtonian. Yet, in some conditions, especially if polymer additives are present at high concentration or in case strong electrostatic repulsions takes place between charged surfaces, the solution might behave locally as a visco-elastic medium. Studies considering visco-elastic turbulence have shown that the energy spectrum is changed compared to Newtonian fluids, as the energy of small eddies is reduced while that of large eddies is increased [START_REF] Pandit | An overview of the statistical properties of two-dimensional turbulence in fluids with particles, conducting fluids, fluids with polymer additives, binary-fluid mixtures, and superfluids[END_REF]. This suggests an increase of the micromixing time scale, and a decrease of the macromixing one.

A micromixer usually consists of several inlet pipes, a mixing chamber and an outlet pipe. The characteristic dimensions of these mixers are in the order of few tens of microns to few millimetres. As the volume of the mixing chamber is very small, compared to those of conventional reactors, they dissipate a very large amount of energy per unit volume and therefore allow a very good control of the micromixing times. In addition, as the size of the mixing element are usually small, the flow in such devices is mainly laminar. The energy dissipation per mass unit of fluid at low Reynolds number calculated from a Hagen-Poiseuille flow is proportional to the product of pressure drop by the volumetric flow rate as [START_REF] Falk | Performance comparison of micromixers[END_REF]:
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Where ݑ is the mean velocity, ݀ the diameter of the channel, ܳ the volumetric flow rate, and Δ ܲ the pressure drop.

Falk and Commenge [START_REF] Falk | Performance comparison of micromixers[END_REF] propose a theoretical expression for the mixing time in micromixer, ݐ ௫ , defined as:

ݐ ௫ ൌ ሺ݀/ࣞሻ 8ܲ݁ ln ሺ1.52ܲ݁) • Eq. 3
In their paper, Falk and Commenge [START_REF] Falk | Performance comparison of micromixers[END_REF] However, this analysis based on dissipation energy gives only a rough estimation of the mixing efficiency in micromixers. The geometry of the mixing chamber also plays a very important role in the optimization of mixing time. Complex geometries create temporal secondary flows in a laminar flow regime, promoting mixing and substantially differing from those observed in stirred tank configurations. This is the case, for instance, for the pair of vortices generated at the junction of a T-mixer [START_REF] Engler | Numerical and experimental investigations on liquid mixing in static micromixers[END_REF], and for the Dean vortices created in curved [START_REF] Sudarsan | Fluid mixing in planar spiral microchannels[END_REF] or in sharp [START_REF] Kockmann | Convective mixing and chemical reactions in microchannels with high flow rates[END_REF] microchannels.

Based on these physical concepts of micromixing, a wide range of microfluidic micromixers has been developed during the last ten years [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF][START_REF] Hardt | Laminar mixing in different interdigital micromixers: II. Numerical simulations[END_REF][START_REF] Knight | Hydrodynamic Focusing on a Silicon Chip: Mixing Nanoliters in Microseconds[END_REF][START_REF] Bessoth | Microstructure for efficient continuous flow mixing[END_REF][START_REF] Stroock | Chaotic Mixer for Microchannels[END_REF][START_REF] Wang | An overlapping crisscross micromixer[END_REF][START_REF] Fu | Research on staggered oriented ridges static micromixers[END_REF][START_REF] Hong | A novel in-plane passive microfluidic mixer with modified Tesla structures[END_REF][START_REF] Park | Rapid three-dimensional passive rotation micromixer using the breakup process[END_REF][START_REF] Jiang | Helical flows and chaotic mixing in curved micro channels[END_REF][START_REF] Wong | Micro T-mixer as a rapid mixing micromixer[END_REF]. The operation principles of the microfluidic mixers are mainly based on fluid stretch, folding, breakup, and molecular diffusion. The reviews of Hessel et al. [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF] and of Nguyen [START_REF] Nguyen | Micromixers-a review[END_REF] give a general overview of the mixers developed for Lab On chip and µTAS applications.

In very few studies, some researchers have used these microfluidic systems for production purposes. The small size of these microreactors ensures that thermal and chemical homogeneity is maintained throughout the entire reactor, leading to well-controlled reaction conditions [START_REF] Edel | Microfluidic routes to the controlled production of nanoparticles[END_REF][START_REF] Krishnadasan | Intelligent routes to the controlled synthesis of nanoparticles[END_REF]. Until now, the applications of microfluidic reactors remain dedicated to niche production, or on demand production of high added value chemicals [START_REF] Nightingale | Large-scale synthesis of nanocrystals in a multichannel droplet reactor[END_REF][START_REF] Zhang | Fabrication of a Multifunctional Nano-in-micro Drug Delivery Platform by Microfluidic Templated Encapsulation of Porous Silicon in Polymer Matrix[END_REF][START_REF] Liu | Microfluidics for Production of Particles: Mechanism, Methodology, and Applications[END_REF].

Among all the relevant micromixer designs available in the literature, two types of micromixers are of great interest for studying fast nucleation events. These mixers can achieve controllable homogeneous mixing of reactant in millisecond or sub-millisecond time frames before significant interactions, reactions or phase transition can occur. For instance, these microfluidic mixers (Figure 5) combine a T or Y shaped pre-mixers followed by a butterfly structure [START_REF] Lu | Passive microfluidic device for submillisecond mixing[END_REF] or a zigzag channel [START_REF] Li | A microsecond microfluidic mixer for characterizing fast biochemical reactions[END_REF]. Such low mixing times, allows the experimentalist to instantaneously reach specific point in the phase diagram without any influence of the pathway taken to reach it. These mixers are thus promising tools to characterize possible nucleation intermediate states existing in the microsecond to second time scale, which could be characterized by electron paramagnetic resonance, nuclear magnetic resonance, X-ray scattering, infrared and Raman spectroscopy, or cryoelectron microscopy techniques.

However, these microfluidic mixers could hardly be used for mass production mainly due on the one hand, to the lack of scale-up studies based on numbering-up, but also, on the other hand, because they have been originally designed to operate at low flowrates for analytical studies for which valuable reagent quantities are limited. For reactive precipitation, confined impinging jet mixers (T-mixers, Y mixers and vortex mixers) are preferentially used at lab scale but also for industrial production of micro or nanocrystals. Hartridge Roughton or Multi-Inlet Vortex Mixers (MIVM) promotes the rotation and stretch of the fluids in the mixing chamber, whereas T-mixers are essentially based on turbulent mixing. These mixers have been proved to be very efficient in organic [START_REF] Horn | Organic Nanoparticles in the Aqueous Phase-Theory, Experiment, and Use[END_REF][START_REF] Bokare | Herringbone-Patterned 3D-Printed Devices as Alternatives to Microfluidics for Reproducible Production of Lipid Polymer Hybrid Nanoparticles[END_REF][START_REF] Markwalter | Design of a Small-Scale Multi-Inlet Vortex Mixer for Scalable Nanoparticle Production and Application to the Encapsulation of Biologics by Inverse Flash NanoPrecipitation[END_REF][START_REF] D'addio | Controlling drug nanoparticle formation by rapid precipitation[END_REF], oxides and mixed oxides [START_REF] Wei | Use of different rapid mixing devices for controlling the properties of magnetite nanoparticles produced by precipitation[END_REF][START_REF] Rivallin | Sol-Gel Reactor With Rapid Micromixing: Modelling and Measurements of Titanium Oxide Nano-particle Growth[END_REF][START_REF] Bensaid | Catalytic Oxidation of CO and Soot over Ce-Zr-Pr Mixed Oxides Synthesized in a Multi-Inlet Vortex Reactor: Effect of Structural Defects on the Catalytic Activity[END_REF], and salt nanoparticles production [START_REF] Schwarzer | Combined experimental/numerical study on the precipitation of nanoparticles[END_REF][START_REF] Marchisio | Nucleation, growth, and agglomeration in barium sulfate turbulent precipitation[END_REF][START_REF] Kirchner | Effect of precipitation process parameters on boehmite properties: In situ optical monitoring[END_REF]. Schwarzer et al. [START_REF] Schwarzer | Combined experimental/numerical study on the precipitation of nanoparticles[END_REF][START_REF] Schwarzer | Predictive simulation of nanoparticle precipitation based on the population balance equation[END_REF] have shown how the supersaturation build-up influences the particle size distribution. They also demonstrated that the particle size distribution become self-similar when the turbulent flow in the mixing channel is fully developed. Similarly, Wei et al. [START_REF] Wei | Use of different rapid mixing devices for controlling the properties of magnetite nanoparticles produced by precipitation[END_REF] have compared the synthesis of magnetite nanoparticles performed in batch, T-mixers and MIVM. They found that the MIVM appears to be the most efficient way of producing magnetite nanoparticles. Compared to other synthesis methods, MIVM allows for the production of highly monodispersed and pure magnetite nanoparticles. In addition, compared to T or Y-mixers, thanks to its tangential inlet geometry, MIVM allows using different flow rates for each inlet, with a flow rate ratio up to 1 to 5.

• In addition, Fu et al. [START_REF] Fu | Direct preparation of drug-loaded mesoporous silica nanoparticles by sequential flash nanoprecipitation[END_REF] have developed a sequential nanoprecipitation technique by combining two MIVM. This technique allows continuous production of a micelle-based template, followed by an in-situ formation of mesoporous silica nanoparticules. They have shown that the parameters of the resulting nanoparticules, such as silica shell thickness and inner cavity size, can be easily controlled by tuning the compositions of the reactant streams and that the drug loaded nanoparicules present excellent properties such as high storage stability, prolonged release time and high drug encapsulation efficiency.

Influence of Mixing on nucleation: beyond classical nucleation framework?

All the studies above presented and the analysis on time and length scale of mixing are mainly focussed on how fast a homogeneous supersaturated solution can be created. All these papers neglect the influence of mixing, and more specifically the influence of the mechanical stress, thus generated, on nucleation. Since the work of Mullin et al. [START_REF] Mullin | Influence of mechanical agitation on the nucleation of some aqueous salt solutions[END_REF], it is well known that the nucleation rate follows a nonmonotonic behaviour with the mixing rate, or the turbulent dissipation energy (see fig. 3 in the case of a turbulent flow in a stirred reactor or eq. 3 for a laminar flow in tubes). Based on nucleation experiments performed for a large number of electrolytes solutions for different mixing rates, they demonstrated that the nucleation rate increases with the increase of the agitation speed, reaches a maximum, and decreases again. More recently, this behaviour has also been found for the crystallization of organic molecules in organic solvent in stirred reactors [START_REF] Liu | Influence of agitation and fluid shear on primary nucleation in solution[END_REF][START_REF] Liu | Influence of agitation on primary nucleation in stirred tank crystallizers[END_REF][START_REF] Liu | Influence of agitation and fluid shear on nucleation of m-hydroxybenzoic acid polymorphs[END_REF]. In totally different flow conditions, for instance when the reactants are confined in droplets, some authors have observed the same nonmonotonic dependence of the nucleation rate with the agitation rate or the droplet speed in the case of proteins [START_REF] Penkova | Nucleation of protein crystals under the influence of solution shear flow[END_REF] and organic molecules [START_REF] Nappo | Effect of shear rate on primary nucleation of para-amino benzoic acid in solution under different fluid dynamic conditions[END_REF] crystallization. Even if their results show that the nucleation kinetics strongly depends on the fluid dynamic conditions in the system, no definitive relation between shear rate and nucleation rate was found. This lack of understanding is mainly due to the complexity of the flow, either in stirred reactors or in flowing droplets. Forsyth et al. [START_REF] Forsyth | Scaling of Glycine Nucleation Kinetics with Shear Rate and Glass-Liquid Interfacial Area[END_REF] have performed nucleation experiments in a Taylor-Couette flow cell, which allows to precisely control and to compute the shear stress imposed to the solution, coupled with turbidimetry measurements and image analysis to detect nucleation. They found that the induction times for nucleation of aqueous glycine solutions are, first, much lower in sheared than those in non-sheared solutions. Secondly, they found that the induction time of a sheared solution scales with the characteristic time ߛሶ ௩ ܣ ିଵ : the higher the shear rate, the lower the induction times are. In previous studies on glycine and vanillin solutions, the authors have shown, by means of dynamic light scattering (DLS) experiments, the existence of liquid-like clusters that are responsible of glycine and vanillin nucleation. Consequently, to explain the relationship between nucleation rates and shear rate, the authors have performed DLS experiments on sheared and non-sheared solutions. They have found that the size of the liquid-like clusters, supposed to be precursors of the glycine crystal nucleation, increases with the increase of the shear rate. The increases in size were thought to be due to the aggregation or coalescence of glycine mesoscale clusters. As in their previous study [START_REF] Zimbitas | Investigation of molecular and mesoscale clusters in undersaturated glycine aqueous solutions[END_REF] on glycine nucleation, they reported that glycine-rich mesoscale clusters of around 250 nm diameter with liquid-like properties exist in aqueous glycine solutions. These were not thought to be directly involved in productive crystal nucleation, but could coalesce to larger clusters to give access to a more rapid nucleation pathway. Then the proposed nucleation pathway in this system includes mesoscale clusters, where primary nucleation is more likely to happen within larger cluster. However, even if this proposed mechanism is quite interesting, there is, at the moment, no study that proves the conversion of small nanoscale clusters to larger nanoscale clusters, by measuring the evolution of the size and /or the concentration of the mesoscale clusters in solution while sheared. In addition, no direct observation of the conversion of liquid-like mesoscale clusters into crystals has been reported for these systems, and the real formation mechanism of the crystals is still unknown.

To explain the influence of the shear rate on nucleation, the authors of the study above presented have focussed on non-classical nucleation, in which nucleation proceed via a liquid-liquid phase transition or mediated by mesoscale intermediates. However, the influence of the shear rate on nucleation can also be explained by classical nucleation theory. Allen et al. [START_REF] Allen | Homogeneous nucleation under shear in a two-dimensional Ising model: Cluster growth, coalescence, and breakup[END_REF] have performed numerical simulations of a nucleating system under shear rate, using a 2D Ising model. Even if their model is very simple and cannot capture the whole complexity of nucleation, this paper provides a fundamental understanding of the influence of the shear rate on nucleation. They explained the observed decrease in the nucleation rate for large shear rates due to shear-mediated breakup of the growing clusters (mainly due to its elongation), while the increase of the nucleation rate is due to shear-induced clusters coalescence as well as to shear-induced cluster growth by increasing its surface roughness. The authors conclude that the contributions of shear-enhanced cluster coalescence and shear-enhanced cluster growth appear to be of the same order of magnitude. Similarly, Mura and Zaccone [START_REF] Mura | Effects of shear flow on phase nucleation and crystallization[END_REF], proposed a theoretical development, based on the CNT, by coupling the master equations describing the nucleus formation by addition molecules to a subcritical cluster with an analytical solution to the governing Smoluchowski diffusion-advection equation. Their model also takes into account the effect of shear-induced mechanical deformation of the cluster. Using their approach, they found complementary conclusions: at low shear rates, the nucleation rate increases with shear rate, because of the increase in adjective transport rate towards the nucleus. As the shear rate increases further, the increase in the elastic energy of the strained nucleus becomes more and more important, which increases the nucleation energy barrier.

Influence of additives in reactive crystallization

In reactive crystallization, additives can be added to either enhance or inhibit a reaction [START_REF] Song | Additive controlled crystallization[END_REF][START_REF] Ruiz-Agudo | Sodium sulfate crystallization in the presence of phosphonates: Implications in ornamental stone conservation[END_REF][103] and to control the final particle morphology [START_REF] Cantaert | Think positive: phase separation enables a positively charged additive to induce dramatic changes in calcium carbonate morphology[END_REF][START_REF] Meldrum | Controlling mineral morphologies and structures in biological and synthetic systems[END_REF][START_REF] Yang | Kinetic control over YVO4: Eu3+ nanoparticles for tailored structure and luminescence properties[END_REF]. Therefore, investigating the role of additives on a reactive crystallization becomes as essential as the control of other synthesis parameters (e.g.: concentration, temperature, pH) [START_REF] Fleury | Amorphous to crystal conversion as a mechanism governing the structure of luminescent YVO4: Eu nanoparticles[END_REF]. Here, the word additive stands for any foreign substance added to a reaction in minor quantities to alter a chemical reaction. The incorporation of such foreign substances can modify the precipitation routes in different ways:(a) altering the atomic and molecular structure arrangement of precursors (crystalline polymorphs) [START_REF] Lam | Synthesis-dependant structural variations in amorphous calcium carbonate[END_REF], (b) modulating crystal shape [START_REF] Meldrum | Controlling mineral morphologies and structures in biological and synthetic systems[END_REF], and (c) guiding and stabilizing the formation of nanoparticles [START_REF] Studart | Colloidal stabilization of nanoparticles in concentrated suspensions[END_REF][START_REF] Delgado-López | Crystallization of bioinspired citratefunctionalized nanoapatite with tailored carbonate content[END_REF], otherwise reaching larger sizes or undergoing aggregation. In this regard, several studies can be found in the literature on the study of additives effects on crystallization [START_REF] Sangwal | Additives and crystallization processes: from fundamentals to applications[END_REF]. In these cases, both precursor and final crystal have been considered to have the same composition, and growth models have been extensively described on the basis of both theoretical and experimental aspects [START_REF] Sangwal | Additives and crystallization processes: from fundamentals to applications[END_REF]. However, taking into account the more recent observation of various intermediate precursor phases (as mentioned in the section 2.2) [START_REF] Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF], it can be expected that additives would interact with them, potentially modifying the crystallization routes. Consequently, it can be argued that additives will alter, not only crystal growth mechanisms [START_REF] Berkovitch-Yellin | Crystal morphology engineering by" tailor-made" inhibitors; a new probe to fine intermolecular interactions[END_REF][START_REF] Berkovitch-Yellin | Controlled Modification of Crystal Habit via "Tailor-Made " Impurities. Application to Benzamide[END_REF], but also the thermodynamic and kinetic aspects associated to the structure and composition of the nucleation precursors during reactive crystallization.

In order to facilitate the comprehension of the analysis of additive effects on nucleation and crystal growth made here below, table 1 intends to summarize the main works discussed along this section. Understanding additives role during reactive crystallization, would not only provide a better knowledge on crystallization mechanisms, but it will enable us to unravel various questions of very different nature, which still remain unanswered, such as (i) how crystallization happens under geological conditions [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF], (ii) which are the dissolutionprecipitation mechanisms for cements [START_REF] Nicoleau | A kinetic analysis of the role of polymers in mineral nucleation. The example of gypsum[END_REF], (iii)how rare and unstable polymorphs emerge along a crystallization process [116],and (iv)how to control the final morphology of nanoparticles for diverse applications of interest [START_REF] Rodriguez-Navarro | Control of crystal nucleation and growth by additives[END_REF]. 

Modification of thermodynamic and kinetic parameters

In the case of ionic systems, if spontaneous interactions exist with ions, one would expect that additives could be incorporated into crystal nuclei, inducing a decrease in their interfacial energy and lower the activation barrier. As a result, a reduction in induction times for nucleation would be expected, according to the CNT. However, on the thermodynamic side, the change in free energy barrier (∆G') of a system to form a nucleus must be higher in presence of an additive than in the additive-free system (∆G) [START_REF] Alimi | Kinetics of the precipitation of calcium sulfate dihydrate in a desalination unit[END_REF]. Therefore, from a classical point of view, any possible formation of stable nuclei along with the additive is thermodynamically ruled out [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF]. In this sense, Nicoleau et al. [START_REF] Nicoleau | A kinetic analysis of the role of polymers in mineral nucleation. The example of gypsum[END_REF] found that as they increased the concentration of additive, the induction time for gypsum nucleation increased due to the enhanced interfacial energy. After nucleation, on the basis of CNT, the growth process could be inhibited by two routes: (i) The incorporation of additive impedes the ion-ion interactions and destabilizes the forming object and (ii) Strong interactions between additive and ions and/or high additive concentration can lead to the stabilization of intermediate mesophases or coacervates, instead of final crystals [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF]. In contrast, in the framework of "non-classical" prenucleation clusters, weaker ion-additive interactions and/or low additive concentration would guide to final crystals. The favoured thermodynamic pathways in presence of various possible precursors are summarized in Figure 6 [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF]. However, several questions remain unanswered: Do the additive incorporated nuclei have a higher free energy than supersaturated solution? Is. However, there are several questions that still remain unanswered: Have the additive incorporated nuclei a higher free energy than supersaturated solution? Are the existence of pre-nucleation clusters, together with a weaker interaction between additive and ions, the limiting factors to reaching the final crystals? Is the above mechanism valid for all solution-grown crystals, or limited to a particular crystal family (e. g: ionic crystals, metals, organic molecules…)?

• Figure 6. Schematic illustration proposed by D. Gebauer [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF] of crystal nucleation with the ions and the pre-nucleation cluster pathways. The top and middle pathways show the potential effect of ions or prenucleation cluster adsoption on impurity or additive. The top pathway show that in case of high concentration of additives and/or strong ion-additive interactions, the formation of crystal is inhibited. Reproduced from Ref [START_REF] Gebauer | How Can Additives Control the Early Stages of Mineralisation?[END_REF].

On the other hand, Nicoleau et al. [START_REF] Nicoleau | A kinetic analysis of the role of polymers in mineral nucleation. The example of gypsum[END_REF] have shown by comparing the solution / nucleus interfacial properties (obtained by CNT and by wetting measurements), that pure thermodynamic interpretation of nucleation retardation is contradictory. Indeed, all the inhibitors used in their study should instead favour nucleation by lowering the energetic barrier for the formation of the critical nucleus. The authors deduced that their experimental results were consistent with a kinetics-based mechanism, in which the polymeric inhibitor reduces the attachment frequency of monomers, within the framework of CNT (and acting on the pre-exponential factor of the nucleation law). They also analysed their data assuming a multistep (prenucleation clusters, liquid-like state amorphous, or highly hydrated particles) nucleation pathway. In this context, they propose that the polymer prevents the species from aggregating or reorganising. Consequently, the presence of additive lowers the probability of forming stable crystal seeds, and thus decreases the rate of crystal nucleation. The growth of clusters in solution can be limited by either reaction or integration in an existing cluster (reaction-limited cluster growth), by long-range diffusion, by aggregation and coalescence of larger units (preformed structures). As shown, in figure 7, for gypsum, in any cases, the presence of polymer inhibitor, hinders either diffusion, aggregation or fusion of the precursors, and in this way increases their kinetic persistence in solution.

• Reprinted from [START_REF] Nicoleau | A kinetic analysis of the role of polymers in mineral nucleation. The example of gypsum[END_REF], with permission from Elsevier.

Additives as inhibitors or promoters

Additives can directly or indirectly promote or inhibit reactive precipitation. However, while the effect of additives as inhibitors has been profusely reported in literature [START_REF] Rodriguez-Navarro | Control of crystal nucleation and growth by additives[END_REF], reports concerning promoters are very scarce [116,[START_REF] Rodriguez-Navarro | Control of crystal nucleation and growth by additives[END_REF]. For example, the effect of alkali ions on the kinetics of calcium sulfate dihydrate crystals was investigated using turbidity measurements [START_REF] Rabizadeh | The effects of inorganic additives on the nucleation and growth kinetics of calcium sulfate dihydrate crystals[END_REF], which is one of the most widely used techniques to determine nucleation/precipitation kinetics [START_REF] Rodriguez-Navarro | Control of crystal nucleation and growth by additives[END_REF]. Turbidity was monitored as a function of reaction time to investigate the role of cations of different size on nucleation. It was observed that the higher the ionic strength, the stronger the affinity towards the CaSO4, and in turn, the higher the product solubility. As a result, nucleation and growth are inhibited by the presence of alkali ions, which delay the solvation of cations.

In another study, the influence of Na2SO4 on the crystallization of calcium carbonate was examined using X-ray scattering [119]. Again, both nucleation and growth rates were observed to decrease in presence of the sulphate [SO4] 2-molecules. However, the reductions in rates were not attributed to the incorporation of [SO4] 2-molecules in the growing nuclei, but to the absorbed [SO4] 2-on growing faces which "poisoned" the vaterite spherulites surface. In this regard, if aggregation or growth of particles is to be prevented, a stabilizing agent is generally required. D'Addio and Prud'homme [START_REF] D'addio | Controlling drug nanoparticle formation by rapid precipitation[END_REF] rapidly mixed, using a MIVM mixer, a dissolved solute and stabilizing amphiphilic polymer with an antisolvent to create a high supersaturation promoting the formation of nanoparticles. The "poisoning" of the nanoparticles' surfaces by adsorbed amphiphilic polymer uniformly stops growth, to produce nanoparticles with narrow particle size distributions.

The ability to promote the nucleation of a crystal phase has been inferred in two different systems by means of XRD and turbidity measurements: pseudo-boehmite [116] and iron(III) oxide-polyaspartic acid [START_REF] Scheck | Polyaspartic acid facilitates oxolation within iron (III) oxide pre-nucleation clusters and drives the formation of organic-inorganic composites[END_REF]. In the first case [116], a large excess of NaCl was incorporated to the system, enhancing the solvation of the salt at the cost of aluminium hydroxide (Al(OH)3) dehydration. As a result, the nucleation of pseudo-boehmite phase(AlO(OH)) was favoured with respect to the nucleation of Al(OH)3. In the second case [START_REF] Scheck | Polyaspartic acid facilitates oxolation within iron (III) oxide pre-nucleation clusters and drives the formation of organic-inorganic composites[END_REF], the interaction mechanisms between polyaspartic acid and hydrolysed olation prenucleation clusters were observed by titration of the iron(III) (oxyhydr)oxide formation. It was observed that these interactions facilitate the formation of oxo-bridge compounds and leads to the formation of iron(III) oxide-polyaspartic acids. The mechanisms for inhibition or promotion have been reported on very few (CaSO4, CaCO3) systems. A better understanding would require extending this study to other materials. In addition, other characterization techniques are required to prove in-situ the promotion/inhibition mechanisms. Using Raman spectroscopy, we can observe various interactions between precursors and additives during a course of reaction, by tracking the intensity and position variation of specific Raman vibrations [START_REF] Montes-Hernandez | Time-resolved in situ raman spectroscopy of the nucleation and growth of siderite, magnesite, and calcite and their precursors[END_REF].

Similarly, using X-ray absorption spectroscopy (XAS) it is possible to follow the evolution of the oxidation state(s) for metals and their corresponding local environment in presence of additives, during a reaction [START_REF] Gebauer | Proto-calcite and proto-vaterite in amorphous calcium carbonates[END_REF].

Effect of additives on particles morphology and crystal structure

As mentioned above, the use of additives during a reactive crystallization, can not only modulate the growth rates but it can also tune and dictate final particles morphologies [START_REF] Meldrum | Controlling mineral morphologies and structures in biological and synthetic systems[END_REF] and crystal structure (polymorph selection) [START_REF] Gebauer | The multiple roles of additives in CaCO3 crystallization: A quantitative case study[END_REF][START_REF] Sand | Crystallization of CaCO3 in water-alcohol mixtures: spherulitic growth, polymorph stabilization, and morphology change[END_REF]. Thus, using additives in reactive crystallization would open the way to the control of a wide range of crystal morphologies (hexagonal, cubes, wires, etc.). This becomes particularly advantageous in various scenarios such as particle filtration [START_REF] Togkalidou | Experimental design and inferential modeling in pharmaceutical crystallization[END_REF], selective dissolution [START_REF] Eisenschmidt | Optimal control of crystal shapes in batch crystallization experiments by growthdissolution cycles[END_REF], luminescent labelling [START_REF] Yi | Synthesis, characterization, and biological application of size-controlled nanocrystalline NaYF4: Yb, Er infrared-to-visible up-conversion phosphors[END_REF].Various effects of additives on particle morphologies are discussed in literature: Guangshun Yi et. al. [START_REF] Yi | Synthesis, characterization, and biological application of size-controlled nanocrystalline NaYF4: Yb, Er infrared-to-visible up-conversion phosphors[END_REF] demonstrated that the diameter of spherical NaYF4 crystals can be varied from 37 to 166 nm by the addition of ethylene diamine tetra acetic acid (EDTA). However, the mechanisms by which EDTA is affecting particle growth are not explained. The role of alkali/alkaline earth metal ions on the morphology of calcium sulfate dihydrate (gypsum) crystals has also been examined [START_REF] Rabizadeh | The effects of inorganic additives on the nucleation and growth kinetics of calcium sulfate dihydrate crystals[END_REF]. Here, added ions were found to absorb on the crystals high surface energy regions thus enhancing the growth in the perpendicular direction. With the increasing ionic strength of the media, gypsum crystals developed a higher aspect ratio with either almost same or reduced width. In other studies, the effect of additives on the particle morphologies and structure has been investigated in the case of biomaterials: namely in calcium carbonates, oxalates and phosphates crystallization [START_REF] Delgado-López | Crystallization of bioinspired citratefunctionalized nanoapatite with tailored carbonate content[END_REF][START_REF] Tong | Control over the crystal phase, shape, size and aggregation of calcium carbonate via a L-aspartic acid inducing process[END_REF][START_REF] Shen | The modulation of collagen on crystal morphology of calcium carbonate[END_REF][START_REF] Ruiz-Agudo | A non-classical view on calcium oxalate precipitation and the role of citrate[END_REF][START_REF] Mao | Anisotropic nanowire growth via a self-confined amorphous template process: A reconsideration on the role of amorphous calcium carbonate[END_REF]. The effect of collagen on the formation of CaCO3 was investigated [START_REF] Shen | The modulation of collagen on crystal morphology of calcium carbonate[END_REF], finding that the increase of collagen concentration induced the formation of defects at edges (steps) and corners (kinks) of the crystals. Therefore, collagen moves towards high affinity distorted (i.e., high surface energy) regions and subsequently, it is incorporated into the sites, slowing down the growth process in those directions. This results in the formation of new crystal faces, thus modifying the crystal morphology. By increasing concentrations of collagen, the shape of CaCO3 varied from rhombohedral to spherulitic, through the progressive thinning of crystal layer thickness. In another work, the synthesis of CaCO3, in presence L-aspartic acid (L-ASP), was performed [START_REF] Tong | Control over the crystal phase, shape, size and aggregation of calcium carbonate via a L-aspartic acid inducing process[END_REF], observing the progressive transformation of calcite to meta-stable vaterite with the increase of L-ASP concentration. Above 1.0 mg/ml of L-ASP, only vaterite precipitates. In this study, the observed mechanism was ill-defined and the vaterite formation was attributed to the high supersaturation concentration of precursor. Other authors investigated the formation of calcium oxalate in presence of trisodium citrate [START_REF] Ruiz-Agudo | A non-classical view on calcium oxalate precipitation and the role of citrate[END_REF]. With the increasing trisodium citrate concentration, the induction time for nucleation was enhanced. Further, different intermediate phases were stabilized by the additive and consequently, delayed/postponed the formation of successive intermediate phase(s), as it has also been observed for calcium phosphate systems [START_REF] Delgado-López | Crystallization of bioinspired citratefunctionalized nanoapatite with tailored carbonate content[END_REF], where a template effect mechanism has been suggested to explain nanoparticle size stabilization. Owing to the stabilized amorphous phase, the dissolution and re-precipitation scenario of amorphous phase leads to high soluble meta-stable crystalline phase of calcium oxalte (caoxite).

Fernandez-Diaz et al. [START_REF] Fernández-Díaz | The role of sulfate groups in controlling CaCO3 polymorphism[END_REF] investigated the transition of meta-stable vaterite into stable calcite, in presence of [SO4] 2-. At the initial times (depending on [SO4] 2-concentration: even up to several hours), the added [SO4] 2-stabilizes the meta-stable vaterite phase over the stable calcite phase. Further, the added additive increases the solubility limit of the calcite and in turn, favours the reaction towards the vaterite formation. As a result, the majority of crystals obtained were vaterite instead of calcite. However, as reaction time progresses, the initially formed vaterite crystals were transformed to calcite. For some cases (for instance, molar ratio [SO4] 2-/[CO3] 2-= 1.62), this transformation was reported to take up to 350 hrs. In addition, Ley-Ngardigal et al. [START_REF] Ley-Ngardigal | Influence of Ionic Additives on Triclinic Calcium Pyrophosphate Dihydrate Precipitation[END_REF] have studied the influence of various ionic additives on the crystallization of triclinic calcium pyrophosphate dihydrate (t-CPPD). By combining, XRD and solid state P-NMR, they found that, even if the additives concentration were very low (trace), all the divalent ionic additives orient the crystallization calcium pyrophosphate from the stable phase (t-CPPD) to the less stable phase (m-CPPD) [START_REF] Gras | Crystallisation of a highly metastable hydrated calcium pyrophosphate phase[END_REF]. In the case of trivalent ions, crystallization was totally inhibited, and the formation of a very long lived amorphous phase was obtained. In addition, in all cases, they also prove that this change in crystal structure is induced by the incorporation of the additive in the crystal lattice.

Concluding remarks and open questions

This review focused on recent advances made for a better control of reactive crystallization processes, thanks to the progress made in three areas: i) the understanding of fundamentals of nucleation, ii) the control of precipitation kinetics by the improvement of mixing efficiency, and iii) the use of additives, either to control kinetics or to achieve desired particles properties (morphological, structural). Yet, much more remains to be done. Our understanding of the very first instants of fast nucleation events, which occur far away from the thermodynamic equilibrium, and in which disordered intermediate states are more likely to occur, is taking its first steps. Indeed, most of the experimental evidences that clearly show a "non-classical" nucleation behaviour have been performed on relatively slow nucleating systems, with time scales ranging from few seconds (calcium carbonate) to few hours or days (organic crystals or proteins), using stirred vessels or in static conditions. Due to the low energy involved in these processes (in the range of few ݇ ܶ), and because the position and path in the phase diagram are critical parameters, in some cases it would not be easy to determine up to which extent these findings could be a result of mixing artefacts (in the sense of a non-homogeneous mixing leading to a locally very high supersaturation) [START_REF] Chen | Using microfluidics to observe the effect of mixing on nucleation of protein crystals[END_REF]. Moreover, in the cases were additives are involved in reactive crystallization, their effects on nucleation can hardly be explained without the presence of intermediate transient precursors to crystalline nuclei formation. The existence and possible detection of these precursors, already observed for very different systems, and pointing out to liquid-liquid phase separations, is highly dependent on the achievement of local supersaturation maxima, and thus on mixing. While the authors would dare to suggest that this mechanism could be generalized to all reactive and most of non-reactive crystallization systems, on the one hand, in all the studies here presented, mixing effect has not been considered even though its relevance for the formation of transient precursors is hardly open to question. On the other hand, recent developments have shown that the presence of additives, even as trace, can orient crystallization, but also they can be used for stabilizing mesophases or prenucleation clusters.

Taking into account that in the case of fast reactive crystallization, non-classical routes are likely to occur, we expect that this review will highlight the importance of mixing and the importance of additives for the control and for a better understanding of reactive crystallization.

In this context, we are convinced that the above-mentioned newly developed experimental setups based on micro-or millifluidic technologies [START_REF] Rodríguez-Ruiz | Ultra-fast precipitation of transient amorphous cerium oxalate in concentrated nitric acid media[END_REF][START_REF] Rodríguez-Ruiz | Transient Calcium Carbonate Hexahydrate (Ikaite) Nucleated and Stabilized in Confined Nano-and Picovolumes[END_REF][START_REF] Cicco | Phase transitions in confined gallium droplets[END_REF][START_REF] Gich | Stabilization of metastable phases in spatially restricted fields: the case of the Fe 2 O 3 polymorphs[END_REF], will provide effective methodologies, not only for studying nucleation, but also for production purposes by multiple parallelization, in which a lot of effort have to be done. Indeed as they allow for a precise control on reactive crystallization operating conditions by means of a perfect control on mass and heat transfer, and mixing, they can provide a perfect environment for a better understanding of reactive precipitation processes (in the framework of non-classical nucleation), and for the rationalization of the use of additives. The combination of additives and micromixers, which can alter either the nucleation free energy landscape of nucleation, or the dynamics of phase transition, will definitely contribute to the development of valuable methodologies to orient or slow down the nucleation processes. From this perspective, we are convinced that the work of Fu et al. [START_REF] Fu | Direct preparation of drug-loaded mesoporous silica nanoparticles by sequential flash nanoprecipitation[END_REF] pave the way of the use of combined micromixers for a precise control on reactive crystallization within sub-millisecond to millisecond timescales. Coupled with powerful time-resolved analytical techniques (SAXS, EXAF, XANES, High Energy XRD from a synchrotron source), these approaches will help us to improve our understanding of nucleation mechanisms, of the effect of additives or impurities on nucleation, and also to capture the structure and the composition of the nucleation intermediates.

• Figure 1 .

 1 Nucleation pathways for different free energy landscapes from De Yoreo and coworkers 2015[START_REF] Yoreo | Crystallization by particle attachment in synthetic, biogenic, and geologic environments[END_REF]. Reprinted with permission from AAAS.

Figure 2 .

 2 a) to h) Time sequence of micrographs showing the course of calcium carbonate reactive precipitation in a 400 pL droplet containing 100 mM CaCl2 and 100 mM Na2CO3: (a) t = 0 s, a viscous sol is first formed (arrow); (b) t = 10 min; (c) t = 20 min; (d) t = 80 min; (e) t = 112 min; a calcite crystal nucleates; (f) t = 115 min, the depletion area surrounding the crystal starts to increase; (g) t = 118 min, growth of calcite crystal consumes most of the solute coming from the dissolution of the fine ikaite particles composing the sol;

  compare the performance of different types of micromixers from two criteria : the ratio between the mixing time, divided by the square of the characteristic flow dimension, vs. the Reynolds number (Figure .a). It can be observed that, at low Reynolds number, mixing is purely diffusive, whereas at higher Reynolds values, no matter the type of mixer, the mixing time is correctly predicted by Eq. 3. The mixing time was also compared to dissipation power for several micromixers. The Figure .b shows that the mixing time is inversely proportional to the square root of the energy dissipation. From this analysis it can be stated that the dissipation energy is the only relevant parameter for designing an efficient mixer. • Figure 4 (a) Comparison of different micromixers: Ratio of the mixing time, divided by the square of the characteristic flow dimension, versus the Reynolds number. (b) Influence of the energetic mixing efficiency: Evolution of the mixing time in different micromixers versus the specific power dissipation. Reproduced from Falk et al. with permission from Elsevier [57].

Figure 5

 5 Examples of submillisecond micromixers (a) Design and configuration of the butterfly mixer and Velocity vectors at different planes normal to the flow path of the first butterfly mixing element. The velocity vectors showed the evolution of the secondary flow patterns (vortices) inside the mixer channel. (b) Particle residence time distribution E(t) and F(t) at the mixer outlet. Submillisecond mean residence time was achieved at high flow rates >5.0µL/s). (c) Design and configuration of the zigzag mixer. Simulation and fluorescent experiment results of the zigzag mixer at a flow rate of 10 µL/s. (b) Mixing efficiency as a function of various total flow rates (the dead time of the mixer was estimated to be 16 µs at a flow rate of 10µL/s). Adapted from [64,65], with permission from Elsevier.

Figure 7 .

 7 Nucleation pathway of Gypsum proposed by Nicoleau et al. [115]. (a) pure solution (b) with additive. Cluster are formed either by aggregation of monomer (CNT) or by aggregation / coalescence of pre associated entities (non-classical nucleation pathway). The collision probability and efficiency are reduced by the presence of the polymer; the live time of molecular entities in solution is increased as well as the induction time for crystal nucleation.

Table 1 .

 1 Summary of the main works discussed about the influence of additives in reactive crystallisation

	Reference	Precipitating System	Nature of the additive	Main effect	Mechanism
	Nicoleau et al. [115]	Gypsum	Poly(acrylamide), Poly(acrylicacid), …	Inhibition of nucleation and growth processes at various stages	Kinetics-based mechanism
	Rabizadeh et al. [118]	Gypsum	Alkali and alkaline metal ions	Decrease in growth kinetics as a function of ionic strength and ion concentration	Not discussed
	Bots et al. [119]	Calcium carbonate	Sodium sulfate	Adsorption of [SO4] 2-on facets retards the	Multi-stage growth process
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