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Introduction

Dissolution kinetics of a solid powder is one parameter that affects bioavailability. This is of relevance in many areas such as drug delivery, and human food or animal feed digestion. Indeed, the bioavailable part is that in solution in the gastrointestinal fluid or in the blood stream. Obviously bioavailability requires that dissolution is faster than the residence time in the body. As example, cellulose fibers cannot be digested by humans although cellulose is slowly digested by microorganisms in the soil for the production of humus. Such general issue is presently investigated in the scope of zinc supplementation of animal feed using zinc oxide (ZnO). In cereal-based feed of monogastric animals, zinc is a limiting ingredient that is often supplemented in diets [1,2,3,4,5]. The most common sources of zinc used in supplementation of animal feeding are the 'soluble forms' zinc sulfate and zinc chelates, and solid powder of zinc oxide. There is a poor characterization of supplemented sources; they are most often just differentiated by their solubility in water that is thought being related to their bioavailability.

However, studies comparing in vitro solubility and in vivo digestibility of minerals have shown a negative correlation [6]. Although ZnO is claimed not soluble in water, this mineral is highly soluble as Zn 2+ ions in gastric conditions where pH ranges from 2 to 4 [7]. The literature reports a variability of ZnO bioavailability among the different sources of ZnO from 30 to 105% of the zinc sulfate reference compound [5,8]. Bioavailability of ZnO involves several complex phenomena; one of these being the kinetics of dissolution.

The present works addresses fundamental issues related to physicochemical processes involved in dissolution kinetics. Thus, dissolution process in a stirred liquid medium can be split into two successive steps: dissolution itself at the surface of the solid, followed by diffusion to the bulk solution inside the quiescent medium close to the surface. The first question that arises is as which of the two steps is rate-determining. It is often considered that dissolution is controlled by the diffusion step because the first step of dissolution is very fast. Then, the solid is in equilibrium with a saturated solution in contact to its surface. The concentration gradient entering the first Fick's law is the difference of the saturation concentration (solubility) and the bulk concentration in the stirred liquid medium (CS -C).

Dissolution itself can be quite slow. This may be the case of ZnO since its dissolution is a hydrolysis reaction that converts ZnO into Zn 2+ ions in solution. Chemical reactions are often slow.

Chemical kinetics is characterized by rate constants for molecule release into solution (k-) and integration into the solid (k+). The concentration that matters is that of the solution close to the solid surface (Csurf).

The general form of kinetics equations for both steps is the same. For a diffusion-limited dissolution, the flux to the bulk solution is 

where the factor kd contains contributions from the several parameters influencing diffusion.

For a reaction-limited process, it is

𝐽 = - 1 𝐴 d𝑛 d𝑡 = 𝑘 --𝑘 + 𝐶 surf = 𝑘 --𝑘 + 𝐶 (2) 
Since Csurf = CS at equilibrium, 𝑘 --𝑘 + 𝐶 s = 0, and Eq. ( 2) takes the form given by Berthoud as [9] 𝐽 = 𝑘 + (𝐶 S -𝐶)

These simple considerations show that discrimination of the two processes is not possible on the sole basis of the kinetic profile. Discrimination of reaction and diffusion is presently achieved by looking at the influence of physicochemical parameters of the solid because their influence on either the reaction or the diffusion step is known to some extent. This is a difficult task because many physicochemical parameters of the solid material contribute to the two elementary steps and neither their values nor their exact roles are known with accuracy.

As there are many parameters and they are cross-correlated, the strategy of this study was to firstly characterize and categorize samples of ZnO used in animal feeding, and further investigate the influence of the relevant parameters on the dissolution rate, so as to propose a mechanistic model in a third stage.

A set of 34 samples of ZnO was collected from the feed industry in Europe, Asia and Americas.

Samples were analyzed for crystal size and shape, particle size, aggregation and agglomeration, specific surface area (Asp), bulk density and tapped density. A Principal Component Analysis (PCA) allowed clustering samples into families, according to their characteristics. Dissolution kinetics of ZnO samples was studied, so as to disclose the parameters influencing dissolution through a statistical analysis.

Experimental section

Physicochemical characterization

X-Ray Diffraction

Crystallographic and crystal size information on zinc oxide samples were obtained using a Bruker AXS D8 Advance diffractometer at the 'Centre de Diffractométrie Henri Longchambon' facility of the University Lyon 1 (http://cdalpha.univ-lyon1.fr/), operating in the Bragg -2 configuration using Cu K radiation (0.154 nm wavelength) provided Debye-Scherrer X-ray diffraction powder patterns in an angular domain from 10 ° to 70 ° at scanning rates of 0.25 °min - 1 .

Transmission Electron Microscopy (TEM)

Size and shape of structures were determined by TEM analysis, with images taken at an acceleration voltage of 80 kV on a Philips CM120 instrument at 'Centre Technologique des Microstructures' facility of the University of Lyon 1 (http://microscopies.univ-lyon1.fr/).

Specimens for all TEM experiments were prepared by dispersing particles in water (0.1 %) by sonication for 1 min at 50% amplitude with a Hielscher UP400S ultrasound device. 5 µL of the dispersion was spread on Formvar/carbon grids and dried before observation.

Scanning Electron Microscopy (SEM)

Size and shape were complementary determined by SEM. The images were taken at 'Centre Technologique des Microstructures' -University of Lyon using a FEI Quanta FEG 250 instrument working at an acceleration voltage of 10 kV. Samples were prepared by casting a thin layer of ZnO powder on a conductive carbon paste tape stuck to aluminum stubs, followed by metallization with a 10 nm thick deposit of copper.

Particle Size

The diameter of ZnO aggregates and agglomerates in water was measured by low-angle laser light scattering using a Malvern Mastersizer 3000 instrument. Agglomerate and aggregate size distributions were calculated from Mie theory using the refractive indices of water (1.33) and ZnO (2.004) and absorption index (imaginary part of complex refractive index) of ZnO of 0.

Agglomerates were assessed by directly adding the dry ZnO powder in the water under mild stirring with a magnetic stir bar. Measurements of aggregate sizes implemented a powerful dispersion of ZnO at a concentration of 10% using an IKA Ultra-Turrax Rotor-Stator device rotating at 15,000 rpm for 15 min that could break up agglomerates. Mean size was expressed as the median diameter D(0.5) of the particle size distribution.

Specific Surface Area

Specific surface area (Asp) of dry powders was measured by nitrogen adsorption experiments using a Micromeritics Tristar 3000 BET instrument. Asp was determined by the Brunauer-Emmet-Teller (BET) multipoint method using data at relative pressures between 0.05 and 0.3. The porosity was calculated from the desorption branch above 0.4 relative pressure by the Barrett-Joyner-Halenda (BJH) method.

Bulk density and Tapped density 40 g of dry ZnO powder was poured into a graduated cylinder for its volume to be measured.

Bulk density is defined as mass over volume. The shortcut "density" was used throughout the paper.

Tapped density was measured using a Tapped Density Tester series JV from Copley Scientific according to the ISO 8398 standard (1989). The final volume was noted after 250 ± 15 tapings and tapped density was calculated as mass over tapped volume.

Dissolution kinetics

Kinetics was assessed at 40 °C with 0.15 g of ZnO in 200 mL of deionized water at pH 4 kept constant. The liquid medium contained in a beaker of 70 mm diameter was stirred with a three blades marine propeller of 30 mm diameter rotating at 625 rpm. Hydrochloric acid (HCl 1 M) was added using an automatic burette (877 Titrino plus, Metrohm) for keeping pH at the constant value of 4 while ZnO was dissolving. The volume of HCl supply was recorded during the experiment, providing kinetics of base release coming from dissolution. In addition, samples were collected at different times, centrifuged for 5 min at 14,000 rpm. 100 µL of supernatant of each sample was diluted in 10 mL of deionized water for ICP-OES analysis of Zn using a Thermo Scientific™ iCAP™ 7000 with detection at 213.857 nm wavelength.

Multivariate Statistical Analysis

Multivariate data analyses were performed using XLSTAT software (Addinsoft, www.xlstat.com).

Principal Component Analysis (PCA)

A Principal Component Analysis (PCA) was performed to observe if ZnO samples belong to groups (classes) according to their physicochemical properties.

PCA aims at reducing the dimensionality of the dataset by building a new coordinate space of Principal Components (PC's) made up of linear combinations of the initial variables. PC's were calculated so as to account for most of the variance in the dataset [10,11]. PCA calculations were performed using standardized initial variables so as to give them equal statistical weight in the analysis.

Hierarchical Ascendant Clustering (HAC)

HAC is a clustering method based on an agglomerative (bottom up) approach which initially considers each sample as a cluster. Pairs of clusters are hierarchically put together by using the Ward's linkage criterion based on the Euclidian distance metric that seeks minimizing intra-cluster variance while maximizing inter-cluster one [12,[START_REF] Everitt | Cluster Analysis[END_REF]. These successive clustering operations allow obtaining a clustering tree called dendrogram.

Correlation analysis

An analysis of correlation between properties analyzed and zinc concentration at 10 min and 20 min was considered to assess which factors have a significant influence on dissolution kinetics.

The matrix of Pearson's correlation coefficients (R) was determined for the whole dataset. A t-test was done to evaluate significance of differences between different dissolution behaviors.

Results and Discussion

Physicochemical characterization

Differentiation between feed grade zinc oxides is often based on purity, chemical composition, specific surface area, and manufacturing process [START_REF] Moezzi | Zinc oxide particles: synthesis, properties and applications[END_REF]. Dry powders consist of a complex assembly of crystals, known as primary particles, associated in the form of aggregates and/or agglomerates [START_REF] Nichols | A review of the terms agglomerate and aggregate with a recommendation for nomenclature used in powder and particle characterization[END_REF]. Aggregates and agglomerates behave as large particles with internal porosity [START_REF] Borm | Research strategies for safety evaluation of nanomaterials, Part V: Role of dissolution in biological fate and effects of nanoscale particles[END_REF]. Aggregates cannot be broken into primary particles by common mechanical means, whereas agglomerates can be broken into aggregates [START_REF] Balakrishnan | Effect of particle size in aggregated and agglomerated ceramic powders[END_REF][START_REF] Nichols | A review of the terms agglomerate and aggregate with a recommendation for nomenclature used in powder and particle characterization[END_REF][START_REF] Borm | Research strategies for safety evaluation of nanomaterials, Part V: Role of dissolution in biological fate and effects of nanoscale particles[END_REF]. In this framework, the 'size' of particles is defined by the three sizes of primary particles, aggregates and agglomerates.

Physicochemical characterization of ZnO dry powders and aqueous suspensions was performed using X-ray diffraction (XRD), transmission (TEM) and scanning (SEM) electron microscopy, small-angle light scattering, bulk and tapped density, and BET determination of specific area (Asp).

Detailed presentations of measurements and their outcomes are reported in the Supplementary Material file. All ZnO samples were made of crystalline zincite, which is the only known crystalline structure of ZnO. The size of the smallest primary particles could be assessed from the width of the XRD reflections. But the angular resolution of XRD prevented the size determination of large crystals (> 100 nm). Image analysis of TEM or SEM pictures also failed to that end. The specific area was taken as a measurement of primary particle size. Light scattering allowed the determination of both aggregates and agglomerates sizes: agglomerates were obtained by a mild dispersion of ZnO powder in water, and aggregates were generated by a powerful dispersion that broke agglomerates. The ratio of agglomerates to aggregates sizes was called 'agglomeration ratio'.

The full results are given in Table 1. Electron microscopy pictures of samples allowed sorting ZnO samples into 4 different groups corresponding to types of Fig. 1A,B,C,D. This classification relying on pictures provides rather subjective pieces of information. Several samples presented a bimodal population as observed on SEM pictures (Fig. 1). Others presented a homogeneous unimodal size distribution of small primary particles, though the latter were associated into large agglomerated structures. So as to reach a classification of ZnO particles in terms of their physicochemical properties that is free of subjectivity, a rigorous statistical analysis was performed using PCA. 1.

Classification of ZnO grades with respect to their physicochemical properties

PCA was firstly used to represent ZnO samples in a low-dimensional space. The purpose was to categorize ZnO grades in terms of their physicochemical characteristics, to identify which properties are characteristic of each family, and to select one representative sample in each family for further studies.

The raw dataset (Table 1) contains 34 samples in the 7-dimensional space of the 7 physicochemical parameters that could be measured for the whole set of samples: Specific surface area, aggregate median diameter, agglomerate median diameter, agglomeration ratio, powder density, tapped density and Hausner ratio. The physicochemical parameters were reduced in standardized form by rescaling them with both their average value and standard deviation for each parameter for they contribute with the same weight in the PCA analysis. The number of variables needs being reduced to those of highest relevance, that is, with the highest contribution to the variance. The samples were placed in a lower-dimensional space by applying a PCA to the dataset. A more rigorous analysis of clustering relying on statistics makes use of Hierarchical Ascendant

Clustering (HAC). The outcome of HAC is a tree called 'dendrogram' where the population of samples distributes into classes (clusters) according to the Euclidian distance between samples called dissimilarity (Fig. 3). The dissimilarity that minimizes the intra-cluster variance and maximizes inter-cluster variance according to Ward's criterion [12] was 53 (the dashed line in Fig. 3). The dendrogram from HAC calculations indeed indicates three clusters of samples as it has been inferred by visual observation of PCA results in the PC1-PC2 frame. So HAC analysis yielded three clusters according to a statistical analysis that made the clustering process free of subjectivity. diameter. These samples exhibited density larger than 2 g•cm -3 while samples belonging to other clusters of the dataset had density lower than 1.2 g•cm -3 (Fig. 4A). Except for the ZnO-31 sample with 6.6 µm aggregate diameter, samples of Class 1 were made of the largest aggregates with D(0.5) ranging from 12.9 to 27.6 µm (Fig. 4B). Aggregate sizes measured by light scattering corresponded to the size of primary particles estimated from electron microscopy (Fig. 1A). Those samples are not aggregated and they are slightly agglomerated. Indeed, the mean value of agglomeration ratio took the low value of 2.2 (Fig. 4C). This mean shifted down to 1.7 if the ZnO-31 sample was discarded. Values close to one mean that particles are not agglomerated. In accordance to their large particle size and high density, Class 1 samples had small specific surface areas that corresponded to the smallest values observed in the dataset (Asp < 0.5 m 2 •g -1 ) (Fig. 4D).

The 22 samples of Class 2 exhibited low density and presence of both small aggregates and agglomerates. The agglomeration ratio was widely scattered, which meant that some samples of Class 2 were agglomerated whereas some others were not. Finally, Class 3 includes six samples made of small aggregates and large agglomerates (D(0.5) > 100 µm) leading to the highest values of the agglomeration ratio (> 20, Fig. 4C). They also exhibit the highest specific surface areas (Asp > 25 m 2 •g -1 , Fig. 4D). As a summary of the clustering analysis, three different groups of samples were highlighted and they were described by their characteristic physicochemical properties. Names have been allocated

to the groups according to their main physicochemical features:

-'Large dense particles' (LDP): Class 1 is made of large massive particles that are not agglomerated. The high density and electron microscopy pictures show that such particles are dense (massive) and not aggregated. The specific surface area is low because the particles are large and dense (not porous). Adsorption and desorption of nitrogen do not show hysteresis in BET measurements. This class probably corresponds to zinc oxide manufactured by the 'American process' [START_REF] Moezzi | Zinc oxide particles: synthesis, properties and applications[END_REF] and subsequently grinded.

-'Small aggregated and agglomerated particles' (SAAP): Class 3 is made of very small elementary particles as disclosed by electron microscopy observations. As a consequence, density and tapped density of dry powders are low. Such ZnO grades were probably produced by the 'French process' or the 'wet process' (precipitation from a solution) [START_REF] Moezzi | Zinc oxide particles: synthesis, properties and applications[END_REF]. Extensive agglomeration may come from a drying process by spray drying.

-'Small aggregated particles' (SAP): Class 2 samples are also made of very small elementary particles. They are aggregated and only part of them is agglomerated. The dry densities are low (less than 1 g•cm -3 ). But their characteristics are spread over the wide range for the other physicochemical parameters. The SAP class is a grey area where aggregates are either not or weakly agglomerated (less than for the SAAP class). Their manufacture process is the same type as for the SAAP class.

Dissolution kinetics

Solubility and rate of dissolution are important parameters that characterize powder particles [START_REF] David | Dissolution kinetics and solubility of ZnO nanoparticles followed by AGNES[END_REF][START_REF] Avramescu | Influence of pH, particle size and crystal form on dissolution behaviour of engineered nanomaterials[END_REF]. When assessing the solubility of feed compounds, dissolution rate gives a clear impression of the digestion process rather than solubility. The dissolution kinetics illustrates how fast a given element solubilizes, and this might have an impact on feed interactions, absorption and passage rate of that element. Solubility is a state of equilibrium of a medium, but when the topic is digestion, solubility does not correctly address the questions, as reaching equilibrium of solubility can take longer time than digestion itself. Dissolution kinetics, though, will show how fast or slow a given feed compound takes to achieve equilibrium solubility.

Avramescu et al. [START_REF] Avramescu | Influence of pH, particle size and crystal form on dissolution behaviour of engineered nanomaterials[END_REF] summarized studies using different conditions to mimic biological fluids such as medium pH and temperature according to the purpose of each study. The authors report the difficulties to assess kinetics in these media due to their complexity. Nevertheless, pH and temperature are key parameters influencing dissolution of metals in in vitro assays, and biological medium may have constituents, such as organic and inorganic ligands that may increase or decrease dissolution, and therefore impact understanding the dissolution mechanism of compounds [START_REF] Avramescu | Influence of pH, particle size and crystal form on dissolution behaviour of engineered nanomaterials[END_REF][START_REF] David | Dissolution and phosphateinduced transformation of ZnO nanoparticles in synthetic saliva probed by AGNES without previous solid-liquid separation. Comparison with UF-ICP-MS[END_REF].

Owing to such issues, the authors suggest a first screening to evaluate dissolution kinetics, in water medium, at a specified pH and temperature according to the purpose of the study.

In this study, the dissolution kinetics was assessed in water at pH 4 at 40 °C. Temperature and pH were selected to simulate the gastric pH of monogastric animals. Water medium was selected as to minimize the interactions with medium components and therefore have a better understanding of powders behavior.

ZnO does not dissolve in water as ZnO species but mainly as Zn 2+ ions. There are actually several soluble zinc species, Zn 2+ , ZnOH + , Zn(OH)2, Zn(OH)3 -, and Zn(OH)4 

Such reaction releases hydroxide ions (OH -), so that, the pH increases when ZnO is dissolving into water. Maintaining the pH constant during the dissolution process requires addition of acid.

Such demand for acid corresponds to the amount of OH -ions released according to the dissolution reaction, Eq. ( 4). As two moles of OH -ions are released for each mole of dissolved ZnO, the number of H + moles to be supplied is twice the number of moles of dissolved Zn 2+ . In that way, the volume of acid supplied as a function of time can be converted into the concentration of dissolved Zn 2+ , that is, into dissolution kinetics of ZnO. An automatic burette was used to deliver hydrochloric acid (HCl 1 M) in such a way that the pH is regulated at a constant value; the volume of added acid was recorded as a function of time.

[Zn 2+ ] = Volume of acid supplied×[HCl] 2×Volume of solution (5) 
This method designed for easy measurement of dissolution kinetics is indirect and relies on the assumption of the chemical reaction, Eq. ( 4), being unique. This assumption was validated by comparison to direct measurements of soluble Zn by ICP-OES in samples collected during dissolution experiments. ICP-OES provides the concentration of soluble zinc, whatever its speciation (chemical form). The concentrations of soluble Zn determined by this method were in very good agreement with those determined by ICP-OES (Fig. 5); so, the method using the automatic burette was satisfactorily validated. A correlation analysis was performed to further investigate such relationships. The Pearson's correlation coefficients (R) were determined from the whole dataset. The correlation matrix (Table 2) shows that the dissolution rate was significantly anti-correlated with the density parameters and with both the agglomerate and aggregate median diameters. As expected, this indicates that large aggregates or agglomerates and/or dense ZnO particles make the dissolution process slow. The correlation is stronger with the density than with aggregate or agglomerate size.

This appears quite surprising because no significant correlation was obtained with Asp since so many literature reports claim that dissolution is related to the available contact area of the solid and liquid media. Aggregate D(0.5) (µm) 1

Agglomerate D(0. 
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To illustrate these results, the zinc concentration after 10 min dissolution time was represented as a function of i) the density, ii) the agglomeration ratio, and iii) Asp (respectively in Fig. 6A, B andC). The samples of LDP class appeared to strongly impact the correlation coefficients: they clearly induce a strong correlation with density (Fig. 6A) while they make it weaker with the size ratio (Fig. 6B). No significant linear relationship was observed between Asp and the dissolution rate by considering the whole dataset (Fig. 6C). But these two parameters are quite related since all of the samples of LDP class characterized by the lowest Asp values ( 0.5 m 2 •g -1 ) had low dissolution rates. The other samples (SAP and SAAP classes) with Asp ranging from 2.0 to 41.0 m 2 •g -1 may exhibit all types of dissolution kinetics. A refined analysis was done by considering together samples of both SAP and SAAP classes.

The corresponding correlation matrix (Table 3) disclosed that dissolution kinetics was significantly related to the agglomerate size, the agglomeration ratio, and the dry density parameters. For both dissolution measurements, the highest R values were obtained for the agglomeration ratio. The negative correlation coefficient indicated that dissolution was favored in ZnO samples characterized by low size ratios, i.e. by aggregates that were poorly agglomerated. As in the correlation analysis of the full dataset, the dissolution was improved for samples exhibiting low density revealing large porosity of the aggregates. The striking feature is that dissolution kinetics is not correlated with Asp. Aggregate D(0.5) (µm) 1

Agglomerate D(0. Asp for samples with Asp lower than 2 m 2 •g -1 , and stays more or less constant for higher Asp with a large scatter of data points that prevents a statistical correlation. So, it can be inferred that the Asp parameter controls dissolution for samples with low Asp, even though this is not an outcome of the correlation analysis.

Dissolution mechanism

The dissolution rate is often claimed directly proportional to Asp of the powder, meaning that the smaller the particles, the faster dissolution happens [START_REF] Mosharraf | The effect of particle size and shape on the surface specific dissolution rate of microsized practically insoluble drugs[END_REF]. This view is contradicted in many instances however, and agglomeration has been put forward as a rationale to slow dissolution [START_REF] Alway | Modelling the dissolution of diazepam in lactose interactive mixtures[END_REF][START_REF] Stewart | Understanding agglomeration of indomethacin during the dissolution of micronised indomethacin mixtures through dissolution and de-agglomeration modeling approaches[END_REF][START_REF] Muschert | Drug release mechanisms from ethylcellulose: PVA-PEG graft copolymer-coated pellets[END_REF]. Dissolution kinetics showed a negative correlation with Asp in the current experiments.

Statistical analysis revealed a greater influence of agglomerates to dissolution. Agglomeration appears in the parameters of higher statistical relevance: agglomerate size, agglomeration ratio, density and tapped density. The rate-limiting step in the kinetics of dissolution is controlled by the structural arrangement of particles.

A first step for dissolution is contacting water and solid particles. The surface properties of ZnO are quite complicated because this material has polar and nonpolar crystallographic planes [START_REF] Wöll | The chemistry and physics of zinc oxide surfaces[END_REF].

However, total wetting of ZnO surface by water was ensured in the present cases. Indeed, the ZnO powders got finely dispersed in the bulk of water immediately as the powders were dusted into water. This simple observation is equivalent to an immersion wettability experiment [START_REF] Lazghab | Wettability assessment of finely divided solids[END_REF].

Wettability of ZnO was not a limitation to dissolution; it is ignored in the following. However, ZnO aggregates of primary particles did not break upon dispersion in water. Peptization of aggregates/agglomerates is indeed an efficient mean to speed up dissolution; it would require operating agglomeration with the help of binders that can act as dispersing agents [START_REF] Forny | Wetting, disintegration and dissolution of agglomerated water soluble powders[END_REF][START_REF] Weerapol | Fabrication of spontaneous emulsifying powders for improved dissolution of poorly water-soluble drugs[END_REF][START_REF] Pitt | Particle design via spherical agglomeration: A critical review of controlling parameters, rate processes and modeling[END_REF]. This is not the present case. The mechanism by which ZnO is dissolving into a stirred medium is split in a two-step process: (1) the dissolution itself at the surface of particles, and (2) the diffusion of soluble species to the bulk liquid medium. The dissolution kinetics is determined by the rate of the slowest step. Dissolution at the surface of solid particles is the same for all samples because all of them have the same zincite crystalline structure. There is no way it can change because ZnO has only one known crystalline phase. The geometry of the medium where diffusion takes place is of primary importance. For dense solid particles (non-porous), diffusion occurs in the quiescent layer of liquid contacting the solid surface. Its thickness is set by the efficiency of stirring and its area is that of the solid. Diffusion to bulk occurs in any case, even in a stirred medium where diffusion occurs in the stagnant layer. Dissolution happens faster in powders with high specific area. This is the classical 'naive' picture of dissolution process that presently holds for the LDP class. When diffusion is fast because efficient stirring leaves a thin stagnant layer, reaction-limited dissolution may occur. Diffusion inside aggregates/agglomerates is the rate-limiting step for the SAP and SAAP classes as it has been inferred by David et al. [START_REF] David | Dissolution kinetics and solubility of ZnO nanoparticles followed by AGNES[END_REF] who studied ZnO samples belonging to SAP and/or SAAP classes. Diffusion out of agglomerates is slow and it does not depend on the surface area of the solid. The way soluble species can escape outside the agglomerates may be quite long when agglomerates are of a large size (Fig. 7), so that dissolution is slow. As to stick to the classical picture of diffusion through a quiescent layer, the thickness of the later is no longer set by the stirring efficiency, but by the size of the agglomerates. The relationship between density, agglomerate size and dissolution comes from their relationship with the length of the path from the solidliquid interface to the bulk medium, that is, the diffusion distance for escaping the agglomerate. Large agglomerates as in the SEM picture of Fig. 1D are quite efficient at slowing down dissolution.

Aggregation can be taken as a parameter for controlling dissolution kinetics when the reactionlimited dissolution is slowed again by diffusion inside aggregates. This same idea is widely developed in the pharmaceutical field for dissolution control of tablet dosage forms. It might be thought at first sight that dissolution rate is controlled by porosity of the tablet material. This is actually not the case in instances where the rate-limiting step is dissolution of primary particles [START_REF] Ansari | The effect of granule microstructure on dissolution rate[END_REF]. 

Modeling dissolution kinetics

The first step prior to modeling is the selection of a physicochemical mechanism of dissolution that leads to the choice of the model [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF]. Among the various dissolution models mainly developed process according to the amount of ZnO present in particles, that is, the concentration remaining to be dissolved. C0 is the final concentration reached at full dissolution; it is known from the full amount of ZnO and volume of liquid medium. kA is proportional to the specific surface area of the solid powder. Substituting into Eq. ( 6) yields

d𝐶(𝑡) d𝑡 = 𝐾[𝐶 0 -𝐶(𝑡)] 2 3 ⁄ [𝐶 S -𝐶(𝑡)] (7) 
K is a composite constant that combines the constant k of Eq. ( 6) and kA. The final result is an analytical relationship expressing the time as a function of bulk concentration [39]

𝑡 = 1 𝐾𝑎 2 {√3 tan -1 [ 2√3 𝑎(𝑏-𝑥) 3𝑎 2 + (2𝑏-𝑎)(2𝑥-𝑎) ] + 1 2 ln [ (𝑎+𝑏) 2 (𝑎 2 -𝑎𝑥+𝑥 2 ) (𝑎+𝑥) 2 (𝑎 2 -𝑎𝑏+𝑏 2 ) ]} (8) 
with 𝑎 = (𝐶 S -𝐶 0 ) 1 3 ⁄ , 𝑏 = 𝐶 0 1 3 ⁄ , and 𝑥 = (𝐶 0 -𝐶) 1 3 ⁄ .

Eq. ( 8) is the exact result of mathematical integration; it is preferred to more simple equations

[32] that are often used because they allow more direct comparison with experimental data.

However, they have been derived under mathematical approximations that the validity should be checked against. The experimental kinetic profile can be compared to Eq. ( 8). Alternatively, the derivative of the experimental data, dC/dt, can be compared to Eq. ( 7). Fitting Eq. ( 8) to the experimental data may be preferred because calculation of the derivative of experimental data introduces noise. However, Eq. ( 8) has a complex mathematical form where it is difficult to infer the influence of the parameters K and CS. A comparison of the experimental dC/dt to Eq. ( 7) helps at devising the validity of the theoretical equations. The model was fitted to the experimental data by minimizing the objective function, F, for N data points and p adjustable parameters K, CS and C0 (p = 3) as the sum of square deviations weighted by the concentration intervals corresponding to each of the data points of the digital experimental record

𝐹 = 1 (𝑁-𝑝) ∑ ∆𝐶 i (𝑡 i,exptl -𝑡 i,calc ) 2 𝑁 𝑖=1 (9)
The model systematically underestimated the zinc release at the end of dissolution. The faster experimental dissolution rate may be due to an increase of the chemical potential of zinc in the solid particles as they reach very small size according to Kelvin law [START_REF] Ely | Ostwald-Freundlich diffusion-limited dissolution kinetics of nanoparticles[END_REF]. The fit of the model was restricted to 80 % of the dissolution for avoiding this bias. Small nanoparticles may dissolve faster because the solubility of ZnO is higher for smaller nanoparticles according to Kelvin law. This effect is only significant for very small nanoparticles. Particles shrinkage during dissolution (accounted for in Eqs ( 7) and ( 8)) makes a much higher contribution. Indeed, the size dependence of dissolution kinetics of very small ZnO nanoparticles (down to 4 nm diameter) could not be rationalized on the basis of the sole Kelvin law [START_REF] Bian | Aggregation and dissolution of 4 nm ZnO nanoparticles in aqueous environments: Influence of pH, ionic strength, size, and adsorption of humic acid[END_REF].

Typical data of LDP, SAP and SAAP samples for which the theory fits well to experiments are shown in Fig. 8. However, there are samples for which the theory obviously does not match. This point will be addressed later in the text. For samples of the LDP and SAP classes, the variation of dC/dt with respect to C clearly showed a curvature coming from the contribution of the term [𝐶 0 -𝐶(𝑡)] 2 3 ⁄ . Conversely, samples belonging to the SAAP class showed a linear variation of dC/dt vs C, that might mean that the model of diffusion or reaction rate depending on surface area was not valid. The fit of the model was quite satisfactory however because of the mathematical properties of Eq. ( 7). Thus, curvature of dC/dt vs C is upwards when CS < 2 C0, it is downwards when CS > 2 C0, and there is no apparent curvature when CS is close to 2 C0. In the case of SAAP where the experimental variation of dC/dt vs C is linear, fitting Eq. ( 7) or Eq. ( 8) to experimental data by mathematical minimization of deviation between experiment and theory forces CS = 2 C0. For LDP and SAP classes, the outcome of fitting was always CS < 2 C0. So CS was larger for samples of the SAAP class, which makes sense as diffusion was the slowest for this class. A slow diffusion of Zn 2+ and OH  to the bulk causes higher accumulation of soluble species in the liquid close to the solid surface. At the end the same model holds for all samples though the rate-limiting steps are different because the same mathematical form of the equations holds whatever the exact mechanism. The selection of a suitable model is the most critical step of modeling [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF]. The present model is of quite general breadth. This is advantageous as it can describe the whole series of samples; but the drawback is that it does not help at discriminating different mechanisms. that dissolution is slowed down by the chemical reaction of ZnO hydrolysis. So there is reactioncontrol in all instances. This does not explain the variability of K/Asp values. For the cases of slowest dissolution, a supplementary rate-limitation operates, namely diffusion in the stagnant liquid trapped inside aggregates and agglomerates. Dissolution is not only diffusion-limited in this case as surface reaction also slows down dissolution; it is reaction-diffusion-limited. It is worth noticing that such conclusions were not reached from the sole modeling; they come from an analysis of samples of various physicochemical properties. The most suitable tools are therefore correlation analyses by PCA. That K/Asp looks correlated with Asp as shown in Fig. 9C does not mean that dissolution is controlled by the contact area of the solid with the liquid. Actually, powders with small sizes of primary particle have a large specific area and they are strongly aggregated. There is no sample of non-aggregated of small nano-sized particles in the present collection. Such sample may exist as stable suspensions of nanoparticles; but aggregation caused by drying them is generally irreversible. There are very few cases of spontaneous peptization into free primary particles of powders used in technical applications. Dissolution should not break aggregates for the dissolution kinetics remains controlled by diffusion in the quiescent liquid inside aggregates during the whole dissolution process. Fragmentation/peptization occurring at the end of dissolution does accelerate kinetics in many instances [START_REF] Adrover | Structural modeling for the dissolution of non-porous ores: Dissolution with sporulation[END_REF][START_REF] Seager | Solid dissolution in a fluid solvent is characterized by the interplay of surface area-dependent diffusion and physical fragmentation[END_REF][START_REF] Cao | Abrupt disintegration of highly porous particles in early stage dissolution[END_REF], which does not look being the present case. Finally, there were samples that the theoretical model did not fit. The main deviation from the model was a fast release of Zn 2+ at short times. The origin of such misfit was a heterogeneous morphology of the ZnO particles, either the coexistence of small particles dissolving fast and coarse particles with slow dissolution kinetics (Fig. 10A), or the coexistence of particles with different shapes (needles and rounded) and surface area (Fig. 10B). Modeling the dissolution process would require well-characterized samples with homogeneous characteristics. Samples of real life are not homogeneous. The way to manage with heterogeneous samples is applying statistical analyses in order to smooth off uncontrolled parameters and to avoid subjectivity in drawing conclusions.

Otherwise the heterogeneity can be taken in consideration as a supplementary characteristic by implementation of a population balance model [START_REF] Madras | Reversible crystal growth-dissolution and aggregation-breakage: numerical and moment solutions for population balance equations[END_REF][START_REF] Yuan | Validation of a multi-component digital dissolution model for irregular particles[END_REF]. 

Conclusions

The present study disclosed large differences among evaluated sources of ZnO. Different physicochemical properties have an impact on the dissolution kinetics which can affect in vivo solubility and bioavailability in animals. Coarse and dense particles of low Asp dissolve slowly as it is expected from common sense: small contact area with the liquid medium causes slow dissolution. The great majority of investigated feed grade ZnO powders are made of aggregates (and agglomerates) of small primary particles. Asp is large; but dissolution can be slow. In this case, dissolution kinetics is limited by the slow diffusion through the quiescent liquid trapped inside aggregates related to the density of the powder. Bulk density is a way to assess aggregation and agglomeration of small primary nanoparticles. It is easy to measure and strongly correlated with dissolution rate. Slow dissolution can be achieved by using either coarse particles or large aggregates/agglomerates of small primary particles. The latter is preferred in practical applications because settling of suspensions is slower.

Studying the influence of the physicochemical parameters allows inferring the mechanism of dissolution, either diffusion-limited or reaction-limited. It is shown that decreasing the size of the primary particles causes aggregation and agglomeration that slows down diffusion of soluble species to the bulk liquid medium. So a transition from a reaction-limited to a diffusion-limited process occurs as the particle size goes smaller and aggregation operates.

With regards to the application to ZnO supplementation of animal feed, the control of dissolution kinetics is a tricky challenge. A fast dissolving ZnO source (called "highly soluble") may overcome the uptake capacity of the gut, what would not happen in case of slow release from a coarse ZnO source [START_REF] Zhang | The relationship of calcium intake, source, size, solubility in vitro and in vivo, and gizzard limestone retention in laying hens[END_REF]. Furthermore, fast solubilized minerals may interact with feed compounds [START_REF] Mcclements | Physicochemical and colloidal aspects of food matrix effects on gastrointestinal fate of ingested inorganic nanoparticles[END_REF]; an important one is phytate which is highly present in soya. Phytate binds Zn 2+ ions in the stomach (pH 24) and those complex species precipitate in the neutral medium of the duodenum (pH 6), compromising bioavailability [4]. Phytase enzymes are added to the diet in order to remedy this issue. The dissolution of ZnO should not be too fast, leaving a delay for phytase can eliminate free phytate in the stomach. ZnO should nevertheless dissolve for it is digested. There is a time window for dissolution requiring kinetic information as a selection criterion of a ZnO source. TEM images can be used to assess the mean size of primary particles from size measurements of a large collection of particles. But it was not possible to observe a large enough number of particles for reaching a relevant statistical average when samples made of large primary particles. Furthermore, when particle shapes are platelets or rods (needles), they tend to lay flat on the surface of the TEM grid they are deposited on, and only the largest dimension can be visualized on the two-dimensional images [1]. Optical microscopy is the most appropriate method to measure the size of large crystals, but it cannot be applied for small-sized particles. Owing to the large differences of primary particle sizes between samples and the impossibility to use a unique technique to measure such size, this parameter was excluded from the analysis. The specific surface area was taken as a better compromise parameter related to the average primary particle size, as a decrease in particle size results in an increase of Asp [2].

Primary particle shape

Morphology of ZnO particles is very sensitive to preparation conditions and methods [3,4]. Typical SEM and TEM pictures shown in Fig. 1 illustrate the different properties among samples. Shape varied from nano to micro-sized platelets, rod-like particles and needles. Some samples contain mixed types of particles. Samples of Fig. 1A,C,D showed to be platelet-shaped, whereas those of Fig. 1B presented a rod-like shape with some presence of needles. Studies of cytotoxicity did not disclose an effect of morphology (shape) on dissolution kinetics of ZnO because aggregation of nanoparticles had a predominant contribution to dissolution [5]. Nevertheless, Heng et al. [6] found that differentially shaped ZnO had different dissolution rates, especially spheres and platelets. It is still controversial the effect of shape on dissolution behavior of powders. In the present study, no correlations were observed in relation to the shape. Shape could not be included in the statistical analysis because the shape remains a parameter of descriptive better than quantitative nature.

Aggregate and agglomerate sizes

Although TEM pictures allow observation of shapes and sizes of primary particles, their aggregation and agglomeration observed in the pictures can be a bias, because they can be caused by the drying process for sample preparation [1]. Aggregate and agglomerate sizes were measured by small-angle light scattering. This technique is preferred to methods relying on image analysis because the large number of measured particles provides a nice statistical average of the size [1]. Due to dry powders properties, particle size distribution can be influenced in many ways; therefore setting the materials sampling methodology for measuring is very important [7]. The size of agglomerates was measured by a mild dispersion of ZnO powder in water that did not break agglomerates. The ratio of agglomerates to aggregates sizes was called 'agglomeration ratio'.

Primary particles sizes roughly estimated from TEM images were smaller than sizes coming from small-angle light scattering measurements, as has already been noticed by Peng et al. [5]. Small nanoparticles with a large Asp tend to aggregate and form micro-sized particles in aqueous environment [6,8]. The present nanoparticles observed in TEM images appeared assembled as submicron-size aggregates and agglomerates.

Specific surface area and porosity

Specific surface area (Asp) has been measured by the BET method. It aims at assessing the surface exposure of a particle to the liquid medium. Asp is associated to primary particle size since aggregation does not decrease Asp. The nitrogen adsorption isotherms were of different types. For some samples, adsorption and desorption isotherms were superimposed, showing that samples did not have porosity (Fig. 2a). Conversely adsorption and desorption isotherms showed the classical type IV adsorption isotherm suggesting the presence of a mesoporous structure (Fig. 2b). At high relative pressure from 0.45 to 0.80, such isotherms exhibited a hysteresis loop of type H2, indicating the existence of pores with narrow necks and wide bodies. The specific surface area Asp was calculated in the classical way by fitting the theoretical BET isotherm, Eq. (S2), to experimental data between relative pressures p/p0 = 0.05 and 0.3.

𝑝 𝑉(𝑝

0 -𝑝) = 1 𝑉 m 𝑐 + 𝑐-1 𝑉 m 𝑐 𝑝 𝑝 0 (S2)
where Vm is the volume of nitrogen adsorbed in the first layer at full coverage in direct contact to the solid surface and c is the BET constant related to the difference of adsorption energy of nitrogen to the bare surface and to a layer of already adsorbed nitrogen molecules. Asp was calculated from Vm taking the molecular area of a nitrogen molecule as 16.2 Å 2 .

For mesoporous samples, the pore size distribution was calculated from the desorption branch of the isotherm by the BJH method [9] using the Kelvin equation (Eq. ( S3)) and Eq. (S4) for the reference non-porous material.

ln ( 𝑝 𝑝 0 ) = 2𝛾𝑣 mol cos𝜃 𝑅 K 𝑅𝑇 (S3)
where vmol is the molar volume of liquid nitrogen (vmol = 34.67 cm 3 mol -1 ) and  is the surface tension of liquid nitrogen ( = 8.85 mNm -1 ). Total wetting of the solid surface by liquid nitrogen is assumed, so that the contact angle was  = 0 °.

The diameter of the pores, D, is twice the sum of the radius given by the Kelvin equation and the thickness of the adsorbed layer of nitrogen to the reference non-porous material given by

𝒕(𝐧𝐦) = 𝟎. 𝟑𝟓𝟒 𝑽 𝑽 𝐦 .
The adsorption isotherm of the hypothetic reference non-porous material according to BJH is

𝑉 𝑉 m = [ -5 𝑙𝑛(𝑝 𝑝 0 ⁄ ) ] 1 3 ⁄ (S4)
The difference between the experimental nitrogen volume and the BJH non-porous reference is the porous volume.

Some ZnO powders show adsorption isotherms with no hysteresis at nitrogen gas desorption (Fig. S2A) while others show definite hysteresis (Fig. S2B) revealing mesoporous structure of the powder. The BJH method allowed the calculation of the distribution of mesoporous volume in case of mesoporous samples (inset of Fig. S2B). Very low porous volume below significance was derived in case of non-porous samples (inset of Fig. S2A). The specific area results are summarized in Table 1. The smallest Asp that can be measured by the BET method was 0.1 m 2 •g -1 . Sample ZnO-20 that its Asp is marked 0.0 m 2 •g -1 in Table 1 has actually Asp lower than the BET measurement limit of 0.1 m 2 •g -1 . ZnO samples of type D in Fig. 1 showed the largest Asp values reaching up to 41 m 2 •g -1 . Samples of type A had the lowest Asp values of less than 0.1 to 0.5 m 2 •g -1 . Those of types B and C showed variable Asp. High values of Asp are often thought being associated to a faster dissolution, as greater area of contact between the particle surface and aqueous solution is facilitating dissolution.

The mean pore size was estimated from the pore size distribution of porous volume dV/dD as a Dpore(0.5) defined in the same way as for a particle size distribution: half the porous volume is inside pores smaller than Dpore(0.5). There were many samples which did not show hysteresis behavior characteristic of mesoporosity, so that measurements of pore volume and size could not be included in the statistical analysis. The median pore size Dpore(0.5) of mesoporous powders was close to crystallite size, provided they are lower than 100 nm (Fig. S3A). Such identity of sizes suggests that porosity corresponds to interstices between particles. In such a case, primary particles are made of a single crystal. Their porous volume was also correlated with crystallite size (Fig. S3B). Large porous volume was obtained with powders made of small crystals associated as loose aggregates/agglomerates. Such correlations no longer held for non-porous powders that several of them had small crystallite sizes and vanishingly small porous volume. A rationale to such observation is that mesoporosity requires small particles. Powders made of small crystals can be non-porous in cases where they are stuck together as dense aggregates of large size as revealed by TEM. 

Bulk density, tapped density and Hausner ratio

Bulk density of dry powders is the ratio of mass by the volume occupied by the powder. Low densities are associated to loose aerated aggregates and/or agglomerates of particles stuck together during the fabrication and/or drying processes. Sticking by means of sintering is irreversible; it causes formation of unbreakable aggregates. Agglomerates are formed by association of aggregates through bonds coming from interparticle forces of various types like dispersion, polar or hydrogen-bonding ones; they can be broken into aggregates by mechanical stirring during the dispersion process in aqueous medium. With regards to the structure of ZnO particles, density of the dry powder provides an indirect estimate of the extent of aggregation and agglomeration. This qualitative relationship is in agreement with the present findings. The lowest density values were related to aggregates/agglomerates with small size of primary particles. Conversely, particles of large size and rounded shape can pile up as more compact powders of high density [10].

Tapped density is measured after tapping the container holding the aerated sample following the ISO 8398 standard. Powder particles are forced to rearrange to close contact upon tapping. Tapped density is the densest the powder can achieve under a moderate compression stress. Tapping erases the memory of the last stages of the manufacture process, mainly drying and final manipulations. The tapped density better characterizes particles packing under the control of interparticle interactions in dry medium. Hausner ratio is tapped density over bulk density; it is a useful tool to define cohesion of a powder [10,11]. The lower this ratio, the less cohesive is the powder, meaning the lower tendency for further consolidation. The interparticle forces causing powder cohesion are stronger for small primary particle sizes [12].

The lowest variation observed was 5 % of volume reduction from density to tapped density. When the powder is given mobility through tapping, large and small particles are able to rearrange. As most of the small particles migrate to the bottom between the largest, the highest volume variation of samples observed was 40 % for samples composed of mixed fine powders and big clusters that, once tapped, adjust to the container when small particles migrate into interstices between large ones [10].

Figure 1 .

 1 Figure 1. Typical electron microscopy pictures of ZnO powders. SEM (left) and TEM (right) show the main structures of different powders. Pictures A, B, C and D correspond to ZnO-6, ZnO-21, ZnO-12 and ZnO-4 in Table1.

  The projections of physicochemical parameters onto the plane defined by the first two Principal Components (PC's) contributing the most to the variance (PC1 and PC2) are shown in Fig.2A. The parameters closest to the circle are most represented in the projection and their distances to PC1 and PC2 axes indicate whether they contribute most to PC1 or PC2. PC1 is mainly related to the aggregate size characterized by its median diameter D(0.5), the density values and, to a lesser extent, to the specific surface area. PC2 is essentially related to the Hausner ratio, the agglomerate size D(0.5) and the agglomeration ratio (size ratio agglomerate/aggregate).The scores plot in Fig.2Bshows three distinct clusters of samples. Samples of Group A highlighted high density and large aggregate diameter as well as low Asp. Most samples were in Group B characterized by relatively low agglomerate and aggregate diameters and by high Hausner 14 ratio. Finally, Group C was made of samples characterized by large agglomerate diameter and Asp values. This distribution in clusters relies on a visual observation of the scores plot. This is open to some subjectivity.

Figure 2 .

 2 Figure 2. Loadings (A) and scores (B) plots obtained from the PCA analysis of the 34 ZnO samples characterized by 7 physicochemical parameters mapped onto the first two principal components PC1 and PC2 providing a cumulative variance of 81.8 %.

Figure 3 .

 3 Figure 3. Hierarchical Ascendant Clustering Dendrogram obtained from the analysis of the 34 ZnO samples described by the 7 standardized physicochemical parameters. The dashed line shows the optimum dissimilarity inferred from the Ward's criterion.

Figure 4 .

 4 Figure 4. Distribution of physicochemical parameters. (A) density, (B) aggregate D(0.5), (C) agglomeration ratio, (D) specific surface area.

Figure 5 .

 5 Figure 5. Dissolution kinetics of ZnO in water at pH 4 at 40 °C. The continuous line stands for kinetics measured using the burette and data points pertain to ICP-EOS measurements of Zn concentration in collected aliquots.

Figure 6 .

 6 Figure 6. Zinc concentration after 10 min dissolution time as a function of density (A), agglomeration ratio (B) and Asp (C) for the 34 ZnO samples.

Figure 7 .

 7 Figure 7. Illustration of proposed the two-step dissolution mechanism of ZnO of the SAP and SAAP classes. The first step is dissolution of ZnO at the surface of the solid (at red lines), followed by a second step of diffusion of soluble species through the confined quiescent medium to the stirred bulk solution (orange arrows).

Figure 8 .

 8 Figure 8. Direct check against the kinetic model using the time-derivative of experimental released concentration dC/dt against C (left side) and kinetic profile C(t) (right side) for samples taken from the three classes: LDP (ZnO-5), SAP (ZnO-22) and SAAP (ZnO-4). Red line is experimental and blue line is calculated from Eq. (7) or Eq. (8).

  Model fitting provided optimized values of C0, CS and K. The value of C0 was adjusted because any difference between predicted and actual values would cause systematic deviations that bias the error minimization. Adjusted C0 values were close to C0 = 89 mmolL 1 expected according to the amount of ZnO and volume of water in dissolution experiments. The value of ZnO solubility that came out of model fitting was low since CS < 2 C0 whereas the solubility of ZnO at pH 4 is very high. The solubility of ZnO has never been measured in such acidic medium. It was estimated by extrapolation of measurements performed in more basic media using equilibrium constants given by Reichle et al.[7] Let us notice that Reichle et al. reported the solubility product of zinc hydroxide Zn(OH)2 whereas the present study deals with zinc oxide ZnO. There is actually no significant difference between solubility products of Zn(OH)2 (Log(KSP) = 16.76)[7] and previous determinations for ZnO that a compilation is given by Wesolowski et al.[START_REF] Wesolowski | ZnO solubility and Zn 2+ complexation by chloride and sulfate in acidic solutions to 290°C with in-situ pH measurement[END_REF] (the mean value Log(Ks0) = 11.2 yields Log(KSP) = 16.8). Data by Reichle et al. were preferred because they considered all soluble species of zinc whereas earlier measurements only considered the sole equilibrium between ZnO and Zn 2+ . The solubility extrapolated at pH 4 assumed an unrealistically high value CS = 1740 molL 1 ; the actual solubility of ZnO in acidic medium should be that of the ZnCl2 salt formed by reaction of ZnO with hydrochloric acid. It is again very high. The solubility of ZnCl2 in water is 80 wt% at 25 °C [43]. In the present case, the solubility of zinc that matters is the local saturation concentration in the solution contacting the solid surface. Hydrolysis of ZnO releases Zn 2+ and OH  ions at the same time. When diffusion to the bulk is slow, accumulation of hydroxide ions makes the solution basic close to the surface and the solubility strongly shifts down. The mean value of local solubility that came out of the model was 10 2 molL 1 , which corresponded to a local pH of 6.25. The minimum solubility of zinc hydroxide at 40 °C is 5.5 µmolL 1 at pH 10 [7]. As production of hydroxide ions at the surface depends on time because the surface area is decreasing, its local concentration may vary during the course of dissolution, unless a stationary regime sets up such that hydroxide release is exactly compensated by diffusion to the bulk. It cannot be expected that the local solubility is constant. It was assumed constant in the model. A refinement of the model would require going in more details into the surface chemistry of ZnO dissolution. The local solubility should be considered as a phenomenological parameter accounting for accumulation of hydroxide ions at the surface of ZnO.

Figure 9 .

 9 Figure 9. Analysis of the constant K of the dissolution kinetics model. Data points belonging to the different classes are given in colors: LDP in blue, SAP in black and SAAP in red. (A): K vs Asp showing the transition to predominant limitation by reaction to control by diffusion. (B): K vs tapped density showing the clusters of data points. (C): K/Asp vs Asp together by the correlation line as a power law.

Figure 10 .

 10 Figure 10. Kinetics of dissolution showing a fast dissolution at short time together with TEM pictures. (A) The fast dissolution component of ZnO-23 comes from few small particles mixed with the main large particles of a SAP sample. (B) ZnO-15 of the SAAP class contains needleshaped particles together with rounded particles.

Figure S1 .

 S1 Figure S1. X-ray diffraction powder patterns of ZnO-19 having sharp Bragg reflections (large crystallites) and ZnO-5 with broad Bragg peaks (small crystallites). Miller indices are given on the pattern of ZnO-19.

Figure S2 .

 S2 Figure S2. BET adsorption isotherms showing the adsorption (+) and desorption () branches of ZnO-6 (A) that does not show hysteresis and ZnO-4 (B) having mesoporosity. Insets show the distribution of mesoporous volume dV/dD calculated by the BJH method. Notice the different vertical scales of insets in parts A and B.

Figure S3 .

 S3 Figure S3. (A) Correlation between pore size and crystallite size. The diagonal line corresponds to equality of them. (B) Correlation between porous volume and crystallite size. All these powders have crystallite size smaller than 100 nm.

Table 1 .

 1 Physicochemical properties of ZnO samples.

	Sample

Shape of primary particles Size of crystallites (nm) Aggregate D(0.5) (µm) Agglomerate D(0.5) (µm) Agglomeration ratio Density (g•cm -3 ) Tapped density (g•cm -3 ) Hausner ratio Asp (m 2 •g -1 )

  

	ZnO-27	Platelet	23	5.5	12.8	6.1	0.46	0.63	1.38	29.0
	ZnO-28	Platelet	18	5.3	25.6	8.2	1.13	1.23	1.09	41.0
	ZnO-29	Rod-like	69	15.0	25.8	13.2	2.35	2.67	1.13	0.2
	ZnO-30	Platelet	57	12.9	23.7	10.6	2.22	2.50	1.13	0.1
	ZnO-31	Platelet	93	6.6	35.1	15.9	2.50	2.67	1.07	0.1
	ZnO-32	Platelet	25	5.4	9.1	5.1	0.69	0.82	1.18	21.2
	ZnO-33	Platelet	59	24.3	44.6	18.0	2.51	2.87	1.14	0.4
	ZnO-34	Platelet	21	4.7	5.8	3.4	0.67	0.80	1.20	35.9
	ZnO-1	Platelet	24	4.6	117	35.0	0.93	0.98	1.05	37.0
	ZnO-2	Platelet	26	5.5	111	52.3	0.95	1.03	1.08	25.9
	ZnO-3	Platelet	24	5.6	118	46.2	1.00	1.05	1.05	31.6
	ZnO-4	Platelet	22	6.4	158	54.7	1.00	1.08	1.08	38.0
	ZnO-5	Platelet	> 100	18.0	22.7	12.3	2.01	2.36	1.18	0.5
	ZnO-6	Platelet	> 100	27.6	43.6	23.4	2.35	2.58	1.10	0.3
	ZnO-7	Platelet	> 100	16.8	28.2	13.7	2.23	2.51	1.12	0.3
	ZnO-8	Sphere	39	8.3	26.6	14.0	1.00	1.25	1.25	19.4
	ZnO-9	Platelet	25	9.6	12.0	6.3	0.78	1.08	1.38	18.7
	ZnO-10	Platelet	28	14.4	13.5	8.1	0.40	0.49	1.21	28.1
	ZnO-11	Platelet	34	8.7	8.7	5.6	0.76	1.05	1.40	7.2
	ZnO-12	Platelet	27	7.7	14.4	7.9	0.56	0.73	1.29	26.5
	ZnO-13	Rod-like	> 100	7.0	39.4	19.3	0.60	0.73	1.22	2.6
	ZnO-14	Rod-like	> 100	5.6	33.8	22.9	0.66	0.76	1.15	4.3
	ZnO-15	Rod-like	> 100	7.2	129	64.8	0.78	0.87	1.11	2.4
	ZnO-16	Rod-like	> 100	5.4	45.8	30.0	0.70	0.80	1.14	5.1
	ZnO-17	Rod-like	> 100	5.9	75.7	45.5	1.00	1.11	1.11	6.3
	ZnO-18	Rod-like	> 100	3.8	8.8	2.6	0.46	0.58	1.26	4.2
	ZnO-19	Rod-like	> 100	5.8	5.6	2.5	0.80	0.98	1.22	2.0
	ZnO-20	Platelet	> 100	17.9	36.6	23.7	2.00	2.22	1.11	0.0
	ZnO-21	Rod-like	> 100	4.7	7.0	4.6	0.64	0.74	1.17	4.7
	ZnO-22	Rod-like	> 100	5.8	4.7	2.3	0.51	0.63	1.24	2.9
	ZnO-23	Rod-like	> 100	3.6	39.4	23.2	0.48	0.59	1.24	13.1
	ZnO-24	Rod-like	> 100	5.4	4.0	2.7	0.56	0.65	1.14	4.4
	ZnO-25	Rod-like	36	4.0	15.8	6.9	0.68	0.87	1.28	16.8
	ZnO-26	Rod-like	56	4.2	32.7	24.6	0.28	0.34	1.19	12.6

Table 2 .

 2 Correlation

matrix of Pearson's correlation coefficients, R, determined for the 34 ZnO samples. The significant R values (at 0.05 level of significance) are indicated in bold.

Table 3 .

 3 Correlation matrix of Pearson's correlation coefficients determined for the 26 samples of merged SAP and SAAP classes. The significant R values (at 0.05 level of significance) are indicated in bold.

  Asp is indeed associated to a slow dissolution. Fig.6Cshows two different regimes of dissolution according to the Asp. Dissolution rate increases with respect of

	5) (µm)	-0.080	1							
	Agglomeration ratio	-0.206	0.972	1						
	Density (g•cm -3 )	-0.012	0.551	0.513	1					
	Tapped density (g•cm -3 )	0.086	0.377	0.325	0.957	1				
	Hausner ratio	0.264	-0.683	-0.702	-0.483	-0.215	1			
	Asp (m 2 •g -1 )	0.094	0.309	0.345	0.376	0.312	-0.221	1		
	[Zn 2+ ] after 10 min (mol•L -1 )	0.347	-0.700	-0.751	-0.558	-0.401	0.617	-0.236	1	
	[Zn 2+ ] after 20 min (mol•L -1 )	0.302	-0.701	-0.753	-0.587	-0.440	0.594	0.295	0.982	1
	It remains the LDP class where the small number of individuals compromises the accuracy of
	its statistical analyses. It is characterized by a low Asp; but Asp does not significantly contribute to
	the variance of the whole dataset (Fig. 6C). Fig. 6C shows the origin of such lack of correlation

between dissolution rate and Asp: samples with low dissolution rate are those with the lowest Asp (LDP class) and the highest Asp (SAAP class). All samples of the LDP class have a low Asp and a slow dissolution rate, so that a low
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in the framework of extractive hydrometallurgy [START_REF] Sohn | Fundamentals of the kinetics of heterogeneous reaction systems in extractive metallurgy[END_REF] as "Shrinking Particle", "Shrinking Core  Constant Particle Size", and mixed "Shrinking Core  Shrinking Particle" [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF], the model of shrinking particles is presently the correct one as the full solid goes into solution. A clear solution is obtained at the end of dissolution and there is no residual ash.

Equations (1) and (3) expressing the flux at the surface of particles for the diffusion-limited, reaction-limited dissolution and mixed reactiondiffusion models have the same mathematical form. They write as a differential equation with the concentration C(t) as a variable as

k is a phenomenological constant related to the diffusion or the dissolution reaction, depending on the process is diffusion-limited or reaction-limited. Eq. ( 6) can be integrated in order to yield kinetics profiles that can be directly compared to experiments. Such integration has already been done under restrictive conditions of constant area and/or constant bulk concentration. Thus, integration of the Noyes-Whitney or Nernst-Brunner equation in condition of constant area yields the kinetics profile as an exponential increase of bulk concentration [START_REF] Noyes | Ueber die Auflösungsgeschwindigkeit von festen Stoffen in ihren eigenen Lösungen[END_REF][START_REF] Noyes | The rate of solution of solid substances in their own solutions[END_REF][START_REF] Nernst | Theorie der Reaktionsgeschwindigkeit in heterogenen Systemen[END_REF][START_REF] Brunner | Reaktionsgeschwindigkeit in heterogenen Systemen[END_REF]. Significant deviations from the exponential behavior has been observed for the dissolution of ZnO in environmental conditions [START_REF] Wang | Lifetime and dissolution kinetics of zinc oxide nanoparticles in aqueous media[END_REF]. Integration of Eq. (3) of reaction-limited dissolution has been done in the two particular cases of constant area (constant size) [START_REF] David | Dissolution kinetics and solubility of ZnO nanoparticles followed by AGNES[END_REF] and constant bulk concentration corresponding to 'sink' conditions [START_REF] Lindfors | Amorphous drug nanosuspensions. 3. Particle dissolution and crystal growth[END_REF]. In the present case, neither surface area nor bulk concentration is constant.

Integration of Eq. ( 1) for diffusion-limited dissolution has been given by Hixson and Crowell 

1.

Physicochemical characterization of ZnO samples Clear-cut assessment of complex structures is a difficult task because the various tools for structural investigation do not provide definite measurement of each size. Methods for size measurements are optical and electron microscopies, light scattering and X-ray diffraction. Nitrogen adsorption measurements known as the BET method provide the specific surface area of the powder together with pieces of information on its porosity. Finally, bulk density and tapped density of the dry powder provide an indirect assessment of the formation of aggregates and agglomerates. The experimental results coming from these methods are presented in the following.

Crystalline structure and size of crystallites

All ZnO powders were crystalline under the zincite structure of Wurtzite hexagonal structure of (space group P63mc) according to the JCPDS database (card No.00-005-0664) (Figure S1).

There are a few methods that can be used to measure the size of primary particles depending on their size-range such as: X-ray diffraction (XRD), TEM and Optical Microscopy. XRD confirmed the same chemical composition and crystallographic structure of all samples. The mean crystallite size D was estimated using the Debye-Scherrer equation:

where λ is the wavelength of the X-ray radiation (0.154 nm), θ and β are the diffraction angle and the resolution-corrected width at half height of Bragg reflections. As the angular resolution of the instrument was 0.055 °, the determination of crystal size was limited to crystals smaller than 100 nm. Such analysis did not allow an estimate of crystal size for the whole dataset because some samples had crystal size larger than 100 nm. In addition, primary particles may contain several crystals. So, Scherrer analysis of crystal size based on XRD was discarded from the dataset aiming at a statistical analysis of relationships between structure and dissolution kinetics.