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I. Introduction 

1.1. Contexte 

Les matériaux issus d’agroressources sont utilisés sous la forme de poudres par de 

nombreux industriels en particulier dans les domaines cosmétique, agroalimentaire ou 

pharmaceutique. Dans le secteur agroalimentaire par exemple, on trouve sous forme de poudres 

de nombreux produits bruts (aussi appelés ingrédients), comme les farines, les cacaos ou les 

épices ; ou des produits transformés, comme les soupes instantanées ou les poudres laitières. 

Elles peuvent provenir de la déshydratation d’un liquide par différentes techniques, telles que 

le séchage par atomisation, la lyophilisation, le séchage à tambour rotatif, le séchage à bande, 

la cristallisation, etc., ou de la réduction de taille d’un solide par broyage, concassage, attrition, 

etc. (Karam et al., 2016 ; Schuck et al., 2012 ; Waiss et al., 2020). Ainsi, selon le type et les 

conditions de procédé utilisés, la taille, la forme, la densité, la composition chimique de la 

particule ou encore la composition de surface sont susceptibles d’être différentes, ce qui peut 

impacter leurs propriétés fonctionnelles (reconstitution, écoulement, etc.) (Burgain et al., 2016; 

Deotale et al., 2020 ; Roos et al., 2020 ; Yuan et al., 2019). C’est la raison pour laquelle il est 

souvent nécessaire de mettre en œuvre de nombreuses techniques analytiques pour caractériser 

la qualité des poudres, ainsi que leurs applications potentielles (Burgain et al., 2016b ; Forny et 

al., 2011 ; Gaiani, 2006 ; Mitchell et al., 2020). 

La reconstitution ou réhydratation d’une poudre peut être définie par quatre étapes 

consécutives : le mouillage, l’immersion/gonflement, la dispersion et la solubilisation. Le 

mouillage de la poudre est le phénomène résultant du remplacement de la phase gazeuse par de 

l'eau à la surface de la poudre. La mouillabilité est principalement déterminée par le temps de 

diffusion capillaire de l'eau dans la poudre, cela conduit donc à une immersion totale ou partielle 

de cette dernière dans l'eau (Forny et al., 2011 ; Schuck et al., 2012). L’immersion/gonflement 

sont définis comme le temps nécessaire pour que les particules ou les agglomérats de particules 

s’immergent (Jiang et al., 2013). Puis, dans un second temps, leur gonflement est dû à une 

pénétration de l’eau par capillarité dans les particules et/ou agglomérats grâce à la présence de 

pores intra- ou interparticulaires. Ce phénomène se produit sous l’effet de forces de capillarité, 

cette étape n’est pas systématique et dépend de plusieurs facteurs, notamment la composition 

chimique. Ainsi, les polymères et macromolécules (protéines, amidons, fibres, etc.) 

interagissent avec l’eau ce qui conduit à un déploiement de ces derniers faisant ainsi gonfler les 

particules ou les agglomérats (Bonacucina et al., 2009 ; Conti et al., 2006 ; Cuq et al., 2011). 

Ensuite, vient la dispersion, qui est définie comme la capacité d'une poudre à se disperser dans 
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l'eau. Une fois que les particules ou les agglomérats de particules sont immergés, avec ou sans 

gonflement, ils se désagrègent progressivement et/ou se dispersent en particules individuelles. 

La dispersion se produit lorsque les forces exercées par le solvant pour séparer les particules 

les unes des autres dépassent les forces de cohésion interparticulaires (Freudig et al., 1999 ; 

O’Mahony and McSweeney, 2016 ; Schuck et al., 2012). La solubilisation est la quatrième et 

dernière étape de la reconstitution (O’Mahony and McSweeney, 2016). Elle entraîne la 

disparition complète de la structure granulaire (Freudig et al., 1999 ; Gaiani et al., 2007 ; Marabi 

et al., 2008). Les poudres issues d’agroressources forment généralement des solutions 

hydrocolloïdales suite à la dissolution des composés solubles (sucres, minéraux, etc.) et la mise 

en suspension des composés insolubles (lipides, micelles de protéines, fibres insolubles, etc.) 

(Forny et al., 2011 ; Mitchell et al., 2020 ; O’Mahony and McSweeney, 2016 ; Schuck et al., 

2012a).  

Les études approfondies sur les mécanismes de reconstitution des poudres alimentaires 

ont été réalisées sur un nombre très limité de poudres, principalement les poudres laitières, les 

cacaos, les céréales (blé, maïs, etc.) et les gommes (gomme arabique, gomme de xanthane, etc.) 

(Boucheham et al., 2019 ; Burgain et al., 2016b ; Di Battista et al., 2015 ; Galet et al., 2004 ; 

Hla and Hogekamp, 1999). Il apparait qu’une compréhension fine de ces mécanismes et une 

recherche plus approfondie sont plus que nécessaires. En effet, ces dernières années, 

l’utilisation et le développement de nouvelles poudres pour répondre aux besoins des 

consommateurs et des industriels ont énormément augmenté. Au vu de la grande variété de 

poudres existant actuellement sur le marché et de leur complexité structurale ou encore 

biochimique, les connaissances actuelles restent limitées et insuffisantes pour comprendre 

l’ensemble des mécanismes de reconstitution. Ainsi, des connaissances fines sur les propriétés 

physicochimiques des poudres sont encore nécessaires pour améliorer la compréhension des 

phénomènes de reconstitution des poudres. La complexité des poudres et des procédés de 

reconstitution industriels (par exemple, la reconstitution d’une poudre présentant une 

composition de surface hétérogène ou dans un fluide à rhéologie complexe) n’est pas encore 

bien appréhendée avec les approches actuelles. 

1.2. Organisation et originalité de la thèse 

Jusqu’à présent, les études menées sur la reconstitution des poudres se focalisaient sur 

un nombre de poudres restreint et visaient l’amélioration et/ou l’optimisation de cette 

fonctionnalité à des fins de valorisation industrielle, ou une meilleure compréhension des 

mécanismes impliqués dans les différentes étapes de la reconstitution selon un point de vue plus 
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fondamental en utilisant des modèles d’étude comme des billes de verre ou des approches 

basées sur une particule unique (Diersch et al., 2010 ; Duarte et al., 2009 ; Sweijen et al., 2017). 

L’originalité de ce travail de thèse repose sur une approche multiéchelle (macro-, micro- et 

nanoscopique) de l’étude d’un grand nombre de poudres alimentaires d’origines diverses et 

couvrant une grande variété de propriétés physicochimiques et de comportements de 

reconstitution.  

Le manuscrit de thèse est focalisé sur quatre questions scientifiques : 

• Quelles sont les principales propriétés physicochimiques (composition, structure, etc.) 

des poudres alimentaires influençant leur reconstitution et comment impactent-elles les 

différentes étapes de la reconstitution ? 

• Comment les caractéristiques de surface des poudres influencent-elles l’étape du 

mouillage dépendamment des interactions entre la surface des particules et l’eau ? 

• Est-il possible de caractériser le comportement d’une poudre lors des différentes étapes 

de la reconstitution à l’aide de modèles mathématiques décrivant la cinétique des 

phénomènes observés ? 

• Est-il possible de prédire le temps de reconstitution d’une poudre à partir de ses 

propriétés physicochimiques à l’aide de modèles mathématiques ? 

 

Afin de pouvoir répondre à ces quatre questions scientifiques, le travail de thèse a été divisé en 

trois grandes approches (Figure 1). Premièrement la caractérisation des propriétés 

physicochimiques et de reconstitution d’un grand nombre de poudre. Puis une focalisation sur 

l’étape de mouillage afin de mieux comprendre les liens entre les propriétés de surface et le 

mouillage d’une poudre. Et finalement l’exploitation des cinétiques de reconstitutions dans 

l’optique de développer des modèles descriptifs et prédictifs de la reconstitution des poudres.  

 

 

 



 

 . Figure 1. Organisation générale de la thèse. 
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1.2.1. Caractérisation de l’aptitude à la reconstitution d’un grand nombre de poudres 

(échelle macroscopique) 

Trente-six poudres alimentaires ont été sélectionnées pour représenter le plus de 

diversité possible en termes de composition (teneurs en eau, lipides, protéines, glucides – dont 

sucres et fibres, minéraux), de propriétés structurales (structure amorphe, vitreuse…) et de 

procédés de fabrication (séchage par atomisation, lyophilisation, broyage, etc.) pour obtenir des 

profils de reconstitution variés (Fitzpatrick et al., 2016 ; Mitchell et al., 2015). 

Cette première partie du travail de thèse s’est appuyée sur des méthodes classiques de 

caractérisation de la reconstitution des poudres (Gaiani, 2006 ; Burgain et al., 2016 ; Fournaise 

et al., 2020 ; Mitchell et al., 2020, 2015) déjà employées au sein du laboratoire, notamment la 

granulométrie et la conductimétrie.  

Le premier objectif de cette partie a été de discriminer les poudres par analyse en 

composantes principales (ACP) selon leurs caractéristiques physicochimiques et structurales, 

ainsi que leur procédé de fabrication. Ensuite, le second objectif a été de déterminer les facteurs 

principaux impliqués dans la reconstitution des poudres et leurs impacts sur l’aptitude à la 

reconstitution et au mouillage. Les poudres ont ainsi été classées selon leurs aptitudes au 

mouillage et à la reconstitution en quatre catégories : bonne (mouillage rapide et reconstitution 

courte), correcte (mouillage lent et reconstitution courte), médiocre (mouillage rapide et 

reconstitution longue) et mauvaise (mouillage lent et reconstitution longue). 

1.2.2. Caractérisation de la surface des poudres aux échelles micro- et nanoscopiques 

La surface des particules de poudre joue un rôle déterminant dans la reconstitution 

notamment lors de l’étape du mouillage. Les propriétés physicochimiques de la surface 

(hydrophobicité, porosité, état structurel amorphe/vitreux…) et la morphologie des particules 

sont déterminantes dans la mouillabilité des poudres (Angelopoulou et al., 2021a ; Burgain et 

al., 2016b ; Ji et al., 2017 ; Kelly et al., 2015 ; Kim, 2008 ; Mitchell et al., 2019).  

Pour étudier l’impact des propriétés de surface sur le mouillage, une poudre d’isolat de 

protéines solubles pour laquelle le mouillage est l’étape limitante de la reconstitution (catégorie 

de reconstitution correcte : mouillage lent et reconstitution courte) a été sélectionnée. Sa surface 

a été modifiée par enrobage avec différents sucres (saccharose, lactose, glucose, fructose et 

galactose) pour améliorer la mouillabilité de la poudre et comprendre les mécanismes 

d’interaction entre l’eau et sa surface. Ainsi, l’impact de la nature des sucres (mono- ou 

disaccharides), de leurs propriétés (température de transition vitreuse, point de fusion, solubilité 

dans l’eau, etc.), de leur localisation à la surface des particules, de l’épaisseur de l’enrobage et 
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de la quantité ajoutée ont permis de mieux comprendre les mécanismes régissant la première 

étape de reconstitution des poudres. Pour cela, les particules ont été étudiées aux échelles 

macro-, micro- et nanoscopique (Figure 2). 

Figure 2. Enrobage par des sucres d’une poudre de protéines solubles du lait présentant un 

mouillage lent et caractérisation de la poudre enrobée à différentes échelles : macroscopique, 

microscopique et atomique. 

1.2.3. Développement de modèles descriptifs et prédictifs pour la reconstitution des 

poudres 

La première étape a été d’identifier, grâce au développement d’un modèle empirique 

descriptif des cinétiques de reconstitution obtenues par suivi conductimétrique, les principales 

caractéristiques (propriétés physicochimiques et structurales, ainsi que procédé de fabrication) 

des particules ayant une influence majeure sur leur aptitude à la reconstitution. Des méthodes 

d’analyse statistique (ANOVA, test des étendues de Tukey, etc.) ont été utilisées pour 

déterminer les caractéristiques prédominantes dans l’aptitude à la reconstitution en les liant aux 

temps de mouillage et de reconstitution expérimentaux de trente-six poudres. 

Dans un second temps, un modèle semi-empirique décrivant les cinétiques de 

reconstitution suivies par granulométrie laser a été élaboré. Il a consisté à représenter 

l’évolution de la taille médiane de particules lors des principales étapes de la reconstitution (du 

gonflement à la solubilisation) sous forme de réponses indicielles d’ordre 1, ce qui a permis 

d’accéder à des informations cinétiques sur chacune des étapes de reconstitution considérées. 
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Le développement de cette méthode de modélisation descriptive a permis de répondre à deux 

enjeux importants : disposer d’un modèle qui soit à la fois applicable à des poudres ayant des 

comportements de reconstitution variés, permettant de décrire l’ensemble de la reconstitution 

avec une équation unique, et dont les paramètres du modèle ont un sens physique en lien avec 

les cinétiques des étapes de la reconstitution. Jusqu’à présent, les modèles utilisés se focalisaient 

uniquement sur l’une des étapes de la reconstitution, telles que le gonflement ou la 

dispersion/solubilisation (Dokoumetzidis et Macheras, 2006 ; Richard, 2012 ; Siepmann et 

Peppas, 2001 ; Sweijen et al., 2017 ; Zheng and Lu, 2011). Le modèle descriptif semi-empirique 

obtenu a permis par des méthodes statistiques (coefficients de Pearson) d’identifier l’impact 

des paramètres physicochimiques de 8 poudres sur les durées et vitesses des différentes étapes 

de la reconstitution (les cinétiques obtenues pour les autres poudres n’ayant pas pu être 

modélisées au vu de leur instantanéité ou de leur complexité). Ceci a permis de confirmer les 

conclusions tirées précédemment des cinétiques de reconstitution obtenues par suivi 

conductimétrique. 

Pour terminer, un modèle visant à prédire, à partir des propriétés physicochimiques des 

poudres les plus influentes, le temps de reconstitution des poudres dans les conditions de 

référence utilisées dans les expérimentations menées lors de la première année a été développé 

en employant des modèles empiriques de forme classique (régression multilinéaire, modèle 

monôme) ou des améliorations de ceux-ci (modèles basés sur une normalisation des propriétés 

physicochimiques, modèle hybride combinant lois puissances et exponentielles). La difficulté 

de cette étape a résidé dans le choix pertinent des caractéristiques physicochimiques prises en 

compte pour le large panel constitué des trente-six poudres considérées. 
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II. State of the art  

Powders are part of our daily life and they are increasingly employed in various 

industries, such as construction materials, food, pharmaceutics, or cosmetics (Ajayi and Amin, 

2021; Barbosa et al., 2012; Sauer et al., 2013; Schuck et al., 2012). The food industry is one of 

the largest consumers and producers of powders based on organic materials. The primary 

objective of the powder form resides in reducing the size of stocks to facilitate transport and 

improving the duration of preservation (Schuck et al., 2012). The second objective is to improve 

the functional properties of an ingredient or a raw material, among which reconstitutability, 

flowability, aptitude for gelation, preservation ability, etc.  

These functionalities depend on the manufacturing process and conditions. A large 

number of processes have been developed, such as grinding, drying, or crystallization (Bhandari 

et al., 2013; Biscans, 2013; Karam et al., 2016; Schuck et al., 2012). The production process 

directly influences the physicochemical properties of powders, such as chemical composition, 

internal structure, particle size distribution, morphology, surface composition, and mechanical 

properties (Burgain et al., 2016b; Hogg, 2008; Lowell and Shields, 1991; Murrieta-Pazos et al., 

2012; Witt et al., 2007). 

To better understand the impact of the different physicochemical properties on powder 

functional properties, a large number of studies was performed to develop analytical techniques 

for the characterization of powder properties (Crowley, 2016; Crowley et al., 2014; Mitchell et 

al., 2020). This permitted to improve knowledge on the links between powder production 

processes, physicochemistry, and functionalities and to focus scientific research on the 

enhancement of powder functionalities (Fournaise et al., 2020; Hammes et al., 2015; Ji et al., 

2015; Li et al., 2017). These studies have made it possible to develop descriptive and predictive 

models for certain functionalities such as reconstitutability or flowability (Dokoumetzidis and 

Macheras, 2006; Ma et al., 2019; Richard, 2012; Siepmann and Peppas, 2001). 

In this thesis, the state of the art is divided in three parts. The first part deals with food 

powder structure and physicochemical properties according to the main manufacturing 

processes. Then, the second part of the state of the art describes the main powder functionalities 

(gelation, flowability, reconstitutability, etc.) and the different approaches for powder 

reconstitution enhancement. The last part of the state of the art lists the main analytical methods 

for the monitoring of powder reconstitution and different approaches to develop descriptive or 

predictive modelling of the kinetics of food powder reconstitution. 
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2.1. Food powder structure 

2.1.1. Powder manufacturing processes 

Various manufacturing processes exist for the production of powders, depending on the nature 

of material to be powdered. In particular, powder manufacturing processes markedly differ for 

solid and liquid matrices. Consequently, obtained powders may exhibit significant differences 

in physicochemical and functional properties. Figure 3 summarizes the main powder 

production processes dependently from material origin (animal or vegetal) and physical state 

(solid or liquid).  

 

Figure 3. Links between material physical state (solid or liquid), production process, and 

physicochemical properties of powders. 
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2.1.1.1. Powder production from solid material  

2.1.1.1.1. Grinding 

Grinding is a wildly-used process to produce powders such as flours (grounded cereal grains) 

(Blazy et al., 2006). It consists in breaking solid material pieces by crushing or mechanical 

shear (Figure 4), which results in size reduction. Crushing consists in impacting the solid 

material by mechanical forces (Figure 4A) with a hammer or by projection. Mechanical shear 

designates the application of shear stresses by compressing the solid against a moving surface 

(Figure 4B). Grinding mainly influences particle size and shape distributions, but it also affects 

the structural state of the solid material and chemical composition, in particular at the surface 

of formed particles. Grinding process conditions are more influential on particle size 

distribution characteristics, whereas the chemical composition (contents in starch, fibers, and 

proteins) of the solid material to be ground significantly affects particle shape properties (Blazy 

et al., 2006; Cuq et al., 2011; Mohamad Saad et al., 2009; Waiss et al., 2020). Friction-induced 

heating of the solid material induces a loss of water and volatile molecules, as well as the 

development of Maillard reaction (Andueza et al., 2003; Deli et al., 2019; Karam et al., 2016; 

Qiu et al., 2005; Waiss et al., 2020). Moreover, the grinding of crystalline parts of the solid 

material induces their transition to an amorphous form due to heat transfer and water 

evaporation (Nakai et al., 1977; Otsuka et al., 1999).  

 

Figure 4. Grinding systems based on: A- crushing (hammer mill; Blazy et al., 2006) and B- 

mechanical shear (colloid mill;  Gao et al., 2020). 
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2.1.1.1.2. Sieving  

Sieving can be used to discriminate powders into granulometric classes differing in 

particle size distribution (Figure 5). The separation between the different classes is achieved 

by size exclusion when particles are forced to pass through sieves of decreasing mesh size by 

vibration of the equipment. When applied to ground materials, granulometric classes resulting 

from sieving often have different chemical composition, as larger particles are expected to come 

from solid material parts that are harder to grind (Becker et al., 2016; Doesthale et al., 1979; 

Liu et al., 2015; Waiss et al., 2020; Zaiter et al., 2016), such as those richer in fibers for instance. 

 

Figure 5. Vibrating sieve (Crawford and Quinn, 2017). 

2.1.1.1.3. Powder mixing 

The mixing of dry powders is a process designed to homogenize powder batches or 

formulations, like flours, sugars, instant soups, bakery mixes, cocoa, etc. Powder mixing is 

achieved by application of external energy causing the relative motion of particles. This is 

generally performed with a blade passing through the powder bed, by rotating a drum 

containing the powder, gravity, or combinations of these principles (Figure 6). The efficiency 

of powder mixing processes is impaired on one hand by powder cohesion coming either from 

van der Walls interactions, electrostatic forces, or stickiness due to presence of fat or amorphous 

sugars at particle surface, and on the other hand by particle segregation due to the Brazil nut 

effect (under motion, the large particles of a powder tend to move toward the top of the powder 

bed as smaller particles have the possibility to move in the interparticular spaces between large 

particles,  especially under them, which blocks the larger particle from moving to the bottom), 
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which is highly linked to the heterogeneity of particle size distribution (Cuq et al., 2013; 

Fournaise et al., 2020; Liao et al., 2012). 

 

 

Figure 6. Principles of dry mixing (Cuq et al., 2013): A - rotative mixing, B - blade mixing, 

and C - static mixing. 

2.1.1.2. Powder production from liquid material  

2.1.1.2.1. Drying processes  

Various kinds of drying processes have been developed to transform liquids into 

powders: e.g., drum-dryer, spray-dryer, and freeze-dryer. Drying is obtained by water removal 

either by evaporation or boiling, depending on applied temperature and pressure.  

• Drum-drying 

 Drum-drying is one of the first-developed drying technique. First, the liquid or paste to 

be dried is spread into a fine layer at the surface of a heated rotating drum (Figure 7). Heat 

transfer to the product causes quick drying by water evaporation and resulting powder is 

collected by scraping with a blade (Caparino et al., 2012; Courtois, 2013). This high heat 

treatment leads to particles exhibiting a cooked flavor and a significant coloration due to 

Maillard reactions, a high level of free fat, a high density, a low porosity, a large size, and a 

flake shape (Caparino et al., 2012; Courtois, 2013; Nindo and Tang, 2007). Drum-drying is 

mainly used for instant mashed potatoes or chocolate powders. Due to the loss of organoleptic 

quality, this technique is not adapted to dairy powders for milk reconstitution applications but 
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useful for the production of ingredients for the bakery and chocolate industries (Caparino et al., 

2012; Karthik et al., 2017; Nindo and Tang, 2007).  

 

Figure 7. Single drum-dryer with feed applicator rollers (Moore, 1995). 

• Spray-drying 

Spray-drying is largely used in the food industry as it allows preserving product 

organoleptic quality while achieving good production rates. To optimize spray-drying 

efficiency, the liquid to be dried is previously concentrated by evapoconcentration. Spray-

drying is performed in three main steps (Figure 8):  

- first, the liquid is sprayed by an atomizer: it is injected into the drying chamber through a 

pressure nozzle or after flowing at the surface of a rotating wheel atomizer, leading to the 

formation of a continuous spray (fine droplets suspended in air). 

- then, sprayed droplets are dried by surrounding heated air; their high specific surface favors 

heat and mass transfer leading to water evaporation. This results in the formation of dry 

particles.  

- last, the powder is separated from the cooled and moisture-enriched drying gas, with a cyclone 

separator or using bag filters, and collected (Petit et al., 2015; Santos et al., 2017; Schuck et al., 

2012). 
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Figure 8. Principle of spray-drying supplied with a cyclone separator (Santos et al., 2017). 

During the initial stage of spray-drying, differential compound migration takes place in 

the sprayed droplets of concentrate: proteins and lipids move to the droplet surface owing to 

their surface-active properties and buoyancy, respectively. For skim milk powders, protein 

diffusion to the surface occurs until reaching saturation. For whole milk powders, lipids, 

saturating the surface more quickly and making it hydrophobic, limit proteins diffusion toward 

the droplet surface (Kelly et al., 2015; Shrestha et al., 2007a). The high levels of milk proteins 

and lipids limit the presence of lactose and minerals at air-liquid interfaces (Kelly et al., 2015). 

That is why minerals and lactose are preferentially found at the heart of particles. However, a 

higher temperature drying air limits the possibility of compound migration within the droplet 

and thus reduces the composition gradient between particle bulk and surface (Shrestha et al., 

2007). Surface lipids make powders more sensitive to oxidation and sticking, while particles 

surface composed of proteins and lactose decreases the possibility of powder oxidation and 

promotes reconstitutability and flowability (Kim et al., 2002; Kim et al., 2005; Vignolles et al., 

2007). The rapidity of the drying mechanism leads to a high proportion of amorphous sugar in 

spray-dried powders, as it is the case for lactose in dairy powders (Makower and Dye, 1956; 

Windhab, 1999). Spray-drying leads to particles of rather spherical shape in comparison with 

other drying techniques. Using high temperature drying air may induce the quick solidification 

of droplet surface, forming a crust that keeps the spherical shape of droplet/particles during the 

drying mechanism (Kim et al., 2002). Subsequent water evaporation leads to particles 

containing a vacuole (occluded air), decreasing the apparent density and increasing the porosity 
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of particles (Caparino et al., 2012; Nindo and Tang, 2007). The pretreatment of the concentrate 

to be dried can modify spray-dried powder structure: for example, aeration of whole milk 

concentrate prior to spray-drying was hypothesized to result in particles containing internal 

pores covered by lipids , thus decreasing lipid content at particle surface (Fournaise et al., 2020). 

Other food powders can be produced by spray-drying, for example fruit juice powders (Phisut, 

2012; Yousefi et al., 2011). Due to their high content in low molecular weight sugars (glucose, 

fructose, and sucrose), fruit juice powders are very hygroscopic and have a low glass transition 

temperature, which may be responsible for stickiness problems (Muzaffar et al., 2015). In order 

to improve the stability of these powders and reduce their stickiness, carrier agents 

(maltodextrins, gum Arabic, etc.) are often added before spray-drying (Bhandari et al., 1993; 

Jiang et al., 2013; Phisut, 2012).  

 

• Freeze-drying 

The freeze-drying process is based on water sublimation at reduced pressure (Ratti, 

2013). First, the liquid product is frozen; then, the frozen liquid is put under partial vacuum; 

last, the product is heated at around 40 °C, which induces its sublimation (Figure 9).  

 

Figure 9. Principle of freeze-drying: representation of water thermodynamic transformations 

on the pressure-temperature diagram. A: initial conditions, B: freezing, C: beginning of pressure 

reduction (application of partial vacuum), and D: heating, leading to water sublimation (Ratti, 

2013).  

This powder production process is reserved to high-value products, owing to its very 

high cost and low production rate, as at industrial scale it can only be carried out by batches. 

The low temperature required for sublimation at reduced pressure allows a better conservation 
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of organoleptic properties (color and flavor) and limits heat-induced denaturation of proteins 

and vitamins in comparison with drum- and spray-drying (Aguilera, 2005; Ratti, 2013). Freeze-

drying results in powders of highest porosity and lowest density among drying processes 

(Aguilera, 2005; Ratti, 2008). 

2.1.1.2.2. Crystallization  

Amorphous sugars are deleterious for long storage due to their high hygroscopicity 

which leads to powder sticking or caking. For powdered products of high sugar content, it may 

be interesting to use a crystallization process which allows reorganization of molecular 

structure of the dry matter, reaching a most stable state named crystalline state (Biscans, 2013; 

Mathlouthi and Genotelle, 1998; Windhab, 1999). Two main types of crystallization techniques 

are encountered. On one hand, crystallization can be induced in sub-saturated liquids either by 

water evaporation leading to an increase in the dry matter content of the liquid up to saturation, 

or by decreasing the saturation concentration by adiabatic cooling (Figure 10A). With these 

techniques, the size and shape of formed crystals depend on the agitation mobile and the guide 

tube of the centrifuge system. On the other hand, crystallization can be the result of a chemical 

reaction between two solutions. The addition and mixing of reagents is then controlled in a 

stirred reactor supplied with a recirculation tube (Figure 10B) (Biscans, 2013).  

The main impact of the increase in the degree of crystallization of powders consists in 

the decrease in the freezing point (Makower and Dye, 1956; Mathlouthi and Genotelle, 1998; 

Windhab, 1999).  

 

Figure 10. Crystallization processes (Biscans, 2013): A- evaporative crystallizer and B- reactor 

crystallizer. 
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2.1.2. Powder physicochemical properties  

2.1.2.1. Chemical composition and structure 

The chemical composition (which can be expressed in dry or wet basis) of a powder 

issued from agroressources consists in the contents in proteins, lipids, carbohydrates, minerals, 

and water averaged for the whole particles constituting the powder. It is usually evaluated by 

standard methods (ADPI, 2002; AFNOR, 2005; George and Latimer, 2019). Chemical 

composition is an important property impacting powder functionalities like reconstitutability, 

flowability, and gelation ability (Fournaise et al., 2020; Sharma et al., 2012). The chemical 

composition is greatly dependent on the nature of the raw material used for powder production 

(animal or vegetal).  

More complex techniques are available to determine the location of chemical 

components in particles. For example, the distribution of components such as lipids or proteins 

within particles can be determined by confocal laser scanning microscopy (CLSM), which is a 

technique permitting to acquire three dimensional images of particles by assembling successive 

pictures of single focal planes (Burgain, 2013; Stancovski and Badilescu, 2014). Emitted 

fluorescence induced by laser excitation can be used to identify different compounds such as 

lipids, proteins, or lactose in whole milk powders (Figure 11) or bacteria for example (Burgain, 

2013; McKenna, 1997). 

 

Figure 11. Determination of the relative proportions of lipids and proteins in whole milk 

powder by CLSM coupled with image analysis (Claire Gaiani’s personal data). 

The use of a wide variety of powder manufacturing processes (grinding, drying, 

crystallization, etc.) and the great variability in raw materials (physical state, origin, etc.) 

induce a large range of physicochemical (chemical composition, particle size and shape 

distributions, surface properties, etc.) and functional properties (reconstitutability, 

flowability, gelation, etc.) of food powders. 
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Fourier-transform infrared spectroscopy (FTIR), another analytical technique which 

allows the determination of the chemical composition, is based on spectral analysis (Dankar et 

al., 2018). It has been employed to characterize the modification of potato starch induced by 

additives, namely agar-agar, soybean lecithin, sodium alginate, and glycerol. Additives induce 

molecular modification of starches by disrupting the OH bonds, which alters starch 

conformation (Dankar et al., 2018). FTIR analyzes have been used to characterize the 

denaturation of caseins and whey proteins (Gaiani et al., 2011; Hussain et al., 2012). FTIR is 

generally complemented by Raman spectroscopy, which is more sensitive. Raman 

spectroscopy, based on the analysis of the inelastic scattering of photons by matter called the 

Raman effect, allows the determination of chemical bonds and the identification of molecular 

structure of organic and inorganic compounds. This method has been used to show that heat 

treatment modifies rice starch structure by forming more digestible aggregates (Wang et al., 

2018). FTIR analyzes also allow the study of the state of matter (crystalline or amorphous) of 

powders (Jensen et al., 2005; Kumar et al., 2000). 

X-ray diffraction is a technique for characterizing crystallized parts of solid material, 

then it is suitable for the determination of the structural state of powders. It is based on the 

determination of the diffraction angle of X-ray beams upon interaction with sample atoms. 

Obtained spectra presents peaks at diffraction angles specific of sample components (Burgain 

et al., 2017; Werner, 1952). This analytical technique can be used to identify the presence of 

sugar crystals within powders, such as crystallized lactose in the case of dairy powders (Forbes 

et al., 1998; Naini et al., 1998).The structural state of the material (amorphous or crystalline) 

greatly impacts on the functional properties of powders. Differential scanning calorimetry 

(DSC) permits the measurement of enthalpy changes associated with thermal transitions and 

thus allows the determination of several physicochemical properties such as the glass transition 

temperature (Tg), melting temperature, etc. Low molecular weight sugars have a low Tg (close 

to the ambient temperature) and thus powders rich in sugars, such as fruit juice powders are 

particularly sensitive to caking during production and storage (Phisut, 2012; Roos, 1995; 

Shrestha et al., 2007b). Many studies on fruit juice powders have been conducted with a view 

to increase their Tg and improve their storage stability using polymers additives with a high 

molecular weight (maltodextrin, Arabic gum, etc.). For a 60/40 maltodextrin/orange juice 

mixture, it has been evidenced that the Tg was increased at 86.4 °C which permitted to ensure 

better stability during storage, while the main components of orange juice powder have a Tg 

between 14-31°C (Shrestha et al., 2007b). It has been demonstrated that a Tg higher than 40 °C 
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makes it possible to avoid reaching the sticking point of powders at room temperature for 

powders containing maltodextrins (Gianfrancesco, 2009). 

2.1.2.2. Particle size and shape distributions 

The measurement of the particle size distribution of a powder represents the evaluation 

of spatial dimensions of sample particles. It can be performed by indirect and direct methods, 

such as sieving, sedimentometry, optical microscopy, laser diffraction, and image analysis 

(Allen and Roux, 1988; Merkus, 2009; Sun et al., 2019).  

The particle size of powders is generally described as volume-weighted size 

distributions, in which the contribution of each particle to the particle size distribution is 

proportional to its volume. In this case, the frequency of each granulometric classes, i.e. the 

volume proportion of all particles of the size class, is called volume density. Particle size 

distributions may also rarely be weighted with particle specific surface area or number (Figure 

12) (Hogg, 2008; Witt et al., 2007). Based on particle size distribution, characteristic 

granulometric parameters can be calculated, such as D10, D50, and D90, where Dx represents the 

diameter for which x % of the particles have a smaller size. The width of the particle size 

distribution can be evaluated with the span, deduced from D10, D50, and D90 using Equation 1 

(Grossman and Cline, 1957). 

𝑠𝑝𝑎𝑛 =  
𝐷90−𝐷10

𝐷50
                                                                                                                Equation 1 

 

Figure 12. Examples of volume-weighted (left), specific surface area-weighted 

(middle), and number-weighted (right) particle size distributions of the same sample of whey 

protein isolate powder. 

Sieving is the oldest size characterization method. The sample is separated in different 

granulometric classes with sieves of various mesh sizes and each granulometric class is 

weighed. This permits to calculate the mass proportion of granulometric classes, which is 

assumed to correspond to their volume density (Allen and Roux, 1988; Laguna et al., 1999). 

Sieving efficiency and duration are extremely dependent from particle shape, sample amount, 

as well as powder cohesion and friability (Allen and Roux, 1988; Frančišković-Bilinski et al., 
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2003; Laguna et al., 1999). Also, this technique leads to rather imprecise results owing to the 

low number of employed sieves. 

Sedimentometry allows calculation of particle size from the velocity at which particles 

fall in a liquid or gaseous fluid using the Strokes equation (Allen and Roux, 1988). Validity 

conditions of this method require that particles should be spherical, smooth, and rigid; 

measurement should be performed by ensuring that fall velocity is reached; and the fluid should 

be homogeneous and dense enough to obtain low sedimentation speeds which allow neglecting 

the effects of inertia on particle motion (Allen and Roux, 1988; Shein et al., 2006).  

Laser diffraction analysis consists in the determination of particle size from the 

diffraction angle of a laser beam when passing through a dispersion of particles in a liquid or 

gaseous fluid in the measurement cell. It allows size measurement of small particles until about 

0.2 µm. Optical microscopy allows the observation and measurement of particle size and shape 

by manual count or image analysis. This method requires preparation to ensure particle 

separation and sampling of a representative particle population (Allen and Roux, 1988). 

Measurement of particle size is realized by means of an ocular graticule allowing the 

dimensioning of the observation field (Allen and Roux, 1988; Martins et al., 2020). For a 

measurement to be considered accurate (inferior to 2 % standard deviation for particle size), it 

is necessary to analyze a minimum of 96 fields and 625 particles, and their size should exceed 

2.3 µm. However, this method should be considered precise only for particles over 2.3 µm 

(Allen and Roux, 1988). 

Image analysis is another direct technique allowing the determination of particle size. It 

consists in acquiring high frequency images of a dispersion of particles in a liquid or gaseous 

fluid passing through a measurement cell and analyzing them with a software to deduce particle 

size but also shape characteristics. The determination of particle size by image analysis is 

restricted to particles superior to 1 µm by the resolution of employed camera (Merkus, 2009; 

Shein et al., 2006). Also, the determination of shape properties (e.g., sphericity, convexity, 

aspect ratio) is made possible for particle larger than 10 µm due to the limitation of the number 

of pixels covered by the particle (Merkus, 2009; Shein et al., 2006; Witt et al., 2007).  

2.1.2.3. Density and porosity  

Density is generally defined as the ratio of mass to volume. For powders, different 

measurement methods exist, leading to various definitions of powder density either based on 

the material constituting particles, individual particles, or the whole powder bed and dependent 



37 

 

from the way by which the powder sample has previously been prepared, as the operations of 

pouring, conditioning, compaction, etc. are known to affect the spatial arrangement of particles 

within the powder bed. Interparticular spaces as well as open and closed pores play a central 

role in the definition of the different densities (Figure 13). Interparticular spaces designate the 

air-filled spaces between the particles in the powder bed (Figure 13 A). Open pores represent 

the pores connected to the surface of particles and closed pores are totally surrounded by solid 

parts of particles (Figure 13 B) (Barbosa-Cánovas and Juliano, 2005; Lowell and Shields, 1991; 

Onwulata, 2005). 

 

 

Figure 13. A- Interparticular spaces and B- closed and open pores (Onwulata, 2005).  

At the particle scale, two definitions of density are found in the powder field (Barbosa-

Cánovas and Juliano, 2005; Lowell and Shields, 1991; Onwulata, 2005): 

• The true density of powders corresponds to the density of the solid material constituting 

powder particle, it depends on powder chemical composition only. Interparticular spaces, open 

and closed pores are excluded from the volume considered in the definition of true density. 

• The apparent density of powders is equal to the mass of particles divided by their 

volume, closed and open pores included, but interparticular spaces excluded. The apparent 

density can be measured by pycnometry, which consists in the determination of the volume of 

displaced gas or liquid after immersion of a given particle mass (Onwulata, 2005).  

At the powder bed scale, several powder densities can be defined according to the 

method of volume determination: 

• The aerated density, also called conditioned density, is determined by using the powder 

bed volume measured after conditioning (i.e., powder homogenization); 

• The tapped density is calculated from the volume of the powder bed after a given 

number of taps of the powder sample, or after application of vibration during a given duration; 

•   The compacted density, the volume of the powder bed is measured after compaction, 

i.e. application of a given value of normal stress;  
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• The loose density is obtained from the powder bed volume after free pouring in a 

measurement cell without conditioning; 

• For the aerated bulk density, the volume is measured after fluidization of the powder 

bed. 

Powder densities mainly depend on the production process and the chemical 

composition that control the formation of open and closed pores, as well as the particle size and 

shape distributions which are directly linked to interparticular spaces. Among functionalities, 

powder densities impact more significantly on flowability and reconstitutability (Barbosa-

Cánovas and Juliano, 2005; Onwulata, 2005; Schuck et al., 2012). 

 

Particle porosity is defined by the ratio between volumes of open pores and particles 

including open and closed pores. It can be measured with mercury porosimetry or bed voidage 

method. The bed voidage method is based on the difference of bulk density before and after 

mixing the powder bed with an extremely fine powder that fills open pores and interparticular 

spaces (Barbosa-Cánovas and Juliano, 2005; Lowell and Shields, 1991; Schuck et al., 2012a). 

The porosity has a marked impact on technofunctional properties (Lowell and Shields, 1991). 

CLSM allows the observation of the inner structure of a particle, in particular open and 

closed pores (Figure 14) (Kosasih et al., 2016; Paramita et al., 2010). 

 

Figure 14. Example of CLSM associated with image analysis to determine pores in whole milk 

powder (Claire Gaiani’s personal data). 

This technique has been used in formulation to determine the impact of additives 

(gelatin, decaglycerin monolaurate, or ethanol) on the internal structure of particles composed 

of matodextrin and gum Arabic. The additives have the effect of increasing the formation of 

closed pores (Paramita et al., 2010). CLSM also permitted to evidence the increase in closed 
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pores for whole milk powders when using carbonation as pretreatment prior to drying, but also 

the evolution of particle physical structure during storage (Kosasih et al., 2016). 

Finally, transmission electron microscopy permits to acquire two dimensional pictures 

at higher definition. It requires an ultrathin cut of sample particle, because it is based on the 

analysis of the electron beam transmitted through the sample (Burgain et al., 2017; Lie-Piang 

et al., 2021). This technique has been used in studies aimed at characterizing the internal 

structure of casein micelles in raw milk or after reconstitution (Karlsson et al., 2007; Knudsen 

and Skibsted, 2010; Lie-Piang et al., 2021). 

 

2.1.2.4. Powder surface characterization  

2.1.2.4.1. Surface imaging  

• Scanning electron microscopy  

Scanning electron microscopy (SEM) permits to acquire two dimensional high-

definition pictures with a high magnification. The sample is scanned by a focused electron beam 

under high partial vacuum, and the secondary electrons emitted by the sample are detected. 

which permits to build an image of the surface and the shape of particles from contrast 

variations (Burgain, 2013; Klang et al., 2013). 

The limitation of this technique comes from the sample preparation step. First, the 

sample needs to have a low water content, then sometimes the sample has to be dried before 

analysis which may induce alteration of powder surface structure. The second concern is that 

sample coating is needed to conduct the electron beam, with carbon or gold for low- or high-

resolution analysis, respectively. The coating needs to be as fine as possible to avoid missing 

topographical information relative to sample surface (Fournaise et al., 2020; Klang et al., 2013). 

An improved method of SEM has been developed to allow the analysis of hydrated 

samples and avoid the necessity of conductive coating: Environmental Scanning Electron 

Microscopy (ESEM). ESEM resolution is lower than SEM but it can be used for the observation 

of particles in hydrated conditions. Measurements can be made in the absence of water vapor 

pressure up to the dew point (Donald et al., 2000; Klang et al., 2013; Stokes et al., 1998). 

• Atomic force microscopy 

Atomic force microscopy (AFM) is currently a rising star in the food powder surface 

analysis field, mainly for its resolutive capacity (on the order of fractions of a nanometer) 1000 

times better than the optical diffraction limit. AFM is a versatile tool compared to other surface 

analysis techniques as it is possible to record topographic images and/or to perform force 
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measurements. The major difference between AFM and optical microscopy or electron 

microscopy is that AFM does not use lenses or beam irradiation. The information is gathered 

by touching the surface with a mechanical probe. Therefore, AFM does not suffer from a 

limitation in spatial resolution due to diffraction and aberration, the measurements can be 

performed in controlled environment and vacuum is not required and finally, sample staining 

or coating is not necessary (Burgain et al., 2017). 

Application of AFM to food powders allows to study single particle surface topography 

and roughness, surface chemistry and nanomechanics. With AFM, a small sample surface is 

scanned by a tip staying in contact with the sample or tapping the sample surface (Figure 15). 

A laser beam is focused on the cantilever to record the 3D position with a photodiode detector. 

 

 

Figure 15. Principle of atomic force microscopy (Burgain, 2013). 

 

This technique can be used to create high-definition 2D and 3D pictures of particle 

surface and measure surface roughness (Figure 16). The strength of AFM regarding food 

powders lies in its ability to highlight very fine structures such as small patches at powder 

surface which cannot be evidenced by SEM or ESEM due to the required coating or the 

degradation of sample surface caused by the electron beam (Andre et al., 2010; Burgain, 2013; 

Klang et al., 2013). 

. 
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Figure 16 : 2D (A) and 3D (B) pictures of skim (1) and whole (2) milk powders (Murrieta-

Pazos et al., 2011). 

The AFM has recently been applied to the analysis of food powders and used to improve 

the knowledge on particle surface of skim and whole milk powders (Burgain et al., 2017) or on 

proteins from various origins (soy, wheat, dairy, etc.) with a view to determine the impact of 

the production process (Shi et al., 2019). Also, the increase in surface roughness during long-

term storage of dairy powders has been evidenced by AFM (Burgain et al., 2016b, 2017; Klang 

et al., 2013). 

The dimensional limitations of microscopic techniques have been summarized by 

Burgain et al. (2017) in Figure 17. Optical microscopy allows the observation of particles from 

millimetric to micrometric scales. For smaller particle sizes, only electronic and atomic 

microscopies allow the measurement from micrometric to nanometric scales. 

 

Figure 17. Observation range of microscopies (Burgain et al., 2017).  
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2.1.2.4.2. Surface physicochemical properties  

AFM can be used in force spectroscopy mode to measure the interaction force between 

tip and sample. This mode permits to characterize sample surface elasticity by the calculation 

of Young’s modulus (Burgain et al., 2017; Gaboriaud and Dufrêne, 2007; Shi et al., 2019). This 

measurement is carried by nanoindentation to evaluate surface elasticity. Elasticity is related to 

the ability of the surface of a solid material to be deformed under application of a normal stress. 

In nanoindentation mode, AFM analysis is performed by penetrating the sample surface with 

the tip (Figure 18) and the Young’s modulus, which described the elasticity of a solid material, 

is calculated from the force-distance curve with the Hertz model (Burgain et al., 2017; Hertz, 

1882; Klang et al., 2013).  

 

Figure 18 : Examples of force–distance curves recorded for hard (a) and soft (b) surfaces 

(Kasas et al., 2013). 

AFM analyses of food powders (nanoindentation and imaging) are fairly recent. First 

nanoindentation measurements concerned particles of crystallized sugars : Young’s moduli of 

3 – 7 and 33 – 38  GPa were respectively obtained for lactose and sucrose particles (Perkins et 

al., 2007; Ramos and Bahr, 2007). AFM nanoindentation of the surface of micellar casein 

powder highlighted the link between surface elasticity increase and reconstitutability 

impairment during storage: fresh and aged micellar casein powders had Young’s moduli around 

0.2 and 20 GPa, respectively, showing that powder aging induces surface hardening, which was 

related to the alteration of the structuration of micellar caseins at particle surface following their 

agglomeration (Burgain et al., 2016b). 

More recently, a study on fruit powders evidenced a strong impact of storage 

temperature and humidity on particle surface properties using AFM. Decreased roughness and 

stiffness were linked to a lower reconstitutability as above a glass transition temperature (Tg), 

a viscous layer around the particle limited water entrance (closed porosity during swelling) 
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which was described as the limiting step in the global reconstitution process (Figure 19) 

(Gaudel et al., 2022).  

 

Figure 19. Summary of the relevant results in terms of physicochemical properties from macro- 

to nano-scale for fruit powders, adapted from Gaudel et al. (2022). 

2.1.2.4.3. Surface chemical composition 

 Surface chemical composition influences functional properties of powders, especially 

reconstitutability and flowability (Kim et al., 2002). In chemical force microscopy (CFM) 

mode, tips are functionalized by grafting with biomolecules or bacteria, which allows the 

identification of their specific interactions with the surface of particles. CFM has been 

employed to create hydrophobic maps of particle surfaces and identify protein-protein 

interactions or specific adhesive interactions between bacteria and dairy proteins located at 

powder surface. This allows improving the knowledge about mechanical, biophysical, and 

biochemical properties of particle surface (Burgain, 2013; Burgain et al., 2016b, 2017; 

Gaboriaud and Dufrêne, 2007; Noy et al., 1997). 

 Time-of-flight secondary ion mass spectrometry is a technique providing atomic and 

molecular quantification of particle surface (3 – 5 nm). Its principle consists in focusing a pulsed 

beam of primary ions on the surface to be analyzed in order to produce secondary ions from the 

first monoatomic layers of the sample (Nicholas et al., 2020). This technique has already been 

used to follow the evolution of the surface of milk protein or cocoa powders during storage 
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(Burgain et al., 2016a; Jacquot et al., 2016) and study surface composition of coated powders 

along with the proportion of covered surface (Nicholas et al., 2020).  

X-ray photoelectron spectroscopy (XPS) has initially been used in the food powder field 

by Fäldt et al. (1993). XPS allows the determination of the atomic surface composition of the 

10-nm outer layer of solid samples. Sample surface is excited by a photon beam, which releases 

photoelectrons that are then detected by an energy analyzer. The deconvolution of obtained 

spectra allows identifying the atomic composition and the type of chemical bonds between 

atoms (Fäldt et al., 1993; Kim et al., 2002; Kim et al., 2005). For food powders, it is mainly 

used to determine the surface composition in carbon, oxygen, nitrogen, and other minor 

components (phosphorus, sulfur, calcium, manganese, etc.) (Kim et al., 2002; Kim, 2008; 

Nawaz et al., 2016). The ratios between surface contents in carbon and oxygen and between 

carbon-oxygen bonds and other carbon bonds have been positively correlated to surface 

hydrophobicity (Kim, 2008). Therefore, contrary to AFM in CFM mode for which the 

measurement area is small (square of few micrometers side), XPS is not a local analysis due to 

the large measurement area (300 µm × 700 µm). Thus, XPS applied to powders provides global 

results for a large number of particles (Fäldt et al., 1993). For dairy powders, the atomic surface 

composition can be converted into macrocomponents (proteins, lipids, lactose, and minerals) 

surface composition from atomic compositions of pure components. Unfortunately, this method 

seems hard to extend to other kinds of food powders, owing to the requirement of well-distinct 

XPS signatures of macrocomponents (Gaiani, 2006; Nikolova et al., 2015). 

 Energy-dispersive X-ray spectroscopy (EDX) allows the measurement of surface 

composition for a maximum analysis depth of 5 µm. An electron beam scans the sample surface 

and induces the formation of X-rays that are collected by a detector. Obtained spectrum is then 

interpreted to determine surface atomic composition. The combination of EDX and XPS 

analyses made it possible to determine the gradient between surface and bulk macrocomponents 

(proteins, lipids, lactose, and minerals) composition of whole and skim milk powders (Benjakul 

and Karnjanapratum, 2018; Murrieta-Pazos et al., 2012; Shetty and Shivani, 2020). 
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2.1.2.5. Process impact on powder physicochemical properties  

 The powder production process, in relation with the nature of the raw material (solid or 

liquid, animal or vegetal) to be powdered, has a direct impact on powder physicochemical 

properties such as physical properties (particle size and morphology distributions) and bulk and 

surface chemical compositions. 

2.1.2.5.1. Process impact on powder structure 

Drum-drying leads to the formation of flakes varying in particle size according to the 

thickness of the product deposited on the surface of the dryer: a thicker layer induces the 

formation of larger flakes (Caparino et al., 2012; Courtois, 2013; Kalogianni et al., 2002).  

The particle size distribution of powders produced by crystallization depends on the 

crystallization time. For example, in the case of sugar powders, a shorter crystallization time 

induces the formation of small crystals (caster sugar), whereas a longer time leads to larger 

crystals (granulated sugar) (Biscans, 2013; Mathlouthi and Genotelle, 1998). 

Spray-drying induces the formation of rather spherical powders following the 

mechanisms of droplet drying. Particle size distribution of spray-dried powders mainly depends 

on nozzle or rotating wheel geometry, spraying conditions, and concentrate physicochemical 

properties (viscosity, density), as the size of resulting spray-dried particles is highly correlated 

to the size of sprayed droplets (Petit et al., 2015; Santos et al., 2017; Schuck et al., 2012). 

Droplet size is markedly dependent from the type of nozzle: bi-fluid nozzles generally result in 

smallest droplets than single-fluid nozzles in comparable spraying conditions. The feed 

flowrate of the concentrate impacts on the size of sprayed droplets: the higher the flowrate, the 

smaller the droplets. A difference in air-liquid velocity also induces the formation of smaller 

droplets because of the higher friction forces. Last, a concentrate with a high dry matter content 

(thus having high density and viscosity) induces the formation of larger droplets (Mandato et 

al., 2012; Petit et al., 2015; Schuck et al., 2012). The drying air temperature influences particle 

shape: a high temperature induces the formation of particles with a smooth surface, while a low 

temperature induces the shrinkage of the surface of dairy and fruit juice powders (Kim et al., 

2003; Phisut, 2012).  

The particle size distribution of powders produced by single-effect spray-drying is 

generally monomodal, whereas grinding processes often result in heterogenous solid fragments 

and bi- or polymodal size distributions (Boucheham et al., 2019; Waiss et al., 2020). Grinding 
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is generally followed by sieving to allow powder discrimination in monomodal granulometric 

classes (Deli et al., 2019; Waiss et al., 2020). 

2.1.2.5.2. Process impact on powder bulk and surface compositions 

Particles issued from crystallization processes generally have a homogenous chemical 

composition, because the chemical reaction of crystal formation is selective and leads to a 

certain degree of purification. Refined sugars or salts are composed of a single compound for 

instance (Biscans, 2013; Mathlouthi and Genotelle, 1998; Windhab, 1999). 

Other powder production processes result in powders of heterogeneous chemical 

composition. For instance, proteins, lipids, sugars, and minerals are not regularly distributed 

within particles of dairy powders produced by spray-drying (Murrieta-Pazos et al., 2012): bulk 

and surface compositions generally differ, depending on spray-drying conditions and chemical 

composition of the concentrate to be dried, due to the migration of the components in sprayed 

droplets. Murrieta-Pazos et al. (2012) highlighted differences between surface and bulk 

compositions of whole and skim milk powders using XPS and EDX for surface composition up 

to two different depths, and classical chemical methods for bulk composition (Figure 20). 

 

Figure 20. Differences between surface and bulk chemical compositions of spray-dried skim 

and whole milk powders (Murrieta-Pazos et al., 2012). 
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The use of pretreatments such as air incorporation into the concentrate before spray-

drying modifies the surface chemical composition of whole or semi-skim milk powders (Figure 

21). It was hypothesized that droplets coming from aerated feed concentrates may have a higher 

proportion of occluded air (i.e. closed pores). Thus, due to buoyancy and hydrophobicity, lipids 

may be found either at the embedded air/water interfaces or at droplet surface, leading to lower 

lipid content of particle surface (Fournaise et al., 2020).  

 

Figure 21. Surface composition on dry basis deduced from XPS analysis of spray-dried skim, 

semi-skim, and whole milk powders with or without prior aeration of feed concentrate. For each 

component separately, bars topped with different letters were significantly different according 

to Tukey's HSD test (p ˂ 0.05; n = 2) (Fournaise et al., 2020). 

Surface contents in macrocomponents and hydrophobicity are extremely important for 

powder functionalities, as particle surface is in direct contact with other particles, equipment 

walls, or water. Thus, surface composition controls powder cohesion, adhesion, and water 

interaction properties, which are fundamental for flow and reconstitution properties (Fournaise 

et al., 2020; Kim et al., 2002; Kim, 2008; Kim et al., 2005). 

It was highlighted that sieving powders obtained by grinding of plants or cereals induces 

differences in chemical composition of granulometric classes (Deli et al., 2019; Gnagne, 2017; 

Ndangui et al., 2010; Waiss et al., 2020). The finest fractions are generally richer in proteins, 

lipids, and minerals, whereas the largest particles contain more fibers and carbohydrates. It has 

been shown that bran of plants or cereals are harder to grind, leading to particles of greater size 

(Becker et al., 2016; Silva et al., 2011; Zaiter et al., 2016). Grinding conditions impact on 

powder water content: in fact, high-speed grinding induces friction of the solid material to be 

ground leading to temperature increase and subsequent water evaporation (Waiss et al., 2020). 
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2.2. Powder functional properties  

The various applications of food powders have led to define many functional properties 

in relation with their end-use: gelation or texturation, antioxidant activity, foamability, 

flowability, reconstitutability, preservation of nutritional quality during storage, etc. (Cayot and 

Lorient, 1997; Fournaise et al., 2020, 2021a; Neves et al., 2019; Scheidegger et al., 2013; Silva 

and O’Mahony, 2017). 

2.2.1. Gelation  

Food product texture is a very important attribute of organoleptic properties. Addition 

of powdered ingredients during food production process is often used to improve gelation or 

foaming properties and contribute to modulate food product texture (Cayot and Lorient, 1997; 

Sharma et al., 2012). Powder gelation properties are of utmost importance in the dairy industry 

for the production of yogurt and cheese. Protein powders are added to milk to control its 

gelation (which is related to denaturation and modifications of chemical structure of proteins 

caused by various mechanisms such as acidification, enzymatic hydrolysis, and/or heating) and 

textural properties of resulting dairy products (Cayot and Lorient, 1997; English, 1981; 

Lankveld, 1984; Sharma et al., 2012). Gelation ability and texturation are also important in the 

bakery industry; in this case, it is related to gelatinization and swelling power of starches, pea 

isolate, or chickpea flour (Miñarro et al., 2012). Polysaccharides such as xanthan gum or 

carrageenans are employed to enhance gel resistance (elasticity and hardness) and stability. 

Moreover, these polysaccharides are resistant to heating or freezing, unlike starch, making them 

particularly interesting in the food industry (Miller-Livney and Hartel, 1997; Yuan et al., 2019).  

 

 

Powder production processes and processing conditions specifically influence particle size 

and shape distributions. The origin of the raw material (animal or vegetal, liquid or solid) 

coupled with the impact of the processes influence the bulk and surface chemical composition 

(homogeneous or heterogeneous composition of particles of different size, composition 

gradients within single particles). These results in a large variability of powder 

physicochemical properties, which in turn results in a wide range of powder functional 

properties. 
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2.2.2. Foamability 

Foaming properties of powders are employed for instant beverages (coffee, cappuccino, 

etc.) or desserts (ice cream, whipped cream, foam, etc.) (Deotale et al., 2020; Li et al., 2018; 

Sharma et al., 2012). Proteins or surfactants, through their surface-active properties, have the 

ability to stabilize water-liquid interfaces. Foam formation can result from two production 

methods: on one hand, gas (air, carbon dioxide, nitrogen, etc.) can be incorporated in the 

formulated food product by intense mixing or bubbling (Amagliani and Schmitt, 2017; Li et al., 

2018; Weaire and Phelan, 1996); on the other hand, gas can be encapsulated in powdered 

ingredients, leading to gas release upon powder reconstitution when formulating the food 

product (Deotale et al., 2020; Illy and Navarini, 2011; Pugh, 2016). After foam generation, 

proteins or surfactants have the natural propension to migrate to water-air interfaces, leading to 

stabilization of the foam, thus limiting bubble coalescence and/or liquid drainage susceptible to 

destabilize the foam (Taisne, 1997). Other compounds may help stabilizing foams by increasing 

the viscosity of the liquid phase, such as polysaccharides (xanthan gum, carrageenans, etc.) or 

proteins (Dickinson, 2010; Mohanan et al., 2020). 

2.2.3. Antioxidant activity 

Antioxidant activity is an important functionality of powdered ingredients both for 

preservation purposes and formulation of food supplements. It is closely related to powder 

chemical composition. For example in dairy powders, some proteins like lactoferrin and bovine 

serum albumin are antioxidant due to their chelation ability and their content in amino acids 

such as tyrosine and cysteine that are able to reduce reactive oxygen species owing to their thiol 

groups (Scheidegger et al., 2013). Besides, dairy powders have sometimes been used as a solid 

matrix able to encapsulate antioxidant compounds (Neves et al., 2019; Waghmare, 2020). In 

this case, encapsulation of bioactive compounds can be viewed as a way to increase the 

antioxidant activity of powdered dairy ingredients. Other powders have noticeable antioxidant 

properties, especially plant-based powders issued from fruits and vegetables (Salehi and 

Aghajanzadeh, 2020). The main antioxidant compounds found in this kind of powders are 

anthocyanins, flavonoids, proanthocyanidins, and phenolic acids (Camire et al., 2007; Park and 

Chung, 2014; Salehi and Aghajanzadeh, 2020). 
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2.2.4. Flowability  

The flowability of a powder designates the ability of individual particles to move 

independently from each other, which is notably related to powder compressibility and cohesion 

(Silva and O’Mahony, 2017). Powder flowability is very dependent on particle size and shape 

distributions, powder apparent density, and electrostatic interactions: particles of large size, 

having highly spherical shapes, and/or high density often flow better, and electrostatic 

interactions are unfavorable to flowability as they tend to increase powder cohesion. A high 

proportion of fine particles (< 90 µm) impairs flowability (Fournaise et al., 2020 ; Kim et al., 

2005 ; Schuck et al., 2012). In addition, heterogeneous particle sizes often lead to the filling of 

the space between large particles by small ones, which increases interparticular friction and 

therefore decreases powder flowability. Particle shape also impacts on flowability, because at 

the same particle size, particles with a smooth surface and spherical shape flow more easily. 

Therefore, spray-dried whey protein powders, which have a more regular shape than spray-

dried casein powders, have better flow properties (Silva and O’Mahony, 2017). Air trapped in 

particles decreases the apparent density and thus impairs flowability. For spray-dried particles, 

a low solid content of the feed concentrate, generally resulting in its low viscosity, induces the 

formation of particles with a large amount of occluded air and then numerous closed pores and 

a low powder apparent density (Crowley et al., 2014; Fournaise et al., 2020). Powder chemical 

composition, and more particularly surface composition, also has a huge influence on flow 

properties (Kim et al., 2005). A high water content induces a decrease in flowability, as a wet 

particle surface is generally stickier (Teunou and Fitzpatrick, 1999). Surface lipids are known 

to strongly reduce powder flowability, by making particles sticky at room temperature, which 

promotes adhesion of the particles to the surfaces with which they come into contact due to the 

low fusion temperature of lipids (Kim, 2008; Petit et al., 2017; Shrestha et al., 2007a). 

Increasing the lipid content also increases cohesion by creating hydrophobic interactions 

between particles, further reducing powder flowability (Silva and O’Mahony, 2017). Therefore, 

it is preferable to reduce powder lipid content as much as possible and select processing 

conditions so as to put lipids in crystalline form (Sharma et al., 2012). The use of additives such 

as flow agents by the reduction of cohesion or moisture absorbers (silicon dioxide, modified 

starches, etc.) can improve powder flowability (Schuck et al., 2012).  
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2.2.5. Reconstitutability 

Powder reconstitution is of upmost relevance for industrial applications, considering 

that most powdered ingredients are reconstituted or extracted before use. Literature put in 

evidence the existence of four main reconstitution steps: wetting, sinking/swelling (which often 

occur simultaneously), dispersion (including breaking of lumps and agglomerates, along with 

fragmentation of individual particles), and solubilization (Figure 22). The main scientific 

obstacle is that these steps can hardly be isolated. Indeed, several reconstitution steps overlap 

at different time scales (Schubert, 1993) and the entire reconstitution mechanism is still 

complicated to state (Forny et al., 2011; Gaiani et al., 2006; Mitchell et al., 2015). 

 

Figure 22. Reconstitution steps (wetting, sinking/swelling, dispersion, and solubilization) of a 

powder in a solvent (adapted from Forny et al., 2011). 

2.2.5.1. Wetting  

Powder wetting is the phenomenon defined by the replacement of the gaseous phase by 

water at the powder surface. It can be experimentally determined by using standard methods of 

the International Dairy Federation (IDF, 1987) developed for milk powders. Previous studies 

evidenced that powder wetting is more efficient for large particles (at least over 90 μm) or 

agglomerated powders (Fournaise et al., 2020, 2021a; Hogekamp and Schubert, 2003; Schuck 

et al., 2012; Richard, 2012).  High porosity and spherical particles also have a good wetting 

behavior (Hla and Hogekamp, 1999; Ji et al., 2015). In addition to physical properties, chemical 

composition also has a great influence on powder wettability. For instance, high lipid or protein 

contents makes powder surface hydrophobic, leading to poor wettability and large contact angle 

measurement. Powder wettability can be related to the contact angles between particles and 
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liquid surface, as small contact angles are correlated to a good wettability  (Young, 1805; 

Nijdam and Langrish, 2006; Schuck et al., 2012; Crowley, 2016; Wu et al., 2020). On the 

contrary, hydrophilic components located at powder surface like carbohydrates, sugars, or 

surfactants enhance its wettability (Hammes et al., 2015; Ji et al., 2017, 2015; Wu et al., 2020). 

The structural state of sugars is known to influence the wetting step. In fact, amorphous sugars 

at particle surface facilitate its interaction with water due to the formation of a largest number 

of hydrogen bonds with water and the absorption of water in their bulk. On the contrary, water 

can only adsorb at the surface of crystalline sugars by weak interaction forces and it does not 

immediately penetrate into their bulk, which results in well poorer wettability than amorphous 

sugars (Angelopoulou et al., 2021b; Puri et al., 2010; Szakonyi and Zelkó, 2012). 

2.2.5.2. Sinking and swelling  

Sinkability is defined as the ability of particles or particle agglomerates to sink below 

the water surface (Jiang et al., 2013). Sinking mainly depends on particle size distribution, 

porosity, and apparent density: as a general rule, large and/or high-density particles enhance 

sinking. However, large particles of high porosity (low density) exhibit higher sinking rate than 

small and low porosity (high density) particles, as sinking is favored by water capillary 

diffusion into inter- and intraparticular pores (Caric and Milanovic, 2002; Ji et al., 2017; 

Mitchell et al., 2019; Ong et al., 2021). Cohesive powders often sink in the form of lumps 

(cluster of dry particles trapped inside a viscous layer formed upon liquid-particle interaction) 

(Mitchell et al., 2015). The ability of powders to sink is also related to surface tension, 

buoyancy, liquid-particle contact angle, particle mass and densityforce. For example, if the 

contact angle exceeds a critical value, particle weight is not sufficient to overcome the effects 

of surface tension and buoyancy which are opposed to particle sinking , which results in the 

floating of particles and a poor wettability(Ong et al., 2019, 2021). The sinking can be improved 

by pouring powder in a liquid at high flow rate, owing to the increased particle velocity and 

kinetic energy upon impact with liquid surface (Ong et al., 2021). Additionally, particle 

swelling may occur depending on the chemical composition of particles, and this phenomenon 

can also result in the formation of lumps for cohesive powders (Forny et al., 2011; Jiang et al., 

2013). Indeed, upon interaction with water, polymers of macromolecules (for food powders: 

mainly, proteins, starch, and fibers) contained in particles disentangle, resulting in a softening 

of the particle outer layers and an increase in their size, leading to particle size increase 

(Bonacucina et al., 2009; Conti et al., 2006; Cuq et al., 2011; Forny et al., 2011). Fibers and 

starches are known to induce significant swelling due to their hydrophilic behavior, contrarily 
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to proteins which are more hydrophobic and thus have a low swelling rate (Eastman and Moore, 

1984; Gaiani et al., 2007; Kravtchenko et al., 1999; Lamberti et al., 2004; Parker et al., 2000). 

2.2.5.3. Dispersion 

Dispersibility is defined as the ability of a powder to disperse into water. Powder 

dispersion consists in two simultaneous mechanisms: desagglomeration which designates the 

disintegration of lumps and agglomerates into individual particles, and attrition which 

corresponds to the release of particle fragments by water-induced breaking (Fang et al., 2011; 

Forny et al., 2011; Mimouni et al., 2010). Both dispersion mechanisms lead to size reduction 

and specific surface area increase, further facilitating interactions of the solid matrix with water. 

Particle dispersion occurs when the cohesion between particle components (mainly by van der 

Walls interactions and hydrogen bonds) is overwhelmed by shear forces exerted by the liquid. 

Powders rich in proteins and/or lipids are known to be cohesive due to the hydrophobicity of 

these compounds (Cuq et al., 2011; Freudig et al., 1999; O’Mahony and McSweeney, 2016; 

Schuck et al., 2012). The dispersion rate is enhanced for high porosity, low density, or lowly 

cohesive particles (Fournaise et al., 2020; Goalard et al., 2006; O’Mahony and McSweeney, 

2016). 

2.2.5.4. Solubilization  

Solubilization is often considered as the determinant reconstitution step as it is the final 

one (O’Mahony and McSweeney, 2016). The solubilization step encompasses the dissolution 

of soluble components and the homogenization of insoluble components in the liquid. This 

leads to the complete loss of particle structure and the final reconstituted product consists in a 

suspension of insoluble components in a solution of soluble ones (Gaiani et al., 2007; Marabi 

et al., 2008; O’Mahony and McSweeney, 2016). Complete powder solubilization leads to a 

homogeneous solution without insoluble particles, which is an important criterion for the 

consumer. The chemical composition is crucial for powder solubility. The presence of proteins 

is known to decrease the solubilization rate, as interactions between them should be broken 

before proteins may be solubilized. Also, it has been observed that intermicellar interactions of 

caseins significantly decrease the solubilization rate (Fang et al., 2011). Besides, fibers 

generally contribute to increase the solubilization rate, as soluble fibers are extremely 

hydrophilic and thus prone to solubilize, whereas insoluble fibers and starches are not 

susceptible to solubilize, which shortens the whole solubilization time (Gaiani et al., 2007; 

Kravtchenko et al., 1999; Yousefi et al., 2011). Powder solubilization is generally delayed by 

the presence of hydrophobic molecules at the particle surface (Lee et al., 2006). Based on 
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diffusive models, it can be stated that small particles may solubilize faster, owing to their higher 

specific surface area (Dokoumetzidis and Macheras, 2006; Nernst, 1904). 

 

2.2.6. Powder reconstitution improvement 

Reconstitution improvement is challenging for industrials, as the demand for powders 

that reconstitute quickly is increasing among consumers. Several approaches are employed to 

improve powder reconstitution through the choice of adequate pre- or posttreatments in the 

production process and modifications of product formulation by using additives. This part 

focuses on the main methods to improve the reconstitution. 

2.2.6.1. Processes used to improve powder reconstitutability 

 Several methods have been developed to improve the wetting, dispersion, and 

solubilization steps by pretreatments (sonication, cavitation, etc.), formulation, or powder 

modification after production (agglomeration, coating, etc.) (Chandrapala et al., 2014; 

Dewettinck and Huyghebaert, 1999; Hla and Hogekamp, 1999; Knudsen and Skibsted, 2010; 

Lallbeeharry et al., 2014; Li et al., 2018; Oestergaard, 2016; Wu et al., 2020) 

2.2.6.1.1. Pretreatments before powder production 

 In order to improve the reconstitution of dairy protein powders, application of shear 

stress to liquid concentrate prior to spray-drying using mechanical pretreatments (sonication, 

high pressure homogenization, or cavitation) has been studied. These pretreatments result in 

the diminution of concentrate viscosity and modification of protein assemblies: dissociation of 

whey/casein aggregates, dissociation of aggregates of denatured whey proteins, and/or 

solubilization of micellar caseins. The lower viscosity of the concentrate before spray-drying  

induces the formation of smaller particles (Chandrapala et al., 2014, 2012, 2011; Iordache and 

Jelen, 2003; Li et al., 2018). Smaller particles are known to impair wetting but improve 

solubilization.(Chandrapala et al., 2014, 2012; Fournaise et al., 2020; Li et al., 2018). 

The identification of reconstitution steps (wetting, sinking/swelling, dispersion, and 

solubilization) highlighted the impact of physicochemical properties of the powders, such as 

particle size and shape distributions, bulk and surface chemical compositions, or density on 

the reconstitution. The identification of the reconstitution steps and the comprehension of the 

mechanisms of reconstitution made it possible to start many studies have tried to improve 

reconstitutability by focusing on the wetting, dispersion, and solubilization steps. 
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Chemical approaches such as carbonation associated with concentrate ultrafiltration are 

also employed to modify protein structure in dairy concentrates prior to spray-drying. The 

injection of carbon dioxide decreases the pH of dairy concentrates and modifies the interactions 

between proteins, more especially by modifying bounds between caseins and minerals. The 

content in minerals, in particular calcium phosphates, can be reduced by ultrafiltration in order 

to improve dairy powder reconstitutability. Indeed, the decrease in calcium phosphate content 

increases powder solubility by increasing casein micelle solubility (Marella et al., 2015; Sikand 

et al., 2013). Reducing the lipid content makes it possible to improve the reconstitution of the 

powders, for this pretreatment such as skimming of the concentrate before drying can easily 

reduce the lipid content (Schuck et al., 2012; Stocco et al., 2015). 

2.2.6.1.2. Post-treatments of powders 

 Three main processes can be used to modify powders with a view to improve their 

reconstitutability: dry mixing, agglomeration, and coating (Angelopoulou et al., 2021b; 

Dewettinck and Huyghebaert, 1999; Dhanalakshmi et al., 2011; Schuck et al., 2012). 

• Dry mixing  

Dry mixing consists in mixing the powder for which reconstitution improvement is 

desired with a powder having excellent reconstitutability. This technique is very common in 

the food industry, for cocoa or whole milk powders for instance, because it is inexpensive and 

simple to set up, as described in section 1.1.1.3. (Cuq et al., 2013). Dry mixing with sugars 

makes it possible to improve powder wetting mainly, but also dispersion and solubilization to 

a lesser extent, because sugars located at the surface of powders are reconstituted quickly, thus 

favoring the contact between powders to be reconstituted and water. Micronized lactose can be 

used to cover the surface of whole or skim milk particles, facilitating powder wetting and 

sinking (Angelopoulou et al., 2021b, 2021a; Ben Abdelaziz et al., 2014).  

• Agglomeration  

 Particle agglomeration is known to be efficient to improve powder wettability, 

dispersion, and solubilization. Indeed, the agglomeration process induces an increase in particle 

size and a modification of porosity and apparent density leading to an improvement of the 

wetting or sinking steps (Dhanalakshmi et al., 2011; Schuck et al., 2012). Powder 

agglomeration can be achieved by dry or wet granulation.  
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Dry granulation  

 Dry agglomeration can be achieved by two processes first, pressure agglomeration 

consists in compaction of particles resulting in the formation of a tablet. The main advantage 

of pressure granulation is the low cost of the equipment and the fact that it does not require any 

addition of a liquid binder, thus avoiding modification of the bulk composition. Pressure 

granulation is based on interparticular cohesion: the compaction first forces particles to 

rearrange in order to leave the least interparticular spaces, then breaks some particles, and 

finally induces consolidation of the structure of formed tablet (Dhanalakshmi et al., 2011; Snow 

et al., 1999).  

Thermal agglomeration (heat sintering) consists in the heating of particles up to the 

melting point of compounds located at particle surface. At this temperature, sintering occurs: 

viscous bridges build between particles, resulting in powder agglomeration; then, the powder 

sample is cooled down under stirring in order to solidify bridges between particles constituting 

the aggregates (Dhanalakshmi et al., 2011; Omobuwajo et al., 2000).  

Wet granulation  

Wet agglomeration is based on the addition of a liquid binder “rewetting” the particles, 

making their surface sticky. The binder solution can be water, a solution of the same 

composition as the particles, or a binder with specific properties intended to improve powder 

reconstitution or flowability. Agglomeration increases the size and the number of pores of 

particles, which promotes wetting and dispersion (Barbosa-Cánovas and Juliano, 2005; 

Dhanalakshmi et al., 2011; Goldszal and Bousquet, 2001; Henry, 2013).  

It can be performed in high-shear mixers, where the binder solution is sprayed on 

particles stirred in a mixing tank, or in fluidized bed agglomerators, where the spraying of a 

binder solution is carried out on particles fluidized by heated air. Binder spraying on particles 

to be agglomerated results in the spreading of binder droplets at particle surface, which makes 

it sticky. Then, particle collision makes them adhere to each other, resulting in the formation of 

larger particles which are dried by the heated fluidizing air (Dhanalakshmi et al., 2011; Gong 

et al., 2007). A similar agglomeration technique is performed in multi-effect spray-dryers, 

where the particles once dry are reinjected in the spray of droplets to induce their agglomeration 

(Schuck et al., 2012). 
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• Coating  

Coating is another technique which allows the modification of particle surface using 

fluidized bed processes (Figures 23, 24, and 25); this is either used for encapsulation or 

reconstitution improvement purposes. Coating processes consist in the spraying of a liquid 

solution in a fluidized powder bed, which results in the deposition of a liquid layer at the surface 

of particles that is dried by the hot fluidized air. 

Top-spray coating  

The first developed coating technology was top-spray fluidized bed coating, in which 

the coating solution is sprayed with a vertical nozzle oriented toward the bottom of the 

equipment (Figure 23). The top-spray technology does not allow controlling the travelling time 

of sprayed droplets from the nozzle to particle surface, which causes an imperfect coating of 

particles due to droplet evaporation before their spreading at particle surface (Dewettinck and 

Huyghebaert, 1999, 1998; Jones, 1988). 

 

 

Figure 23. Principle of top-spray fluidized bed coating (Dewettinck and Huyghebaert, 1999). 
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Bottom-spray coating  

 The bottom-spray fluidized bed coating process (also called Wurster process) permits 

to improve the control of the coating process due to the recirculation of particles in the solution 

spray through the Wurster tube, resulting in the application of a fine layer of coating solution 

at particle surface (Figure 24). Also, with this equipment, the evaporation of the solution before 

its spreading at particle surface is reduced (Dewettinck and Huyghebaert, 1999; Mehta and 

Jones, 1985).  

 

 

Figure 24. Principle of bottom-spray fluidized bed coating (Dewettinck and Huyghebaert, 

1999). 
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Tangential-spray coating  

 The tangential-spray fluidized coating (also called rotary fluidized bed coating; Figure 

25), permits to obtain a similar particle coverage efficiency as the bottom-spray fluidized bed 

coating without the necessity to use a Wurster tube (Dewettinck and Huyghebaert, 1999; 

Torres-Martinez et al., 2007). 

 

Figure 25. Principle of tangential-spray fluidized bed coating (Dewettinck and Huyghebaert, 

1999). 

 Owing to the high cost of the coating process, it has first been used in the pharmaceutical 

industry (Dewettinck and Huyghebaert, 1999; Sauer et al., 2013; Thierry et al., 2007). Now, 

this process is employed to improve wetting of food powders such as dairy (skim milk powder 

and milk or whey protein isolates) or rice powders by coating with sugars (e.g., lactose, 

sucrose), maltodextrins, or lecithins (Dewettinck and Huyghebaert, 1999, 1998; Hammes et al., 

2015; Ji et al., 2015; Li et al., 2017; Palamanit et al., 2016; Szulc and Lenart, 2013). 

Improvement of powder wettability is the result of the hydrophily of compounds deposited at 

particle surface (Ji et al., 2017, 2015; Szulc and Lenart, 2013). In addition, coating reduces 

surface porosity and particles are sometimes slightly agglomerated which further improves 

powder wettability by improving their water contact angle, thus facilitating the wetting step 

(Angelopoulou et al., 2021a; Ji et al., 2017, 2015; Szulc and Lenart, 2013; Turchiuli et al., 

2013). 

2.2.6.2. Additives for reconstitution improvement  

2.2.6.2.1. Additives  

There is a multitude of additives in the food industry dedicated to the improvement of 

powders functional properties, and more especially for reconstitutability enhancement. These 

additives can be divided into two main categories: surfactants and polysaccharides 

(disaccharides, sugars, etc.). 
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• Surfactants 

Surfactants, such as lecithins or polysorbates, are molecules with the ability to reduce 

the surface tension between particle and a liquid interface, owing to their amphiphilic behavior, 

which results in an improvement of particle wetting and sinking (Kerwin, 2008; Rydhag and 

Wilton, 1981; Van Nieuwenhuyzen, 1976; Wu et al., 2020). 

 Lecithins are phosphatidylcholines, a group of phospholipids, which are composed of 

phosphoric acid, choline, glycerol esters, and two fatty acids. The fatty acid part depends on the 

origin, either animal or vegetable, for example egg white or soybean, respectively (Figure 26) 

(Scholfield, 1981; Van Nieuwenhuyzen, 1976).  

 

Figure 26. Chemical structure of lecithins, where R1 and R2 designate two fatty acids (Van 

Nieuwenhuyzen, 1976). 

In the food industry, lecithins are used as stabilizers in emulsions or to improve the 

interaction with water of powders rich in lipids or proteins (Hammes et al., 2015; Ji et al., 2017; 

Lu et al., 2003; Rydhag and Wilton, 1981; Wendel, 2000). They can also be used as viscosity 

reducers leading to improvement of powder dispersion (Van Nieuwenhuyzen, 1976). 

 Polysorbates, also known by the trade name Tween®, are fatty acid esters of 

polyoxyethylene sorbitan (Figure 27), it is a surfactant used in the dairy and ice cream industry 

to stabilize emulsions (Kerwin, 2008).  

 

Figure 27. Chemical structure of polysorbates (Kerwin, 2008). 
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• Polysaccharides and sugars 

Maltodextrins are a class of additives largely used in the food industry for their good 

solubility in water. They are polysaccharides of chemical formula C6nH(10n+2)O(5n+1) with n 

ranging from 2 to 20 (Figure 28).  

 

Figure 28. Chemical structure of maltodextrins, where n ranges between 2 and 20.  

 

They are issued from starch hydrolysis by acids or the combination of acids and enzymes 

(Hobbs, 2009; Linden and Lorient, 1999). The level of starch hydrolysis is expressed by the 

dextrose equivalent (DE). A high DE means a high level of hydrolysis, resulting in a low 

molecular weight (Linden and Lorient, 1999; Nurhadi et al., 2016). The physicochemical 

properties of maltodextrins such as glass transition temperature, melting point, water sorption, 

water plasticization, or relaxation enthalpy directly depend on the DE. For example, the 

transition temperature varies from 140 °C for a DE of 20 to 180 °C for a DE of 5. Maltodextrins 

are specifically used in the powder field to increase the glass transition temperature, 

agglomerate particles, improve powder wettability, or reduce particle stickiness (Caliskan and 

Nur Dirim, 2013; Li et al., 2017; Potes et al., 2012; Turchiuli et al., 2013). The ability of 

maltodextrins to increase the glass transition temperature is particularly used for powders rich 

in amorphous sugars: for example, it has been demonstrated to reduce lactose crystallization in 

dairy powders which is favorable to their reconstitution (Li et al., 2017; Nurhadi et al., 2016; 

Roos and Karel, 1991).  

• Sugars 

  Sugars, i.e. monosaccharides and disaccharides, are also employed as additives to 

improve powder reconstitution. Monosaccharides are isomers sharing the same chemical 

formula (C6H12O6). The same is true for disaccharides (C12H22O11), which are constituted by 

the association of two monosaccharides (Preedy, 2012). Isomers differ in physicochemical 

properties such as water solubility at saturation, melting point, sweetening power, glass 

transition temperature, rotary power, etc. (Brown and Pickering, 1897; Preedy, 2012; Roos, 
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1995, 2013). Disaccharides have higher glass transition temperatures than monosaccharides 

(Brown and Pickering, 1897; Preedy, 2012). 

Glucose is a monosaccharide in pyran form (α-D-glucopyranose) with a glass 

transition temperature of 31 °C and a water solubility of 0.90 g/mL (Horton et al., 1994; 

Roos, 1995). Fructose is an isomer of glucose in furan form (β-D-fructofuranose) which is 

less stable, resulting in a lower glass transition temperature of 5 °C. Its water solubility is 

equal to 3.75 g/mL (Horton et al., 1994; Roos, 1995). Galactose is a monosaccharide in pyran 

form (α-D-galactopyranose) with a glass transition temperature of 30 °C and a water 

solubility of 0.68 g/mL (Roos, 1995; Tita-Goldstein, 2013) (Figure 29). 

 

Figure 29. Chemical structure of some monosaccharides (left: glucose; middle: fructose; right: 

galactose). 

Sucrose is a disaccharide (α-D-glucopyranosyl-(1→2)-β-D-fructofuranoside) 

composed of glucose and fructose linked by a glycosidic bond α(1→2). Its glass transition 

temperature and water solubility equal 74 °C and 2.02 g/mL, respectively (Horton et al., 1994; 

Simperler et al., 2006). 

Lactose is a disaccharide (β-D- galactopyranosyl(1→4)D-glucopyranose) composed of 

galactose and glucose linked by a β(1→4) galactosidic bond, with a glass transition temperature 

of 100 °C and a water solubility of 0.22 g/mL (Haque et al., 2006; Roos, 1995; Tita-Goldstein, 

2013) (Figure 30). 

 

Figure 30. Chemical structure of two disaccharides (left: sucrose; right: lactose). 
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2.2.6.2.2. Mode of action of additives  

Reconstitution can be enhanced by the incorporation of additives directly in product 

formulation prior to powder production or by powder coating with additives. Mostly used 

additives are high molecular weight hydrophilic polymers (e.g., maltodextrin, gum Arabic, 

starches, sodium carboxymethylcellulose, methylcellulose, hydroxypropylmethylcellulose), 

amphiphilic molecules (lecithins), and sugars (such as lactose or sucrose) (Hammes et al., 2015; 

Li et al., 2017; Wan et al., 1992; Yousefi et al., 2011; Li et al., 2017; Neves et al., 2019). 

 Surfactants have two modes of action depending on their location in the particle. When 

distributed in the whole particle bulk like for spray-dried particles, the emulsifying action of 

these compounds makes it possible to improve powder wetting and dispersion upon 

reconstitution by the reduction of surface tension (Hammes et al., 2015; Van Nieuwenhuyzen, 

1976). However, when surfactants are coated at the surface of particles, it only improves 

powder wettability by reducing surface tension during the wetting steps, but does not improve 

the other reconstitution steps such as dispersion and solubilization (Lallbeeharry et al., 2014; 

Li et al., 2017; Wu et al., 2020). 

 Malto-oligosaccharides and sugars have also different modes of action depending on 

their location in the particles. When distributed in the whole particle bulk, they tend to improve 

powder wettability and the solubility owing to their hydrophily which facilitates water/particle 

interactions (Atalar and Yazici, 2019; Caliskan and Nur Dirim, 2013; Li et al., 2017; Turchiuli 

et al., 2013). Like surfactants, coating with sugars only improves the wetting step (Ben 

Abdelaziz et al., 2014; Ji et al., 2015; Szulc and Lenart, 2013; Wee et al., 2020). The physical 

structure (amorphous or crystalline) of sugars at the surface of coated particles has a great 

impact on the wetting and sinking steps. It was found that amorphous sugars improve wetting 

more than crystalline sugars (for lactose), but it is the opposite for the sinking step 

(Angelopoulou et al., 2021a, 2021b). The faster wetting of the amorphous state has been 

attributed to its greater hydrophilicity. Its delaying effect on sinking compared to the crystalline 

state was explained by a local increase in viscosity, resulting a slow capillary penetration of 

water into particles (Angelopoulou et al., 2021a, 2021b). 
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2.3. Analytical methods for reconstitution monitoring and modelling of powder 

reconstitution steps 

Despite the consensus on the identification of reconstitution steps, the determination of 

their kinetics still remains a challenge. Indeed, for some powders, wetting and dispersion steps 

may be almost instantaneous, precluding the possibility to determine their kinetics owing to 

limitations in acquisition frequency of analytical equipments. Also, some of the reconstitution 

steps may overlap (for instance, when the particle outer layer begins to solubilize before that 

dispersion or even swelling steps may have been finished), making it difficult to deconvolute 

the respective influences of each step (Forny et al., 2011).  

2.3.2. Monitoring of powder reconstitution and characterization of reconstitution steps 

Quick standard methods have been developed to characterize the aptitude of instant 

powders, especially dairy ones, to realize specific reconstitution steps (Table 1) (IDF, 1987; 

Schuck et al., 2012). These methods require adaptations to be used for other kind of powders 

(Deli et al., 2019; Fournaise et al., 2020). However, even if these methods are useful to evaluate 

powder reconstitutability, they do not allow to determine the kinetics of the whole reconstitution 

or each of its steps in given reconstitution conditions. Other techniques make it possible to 

characterize particular reconstitution steps (Table 1), such as wetting step with the sessile drop 

method which deals with the determination of the contact angle between a powder compact and 

a drop of solvent and then provides an indication of wettability (Galet et al., 2010; Janssen et 

al., 2006) or the capillary rise method, intended to measure the ability of solvents to rise though 

a powder bed by capillary forces and thus to determine powder surface energies that are also 

related to wettability (Goldszal and Bousquet, 2001). 

 

Two main approaches have been used to improve powder reconstitutability. On one 

hand, innovative processes have been developed to modify physicochemical properties 

of the raw material (pretreatments) or the particles (posttreatments), such as cavitation, 

sonication, agglomeration, etc, with a view to enhance their reconstitutability. On the 

other hand, additives can either be incorporated in the powder formulation or at the 

surface of particles by coating. Despite recent advances on the impact of coating on the 

interactions between particle surface and water during the first stages of reconstitution, 

further studies are still necessary to have a complete understanding of the phenomena 

occurring for the enhancement of powder reconstitutability. 
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Many direct and indirect approaches are available to identify powder reconstitution 

steps and characterize their kinetics during reconstitution assays performed in stirred tanks. The 

direct methods are able to follow the evolution of powder physicochemical properties upon 

reconstitution, such as particle size distribution, whereas indirect methods are designed to 

follow the evolution of physicochemical properties of the reconstitution medium, such as 

turbidity or viscosity (AFNOR, 2005; Bonacucina et al., 2009; Galet et al., 2004; Goalard et 

al., 2006; IDF, 1987; Li et al., 2013; Marabi et al., 2008).  

2.3.2.1. Direct methods  

With direct methods, particle size is tracked once powder has sunk into the liquid until 

the end of its solubilization; the typical reconstitution profile obtained with direct methods is 

represented in Table 1. Classical methods for particle size monitoring in liquid solution are 

laser diffraction and image analysis (swelling, dispersion and solubilization steps or the erosion 

of insoluble particles). Laser diffraction analysis has a better resolution than image analysis. 

Both methods are limited by similar acquisition frequencies: few seconds are needed for each 

measure. Image analysis methods have the advantage to allow the simultaneous 

characterization of particle shape (Cannova et al., 2018; Karam et al., 2017, 2016; Merkus, 

2009; Perez et al., 2017; Sun et al., 2019). The focused beam reflectance measurement (FBRM) 

is a technique based on the measurement of the chord length distribution, which is indirectly 

related to particle size, shape, number, and dispersion (Höpfner et al., 2010). The advantage of 

this method is the possibility to follow powder reconstitution in situ (in a mixing vessel) at high 

powder/water ratio (Fang et al., 2012, 2010; Mitchell et al., 2020). FBRM is adapted to follow 

dispersion and solubilization of lumps, aggregates, and particles (Fang et al., 2011; Mitchell et 

al., 2020). 

2.3.2.2. Indirect methods  

Indirect methods are intended to follow physicochemical properties of the liquid 

suspension/solution during a reconstitution assay. The increase in ionic strength subsequent to 

powder component solubilization can be detected by conductimetry; unfortunately, 

reconstitution steps cannot be separated with this method. It still permits to determine the time 

needed to reach the end of the solubilization step, namely the reconstitution time (Crowley, 

2016; Meyer et al., 2006; Mitchell et al., 2020). Turbidimetry evaluates the intensity of light 

transmitted through the sample which is related to the size and number of suspended particles. 

It can then be used to indirectly follow the reconstitution steps from wetting to solubilization, 

nevertheless its sensitivity is limited at high optical concentration, also called obscuration  (cf. 
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Table 1) (Crowley, 2016; Hussain et al., 2012). Last, the evolution of dynamic viscosity of the 

suspension can be followed with a rheometer, which allows both working with a high powder-

water ratio and identifying reconstitution steps (wetting, swelling, dispersion, and 

solubilization; Table 1)  (Crowley, 2016; Gaiani, 2006; Rao, 2010). 
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Table 1. Advantages and drawbacks of the main methods of powder reconstitution monitoring (W: wetting, S: swelling, D: dispersion, R: 

reconstitution). 
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2.3.3. Descriptive and predictive modelling of powder reconstitution 

 The development of descriptive models aiming at characterizing the kinetics of the 

reconstitution steps (wetting, sinking/swelling, dispersion, and solubilization) can be carried 

out from the reconstitution profiles acquired by monitoring techniques. Once kinetics of 

reconstitution steps can be characterized, predictive models can be investigated in order to link 

the kinetic parameters, especially durations, of reconstitution and its steps to powder 

physicochemical properties (bulk and surface chemical compositions, particle size and shape 

distribution, density, etc.) and reconstitution conditions (liquid temperature, stirring speed, 

geometry of the mixing tank, etc.). 

2.3.3.1. Empirical descriptive modelling of powder reconstitution kinetics 

In the literature, several models have been developed for the description of 

reconstitution kinetics of powders coming from various fields (food, pharmaceutical, cosmetics, 

etc.). These models were based on the monitoring of powder reconstitution by turbidimetry, 

conductimetry, or granulometry. 

The major drawback of turbidimetry and conductimetry for the monitoring of powder 

reconstitution is that they are indirect methods which cannot be used to characterize the kinetics 

of all reconstitution steps. Turbidimetry is intended to evaluate the loss of intensity of 

transmitted light due to the scattering of particles suspended in a solvent (i.e. the change in 

absorbance of the suspension). It is indirectly related to the (insoluble) particle number and size 

distribution and cannot provide direct information on the kinetics of the various reconstitution 

steps, as it does not give direct access to the evolution of the physical characteristics of the 

particle population upon powder reconstitution. Conductimetry concerns the measure of 

solution conductivity and can then be used to follow the concentration increase of soluble 

powder components in a solvent upon powder reconstitution, which is related to the 

solubilization step only: conductimetry cannot provide information on the kinetics of powder 

wetting, sinking/swelling, and dispersion steps. 

 For these reasons, developed descriptive models for the fitting of reconstitution kinetics 

followed by turbidimetry and conductimetry were exclusively empirical and could only be used 

to characterize powder reconstitution in its globality (i.e. to identify the end of the solubilization 

step).  
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Turbidimetry curves obtained upon powder reconstitution have been fitted by first-order 

indicial response (Equation 2) (Galet et al., 2009). 

𝑋(t) = 𝑋∞ × (1 − 𝑒−𝛼𝑡)                                                                                            Equation 2 

With: 

- 𝑋 (-): normalized turbidity; 

- 𝑋∞ (−), normalized turbidity reached at the final stage of the reconstitution; 

- 𝑡 (s), time; 

- 𝛼 (s-1), “dispersion” kinetic rate. 

Descriptive models dealing with component release from a matrix are generally not able 

to distinguish dispersion and solubilization steps. These models are based on the evolution of 

the concentration or the mass of dissolved solid, or the mass of remaining dry matter in particles 

(Equations 3 and 4). 

𝐶 =
𝑀

𝑉
                                                                                                                          Equation 3 

With: 

- 𝐶 (kg/m3), concentration of particle dry matter dissolved in the solvent at time t; 

- 𝑀 (kg), mass of particle dry matter dissolved in the solvent at time t; 

- 𝑉 (m3), the volume of the solution. 

𝑀 = 𝑊0 − 𝑊                                                                                                             Equation 4 

With: 

- 𝑊0 (kg), initial particle dry matter mass; 

- 𝑊 (kg), remaining particle dry matter mass at time t. 

Peppas model is a simple empirical model (Equation 5) suitable to describe swelling 

and solubilization in a single kinetic model. The model parameter K mainly integrates the 

influence of powder size, shape, and physical structure, whereas the exponent n is more related 

to the dominant reconstitution mechanism, varying in the case of spherical particles from n = 

0.43 for diffusion-controlled reconstitution to 0.85 for swelling-controlled reconstitution 

(Richard, 2012; Siepmann and Peppas, 2001). 
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𝑀

𝑊0
= 𝐾 × 𝑡𝑛                                                                                                               Equation 5 

With: 

- 𝐾 (s-n), model parameter expressing the kinetic rate; 

- 𝑛 (-), exponent related to the dominant reconstitution mechanism. 

Another well-known semi-empirical model for the description of powder reconstitution 

curves is the Weibull function (Equation 6) (Richard, 2012; Zheng and Lu, 2011). 

𝑀

𝑊0
= 1 − 𝑒−𝑎×𝑡𝑏

                                                                                                         Equation 6                                                                           

With: 

- 𝑎 (s-b), first Weibull model parameter; 

- 𝑏 (-), second Weibull model parameter.  

The Hopfenberg model is particularly interesting to describe the evolution of dissolved 

mass during the solubilization step as it takes in account the diminution of the area of 

water/particle interface using a shape factor (Equation 7) (Hopfenberg, 1976; Richard, 2012). 

𝑀

𝑊0
= 1 − (1 −

𝑘0×𝑡

 𝜌0×𝑑
)

𝑠

                                                                                               Equation 7 

With: 

- 𝑘0 (kg/m²/s), mass transfer coefficient; 

-  𝜌0 (kg/m3), particle apparent density; 

- 𝑑 (m), particle radius; 

- 𝑠 (-), shape factor: 𝑠 = 1 for a disc, 𝑠 = 2 for a cylinder, and𝑠 = 3 for a sphere.  

The main issue with such semi-empirical models used to describe the reconstitution resides in 

the difficulty to link physical phenomena to model parameters (Richard, 2012; Zheng and Lu, 

2011). 
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2.3.4. Semi-empirical descriptive modelling of powder reconstitution kinetics 

Semi-empirical reconstitution models are based on physics equations, such as diffusion 

of a solid in a solution. They still necessitate the fitting of reconstitution curves and thus the 

determination of model parameters, but they are more appropriate for linking them to 

reconstitution phenomena and identifying the limiting reconstitution mechanism. 

First, dispersion and solubilization of monocomponent powders were simultaneously 

considered through a diffusion model with the Noyes-Whitney equation (Equation 8) 

(Dokoumetzidis and Macheras, 2006; Noyes and Whitney, 1897), a first-order differential 

equation leading to a model for concentration in the form of a first-order indicial response. The 

limitation of this approach comes from the fact that it neglects the decrease in water/particle 

interface area (i.e. particle surface area) during solubilization (Richard, 2012), which is 

expected to lower the solubilization rate as the reconstitution progresses; in other words, k 

depends on C in a complex way that is not explicated in this equation. Thus, k should be fitted, 

leading to an averaged solubilization rate only representative for given experimental conditions. 

𝑑𝐶

𝑑𝑡
= 𝑘 × (𝐶𝑠 − 𝐶)                                                                                                      Equation 8 

With: 

- 𝑘 (s-1), solubilization rate, 

- 𝐶𝑠 (kg/m3), saturating concentration of the compound in the solvent. 

 

To improve the descriptive modelling approach using the Noyes and Whitney equation, 

Hixon and Crowell developed a model taking into account the particle size reduction upon 

reconstitution, leading to a decrease of particle surface area (Equation 9) (Hixon and Crowell, 

1931). 

−
𝑑𝑊

𝑑𝑡
= 𝑘𝐿 × 𝐴0 × (

𝑊

𝑊0
)

2/3

× (𝐶𝑠 − 𝐶)                                                                     Equation 9 

With: 

- 𝑘𝐿 (m/s), volumetric flux of the compound in the solvent; 

- 𝐴0 (m²), initial area of water/particle interface (i.e. particle surface area); 
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- 𝐶𝑠 (kg/m3), saturating concentration of the compound in the solvent. 

Some improvements of the Hixon and Crowell model have been made by Wang and Flanagan 

(2002, 1999) by introducing the influence of particle size, porosity, and concentration gradient 

of the compound within the particle. 

The Higuchi model, initially developed for the release of a component from matrix 

systems such as ointments, was adapted to describe the release of a component in a solvent 

(Equation 10) (Higuchi, 1961; Siepmann and Peppas, 2001).  

𝑀

𝐴
=  √𝐷 × (2𝐶0 − 𝐶𝑠) × 𝐶𝑠 × 𝑡        with  𝐶0 ≫ 𝐶𝑠                                                Equation 10 

With:  

- 𝐴 (m²), area of water/matrix system interface (i.e. total particle surface area in the case of 

powder); 

- 𝐷 (m²/s), mass diffusivity of the compound in the solvent; 

- 𝐶0 (kg/m3), compound concentration in the matrix system (such as ointment or powder); 

- 𝐶𝑠 (kg/m3), saturating concentration of the compound in the solvent. 

2.3.3.2. Theoretical approaches for predictive modelling of powder 

reconstitution kinetics 

Theoretical models focused on a single reconstitution step only have been developed 

based on physical characteristics (such as particle size) of monocomponent. Swelling of a single 

particle of super absorbent polymers (long hydrophilic chains of acrylic acid polymer) can be 

modelled using a physical approach (Diersch et al., 2011, 2010; Sweijen et al., 2017). The 

swelling of single particle is predicted by numerical methods which allows the determination 

of the swelling rate. The predictive model is based on mass transfer by diffusion based on 

Fisher’s reaction-diffusion equation (Cabré and Roquejoffre, 2009), in which coupled water 

diffusion and absorption result in an increase in particle density and size (Cabré and 

Roquejoffre, 2009; Sweijen et al., 2017). 

 To the author’s knowledge, no purely theoretical predictive model was developed for 

multicomponent powders such as food powders, presumably owing to the complexity of their 

structure and composition, along with multiplicity of reconstitution behaviors of their 

components.  
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2.3.3.3. Empirical approaches for predictive modelling of powder reconstitution 

kinetics 

The prediction of reconstitution behavior of food powders from their physicochemical 

properties seems to have never been published. The majority of studies aim at improving 

reconstitutability by modelling the impact of reconstitution process conditions with a view to 

increase reconstitution efficiency for industrial purposes (Mitchell et al., 2015, 2020; Richard, 

2012). The following modelling methods (PLSR, etc.) have never been used for predicting the 

reconstitution time of powders, however these models may be interesting for the development 

of a predictive model for reconstitution time of powders according to their physicochemical 

properties (Huffel and Lemmerling, 2013; Mevik and Cederkvist, 2004; Siepmann and Peppas, 

2001; Van Huffel and Vandevalle, 1991; Woodbury, 2002; Zheng and Lu, 2011). 

In order to link a great number of data relative to complex phenomena in which 

numerous variables could have a significant influence, several statistical approaches employed 

in various fields such as thermodynamics, analytical chemistry, or chemometrics have been 

developed.  

Principal component analysis (PCA), an exploratory multivariate data analysis method, 

was initial developed by Pearson in 1901 (Jolliffe, 2005; Pearson, 1901). Its main objectives 

are to identify the groups of samples that share similar characteristics and the degree of 

correlation between sample characteristics. The PCA, which allows evidencing the parameters 

having the most influence on sample characteristics (i.e. inducing the most variability of sample 

characteristics), is often the first step for data analysis before proceeding with a multivariate 

approach to build a predictive model for sample characteristics (Geladi and Linderholm, 2020; 

Jolliffe, 2005).  

Also, partial least squares regression (PLSR) is a multivariate technique used to develop 

predictive models. It generally requires performing a PCA to identify the main factors 

influencing a phenomenon, these factors are then used in the PLSR. Model parameters are 

calculated to maximize the covariance between two matrices: X, the matrix of predictor 

variables (known data), and Y is the matrix of dependent variables (experimental results) (Wold 

et al., 2001; Zheng and Lu, 2011).  

Last, inverse modelling can also be used to develop a model to link predictor variables 

and dependent variables by least square regression  (Huffel and Lemmerling, 2013; Van Huffel 

and Vandevalle, 1991; Woodbury, 2002). This technique is mainly used in the physics field, 

more specifically for heat flow modelling (Özisik and Orlande, 2021).  
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  Many analytical techniques have been developed to monitor reconstitution kinetics. They 

all have advantages and drawbacks and are complementary to each other.  

Descriptive models have been developed from experimental data to describe swelling or 

dispersion/solubilization based on empirical or semi-empirical models.  

Until now, no universal predictive model has allowed the prediction of the reconstitution 

time of the powders. However, numerical models based on complex physical phenomena 

allow the prediction of swelling on monocomponent powders. 
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III. Material and methods 

3.1. Investigated powders 

3.1.1. Commercial powders 

 The reconstitution assays were carried out with thirty-six powders varying in chemical 

composition (water, lipid, protein, carbohydrate, and mineral contents), physical properties 

(particle size distribution, shape, porosity and density), structural properties 

(amorphicity/crystallinity), and manufacturing processes (spray-drying, drum-drying, freeze-

drying, crystallization) (Table 2). This powder variety was considered with a view to study 

various types of reconstitution profiles. In order to get more data on the impact of particle size 

distribution on reconstitution, polenta and instant coffee were ground with an ultra‐centrifugal 

mill (ZM 200, Retsch, France) using sieves with holes of 0.08 and 1.0 mm diameter at a low 

rotation frequency of 8 000 rpm in order to limit the heating of the grinding system as much as 

possible (Waiss et al., 2020). 
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Table 2. Chemical composition and manufacturing processes of investigated powders. 

Powder sample name Commercial name Supplier (country) 
Manufacturing 

process 

Chemical composition (g/100 g on wet basis) 

Proteins 

content 

Lipids 

content 

Carbohydrates content, 
Sugars 

content 

Fibers 

content 

Minerals 

content sugars and fibers 

excluded 

Polenta R (raw) Polenta Leclerc (France) Grinding 7.7 2.0 77.5 6.8 2.8 0.01 

Instant coffee R 

(raw) 
Instant coffee Carte d’Or (France) Freeze-drying 21.1 6.2 42.6 0.0 8.2 9.2 

Granulated sugar Granulated sugar Daddy (France) Crystallization 0 0 0 100 0 0 

Caster sugar Caster sugar Daddy (France) Crystallization 0 0 0 100 0 0 

Icing sugar Icing sugar Daddy (France) Crystallization 0 0 0 99.9 0 0 

Flour T45 T45 flour Tablier Blanc (France) Grinding 13.1 1.3 69.6 6.6 6.0 0.03 

Flour T55 T55 flour Leclerc (France) Grinding 13.1 1.3 69.8 6.7 6.0 0.03 

Cocoa 12F A- 
12 % fat not 

alkalized cocoa 
Bensdorp (U.S.A.) Grinding 25.4 12.2 20.6 0.6 38.2 2.11 

Cocoa 12F A+ 
12 % fat lightly 

alkalized cocoa 
Bensdorp (U.S.A.) Grinding 25.4 12.2 20.5 0.6 38.1 2.11 

Cocoa 12F A+++ 
12 % fat highly 

alkalized cocoa 
Bensdor. (U.S.A.) Grinding 25.3 12.2 20.4 0.6 38.0 2.10 

Cocoa 23F A+ 
23 % fat lightly 

alkalized cocoa 
Bensdorp (U.S.A.) Grinding 21.5 25.4 17.5 0.4 32.9 1.54 

Pea fiber Pea fiber 
KG. GmbH & Co.. 

(Netherlands) 
Grinding 10.0 0 30.2 4.8 49.9 3.00 

SMP Skim milk powder Lactalis (France) Spray-drying 33.5 1.5 0 55.2 0 8.38 

SMPG 
Granulated skim 

milk powder 
Lactalis (France) Spray-drying 33.5 1.5 0 55.2 0 8.38 

WMP 
Whole milk 

powder 
Lactalis (France) Spray-drying 31.7 23.9 0 37.7 0 5.97 

MPI Milk protein isolate Ingredia (France) Spray-drying 89.1 1.6 0 1.0 0 6.74 

WPI 
Whey protein 

isolate 
Ingredia (France) Spray-drying 89.2 1.0 0 5.7 0 2.61 



78 

 

MCP 
Micellar casein 

powder 
Ingredia (France) Spray-drying 86 1.6 0 2.1 0 8.81 

Hazelnut Hazelnut powder Leclerc (France) Grinding 13.2 67.2 1.8 8.1 8.5 0.00 

Instant mash 
Instant mashed 

potatoes 
Pom’Lisse (France) 

Drying and 

grinding 
8.1 0.6 78.3 2.5 8.4 0.08 

Coarse salt Coarse salt Salinor (France) Crystallization 0 0 0 0 0 99.98 

Fine salt Fine salt Salinor (France) Crystallization 0 0 0 0 0 99.98 

Baking soda Baking soda La Baleine (France) Crystallization 0 0 0 0 0 90.54 

Couscous F 
Fine couscous 

powder 
Comptoir du Grain (France) Grinding 13.2 2.0 76.3 3.2 2.6 0.04 

Couscous M 
Medium couscous 

powder 
Comptoir du Grain (France) Grinding 13.2 2.0 76.1 3.2 2.6 0.04 

Acerola 
Acerola cherry 

juice 

SARL Européenne Extraction 

et Séchage (France) 
Spray-drying 16.4 0 16.3 49.0 16.74 0.66 

Xanthan gum Xanthan gum Louis François (France) Drying 0 0 0 0 97.2 0 

Agar agar Agar agar Louis François (France) Drying 0 0 0 0 97.9 0 

Pectin Pectin Louis François (France) Drying 0 0 0 0 98.7 0 

Yeast extract 1 
Normal nucleotide 

extract 
Unilever (Netherlands) Drying 59.1 0.5 17.9 2.3 0 19.48 

Yeast extract 2 
High nucleotide 

extract 
Unilever (Netherlands) Drying 59.1 0.5 17.9 2.3 0 19.48 

Onion Onion powder Unilever (Netherlands) Drying 10.8 1.1 40.0 39.8 6.1 0.06 

Lactose Lactose powder Sigma-Aldrich (France) Drying 0 0 99.9 0 0 0 
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3.1.2. Coated powders  

Whey proteins isolate (PRODIET 90 S, Ingredia, France) was coated with solutions 

prepared from sugar powders: sucrose (granulated sugar, Daddy, France), lactose (Sigma-

Aldrich, Germany), glucose (Fisher Scientific, Germany), fructose (β Sigma-Aldrich, 

Germany), and galactose (Alfa Aesar, USA). 

 Coated powders were produced by a bottom-spray fluid bed coater (Mini-Glatt, Glatt 

GmbH, Deutschland) using the Wurster process. Coating solutions at 3 % dry extract (w/w) 

were prepared by reconstitution of sugars (sucrose, lactose, glucose, fructose, or galactose). 

Prior to coating, 200 g whey powder was heated at 50 °C by fluidization with an air relative 

pressure fixed at 0.2 bar during 10 min. After that, the coating assays were performed by 

injecting the coating solution at 0.8 g/s with a peristaltic pump (Fisherbrand variable-flow 

peristaltic pumps, Fisher Scientific) through the bi-fluid nozzle supplied with air at 0.5 bar 

relative pressure during 15, 30, 45, and 60 min for sucrose and 60 min only for other sugars. 

Control powders were obtained by carrying out the same coating process without any coating 

solution or by spraying distilled water in place of coating solution. 

3.2. Physicochemical characterization 

3.2.1. Particle size and shape distributions 

 Laser diffraction (Mastersizer S, Malvern Instruments Ltd, Malvern, UK) was used to 

evaluate particle size with a 5 mW He-Ne laser operating at 632.8 nm wavelength and a 300 

RF lens. Dry dispersion was carried out with an Aero S air disperser module (Malvern 

Instruments Ltd). The analytical conditions were adapted for each powder: air pressure was 

fixed at 2 bar, feed rate between 30 and 60 %, and hopper length between 2 and 3 mm. The 

volume-equivalent sphere diameter was chosen as size estimator. Classical granulometric 

parameters D10, D50, and D90, where Dx designates the diameter for which x % of the particles 

have a smaller size, were used to characterize particle size distributions. The width of particle 

size distributions was estimated by the span, calculated with Equation 11 (Grossman and Cline, 

1957; Hogg, 2008). 

𝑠𝑝𝑎𝑛 =  
𝐷90−𝐷10

𝐷50
                                                                                                        Equation 11 

 Particle shape was evaluated by image analysis with a QICPIC apparatus (Sympatec 

Inc., Clausthal-Zellerfeld, Germany). The powder was dispersed by the RODOS dispersion unit 

at 1 bar air relative pressure and the feeder set at 35 %. Shape parameters were calculated by 
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the PAQXOS software. The software calculates the diameter of a circle of equal projection area 

(EQPC), which corresponds to the diameter of a circle with the same the projection area of the 

particle area. Sphericity is defined by the ratio between the perimeter of a perfect circle and the 

real perimeter of the particle. Convexity evaluates the compactness of the particle by the ratio 

of the projection area of the particle and the projection of the convex hull. Aspect ratio is 

calculated as the ratio between maximal and minimal Feret diameters of the particle (Irie et al., 

2021; Witt et al., 2007; Yu et al., 2011; Yu and Hancock, 2008). 

3.2.2. Aerated density 

 Aerated density was measured with a FT4 powder rheometer (Freeman Technology, 

Worcestershire, UK) using a custom test. The powder bed was conditioned once in a 25 mm × 

10 mL cylindrical vessel by the gentle displacement of a 23.5 mm blade downward and upward 

through the powder bed. Then, the vessel was split, which allows removing the excess powder 

in order to weight a precise volume (10 mL) of powder bed. The aerated density was calculated 

as the mass-to-volume ratio of the powder bed. 

3.2.3. Glass transition temperature transition  

Glass transition temperature analysis was carried out by differential scanning calorimetry (DSC 

SC 250, TA Instruments, Waters, France). 10.0 ± 0.5 mg powder was filled in a Tzero (TA 

Instruments, Waters, France) hermetic aluminium pan and equilibrated at −50 °C. They were 

heated from -20 °C to 100 °C at 10 °C.min−1 to eliminate the sample thermal history, then 

cooling down to -20 °C. Last, samples were heated up to 100 °C and glass transition temperature 

was automatically detected by the software TRIOS (TA Instruments, France). 

3.2.4. Bulk chemical properties 

 The bulk chemical composition (i.e. contents in water, lactose, lipids, proteins, and 

mineral) was experimentally determined for whole and skim milk powders only. For all other 

powders, the contents in macrocomponents were deduced from the technical sheets supplied by 

producers (Table 2). 

3.2.4.1. Water content  

 The water content was determined by the mass loss of 2.5 g powder after drying at 103 °C 

during at least 3 h until stabilization of the sample mass following ISO 5537:2004 (AFNOR, 

2004a). 
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3.2.4.2. Water activity 

 Water activity (aw) was determined with a HygroPalm23-AW portable water activity-

meter (Rotronic, France) in quick mode based on the Equation 12 in a temperature-controlled 

room at 20 °C using a 3 cm powder layer following ISO 21807:2004 (AFNOR, 2004b). 

𝑎𝑤 =
𝑃

𝑃𝑠𝑎𝑡                                                                                                                  Equation 12 

With: 

- 𝑎𝑤(-), water activity; 

- 𝑃 (bar), water vapor pressure of the sample; 

- 𝑃𝑠𝑎𝑡 (bar), pure water vapor pressure. 

3.2.4.3. Protein content 

 Protein content was determined with the Kjeldahl method. The nitrogen present in 

organic form in the sample was mineralized with sulfuric acid to form mineral nitrogen, i.e. 

ammonium ion (NH4
+). The mineral nitrogen was converted in gaseous ammonia (NH3) by 

action of sodium hydroxide NaOH and the mixture was distilled. The ammonia fraction of the 

distillate was recovered using a refrigerant. Then, it was diluted in boric acid solution and 

titrated to calculate the quantity of nitrogen in the sample. The protein content was determined 

from nitrogen content using a general conversion coefficient (protein-to-nitrogen mass ratio of 

6.25) (Bradstreet, 1954). 

3.2.4.4. Lipid content 

 Total lipids were quantified with a method adapted from Folch et al. (1957). 5 g powder 

was dissolved into a 2:1 (v/v) chloroform/methanol mixture. The mixture was stirred at 700 rpm 

during 15 min. Then, the solvent was separated by filtration on a sintered glass filter of 

10 – 16 μm porosity and recovered in a round-bottom boiling flask that was previously dried 

and weighed. The solvent containing the lipids was removed with a rotary vacuum evaporator 

(Heidolph Laboratora 4000) at low stirring and 40 °C. The flask without residual solvent was 

dried at 103 °C for 15 min for complete solvent evaporation and finally weighed. 

3.2.4.5. Mineral content 

 Mineral content was performed by calcination of 2 g sample at 550 °C during 12 h, 

following normalized methods (ADPI, 2002; Waiss et al., 2020). 
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3.2.4.6. Content in carbohydrates  

3.2.4.6.1. Carbohydrates content 

 Content in carbohydrates was calculated by difference with other components (George 

and Latimer, 2019). 

3.2.4.6.2. Sugars content  

 The determination of sugars content was carried out for coated powders in order to 

measure the amount of sugar added during the coating process. Coated powders and standard 

solutions of sugars (sucrose, lactose, galactose, glucose, and fructose) were quantified with an 

adapted dinitrosalicylic (DNS) acid method (Sumner and Graham, 1922). The DNS reagent 

was prepared following Garriga et al. (2017) by mixing 1 g of 3,5-dinitrosalicylic acid (Sigma-

Aldrich, Germany) in 20 mL of 2 M NaOH (Fisher Scientific, Germany) with 30 g of sodium-

potassium tartrate tetrahydrate (Sigma-Aldrich, Germany) in 50 mL distilled water, and 

completing the volume of the mixture up to reach 100  mL. The first step of the DNS method 

consisted in acid hydrolysis of 1 g sample or 0.05 g standard in a 50 mL volumetric flask 

completed with 0.25 N sulfuric acid during 1 h at 50 °C in a thermostated bath. Then, 1 mL 

hydrolyzed sample mixture was added into a 15 mL tube with 2 mL DNS reagent to proceed 

the reaction in a dry bath at 100 °C during 5 min. To stop the reaction, 7 mL distilled water was 

added, then absorbance was read at 540 nm with a UV/visible spectrophotometer (UV-1280, 

Shimazu, Japan). Calibration was carried out for each analyzed sugar from 0.01 to 1 g/L. 

3.2.5. Surface characterization  

3.2.5.1. Surface imaging 

3.2.5.1.1. Electronic microscopies  

 SEM was used to image the shape of particles and the appearance of their surface at 

200, 1 500, and 5 000 × magnifications. SEM analyses were performed under partial vacuum 

with a scanning electron microscope (Hitachi S-4800, Japan) operating at 1.0 kV acceleration 

voltage. Samples were prepared by sprinkling powder on a double-sided carbon tape and fixed 

on SEM stubs, then the powder was coated with carbon in a sputter coater (Polaron SC7640, 

Thermo VG Scientific, East Grinstead, United Kingdom).  

 ESEM was used to image surface appearance of sample particles at 2 000 and 3 000 × 

magnifications. ESEM analyses were performed under partial vacuum with an environmental 

scanning electron microscope (Quanta 600F, FEI Company, USA) operating at 10.0 kV 

acceleration voltage, at 500 Pa water vapor, and using a GSED (gaseous secondary electron 
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detector). Sample were prepared by storage in humidity-controlled oven (Climacell, MMM 

Medcenter, Germany), at 20, 40, and 60 % relative humidities at 25 °C during 1 h.  

3.2.5.1.2.  Atomic force microscopy 

 Surface imaging was carried out by AFM (Flex-Axiom, Nanosurf, Liestal, Switzerland) 

with the Nanosurf C3000 controller software. Samples were fixed on a circular glass slide by 

sprinkling the powder on a thin and regular layer of epoxy glue. Surface imaging (topography) 

was realized in contact mode at 25 °C in air on a measurement area of 10 µm × 10 µm (1 024 

points) with a Stat0.2LauD cantilever (Nanosurf) with a spring constant of 0.2 N.m-1. Particle 

roughness was calculated as the average roughness of three areas of 0.1 µm x 0.1 µm located 

on different particles with Equation 13. 

𝑆𝑎 =  
1

𝑛
 ∑ |𝑦𝑖|

𝑛
𝑖=1                                                                                       Equation 13 

Where yi is the height measured by the piezoelectric scanner for a given pixel (i), and n the 

number of analyzed pixels. 

3.2.5.2. Surface properties 

3.2.5.2.1. Nanoindentation 

  Particle surface elasticity was determined by AFM (Flex-Axiom, Nanosurf) in 

nanoindentation mode at 25 °C in air on a measurement area of 10 µm × 10 µm with 1 024 

points with a Dyn190AI cantilever (Nanosurf). The spring constant was determined using the 

thermal calibration method and the deflection sensitivity was calibrated on a hard surface (glass 

or silicon).  

Thanks to the previously calculated spring constant, the cantilever deflection can be converted 

into a force thanks to the Hooke’s law (Equation 14): 

𝐹 = −𝑘𝑐 × 𝑑                                                                                                                                                Equation 14 

Where F is the Force (N), kc the cantilever spring constant (N/m) and d deflection distance (m). 

The Hertz model (Equation 15) was used to calculate the Young’s modulus (elasticity) of 

particle surface from the 1 024 force curves to create elasticity maps with the ANA software 

(Nanosurf) (Adam et al., 2022; Hertz, 1882).  
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𝐹(𝛿) =  
2𝐸 tan 𝛼

𝜋 (1−𝜗2)
𝛿                                                                                                     Equation 15 

   With: 

- 𝐹, the force (N); 

-𝛼, the semi-top angle of the tip (°); 

-𝐸, Young’s modulus (Pa); 

- 𝛿, indentation depth (m); 

- 𝜗, the Poisson coefficient (-).                   

 The change in surface elasticity of particles upon water uptake was studied by 

performing the measures at native humidity and after 1 h storage at 25 °C in humidity-controlled 

oven (Climacell, MMM Medcenter, Deutschland) at 20, 40, and 60 % relative humidities. 

3.2.5.2.2. Powder surface composition characterization  

 XPS measurements are performed in ultra-high vacuum (10−8 Pa). Powder surface is 

irradiated by X-rays, which causes a complete transfer of X-ray photon energy to atomic 

electrons of the sample. When the electron binding energy Eb is lower than the photon energy 

hʋ, where h designates the Planck constant (6.63 × 10-34 m2.kg.s-1) and ʋ the radiation frequency 

(s-1), an electron is emitted from the atom with a typical kinetic energy Ek related to Eb through 

Equation 16: 

 𝐸𝑏 = ℎ𝜐 − 𝐸𝑘                                         Equation 16 

 Analyses were realized with a Kratos Axis Ultra (Kratos Analytical, Manchester, UK) 

X-ray photoelectron spectrometer with a monochromatic Al X-ray source at 150 W. The 

analytical area was about 700 µm × 300 µm and the analytical depth 10 nm. Powder samples 

were attached to a sample holder with double-sided conductive tape. XPS spectra were then 

recorded and treated using the Kratos Vision software. Quantification was performed using the 

photoemission cross-sections and transmission coefficients given in the Kratos Vision package. 

The main elements (C, O, N, P, and Ca) detected at the powder surface were identified by means 

of their respective binding energy. Also, the carbon peak was deconvoluted into its main 

chemical bonds (C-(C, H); C-(O, N); C=O; and O-C=O). 

 For milk powders, it was assumed that nitrogen was present only in proteins; therefore, 

surface composition in milk components (i.e. lactose, proteins, and lipids) could be calculated 
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from the relative atomic concentrations of carbon, oxygen, and nitrogen measured by XPS and 

the theoretical atomic composition of main components (Fournaise et al., 2020; Gaiani, 2006; 

Nijdam and Langrish, 2006; Nikolova et al., 2015) using equations 17, 18, and 19.  

𝐼𝐶 = 𝛼𝑝 × 𝐼𝐶.𝑃 +  𝛼𝐿𝑎 × 𝐼𝐶.𝐿𝑎 + 𝛼𝐿𝑖 × 𝐼𝐶.𝐿𝑖                                    Equation 17 

𝐼𝑂 = 𝛼𝑝 × 𝐼𝑂.𝑃 + 𝛼𝐿𝑎 × 𝐼𝑂.𝐿𝑎 + 𝛼𝐿𝑖 × 𝐼𝑂.𝐿𝑖                                       Equation 18 

𝐼𝑁 = 𝛼𝑝 × 𝐼𝑁.𝑃 +  𝛼𝐿𝑎 × 𝐼𝑁.𝐿𝑎 + 𝛼𝐿𝑖 × 𝐼𝑁.𝐿𝑖                                                           Equation 19 

Where: 

- 𝐼𝐶, 𝐼𝑂, 𝐼𝑁 are the mole fractions of carbon, oxygen and nitrogen at the sample surface (these 

values were directly obtained by XPS from the peak areas of the C1s, O1s, and N1s);  

- 𝛼𝑝, 𝛼𝐿𝑎, 𝛼𝐿𝑖 are the surface proportion of proteins, lactose and lipids;  

- 𝐼𝐶.𝑃, 𝐼𝐶.𝐿𝑎, 𝐼𝐶.𝐿𝑖 are the mole fractions of carbon in proteins (P), lactose (La), and lipids (Li);  

-𝐼𝑂.𝑃, 𝐼𝑂.𝐿𝑎, 𝐼𝑂.𝐿𝑖 are the mole fractions of oxygen in proteins (P), lactose (La), and lipids (Li);  

-𝐼𝑁.𝑃, 𝐼𝑁.𝐿𝑎, 𝐼𝑁.𝐿𝑖 are the mole fractions of nitrogen in proteins (P), lactose (La), and lipids (Li). 

3.3. Powder reconstitution behavior 

3.3.1. Wettability evaluation  

3.3.1.1. Normalized method  

 Wettability measurement was adapted from the IDF (1987) method: wetting time was 

defined in the current study as the time in seconds taken by 1.00 ± 0.01 g powder to become 

wet when deposited at the surface of 10.0 g ± 0.1 g distilled water at 25 °C in a 20 mL beaker 

under magnetic stirring at 600 rpm. 

3.3.1.2. Sessile drop method  

 For application of the sessile drop method, powder samples were prepared by two 

different ways, either by compaction into pellets or sputtering in fine layer on double-sided tape 

(Figure 31) (Angelopoulou et al., 2021a; Lazghab et al., 2005).  
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Figure 31. A- powder samples prepared by compaction into pellets and B- sputtering on 

double-sided tape. 

 Sessile drop measurements were performed with the experimental setup presented in 

Figure 32. A 1 µL drop of distilled water was deposited on the surface of the sample using a 

syringe. The drop was backlighted and a CCD camera supplied with a zoom lens of 

18 – 108 mm focal length permitted to capture images of the drop profile. Images were 

analyzed using the Optimas software (USA) in order to extract the coordinates of the drop 

profile. A software developed by Roques-Carmes et al. (2013) and based on Bashforth's 

equations allowed to calculate the apparent contact angle. 

 

Figure 32. Experimental apparatus employed for the sessile drop method, adapted from 

Roques-Carmes et al., (2013). 

3.3.1.3. Capillary rise method 

 Samples were prepared by pouring 500 ± 1 mg powder in a 1-cm diameter glass tube. 

The powder bed was taped 200 times with a JEL STAV II jointing volumeter (J. Engelsmann 

AG, Germany) before evaluating the capillary rise with a tensiometer (K 100 tensiometer, Krüss 

GmbH, Germany) using ethanol at 25 °C. It would have been interesting to perform these 

analyses with distilled water as solvent, but measurements were prevented by the immediate 

filter clogging at the entrance of the glass tube. The wetting time corresponded to the time at 



87 

 

which the wetted sample mass measured by the tensiometer stabilized. The wetting velocity is 

the speed to wet the powder bed in the glass tube. 

3.3.2. Monitoring of reconstitution kinetics 

3.3.2.1. Monitoring of reconstitution kinetics by conductimetry  

 An experimental setup (Figure 33) was developed to follow powder reconstitution 

kinetics by conductimetry. It was constituted of a cylindrical jacketed glass 3 L reactor of 

150 mm diameter (6010476, Grosseron, Germany) thermostated by a heated water bath (Eco 

Gold, Lauda, UK), a mechanical stirrer (ZR 2102 control, Heidolph, Germany), and a 5.08 cm 

diameter impeller (pitch blade turbine 2” 32Ra food grade finish, Fusion fluid equipment, 

USA). Powder reconstitution kinetics were followed by conductimetry (SevenCompact S230, 

Mettler Toledo, Switzerland) with a conductivity probe (InLab 731-ISM, Mettler Toledo, 

Switzerland) ranging from 0.01 to 1 000 mS.cm-1. Powder was fed with a vibratory feeder (DR 

100 Model, Retsch, France). Vessel design and reconstitution conditions were based on the 

literature, the objective was to mimic an industrial mixing tank (Figure 33) (Gaiani, 2006; Galet 

et al., 2004; Goalard et al., 2006; Mitchell et al., 2019, 2015; Schober and Fitzpatrick, 2005). 

Powder reconstitution experiments were performed with distilled water at 25.0 ± 0.2 °C in the 

following conditions: 10.0 % (w/w) powder/water mass ratios with a total mass (powder + 

water) fixed at 2.650 kg, 800 rpm stirring rate, and 3.6 g/s feed rate. Experiment duration ranged 

between 15 min and 2 h, depending on the time needed for conductivity stabilization for each 

powder. 

 

Figure 33. Experimental setup used for reconstitution experiments and schema of the 

geometrical characteristics of the A200 impeller and the cylindrical reactor (h:d:H:D of 1:1:3:3 

with H = D = 150 mm and h = d = 50 mm) (Fournaise et al., 2021b). 
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3.3.1.1. Reconstitution kinetics monitoring by laser granulometry  

 The monitoring of food powder reconstitution kinetics was carried out with a laser 

diffraction granulometer (Mastersizer 3000, Malvern Instruments Ltd, UK) using wet 

dispersion. Reconstitution conditions were similar for all powders: 0.1 g powder was quickly 

poured into 125 mL distilled water at 25 °C in the Hydro MV module (Malvern Instruments 

Ltd, UK) stirred at 2 000 rpm. Powder reconstitution was followed until reaching D50 stability, 

i.e., for durations ranging from 15 min to 2 h depending on the investigated powder, by 

acquiring one measurement on both lasers every 5 s. The curve displaying the temporal 

evolution of the median particle size D50, called reconstitution curve hereafter, was built by 

averaging results obtained for three replicates of reconstitution assays. Figures 34 displays the 

reconstitution curve obtained for instant mashed potatoes powder as an example.  

 

Figure 34. Example of reconstitution curve of instant mashed potatoes powder.  

3.4. Modelling of powder reconstitution 

3.4.1. Descriptive modelling of powder reconstitution kinetics 

3.4.1.1. Descriptive modelling of reconstitution kinetics followed by conductivity  

3.4.1.1.1. Conductivity normalization 

 Upon powder reconstitution, conductivity evolved from an initial value of 0 µS/cm (real 

value inferior to the conductimeter sensitivity) to a final value that depended on powder nature 

(Figure 35).  
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Figure 35. Raw conductivity curve of milk protein concentrate. 

Therefore, to be able to fit conductivity curves and determine reconstitution times, conductivity 

values, averaged from the three experimental replicates, were normalized following Equation 

20: 

𝑐(𝑡) =
𝜅(𝑡)−𝜅𝑖𝑛𝑖

𝜅𝑓𝑖𝑛−𝜅𝑖𝑛𝑖
                                Equation 20 

Where: 

- c(t) designates normalized conductivity (-); 

- κ(t) stands for conductivity at time t (µS.cm-1); 

- κini represents the initial conductivity, i.e. distilled water conductivity (close to 0 µS.cm-1); 

- κfin corresponds to the final conductivity (µS.cm-1). 

Consequently, all normalized conductivity curves started at 0 and ended at 1. These curves had 

a sigmoidal shape (Figure 36) which can be related to the different steps of powder 

reconstitution:  

• first, upon powder wetting/swelling and sinking, very few powder components were 

solubilized and conductivity increased very slightly over a rather long time;  

• then, powder dispersion and solubilization occurred, leading to a marked conductivity 

increase;  

• finally, as the amount of powder to be solubilized became low, conductivity still 

increased but evolved more slowly, until reaching the final conductivity once all soluble 

powder material has solubilized.  
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Figure 36. Normalized conductivity curves of milk protein concentrate. 

3.4.1.1.2. Curve fitting 

 The normalized conductivity curves were fitted with the OriginPro 2019 software 

(OriginLab Corporation) using the least squares method solved by the Levenberg Marquardt 

iteration algorithm. It was found that the Hill model (Equation 21) was the most suitable and 

simple model to fit normalized conductivity curves of all powders (Hill, 1910): 

𝑐(𝑡) = 𝑐0 + (𝑐∞ − 𝑐𝑜)
𝑡𝑛

𝑘𝑛+𝑡𝑛                                            Equation 21 

With: 

- 𝑐0, initial normalized conductivity (-); 

- 𝑐∞, final normalized conductivity (-); 

- t, time (s); 

- k (s) and n (-), Hill model time constant and power, respectively. 

 For all powders, initial and final normalized conductivity being equal to 0 and 100 %, 

respectively, the Hill model could simply be rewritten as (Equation 22): 

𝑐(𝑡) =
𝑡𝑛

𝑘𝑛+𝑡𝑛
                                  Equation 22 

Model parameter k corresponds to the time needed to reach 50 % normalized conductivity. The 

slope of normalized conductivity curve at t = k was found equal to 
𝑛

4𝑘
, then it can be considered 

that the model parameter n gives an indication of the powder reconstitution rate once wetted, 

swelled, and sinked, i.e. in the dispersion and solubilization steps. Last, powder reconstitution 

time was deduced from obtained Hill model by taking the time needed to reach 95 % normalized 

conductivity, it was then noted t95% and expressed in seconds. 
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3.4.1.2. Descriptive modelling of reconstitution kinetics by laser granulometry 

 The median particle size is expected to increase during the wetting and sinking/swelling 

steps (abbreviated in swelling step hereafter), then to decrease in the dispersion and 

solubilization steps at different kinetic rates, corresponding to a slope change in the 

reconstitution curve. For some investigated powders such as instant mashed potatoes powder 

(Figure 37A), the observation of reconstitution curves (with temporal axis in logarithmic scale 

for a better identification of times at which slope changes occurred) allowed to identify the 

successive predominance of the three main reconstitution steps. This reconstitution behavior 

was called the first reconstitution type and could be described by the model developed in this 

section. 

 Some powders, for instance T45 flour (Figure 37B), exhibited no particle size increase 

at the beginning of the reconstitution assay, because no swelling occurred, or it was too 

insignificant or too quick to be accurately monitored by laser granulometry. These powders 

were considered to belong to the group of second reconstitution type and their reconstitution 

could also be modelled using the approach of the present section. 

 For some powders like small couscous (Figure 37C), a swelling step was present in 

reconstitution curves, but no significant slope change was detected. This may happen with 

powders for which: 

- one of the dispersion or solubilization steps was too quick to be accurately monitored by laser 

granulometry,  

- one of the dispersion and solubilization steps overwhelmed the impact of the other step,  

- or powders for which dispersion and solubilization steps had similar kinetics. 

 This reconstitution behavior was named the third reconstitution type and the model 

developed in the section 4.3.1. was also able to describe its kinetics. 

 For instant coffee (Figure 37D), reconstitution occurred too quickly to be accurately 

monitored by laser granulometry owing to acquisition frequency limitations. In this case, 

defined as the fourth reconstitution type, reconstitution steps could not be distinguished, and 

the modelling approach developed in the section 3.4.1.2.1. was not suitable to evaluate 

reconstitution kinetics. 
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 The fifth reconstitution type was defined for powders leading to accurate reconstitution 

curves but too complex to be modelled by the descriptive modelling approach of the current 

section, which decouples the three main reconstitution steps but is not able to take into account 

multiple kinetics for a given step. Among investigated powders, this was the case for milk 

protein isolate (Figure 37E) for which the reconstitution curve exhibited a first increase, then 

a first decrease, followed by a second increase and a second decrease. 

 

Figure 37. Reconstitution curves obtained by monitoring or reconstitution assays with laser 

granulometry, with temporal axis in logarithmic scale. (A) instant mashed potatoes powder 

(first reconstitution type); (B) T45 flour (second reconstitution type); (C) small couscous (third 

reconstitution type); (D) instant coffee (fourth reconstitution type); (E) MPI (fifth reconstitution 
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type). Error bars indicate standard deviations obtained with three replicates of reconstitution 

assays; some, inferior to the marker size, are not visible. 

3.4.1.2.1. Descriptive model of particle size evolution upon reconstitution 

 The aim of the descriptive modelling approach developed in this study was to determine 

a single-equation model able to describe the temporal evolution of the median particle size D50 

upon reconstitution. This model was intended to identify the kinetics of each of the three main 

reconstitution steps detected on reconstitution curves, namely swelling, dispersion, and 

solubilization steps. A sum of three first-order indicial responses (Equation 23) was employed 

with the objective to link each first-order indicial response to a single reconstitution step. 

𝐷50(𝑡) = 𝐷500 + 𝐴0 (1 − 𝑒
−𝑡

𝜏0) − 𝐴1 (1 − 𝑒
−𝑡

𝜏1) − 𝐴2 (1 − 𝑒
−𝑡

𝜏2)                Equation 23 

Where: 

• D500 (µm): modelled initial median particle size at wet state; 

• A0 (µm): amplitude of the increasing first-order indicial response (swelling step); 

• 𝜏0 (s): time-constant of the increasing first-order indicial response (swelling step); 

• A1 (µm): amplitude of the first decreasing first-order indicial response (dispersion step); 

• 𝜏1 (s): time-constant of the first decreasing first-order indicial response (dispersion step); 

• A2 (µm): amplitude of the second decreasing first-order indicial response (solubilization 

step); 

• 𝜏2 (s): time-constant of the second decreasing first-order indicial response (solubilization 

step). 

 For powders of the first reconstitution type, model parameters were expected to be all 

different from zero, whereas A0 was fixed at 0 µm for powders of the second reconstitution 

type (then, the descriptive model led to a sum of two decreasing first-order indicial responses), 

and A2 was fixed at 0 µm for powders of the third reconstitution type (then, the descriptive 

model led to a sum of two first-order indicial responses, the first one increasing and the other 

one decreasing). 

 The reconstitution curves of powders of first, second, and third reconstitution types were 

fitted with the Excel solver (Microsoft 365) using the least squares method solved by the 

generalized reduced gradient algorithm. Direct fitting of the whole reconstitution curve with 

Equation 23 was judged unsatisfactory for many reasons:  
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- sometimes, the fitting method did not converge,  

- when fitting was achieved, modelled initial median particle size at wet state D500 was often 

inferior to the median particle size at dry state, which was not physically sound,  

- and/or calculated durations of each reconstitution step seemed to be unrelated to what could 

be deduced from the observation of reconstitution curves. 

 Thus, a descriptive modelling approach that was successful for all powders of first, 

second, and third reconstitution types and led to physically-sound and consistent estimations of 

initial median particle size at wet state and durations of each reconstitution step was developed. 

First, the increasing and decreasing parts of the reconstitution curves were separately fitted; 

then, the complete model was fitted by using the first estimation of model coefficients deduced 

by separate fittings for the initialization of model parameters. 

For first and third reconstitution type powders, the increasing part of the temporal 

evolution of the median particle size from its initial value to its maximal value, corresponding 

to the predominance of the swelling step, was fitted with an increasing first-order indicial 

response (Equation 24) by specifying the constraint that the modelled initial median particle 

size D500
∗  should be superior or equal to the median particle size at dry state. Indeed, at the 

beginning of reconstitution, it was considered that particles could have swelled or agglomerated 

(upon wetting and immersion) but their size could not be smaller to the dry median particle 

size, as no significant erosion or solubilization was expected in such a short water-contact time 

(few seconds). The fitting procedure performed with the Excel solver was initialized with the 

median particle size at dry state for D500
∗ , and rough graphical estimations of the extent of 

median particle size evolution and the time needed for this evolution for A0 and τ0, respectively. 

D50(t) = D500
∗ + A0 (1 − e

−t

τ0)                                                                        Equation 24    

Where D500
∗  (µm) stands for the modelled initial median particle size D50 using Equation 24 

only. 

   For powders of the second reconstitution type, for which no swelling was observed, this 

part of the modelling approach was obviously not performed. 

  The decreasing part of the temporal evolution of the median particle size, from its 

maximal value to its final value, corresponding to the dispersion and solubilization steps, was 

modelled by the sum of two decreasing first-order indicial responses (Equation 25) for powders 
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of the first and second reconstitution types (for which a slope change was observed in the 

decreasing part of the reconstitution curve). The fitting procedure performed with the Excel 

solver was initialized with the experimental maximal median particle size for D501, and rough 

graphical estimations of the extents of median particle size evolution and the times needed for 

these evolutions during dispersion and solubilization steps for A1, τ1, A2, and τ2, respectively.  

D50(t) = D501 − A1 (1 − e
−t

τ1) − A2 (1 − e
−t

τ2)                                                 Equation 25                    

Where D501 (µm) designates the modelled initial median particle size D50 using Equation 24 

only. 

 The same equation was employed with A2 fixed at 0 µm for third reconstitution type 

powders (for which no distinction could be made between dispersion and solubilization steps), 

leading to a single decreasing first-order indicial response. 

 Then, the whole reconstitution curve was fitted with Equation 23 by using the model 

parameters obtained by separate fitting with Equations 24 and 25 (D500
∗ , A0, τ0, A1, τ1, A2, and 

τ2) to initiate the fitting procedure performed with the Excel solver. As previously indicated, A0 

was fixed at 0 µm for powders of the second reconstitution type and A2 was fixed at 0 µm for 

powders of the third reconstitution type. Obtained model parameters (D500, A0, τ0, A1, τ1, A2, 

and τ2) were then used to calculate characteristic swelling, dispersion, and reconstitution times, 

as well as swelling, dispersion, and solubilization rates. 

3.4.1.2.2. Estimation of the duration and the particle size evolution rate of each 

reconstitution step  

 The swelling time tswelling was defined as the time for which the predominance of the 

swelling mechanism ends. When applicable, it was calculated as the time at which modelled 

median particle size reached its maximal value D50max. This was determined with the Excel 

solver as the lowest time value for which the first derivative of D50(t) (Equation 26) was equal 

to zero.  

dD50(𝑡)

dt
=

A0

𝜏0
e

−t

𝜏0 −
A1

𝜏1
e

−t

𝜏1 −
A2

𝜏2
e

−t

𝜏2                                                    Equation 26  

 Thus, the maximal median particle size D50max was equal to D50(tswelling) and the 

duration of the swelling-dominated reconstitution phase ∆tswelling was equal to tswelling. 
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 The dispersion time tdispersion, when applicable, was calculated as the time for which the 

absolute difference between experimental values and the reconstitution model considering that 

the swelling step was completely ended (i.e., it has induced an increase in the median particle 

size up to D500 + A0) and taking into account the influence of the dispersion step only D500 +

A0 − A1 (1 − e
−t

τ1) became superior to the absolute difference between experimental values and 

the reconstitution model considering that the swelling and dispersion steps were completely 

ended (i.e., they have induced an evolution of the median particle size up to D500 + A0 − A1) 

and taking into account the influence of the solubilization step only D500 + A0 − A1 −

A2 (1 − e
−t

τ2). Thus, the duration of the dispersion-dominated reconstitution phase ∆tdispersion 

was equal to the difference between the dispersion and swelling times (tdispersion – tswelling). 

 The final median particle size D50∞ was equal to the limit of D50(t) when the time 

tends to the infinity, i.e., D500 + A0 – A1 – A2. It was chosen to define the reconstitution time 

as the time needed to reach 95 % of the median particle size decrease in the dispersion and 

solubilization steps (Equation 27). 

D50(treconstitution) = 95 % × D50∞ + 5 % × D50max                                Equation 27 

 Hence, the duration of the solubilization-dominated reconstitution phase ∆tsolubilization 

was equal to the difference between the dispersion and swelling times (tsolubilization – tdispersion). 

 Characteristic particle size evolution rates during swelling, dispersion, and 

solubilization steps were calculated as slopes at half height of the considered reconstitution step 

using the first derivative of D50(t) (Equation 26) and the Excel solver for the determination of 

half-height times of each reconstitution step: 

- the swelling rate (positive value) was defined as the value taken by first derivative of D50(t) 

at the time (inferior to tswelling) when modelled D50 reached 
D500+D50max

2
,  

- the dispersion rate (negative value) was calculated as the value taken by first derivative of 

D50(t) at the time (comprised between tswelling and tdispersion) when modelled D50 reached 

D50max+D50(tdispersion)

2
, 

- and the solubilization rate (negative value) was the value taken by first derivative of D50(t) at 

the time (superior to tdispersion) when modelled D50 reached  
D50(tdispersion)+D50∞

2
. 
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3.4.1.3. Predictive modelling of powder reconstitution time 

This part deals with the development of an empirical model to predict the reconstitution 

time using the laboratory-scale mixing vessel and the reconstitution conditions used for 

monitoring of reconstitution kinetics by conductimetry (cf. section 3.4.1.1.1.). To this aim, 

predictors, i.e. input data in the model, were the main powder physicochemical properties 

influencing powder reconstitution (namely, median particle size, proximal composition, and 

surface hydrophobicity) identified from principal components analysis in section 4.1. and extra 

powder characteristics (particle sphericity, convexity, aspect ratio, and aerated density). All 

investigated powders were considered in this part of the PhD work with a view to obtain an 

empirical model able to apply to all kinds of food powders, regardless of their wetting and 

reconstitution behavior.    

 Several approaches were used with the purpose to predict the reconstitution time from 

experimental values calculated as t95% from Hill model applied on conductivity curves obtained 

in reconstitution assays. Reconstitution times predicted from models were noted treconstitution.  

As regards predictors taken as model input data (most influencing powder physicochemical 

properties and few extra characteristics), they were either considered unnormalized, i.e. 

numerical values of predictors expressed in their SI unit, or converted into normalized values 

where 0 % correspond to the minimal value of the considered predictor among investigated 

powders and 100 % to its maximal value. Normalization was expected to confer the same 

variation range to all predictors, which could facilitate modelling and help interpreting obtained 

models, as discussed later in section 4.4. 

As regards models, five types were employed (Leube, 2013; Zheng and Lu, 2011) : a multilinear 

model (Equation 28), a monome model which consist in a product of power laws (Equation 

29), an exponential model composed of a product of exponential laws (Equation 30), an hybrid 

model in the form of a product of power and exponentials laws, and partial least square 

regression. 

 Multilinear (Equation 28), monome (Equation 29), exponential (Equation 30) and 

hybrid (mixed power and exponential laws) models were determined with the Excel solver 

(Microsoft 365) using the generalized reduced gradient algorithm for solving the least squares 

method, consisting in the search for the collection of model weights permitting to minimize the 

sum of quadratic errors ∑ (𝑡95%,𝑖 − 𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑖)²  𝑛
𝑖=1 where n represents the number of 
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observations, i.e. the number of investigated powders, and i designates an integer varying from 

1 to n. 

. 𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑗 = 𝑤0 + ∑ 𝑤𝑗𝑥𝑖,𝑗
𝑚
𝑗=1                                                                         Equation 28 

.𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑗 = 𝑤0 × ∏ (𝑥𝑖,𝑗 + 10−4)
𝑤𝑗𝑚

𝑗=1                                                         Equation 29 

.𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑗 = 𝑤0 × ∏ 𝑒𝑥𝑝 (𝑚
𝑗=1 𝑤𝑗𝑥𝑖,𝑗)                                                                     Equation 30 

With: 

- m, the number of predictors, 

- j, an integer varying from 1 to m; 

- 𝑤0 and 𝑤𝑗, model weights;  

- 𝑥𝑖,𝑗, predictor variables, i.e. most influencing physicochemical properties and few extra 

characteristics, for the ith observation, i.e. investigated powder. 

To avoid obtaining a null value of predicted reconstitution times for powders having one of 

their physicochemical property equal to 0 (sugar content for instance), 10-4 (consisting in a very 

small value compared to numerical values of considered physicochemical parameters) was 

added to each xi,j in the monome model. 

 Partial least square regression was performed with the Galaxy software (ChemFlow 

20.05) using the NIPALS regression algorithm. The method establishes correlations between 

predictors to reduce the set of model input data to a minimum number of latent variables which 

are independent, gather the maximum of predictor variability, and permit to make predictions 

of dependent variables while taking into account the maximum of their variability (Equations 

31 and 32). In the case of the PhD work, the number of dependent variables was equal to 1 (as 

reconstitution time was the only variable to be predicted by investigated empirical models). 

𝑋 = 𝑇𝑃𝑇 +  𝐸                                                                                                           Equation 31 

𝑌 = 𝑈𝑄𝑇 +  𝐹                                                                                                              Equation 32      

Where X, the matrix of predictor variables (n × m); Y is the matrix of dependent variables (n × 

p); m, the number of predictors; n, the number of observations; p, the number of dependent 

variables (equal to 1 in the current PhD work); T, the matrix of X scores (n × l); P, the matrix 
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of X loadings (l × m); E, the residual matrix of X (n × m); U the matrix of Y scores (n × l); Q 

the matrix of Y loadings (l × m); F the residual matrix of Y (n × p); l, the number of latent 

variables (permitting to achieve the best model accuracy). 

In the matrix of predictor variables X, columns correspond to the different predictors 

(most influencing powder physicochemical properties deduced in section 4.1. and few extra 

characteristics) and rows to the different observations, i.e. investigated powders. The matrix of 

dependent variable Y is constituted by a single column giving, for each observation 

(investigated powders), the reconstitution times deduced from reconstitution kinetics monitored 

by conductimetry. T and P matrices express the links between predictors and latent variables. 

In E, the matrix of X residuals, columns correspond to the part of predictor variability not taken 

into account by latent variables and rows to the different observations. U and Q matrices express 

the links between dependent and latent variables. In E, the matrix of Y residuals, columns 

correspond to the part of variability of dependent variables not taken into account by the model 

and rows to the different observations. 

PLSR can be seen as a multilinear regression (cf. Equation 28), also called OLSR 

(ordinary least squares regression), for which the inputs are latent variables instead of predictor 

variables. 

3.5. Statistical analysis  

 All analyzes were carried out on the thirty-six powders and performed in triplicate 

except for some XPS analysis (n = 2 or 1). PCA was used to link powder physicochemistry and 

manufacturing process to reconstitution behavior using Unscrambler (CAMO software AS, 

Norway). Reconstitution assays were triplicated to ensure good analytical repeatability and 

obtain good accuracy of descriptive reconstitution models. Some analyses were performed n = 

9 for coated powders to ensure that there is no difference between the 3 batches produced by 

formulation (n = 3 per batch).  The duration and the median particle size evolution rate of each 

reconstitution step were correlated with powder physicochemical properties by calculating 

Pearson’s correlation coefficients with Microsoft 365 Excel (p < 0.05). Data were compared by 

one-way ANOVA performed with Microsoft 365 Excel and means were separated by Tukey's 

HSD test at Excel p < 0.05 significance level. 
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IV. Results and discussion 

4.1. Main powder physicochemical characteristics influencing their reconstitution 

behavior 

 

 

 

 

Thirty-six food powders corresponding to a wide range of physicochemical 

characteristics (bulk and surface chemical composition, median particle size, span, and water 

activity) and manufacturing processes (grinding, freeze-drying, spray-drying, and 

crystallization) were investigated for their reconstitutability. Their reconstitution profiles were 

acquired by conductivity measurements and fitted with Hill model. Physicochemical 

characteristics of investigated powders were correlated to their wetting and reconstitution times 

by principal component analysis. Four powder categories were identified on the basis of wetting 

and reconstitution times; i.e. green group (good reconstitution); yellow (correct reconstitution), 

orange groups (mediocre reconstitution); red group (poor reconstitution). Long wetting times 

were associated with high particle surface hydrophobicity, small median particle size, as well 

as high protein and lipid contents in the powder bulk. Long reconstitution times were linked to 

the powder manufacturing process (ground powders), as well as to low sugar content in the 

powder bulk. 

4.1.1. Impact of particle size distribution and lipid content on powder reconstitution 

To highlight the impact of particle size distribution and lipids content on powder 

reconstitution behavior, a focus was carried out on instant coffee and milk powders. 

4.1.1.1. Powder physicochemical properties 

Raw and ground instant coffee powders presented similar chemical composition and 

differed in median particle size D50 (around 1 630 µm and 31 µm, respectively) (Tables 2 & 

3). Raw instant coffee powder had a monomodal particle size distribution with a span around 

1, which was consistent for an agglomerated powder, whereas the particle size distribution of 

ground instant coffee powder was bimodal with a span around 13. On the opposite, skim and 

whole milk powders differed in chemical composition and presented similar median particle 

sizes D50 (around 80 µm) and monomodal particle size distributions (Tables 2 & 3). Skim milk 

This part seeks to identify the main physicochemical properties (composition, structure, 

etc.) of food powders influencing their reconstitution and their impact on the different 

reconstitution steps. 
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powder presented a low lipid content (1.5 g/100 g on wet basis), whereas whole milk powder 

was rich in lipids (26 g/100 g on wet basis).  
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Table 3. Proteins, lipids, carbohydrates (fibers excluded), fibers, and minerals content ranges*, median particle size, as well as C/O and C-

C/other C bonds ratios at the particle surface for investigated powders. 

Powder sample name 

Proteins 

content range 

(-) 

Lipids  

content  

range (-) 

Carbohydrates  

(fibers excluded) 

content range (-) 

Fibers  

content 

range (-) 

Minerals  

content  

range (-) 

Median 

particle size 

D50 (µm) 

C/O ratio  

C-C/other C 

bonds ratio 

(-) 

Polenta R (raw) 3 3 2 3 4 642 ± 23 3.97 ± 0.10 1.29 ± 0.26 

Polenta 1.0 mm 3 3 2 3 4 392 ± 19 3.82 ± 0.13 1.09 ± 0.01 

Polenta 0.08 mm 3 3 2 3 4 20 ± 0 3.06 ± 0.00 1.00 ± 0.00 

Instant coffee R (raw) 2 3 3 2 2 1 633 ± 15 2.80 ± 0.01 0.92 ± 0.03 

Ground instant coffee 2 3 3 2 2 31 ± 0 2.62 ± 0.01 0.93 ± 0.02 

Granulated sugar 4 4 1 4 4 583 ± 16 1.61 ± 0.08 0.21 ± 0.02 

Caster sugar 4 4 1 4 4 451 ± 35 1.59 ± 0.15 0.40 ± 0.03 

Icing sugar 4 4 1 4 4 23 ± 1 1.60 ± 0.01 0.27 ± 0.02 

Flour T45 3 3 3 2 4 83 ± 0 4.17 ± 0.06 1.47 ± 0.02 

Flour T55 3 3 3 2 4 76 ± 0 4.19 ± 0.09 1.54 ± 0.06 

Cocoa 12F A- 2 2 3 1 3 13 ± 0 4.29 ± 0.10 2.12 ± 0.10 

Cocoa 12F A+ 2 2 3 1 3 12 ± 0 4.51 ± 0.09 2.31 ± 0.23 

Cocoa 12F A+++ 2 2 3 1 3 11 ± 0 4.68 ± 0.53 2.34 ± 0.31 

Cocoa 23F A+ 2 2 3 1 3 34 ± 0 5.09 ± 0.40 2.80 ± 0.46 

Pea fiber 2 3 3 3 3 56 ± 0 3.04 ± 0.09 0.99 ± 0.01 

SMP 2 3 3 4 2 77 ± 0 2.52 ± 0.05 0.70 ± 0.08 

SMP G 2 3 3 4 2 167 ± 1 2.71** 0.67** 

WMP 2 2 3 4 2 80 ± 0 3.38 ± 0.13 1.02 ± 0.01 

MPI 1 3 4 4 2 54 ± 0 4.06** 1.08** 

WPI 1 3 4 4 2 45 ± 1 4.00** 0.90** 

MCP 1 3 4 4 2 54 ± 0 3.90** 1.41** 

Hazelnut 3 1 3 2 4 512 ± 19 6.65 ± 0.31 4.02 ± 0.06 

Instant mash 3 3 2 2 4 614 ± 11 3.44 ± 0.31 1.11 ± 0.24 

Coarse salt 4 4 4 4 1 1 910 ± 42 5.05 ± 1.01 4.79 ± 0.26 
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Fine salt 4 4 4 4 1 604 ± 12 4.98 ± 0.38 4.25 ± 0.54 

Baking soda 4 4 4 4 1 183 ± 1 1.57 ± 0.19 1.67 ± 0.12 

Couscous F 3 3 2 3 4 975 ± 5 4.97** 1.25** 

Couscous M 3 3 2 3 4 1 830 ± 2 4.23** 1.34** 

Acerola 4 4 2 4 4 38 ± 1 1.78** 0.35** 

Xanthan gum 4 4 4 1 4 89 ± 0 1.33** 0.21** 

Agar gum 4 4 4 1 4 108 ± 2 1.66** 0.18** 

Pectin 4 4 4 1 4 142 ± 3 1.51** 0.25** 

Yeast extract 1 1 4 4 4 2 554 ± 5 0.67** 2.74** 

Yeast extract 2 1 4 4 4 2 119 ± 1 0.83** 3.14** 

Onion 3 3 2 2 4 58 ± 1 2.91** 0.87** 

Lactose 4 4 1 4 4 34 ± 0 1.60** 0.27** 

 

* Ranges of macrcomponent contents were defined as follows: range 1 corresponded to contents between 0 and 25 g/100 g  on wet basis, range 2 to 25 - 50 g/100 g, range 3 to 

50 - 75 g/100 g, and range 4 to 75 - 100 g/100 g from powder data sheet. 

**Analyses were carried out on a single area of 700 µm × 300 µm.



104 

 

The water contents of coffee and milk powders were comprised between 1.6 and 

2 g/100 g on wet basis and their water activity ranged between 0.16 and 0.34 (Table 4), which 

is favorable to their preservation (George and Latimer, 2019; Roos, 2002). 
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Table 4. Water activity, water content, wetting time, reconstitution time, and Hill model parameters (k and n) of investigated powders. 

Powder sample 

name 
Water activity aw (-) 

Water content 

(g/100 g on wet 

basis) 

Wetting time 

(s) 

Reconstitution 

time t95 (s) 

Hill model time 

constant k (s) 

Hill model 

power n (-)  

Polenta R (raw) 0.59 ± 0.01 3.17 ± 0.03 127 ± 5 2 107.7 ± 223.2 33.7 ± 2.4 0.72 ± 0.04  

Polenta 1 mm 0.55 ± 0.00 3.04 ± 0.10 67 ± 3 1 075.8 ± 99.5 17.6 ± 1.6 0.72 ± 0.01  

Polenta 0.08 mm 0.47 ± 0.00 2.43 ± 0.11 352 ± 10 432.1 ± 14.7 45.9 ± 7.7 1.31 ± 0.09  

Instant coffee R 

(raw) 
0.16 ± 0.00 1.65 ± 0.18 22 ± 2 38.9 ± 2.3 12.8 ± 0.6 2.16 ± 0.08  

Ground instant 

coffee 
0.38 ± 0.00 2.05 ± 0.05 51 ± 4 106.5 ± 6.8 26.7 ± 3.7 2.15 ± 0.31  

Granulated sugar 0.48 ± 0.00 0.02 ± 0.00 17 ± 1 34.7 ± 1.1 8.9 ± 0.2 1.15 ± 0.28  

Caster sugar 0.48 ± 0.00 0.02 ± 0.00 8 ± 1 25.2 ± 3.8 3.7 ± 0.6 1.55 ± 0.21  

Icing sugar 0.49 ± 0.00 0.10 ± 0.01 25 ± 3 47.5 ± 4.2 13.9 ± 0.7 2.66 ± 0.16  

Flour T45 0.55 ± 0.00 3.35 ± 0.13 51 ± 4 777.1 ± 64.0 15.6 ± 1.3 0.74 ± 0.02  

Flour T55 0.54 ± 0.00 3.05 ± 0.06 52 ± 4 683.8 ± 65.4 14.6 ± 1.1 0.78 ± 0.05  

Cocoa 12F A- 0.27 ± 0.00 0.91 ± 0.00 207 ± 17 948.8 ± 103.9 99.5 ± 9.0 1.31 ± 0.02  

Cocoa 12F A+ 0.30 ± 0.00 1.10 ± 0.14 156 ± 7 516.2 ± 47.2 69.5 ± 4.4 1.47 ± 0.04  

Cocoa 12F A+++ 0.36 ± 0.00 1.41 ± 0.03 95 ± 7 197.5 ± 28.7 47.9 ± 6.4 2.15 ± 0.47  

Cocoa 23F A+ 0.18 ± 0.00 0.76 ± 0.03 115 ± 13 363.3 ± 62.3 38.0 ± 5.5 1.31 ± 0.13  

Pea fiber 0.44 ± 0.00 2.16 ± 0.04 93 ± 8 197.6 ± 14.5 46.8 ± 7.5 2.06 ± 0.25  

SMP 0.34 ± 0.00 1.46 ± 0.00 35 ± 4 75.4 ± 0.7 16.4 ± 1.1 2.08 ± 0.22  

SMP G 0.34 ± 0.00 1.48 ± 0.03 6 ± 2 80.0 ± 10.0 27.3 ± 2.9 2.58 ± 0.20  

WMP 0.23 ± 0.00 1.78 ± 0.02 68 ± 8 112.0 ± 10.4 36.2 ± 5.3 2.76 ± 0.13  

MPI 0.25 ± 0.00 1.59 ± 0.01 1797 ± 66 2 843.3 ± 198.9 133.6 ± 9.2 0.96 ± 0.01  

WPI 0.10 ± 0.00 1.44 ± 0.14 1300 ± 56 307.3 ± 36.8 70.1 ± 3.8 2.01 ± 0.17  

MCP 0.25 ± 0.00 1.56 ± 0.01 1226 ± 53 1 315.0 ± 168.2 83.3 ± 10.7 1.24 ± 0.06  

Hazelnut 0.58 ± 0.00 1.21 ± 0.02 154 ± 6 914.1 ± 44.8 52.4 ± 8.5 1.03 ± 0.05  



106 

 

Instant mash 0.37 ± 0.00 2.06 ± 0.03 23 ± 2 103.3 ± 3.6 8.6 ± 0.6 1.18 ± 0.10  

Coarse salt 0.51 ± 0.00 0.02 ± 0.01 41 ± 7 93.2 ± 5.2 21.7 ± 0.6 2.02 ± 0.04  

Fine salt 0.49 ± 0.00 0.02 ± 0.00 14 ± 2 26.3 ± 1.7 5.9 ± 1.0 2.00 ± 0.19  

Baking soda 0.61 ± 0.00 9.46 ± 0.43 25 ± 4 103.4 ± 10.0 7.5 ± 1.2 1.13 ± 0.10  

Couscous F 0.52 ± 0.00 2.58 ± 0.05 367 ± 30 1 619.4 ± 115.0 137.1 ± 5.2 1.19 ± 0.03  

Couscous M 0.53 ± 0.00 2.77 ± 0.09 730 ± 39 2 575.1 ± 209.9 296.0 ± 17.1 1.36 ± 0.03  

Acerola 0.23 ± 0.00 2.75 ± 0.06 102 ± 16 78.1 ± 7.1 18.5 ± 1.2 2.05 ± 0.12  

Xanthan gum 0.25 ± 0.00 2.06 ± 0.07 14 ± 2 423.8 ± 16.3 49.3 ± 2.8 1.37 ± 0.05  

Agar agar 0.25 ± 0.00 1.30 ± 0.06 9 ± 1 397.1 ± 50.1 33.8 ± 2.0 1.20 ± 0.08  

Pectin 0.23 ± 0.00 0.75 ± 0.08 11 ± 2 335.9 ± 36.5 88.9 ± 8.6 2.22 ± 0.04  

Yeast extract 1 0.15 ± 0.00 2.16 ± 0.11 58 ± 6 70.3 ± 4.9 5.5 ± 0.5 1.09 ± 0.07  

Yeast extract 2 0.15 ± 0.00 2.22 ± 0.07 30 ± 3 58.2 ± 7.9 6.1 ± 0.8 1.25 ± 0.04  

Onion 0.35 ± 0.00 0.11 ± 0.03 65 ± 12 167.7 ± 10.7 44.0 ± 1.9 2.20 ± 0.07  

Lactose 0.05 ± 0.00 2.75 ± 0.11 2 ± 1 238.3 ± 24.4 19.2 ± 0.8 1.17 ± 0.03  
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4.1.1.2. Particle surface characterization 

The surface atomic proportions of instant coffee and milk powders are displayed in 

Figure 38 - left. Carbon, oxygen, and nitrogen surface proportions were similar for all powders 

except for whole milk powder that had more surface carbon and less surface oxygen and 

nitrogen. Surface and bulk compositions of milk powders were compared in Figure 39. The 

bulk composition was measured by classical chemical analysis techniques whereas the surface 

composition was deduced from XPS analysis using Equations 24, 25, and 26. It appears that 

whole milk powder was mainly covered by lipids, whereas skim milk powder presented a 

surface overrepresentation mostly in lipids but also in proteins in a lesser extent similarly to 

Murrieta-Pazos et al. (2012) and Fournaise et al. (2020). These differences between bulk and 

surface compositions are known to strongly influence powder reconstitution behavior (Kim et 

al., 2002). For coffee powders, it was not possible to use the matrix method as nitrogen is also 

present in non-proteic compounds like caffeine (and not in proteins only as for milk powders). 

Nevertheless, the surface atomic composition was still informative. It was very close to that of 

skim milk powder for carbon and oxygen, but nitrogen contents were slightly lower (Figure 38 

- left). Carbon bond ratios of the four powders are presented in Figure 38 - right. Again, only 

whole milk powder had a clearly more hydrophobic surface than the three other powders. 

 

Figure 38. Surface atomic compositions (left) and carbon bond ratios (right) of instant coffee, 

ground instant coffee, skim milk, and whole milk powders. 
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Figure 39. Bulk and surface compositions of skim and whole milk powders. 

4.1.2. Powder reconstitution kinetics monitored by conductivity 

4.1.2.1. Impact of particle size on reconstitution  

The reconstitution behavior of raw and ground instant coffee powders, differing in median 

particle size, is detailed in Table 5 and Figure 40A. The wetting step is known to be highly 

linked to the median particle size, as well as bulk and surface compositions. As previously 

shown, the bulk and surface compositions of instant coffee powders were identical (Figure 38 

and Table 2). It appeared that wettability was better for the raw instant coffee powder composed 

of larger particles (23 s wetting time) than for the ground instant coffee powder (52 s wetting 

time). Indeed, a high proportion of large and/or agglomerated particles is known to improve 

powder wettability (Hogekamp and Schubert, 2003; Schuck et al., 2012). The reconstitution 

time was also shorter for raw instant coffee powder probably owing to its shorter wetting step. 

Hill model parameters, time constant k and power n, were also informative about the 

reconstitution kinetics. k, corresponding to the time needed to reach half of the final 

conductivity, was doubled for the ground instant coffee powder, denoting slower reconstitution 

kinetics. Moreover, the slope of the normalized conductivity curve at half maximal normalized 

conductivity, equal to 
n

4k
, could be viewed as an indicator of reconstitution rate; for instant 

coffee powders, 
n

4k
 equaled 0.050 and 0.020 s-1 for raw and ground samples, respectively. This 

confirms the slower reconstitution rate of ground instant coffee powder, likely due to its lower 

median particle size preventing its correct wetting and dispersion (Freudig et al., 1999; 
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O’Mahony and McSweeney, 2016); indeed, interparticular cohesive forces are expected to be 

stronger between small particles owing to their higher contact surface (Fu et al., 2012; Zhou et 

al., 2010).  

Table 5. Wetting and reconstitution times, as well as Hill model parameters (time constant k 

and power n) and coefficient of determination (R²) of normalized conductivity curve fitting by 

Hill model for investigated milk and coffee powders. 

 Wetting 

time (s) 

Reconstitution 

time t95% (s) 

Hill model time 

constant k (s) 

Hill model 

power n (-) 

Hill model coefficient 

of determination R² 

Skim milk powder 35 ± 4 75.4 ± 1.0 16.4 ± 1.1 2.08 ± 0.22 0.95 

Whole milk powder 68 ± 8 112.0 ± 10.4 36.2 ± 5.3 2.76 ± 0.13 0.98 

Instant coffee powder 22 ± 2 34.7 ± 1.1 12.8 ± 0.6 2.16 ± 0.08  0.98 

Ground instant coffee 

powder 
51 ± 4 106.5 ± 6.8 26.7 ± 3.7  2.15 ± 0.31  0.98 

 

 

Figure 40. A- Effect of median particle size and B- fat content on powder reconstitution 

kinetics. 

4.1.2.2. Impact of lipid content on reconstitution  

Whole and skim milk powders presented similar median particle sizes but differed in 

chemical composition through their lipid content. Their reconstitution behavior is presented in 

Table 5 and Figure 40B. The bulk and surface compositions of these powders markedly 

differed. Whole milk powder, having a well higher surface lipid content, had a well higher 

surface hydrophobicity (Hogekamp and Schubert, 2003; Murrieta-Pazos et al., 2012). This 

surely caused that whole milk powder had a wetting time (68 s) longer than skim milk powder 

(35 s), the latter having a more hydrophilic surface which is known to improve wettability. 

These results met literature regarding the negative influence of surface hydrophobicity on 

powder wetting (Gaiani et al., 2006; Ji et al., 2017; Kim et al., 2002; Wu et al., 2020). The 

reconstitution time (t95%) was shorter for the skim milk powder, confirming the deleterious 
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effect of surface lipids on reconstitution. This may be related to wettability that is well impaired 

at higher surface lipid content. Hill model parameters (time constant k and power n) were 

greater for skim milk powder, indicating a higher reconstitution rate and a shorter reconstitution 

time. This was confirmed by the calculation of the slope of the normalized conductivity curve 

at half-height (which is an indicator of reconstitution rate as previously mentioned): 
𝑛

4𝑘
 equaled 

0.029 and 0.018 s-1 for skim and whole milk powders, respectively. This confirms the slower 

reconstitution rate of whole milk powder. 

4.1.3. Surface composition of the thirty-six food powders 

On the best knowledge of the author, surface analysis by XPS has been performed only 

on few food powders, dairy or wheat powders for example (Kim et al., 2002; Mohamad Saad 

et al., 2009). For the first time, a large investigation was performed on thirty-six food powders 

in order to collect surface atomic proportions (in carbon, oxygen, and nitrogen), as well as C/O 

and C-C/(other carbon bonds) ratios as indicators of surface hydrophobicity (Table 3). It 

appears that surface chemical composition was highly variable for investigated powders. Three 

hypothesized powder groups were constituted on the basis of surface 

hydrophilicity/hydrophobicity (Figure 41). The most hydrophilic surface powders were 

associated with the lowest ranges of C/O and C-C/other C bonds ratios of 0 - 2 and 0 - 1, 

respectively. Intermediate (slightly hydrophobic) powders corresponded to ranges of C/O and 

C-C/other C bonds ratios of 2 - 4 and 1 - 2, respectively. The most hydrophobic surface powders 

were defined for the highest ranges of C/O and C-C/other C bonds ratios of 4 - 7 and 2 - 4, 

respectively. Sugar, acerola juice, lactose, agar, xanthan, pectin, and baking soda powders were 

then sorted as the powders with the most hydrophilic surface powders of the study. On the 

opposite, hazelnut, cocoas, milk protein concentrate, whole milk, and whey proteins powders 

were classified as the powders with the most hydrophobic surface of the study. Many 

investigated food powders (cereal powders, flours, coffee powders, couscous powders, instant 

mashed potatoes powder, etc.) fell into the intermediate category of slightly hydrophobic 

surface. 
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Figure 41. Classification of investigated powders into three groups (more hydrophobic, 

intermediate, and more hydrophilic) from C/O and C-C bonds/C-other atom bonds ratios at 

particle surface. 

 

4.1.4. Principal component analysis linking physicochemical properties, manufacturing 

process, and reconstitution behavior of the thirty-six food powders 

A PCA was performed to link powder physicochemical properties and their 

reconstitution behavior. The main objective was to capture the variability of data in a few 

principal components, which encompass the most variation of the dataset. The data taken into 

consideration in the PCA are related to powder bulk and surface composition, manufacturing 

process, median particle size, and reconstitution properties (wetting and reconstitution times, 

as well as Hill model parameters) (Tables 2, 3, and 4). The wetting time was measured by an 

empirical method (FIL method), while the reconstitution time was deduced from Hill model 

fitting of conductivity curves obtained from powder reconstitution in the stirred reactor (Figure 

33). The process conditions employed for these analyses markedly differed, which explains 

why some powders (whey protein isolates or acerola for instance) presented a wetting time 

greater than their reconstitution time (Table 4). 

The loading plot shows how strongly each powder physicochemical characteristic influences 

the variability amongst powders, represented according to the two principal components PC1 

and PC2 (Figure 42), the bulk composition is unshown because the classification by ranges 

transforms the compositions into qualitative data. PC1, corresponding to the horizontal axis and 

representing 34 % of powder characteristics variability, was linked to reconstitution times (t95%, 

k, and n) and manufacturing process. PC2, associated with the vertical axis and corresponding 

to 27 % powder variability, was correlated to median particle size (D50), wetting time, and 

surface chemical composition. Hence, a long wetting time was related to a small median particle 
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size and an elevated surface hydrophobicity (Kim et al., 2002; Szulc and Lenart, 2013). The 

relationship between median particle size and wettability had already been demonstrated on 

milk powders (Chever et al., 2017), the current work thus makes it possible to generalize this 

relationship to food powders whatever their composition and manufacturing process. Hill 

model parameters logically appeared to be correlated with the reconstitution time: a high k value 

or a low n value (both inducing a low slope of the normalized conductivity curve at half 

maximal normalized conductivity 
n

4k
 value) were related to a high reconstitution time, i.e. slow 

reconstitution kinetics. The score plot locates investigated powder samples on the PC1 × PC2 

plot (Figure 43). Powders situated on the bottom side (negative PC2) had long wetting times, 

whereas powders found in the right side (positive PC1) were linked to long reconstitution times. 

Therefore, four groups of powders were defined on the basis of their reconstitution behavior: 

short wetting and reconstitution times (green: good); long wetting time and short reconstitution 

time (yellow: correct); short wetting time and long reconstitution time (orange: mediocre); long 

wetting and reconstitution times (red: poor).   

 

Figure 42. Correlation scores obtained from PCA for the thirty-six investigated powders.  
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Figure 43. Classification of the thirty-six investigated powders deduced from PCA (loading 

scores).  

The reconstitution behavior of milk powders has been extensively described in the 

literature contrarily to other food powders (Caric and Milanovic, 2002; Fang et al., 2011; Gaiani 

et al., 2006). For the first time, the main factors influencing the reconstitution are identified for 

a large variety of powders. Manufacturing processes, mainly grinding and spray-drying, were 

associated to long and short reconstitution times, respectively. Indeed, cereal powders 

(couscous powders, flours, semolina, wheat powders), obtained by grinding, had slow 

reconstitution kinetics. Besides, small particle and hydrophobic surface powders were 

correlated to long wetting times, whereas large particle and hydrophilic powders were 

associated with short wetting times. Finally, powder within each of red and green groups 

separately were also similar in terms of bulk composition (high lipids; high sugar or mineral 

contents, respectively). 

4.1.5. Conclusion 

For the first time, the main factors influencing powder reconstitution behavior (median 

particle size, bulk chemical composition, surface composition, and manufacturing process) 

have been identified for a large number of food powders. The current study permitted to confirm 

and generalize the knowledge developed so far on a limited number of powders and identify 

four reconstitution behaviors (Figure 44). 
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Figure 44. Overview of the main factors influencing powder reconstitution. 

The industrial interest of the proposed classification resides in the fact that powder 

reconstitution properties can be modulated by changing powder formulation (particle size 

distribution, surface composition, bulk composition, etc.) without modifying the reconstitution 

conditions (stirring speed, temperature, etc.). It would be interesting to go one step further by 

linking powder physicochemical characteristics and manufacturing process to the different 

reconstitution steps. 
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4.2. Coating of whey protein isolate with sugars: surface modification and wettability   

 

 

 

The coating of powders with sugars is a well-established technique to improve 

wettability. However, it seems that no study to date has focused on the molecular and atomic 

characterization of particle surface to understand its impact on wettability. In order to improve 

its wettability, a powder identified with PCA as having short reconstitution time but a slow 

wetting (whey protein isolate) was coated with a solution prepared with a powder having short 

reconstitution time and a quick wetting. This study is divided into three parts: 

- first, it was intended to identify the minimum amount of sucrose required to coat whey 

protein isolate powder in order to significantly improve its wettability; 

-then, the respective impact of different sugars (sucrose, lactose, glucose, fructose, and 

galactose) on wettability was evaluated. 

- last, the mimicry of the beginning of wetting step of whey protein isolate coated with 

sucrose by air moisture uptake to understand how the mechansims at play upon interaction of 

particle surface with water can be enhanced by coating. 

4.2.1. Determination of coating duration  

Firstly, the objective was to significantly improve whey protein isolate powder 

wettability by sucrose coating, while adding as few sucrose as possible. It was aimed resulting 

in a fine coating that should not change particle size too much. Keeping the initial particle size 

distribution of whey protein isolate powder was an important criterion in order to be able to 

unravel the single influence of surface modification change induced by sucrose coating. Indeed, 

the strong influence of particle size on wettability has often been reported (Lazghab et al., 2005; 

Schuck et al., 2012). A peculiar attention has been paid to avoid particle agglomeration, which 

changes the particle size distribution and generally induces a marked improvement of powder 

wettability (Chever et al., 2017; Ji et al., 2015; Szulc and Lenart, 2013). Indeed, the 

agglomeration of small particles at the surface of larger ones may occur, as reported in coating 

or multi-effect spray-drying processes (Chever et al., 2017; Lehmann, 1992; Schuck et al., 

2012). 

This part of the PhD investigated the influence of particle surface characteristics on 

wettability in relation with interactions between particle surface and water. 
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4.2.1.1. Physicochemical properties  

 Particle size distributions were monomodal with a D50 around 46 µm and a span around 

2 (Table 6 & Figure 45). Differences between control and coated powders were not significant, 

except for the Sucrose-45 powder (i.e. coated 45 min with sucrose) which exhibited slightly 

smaller particle sizes. On the day of production of this sample, the environmental conditions 

were drier, therefore the fluidization and spraying air were drier, favoring attrition-induced 

particle size reduction in the fluidized bed (Wyszynski and Bridgwater, 1993). The coating time 

did not have any significant impact on particle size distribution, even though the coating process 

seemed to promote the adsorption of finer particles at the surface of larger ones, as reflected by 

the slight increase in D10 and D50. 

 

 Table 6. Granulometric parameters of native, control, and sucrose-coated whey protein isolate 

powders obtained at different processing times in the fluid-bed coater. 

 

Native powder = unfluidized whey protein powder; Water-X (control powders) = whey protein powder fluidized 

with water during X min; Sucrose-X (coated powders) = whey protein powder coated with sucrose during X min. 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 3). 

 

 

 

- D10 (µm) D50 (µm) D90 (µm) Span (-) 

Native WPI 13.30c ± 0.10 45.13d ± 0.67 102.33bcd ± 0.58 1.97ab ± 0.02 

Water-15 13.57c ± 0.06 47.27ab ± 0.15 108.00a ± 1.00 2.00a ± 0.01 

Sucrose-15 14.13ab ± 0.06 48.25a ± 0.05 106.00ab ± 1.00 1.90bc ± 0.03 

Water-30 14.43ab ± 0.21 46.63b ± 0.55 102.00cde ± 1.00 1.88cd ± 0.02 

Sucrose-30 14.47a ± 0.15 46.97b ± 0.12 104.00bc ± 1.73 1.90bc ± 0.04 

Water-45 14.47a ± 0.15 46.57b ± 0.50 101.00cde ± 2.65 1.86cd ± 0.04 

Sucrose-45 12.93d ± 0.15 43.90d ± 0.26 101.33bcd ± 0.58 2.02a ± 0.02 

Water-60 14.37ab ± 0.12 46.50b ± 0.17 99.53de ± 1.27 1.83cd ± 0.02 

Sucrose-60 14.10b ± 0.00 46.90b ± 0.60 98.27e ± 1.03 1.81d ± 0.02 
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Figure 45. Particle size distributions (in volume) of native, control, and sucrose-coated whey 

protein isolate powders. 

Control and sucrose-coated whey protein isolate powders had similar water activity and 

water content, regardless of the coating time. The coating process induced additional drying of 

the particles which resulted in a decrease in water activity and water content in comparison with 

the native whey protein isolate powder (Table 7). The amount of added sucrose varied between 

0 and 3.6 g/100 g powder. It was logically found that sucrose content of coated whey protein 

isolate powders linearly increased with the coating time upon sucrose coating (Table 2 & 

Figure 46).  
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Table 7. Physicochemical properties of native sucrose and native, control, and sucrose-coated 

whey protein isolate powders. 

 Water content 

(g/100 g on wet basis) 

Water activity 

(-) 

Added sucrose (g/100 

g on wet basis) 

C/O ratio (-) 

Native sucrose  / / / 1.65b ± 0.25 

Native WPI 1.56a ± 0.06 0.25a ± 0.00 0.00e  3.82a ± 0.02 

Water-15 1.25b ± 0.06 0.11b ± 0.00 0.00e  / 

Sucrose-15 1.24b ± 0.03 0.10b ± 0.00 0.62d ± 0.14 3.79a ± 0.01 

Water-30 1.56a ± 0.27 0.08c ± 0.01 0.00e  / 

Sucrose-30 1.07c ± 0.09 0.09b ± 0.01 2.15c ± 0.04 3.74a ± 0.03 

Water-45 1.44a ± 0.10 0.10b ± 0.00 0.00e  / 

Sucrose-45 1.24b ± 0.01 0.10b ± 0.00 2.89b ± 0.02 3.77a ± 0.05 

Water-60 1.24b ± 0.01 0.11b ± 0.00 0.00e  / 

Sucrose-60 1.25b ± 0.17 0.10b ± 0.00 3.62a ± 0.08 3.70a ± 0.07 

/: not performed. 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 3). 

 

Figure 46. Evolution of wetting time and proportion of added sucrose of sucrose-coated whey 

protein isolate powders with the coating time. 

 

4.2.1.2. Wettability 

Wetting time of sucrose-coated whey protein isolate powders linearly decreased with 

the increase in coating time (Table 8 & Figure 46). For example, sucrose coating during 1 h 

allowed to decrease wetting time by around 46 %, which could be very useful for industrial 

applications. Wetting time also followed a linear decreasing trend when the amount of added 

sucrose was increased, as illustrated by the relationship obtained by linear regression in Figure 

47. This evidenced the marked impact of sucrose coating on whey protein isolate powder 

wettability and establishes a predictive relationship of coated powder wettability. 
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Table 8. Wetting time of native sucrose and native, control, and sucrose-coated whey protein 

isolate powders, as well as native sucrose. 

 Wetting time (s) 

Native sucrose 8g ± 1 

Native WPI 1 229a ± 21 

Water-15 1 217a ± 28 

Sucrose-15 1 092c ± 13 

Water-30 1 158b ± 8 

Sucrose-30 978d ± 10 

Water-45 1 163b ± 7 

Sucrose-45 842e ± 25 

Water-60 1 157b ± 9 

Sucrose-60 669f ± 11 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 9). 

 

 

Figure 47. Influence of added sucrose on wetting time of sucrose-coated whey protein isolate 

powders. 
 

It can be concluded that fluid-bed wet coating with sucrose permitted to markedly 

improve whey protein isolate powder wettability while limiting powder attrition and 

agglomeration. Then, the influence of the nature of sugar used for coating was studied in these 

suitable coating conditions. 

4.2.2. Impact of sugar nature on wettability of coated whey protein isolate powders  

4.2.2.1. Physicochemical properties  

Particle size distributions of control and coated whey protein isolate powders were 

monomodal with a D50 around 46 µm and a span around 1.93 (Table 9 & Figure 48). Air-

control whey protein isolate powder (fluidized during 60 min without water spraying) showed 

a decrease in median particle size that can be attributed to attrition upon fluidization in the 

y = -139,88x + 1221,5

R² = 0,958

600

700

800

900

1000

1100

1200

1300

0 0,5 1 1,5 2 2,5 3 3,5 4

W
e
tt

in
g
 t

im
e 

(s
)

Added sucrose (g/100 g powder)



120 

 

absence of sprayed liquid. All other control and coated powders had close granulometric 

characteristics, showing that powder agglomeration and coating-induced size increase were not 

significant in chosen coating conditions. According to SEM images (Figure 48), control and 

coated whey protein isolate powders had similar appearance. Sugar coating did not affect the 

particle size distribution and it was not possible to identify the location of coated areas. The 

results made it possible to formulate the following hypothesis that the small quantity of sugar 

added would induce the formation of a thin layer at particle surface which would be masked by 

the carbon layer coated at sample surface during their preparation for SEM analyses. SEM 

images confirm that the sugar-coating process induced only a slight agglomeration of small 

particles at the surface of larger ones, which is in line with particle size measurements (section 

4.2.1.1. and Table 9). In the absence of sprayed solution (air-control), a slight attrition of 

particles (broken particles) was observed, due to fluidization-induced shocks between particles, 

which is a known effect of fluidization (Ray et al., 1987). Granulometric results presented in 

Table 9 are in line with microscopic observations: no significant differences between control 

and coated powders were observed. 

 

Table 9. Granunometric parameters of whey protein isolate powders in native state, fluidized 

without (Air-60) or with water (Water-60), and coated with different sugars for 60 min. 

 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 3). 

- D10 (µm) D50 (µm) D90 (µm) Span (-) 

Native WPI 13.30
 d

 ± 0.10 45.13
 b

 ± 0.67 102.33
 b

 ± 0.58 1.97
 a

 ± 0.02 

Air-60 13.03
c
± 0.13 44.00

a
 ± 0.35 98.30

d
 ± 1.28 1.94

a
 ± 0.16 

Water-60 14.37
ab 

± 0.10 46.50
b
 ± 0.15 99.53

cd
 ± 1.10 1.83b ± 0.19 

Sucrose-60 14.32
ab

 ± 0.34 46.93
b
 ± 0.58 104.31

bc
 ± 5.22 1.91

a
 ± 0.10 

Lactose-60 14.16
b
 ± 0.37 46.86

b
 ± 1.55 105.78

ab
 ± 3.38 1.96

a
 ± 0.05 

Glucose-60 14.80
a
 ± 0.72 48.67

b
 ± 1.83 111.11

a
 ± 4.28 1.98

a
 ± 0.03 

Fructose-60 14.18
b
 ± 0.53 46.22

b
 ± 0.89 105.44

b
 ± 5.66 1.97

a
 ± 0.12 

Galactose-60 14.42
ab

 ± 0.21 47.46
b
 ± 0.38 106.56

ab
 ± 2.19 1.94

a
 ± 0.03 
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Figure 48. Particle size distributions (in volume) and SEM pictures of whey protein isolate 

powders fluidized without air A- Air-60, with water B- Water-60 and coated with different 

sugars for 60 min. C- Sucrose-60, D- Lactose-60, E- Glucose-60, F- Fructose-60, and G- 

Galactose-60. 1: × 200 magnification, 2: × 1 500 magnification, and 3: × 5 000 magnification.  
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As for the section 4.2.1.1., water content and water activity were not significantly different for 

control and coated powders, except for the air-control powder that presented lower values due 

to the absence of sprayed liquid, leading to a further drying of whey protein isolate powder in 

this case (Table 10). The amount of added sugar showed no significant difference when using 

different sugars. 

Table 10. Physicochemical properties of whey protein isolate powders fluidized without (Air-

60) or with water (Water-60) and coated with different sugars for 60 min. 

 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 3). 

The surface atomic composition of the different native sugar powders (Figure 49) did 

not show any significant difference, which was unexpected because the atomic proportions of 

carbon, hydrogen, and nitrogen slightly different: monosaccharide (C6H12O6) and disaccharide 

(C12H22O11). The proportion of oxygen should be slightly lower for disaccharides (Horton et 

al., 1994; Tita-Goldstein, 2013). The surface atomic composition of control and sugar-coated 

whey protein isolate powders were similar. XPS measurements being carried out over a large 

area (700 µm × 300 µm), the lack of significant difference between control and sugar-coated 

whey protein isolate powders could result from the location of coated sugar in small patches 

dispersed at the surface of the particles rather than in a fine continuous layer. 

- 

Water content  

(g/100 g on wet 

basis) 

Water activity 

(-) 

Proportion of added sugars 

(g/100 g on wet basis) 

Native 1.44a ± 0.14 0.10a ± 0.00 0.00b ± 0.00 

Air-60 0.11c ± 0.00 0.05b ± 0.00 0.00b ± 0.00 

Water-60 1.24b ± 0.01 0.11a ± 0.00 0.00b ± 0.00 

Sucrose-60 1.26a ± 0.13 0.10a ± 0.00 3.62a ± 0.08 

Lactose-60 1.34a ± 0.35 0.11a ± 0.00 3.56a ± 0.09 

Glucose-60 1.31a ± 0.26 0.10a ± 0.00 3.54a ± 0.10 

Fructose-60 1.47a ± 0.43 0.11a ± 0.00 3.59a ± 0.12 

Galactose-60 1.38a ± 0.19 0.10a ± 0.00 3.53a ± 0.14 
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Figure 49. C/O ratio of whey protein isolate powders coated for 60 min with different sugars 

and native WPI and sugars. Means with different superscripted letters in the same column were 

significantly different according to Tukey’s HSD test (p ˂ 0.05; n = 2). 

 

The DSC results did not allow to determine the glass transition temperature of whey 

protein isolate powders coated for 60 min with different sugars (Figure 50). Indeed, with such 

a small amount of added sugar (3.6 g/100 g powder), even if the glass transition of sample sugar 

occurred upon analysis, there is a high probability that corresponding enthalpy change remained 

under the detection limit of the device. However, it is very likely that the powders had already 

passed the glass transition temperature Tg (Table 11) during the coating operation performed 

at relatively high temperature (50 °C) and high relative humidity (Roos, 2013; Simperler et al., 

2006), leading to crystallized sugars at particle surface at the end of the coating operation.  
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Figure 50. Differential scanning calorimetry spectra of whey protein isolate powders coated 

with different sugars for 60 min. A: Sucrose-60; B: Lactose-60; C: Glucose-60; D: Fructose-

60; and E: Galactose-60). 
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Table 11. Glass transition temperature of sucrose, lactose, glucose, fructose, and galactose 

(Haque et al., 2006; Y. Roos, 1995; Tita-Goldstein, 2013). 

Sugar Glass transition temperature 

(°C) 

Sucrose 57 - 79 

Lactose 100 

Glucose 31 

Fructose 5 

Galactose 30 
 

XPS and SEM analyses did not show any modification of the surface of the particles 

despite sugar addition at 3.6 g/100 g on wet basis. This led to the hypothesis that particle coating 

was not homogeneous; instead of a fine continuous sugar layer, sugars may be found in small 

patches dispersed at particle surface. 

4.2.2.2. Wettability 

Wettability differences were observed between native, control, and coated whey protein 

isolate powders according to the sugar nature for coated powders (Figure 51). Control powders 

(Air-60 and Water-60) have a slightly better wettability than the native powder. This can be 

explained by the drying of particles (cf. Table 10) or the production of more spherical and/or 

smooth particles induced by the fluidization with warm air in the Wurster process (Schuck et 

al., 2012; Sharma et al., 2012). Air-60 control whey protein isolate powder had the worth 

wetting behavior among fluidized powders due to its smaller median particle size and its lower 

sphericity (as evidenced by the presence of broken particles on SEM images, cf. Figure 48), 

both being known to be deleterious for the wetting mechanism (Roos et al., 2020). Water-

control whey protein isolate powder had a slightly better wettability, showing a small positive 

influence of the coating operation even by spraying water only, as particle attrition was limited 

in this wet environment and a very little occurrence of agglomeration of small particles on larger 

particles was denoted (Dhanalakshmi et al., 2011; Turchiuli et al., 2013). Sugar-coating 

permitted to highly improve whey protein isolate powder wettability: the addition of some 

sugars (sucrose and glucose) even permitted to reduce wetting time almost by half. All sugars 

did not have the same positive influence on whey protein isolate powder wettability; their 

influence can be sorted according to the following increasing order (Figure 51): lactose < 

galactose ≈ fructose < glucose ≈ sucrose. As wetting of native sugars is rather an instant 

phenomenon, wetting time measured by the FIL method cannot be more discriminating between 

sugars. Wettability of sugar-coated whey protein isolate powders seemed rather independent 

from sugar glass transition temperature (a low Pearson’s correlation coefficient of 0.25 was 
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found, corresponding to an absence of correlation) and solubility (Pearson’s correlation 

coefficient of 0.16, also denoting the absence of correlation) (Table 12). Wettability 

improvement may be mainly influenced by the chemical structure of sugars while not being 

linked to the chain length (mono- or di-saccharide) (Brown and Pickering, 1897; Preedy, 2012). 

 

Figure 51. A- Wetting timeby FIL method, B- contact angle of whey protein isolate powders 

fluidized without (Air-60) or with water (Water-60) and coated with different sugars for 60 

min. Letters in the same column were significantly different according to Tukey’s HSD test (p 

˂ 0.05; n = 9). 

 

 



127 

 

Table 12. Solubility of sucrose, lactose, glucose, fructose, and galactose (Haque et al., 2006; 

Roos, 1995; Tita-Goldstein, 2013). 

 Solubility (g/mL) 

Sucrose 2.02 

Lactose 0.22 

Glucose 0.90 

Fructose 3.75 

Galactose 0.68 

 

Contact angle and capillary rise analyses have been carried out to try to understand why 

wettability improvement of sugar-coated whey protein isolate powders depended on the sugar 

nature (Figure 51 & 13).  

Contact angle measurement performed on powder compacts or particles fixed on 

double-sided tape did not permit to evidence differences in surface properties of sugar-coated 

whey protein isolate powders according to the nature of coated sugar. The slight variations in 

contact angles between sugar-coated samples may be explained by the lack of repeatability 

regarding the roughness of the powder compact or layer (Hideo Nakae et al., 1998), not from 

the influence of the nature of sugars. Indeed, the variation trends between coated powders were 

totally different for the two preparation methods. 

As for capillary rise analysis, high standard errors were associated with obtained wetting 

times and velocities, revealing that capillary rise measurements had poor repeatability, resulting 

in variations that probably overwhelmed the possible differences coming from the nature of 

coated sugar. Due to the low repeatability making the results unusable, all powders have not 

been analyzed. High variability of capillary rise results may be the consequence of the use of 

vibration to compact the sample powder bed; mechanical methods such as application of normal 

stress with a vented piston could solve this problem. Capillary rise measurement of the contact 

angle of coated powders with mixtures of two liquids in different proportions (Raux et al., 2013) 

and the compaction of the powder bed before the measurement could help discriminating the 

different whey protein powders coated by sugars. 
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Table 13. Wetting properties of whey protein isolate powders fluidized with water (Water-60) 

and coated with different sugars for 60 min determined by capilary rise. 

 

4.2.2.3. Surface characterization  

AFM measurements made it possible to quickly identify the presence of coated areas at 

whey protein isolate powder surface (Figure 52 and Table 14). Indeed, uncoated and coated 

areas markedly differ in roughness: 5 – 6 nm and over 86 nm, respectively. AFM analysis thus 

allowed to validate the previous hypothesis on the location of coating sugar in small patches 

distributed at the surface of whey protein isolate powder. However, the differences of coated 

layer roughness according to the nature of coated sugar cannot explain the observed wettability 

variations of coated whey protein isolate powders (Pearson’s correlation coefficient of 0.33 

showing an insignificant correlation). 

  

Figure 52. Surface topography of whey protein isolate powders fluidized with water (Water-

60) and coated with different sugars for 60 min. 

 

- Capillary rise wetting time (s) Wetting velocity (µm/s) 

Water-60- 395 ± 151 3.1 ± 1.4 

Sucrose-60 331 ± 140 3.7 ± 1.5 

Lactose-60 553 ± 238 2.5 ± 1.3 

Galactose-60 529 ± 298 2.9 ± 1.6 
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Table 14. Particle and coated layer roughnesses of whey protein isolate powders fluidized with 

water (Water-60) and coated with different sugars for 60 min.  

 

Coating thickness was evaluated (Figure 53 and Table 15) and showed no significant 

difference between the different sugar-coated whey protein isolate powders. Patch thickness 

was considered to equal the height difference between the maximum patch height and the height 

of the baseline, corresponding to particle surface located under the patch (cf. Figure 53). It was 

highly heterogeneous (coating thickness ranged between 0.15 and 0.55 µm in the various 

observations on the same sugar-coated whey protein isolate powder) and the average coating 

thickness was about 0.30 µm. 

  

Figure 53. Measurement principle of coating thickness of whey protein isolate powders 

fluidized with water (Water-60) and coated with different sugars for 60 min. Three dimensional 

images show the black line where thickness was measured. Yellow parts of the diagrams 

correspond to uncoated (smooth) areas, and blue parts to coated (rough) areas. 

  Particle roughness (nm) Coated layer roughness (nm) 

Water-60  5.1 ± 0.3 / 

Sucrose-60  5.8 ± 1.5 122.2 ± 38.6 

Lactose-60  6.6 ± 0.5 168.0 ± 47.8 

Glucose-60  6.5 ± 1.1 86.4 ± 8.9 

Fructose-60  5.2 ± 0.1 246.7 ± 84.9 

Galactose-60  5.1 ± 0.6 124.2 ± 17.0 
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Table 15. Coating thickness of whey protein isolate powders coated for 60 min with different 

sugars. 

 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 9). 

It was not possible to link wettability of sugar-coated whey protein isolate powders to 

the nature of the sugars in relation with their physicochemical properties (solubility, glass 

transition temperature, and chain length), nor with coating roughness and thickness. The main 

hypothesis to explain the absence of observable differences in physicochemical properties of 

coated whey protein isolate powders in spite of their significant differences in wettability, it 

should be the difficulty to observe differences in sugars hydrophily. Sugars are known to be 

highly   hydrophilic, so there are only slight differences between sugars hydrophily, not enough 

to easy identify a significant trend. 

4.2.3. Impact of a humid environment on sucrose-coated whey protein isolate powder 

Whey protein isolate powder coated with sucrose for 60 min (initially equilibrated with 

air at 10 % relative humidity as shown by its water activity of 0.10) was stored for 1 h in an 

oven at 25° C at 20, 40, or 60 % relative humidities in order to evaluate the evolution of its 

physicochemical properties and wettability upon water uptake. This study was intended to 

evaluate bulk and surface modifications of coated powders upon interaction with waters with a 

view to better understand the mechanisms at play in the very first moments of its reconstitution. 

 

 

 

 

 Thickness (µm) 

Sucrose-60 0.30a ± 0.12 

Lactose-60 0.27a ± 0.11 

Glucose-60 0.31a ± 0.13 

Fructose-60 0.30a ± 0.16 

Galactose-60 0.28a ± 0.12 
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4.2.3.1. Physicochemical properties and wettability 

The increase in air relative humidity resulted in a significant increase in water content 

from 3.13 g/100 g on wet basis at 10 % of relative humidity (RH) to 8.78 g/100 g on wet basis 

at 60 % RH (Table 16). Water uptake upon equilibration with humid air also induced  particle 

swelling, as reflected by an increase in particle size as already reported (Crouter and Briens, 

2014; Rosenberg et al., 1985).  

Interaction with humid air also affected wettability, which was impaired at higher 

relative humidity (10 % increase in wetting time was observed for relative humidity increase 

from 10 to 60 %) according to a linear trend (Table 16 and Figures 54 & 55). This result goes 

against what has been highlighted in section 4.1.4. and in the literature for the impact of the 

water content (Fournaise et al., 2021b; Hammes et al., 2015; Hołysz et al., 2010). This decrease 

in wettability upon surface equilibration with humid air could result from the formation of a 

viscous and sticky layer at the surface of sucrose-coated whey protein isolate powder (Teunou 

and Fitzpatrick, 1999; Wallack and King, 1988) which would be deleterious for powder 

wettability by reducing the ability of water penetration into particles. 

Table 16. Granulometric characteristics, water content, and wettability of whey protein isolate 

powders coated with sucrose for 60 min under various conditions of air relative humidity from 

10 to 60 %. 

- D10 (µm) D50 (µm) D90 (µm) Span (-) 
Water content (g/100 g 

on wet basis) 

Wettability 

(s) 

Sucrose-60, 10 % RH 14.10a ± 0.00 46.40c ± 0.17 98.27b ± 1.03 1.81c ± 0.02 3.13d ± 0.10 720c ± 4 

Sucrose-60, 20 % RH 14.73b ± 0.23 48.13b ± 0.92 107.33a ± 2.52 1.92b ± 0.03 5.07c ± 0.11 737bc ± 6 

Sucrose-60, 40 % RH 14.60bc ± 0.10 47.60bc ± 0.56 109.33a ± 0.58 1.99a ± 0.02 6.09b ± 0.20 751b ± 10 

Sucrose-60, 60 % RH 15.47a ± 0.29 49.70a ± 0.44 110.67a ± 0.58 1.92b ± 0.02 8.78a ± 0.28 795a ± 16 
 

Means with different superscripted letters in the same column were significantly different according to Tukey’s 

HSD test (p ˂ 0.05; n = 3). 
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Figure 54. Particle size distributions of whey protein isolate powders coated with sucrose for 

60 min at relative humidities between 10 and 60 %. 

 

 

Figure 55. Evolution of the wetting time with the increase in relative humidity. 
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4.2.3.2. Surface characterization 

Surface nanomechanics probed by AFM made it possible to identify coated areas 

(sucrose) on whey protein isolate powder coated with sucrose for 60 min (Figure 56A) due to 

their high Young's modulus above 5 GPa. Indeed, this range of Young’s modulus is in line with 

the literature for crystalized sugars (Perkins et al., 2007). Uncoated areas (whey proteins isolate) 

had a lower Young's modulus around 2 GPa, which is consistent with what was measured by 

Gaiani et al., (2021) on β-lactoglobulin powder. Equilibration of sucrose-coated whey protein 

isolate powder led to a decrease in Young's modulus of the whole coated powder surface under 

2 GPa (Figures 56A and 56B). This suggests that sucrose patches were plasticized upon water 

uptake by the coated powder, which can be explained by the structural transformation of sucrose 

from crystalline to amorphous upon water uptake, already highlighted by Palzer (2007). 

Uncoated areas also get softer probably because the whole surface became wet upon 

equilibration at 60 % relative humidity (Figures 56C and 56D). 
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Figure 56. Young’s modulus maps and diagrams of sucrose-coated whey protein isolate 

powders (sucrose-60) equilibrated at various relative humidities, A- 10 % RH, B- 20 % RH, C- 

40 % RH, and D- 60 % RH. 
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ESEM observation seemed to confirm the hypothesis put forward from AFM results. 

Indeed, the crystalline (polygonal) appearance of sucrose patches at 10 % RH (Figure 57A) 

was lost at higher relative humidities (Figures 57B, C, and D), suggesting a structural 

transformation into amorphous sucrose in accordance with nanoindentation results and 

literature (Palzer, 2007). Also, upon equilibration at relative humidities over 40 %, the surface 

of the uncoated area around and under patches seemed to sink (Figures 57C and D). This last 

phenomenon may be interpreted as local plasticization of whey protein isolate, probably owing 

to a higher local water content. 

AFM and ESEM results permit to hypothesize a mechanism explaining wettability 

improvement of whey protein isolate powder upon sugar-coating. Upon contact with water, 

sugar patches may quickly absorb water due to their hydrophily, leading to their plasticization 

and the decrease in their Young’s modulus. Then, upon water diffusion through sugar patches, 

the contact between water and whey protein isolate powder surface would be facilitated, 

accelerating the water absorption by whey protein isolate powder surface, leading to its 

plasticization in the proximity of sugar patches, in accordance with ESEM observations at 

higher relative humidity. This may improve the wetting of whey protein isolate surface and the 

access of water to its potential open pores. 

 

Figure 57. Evolution of the surface appearance with the increase of the relative humidity, A- 

sucrose-60 10 % RH, B- sucrose-60 20 % RH, C- sucrose-60 40 % RH, D- sucrose-60 60 % 

RH, 1: × 2 000 magnification, and 2: × 3 000 magnification. Blue arrows indicate the location 

of patches. 
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4.2.4. Conclusion  

Modifying the surface of the whey protein isolate powder by sugar coating has allowed 

to improve the wetting time to be halved without inducing agglomeration, meaning that the 

improved wetting is only due to the coated operation. This demonstrates that a small amount of 

sugar can greatly improve the wetting of the powder, so coating with more sugar and/or 

agglomeration seems not necessary to greatly improve the wetting step. On the other hand, it 

was not possible to find an explanation for the wettability differences between formulations 

with different sugars. This may be due to the high level of hydrophilicity of the sugars and the 

low difference in hydrophilicity between sugars which would make it difficult to explain 

wettability differences. Despite the inability to identify the differences between the sugars, it 

was possible to hypothesize the mechanism of wetting improvement due to coated sugars. The 

sugar patches present at the powder surface could quickly interact with water and put water in 

contact with whey protein isolate powder surface, especially with potential open pores, thus 

enhancing its wetting (Figure 58). It would be necessary to perform topography and 

nanoindentation AFM analyses on the same area of coated particle surface during the increase 

in relative humidity to be able to check the hypothesis of improved contact with water induced 

by the presence of sugar patches. 

Figure 58. Hypothesis about the mechanism of wetting for whey protein powder coated with 

sugar. 
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4.3. Descriptive modelling of food powders reconstitution kinetics followed by laser 

granulometry 

 

 

 

 

 

Reconstitution kinetics of various food powders in fixed mixing conditions were 

followed by laser granulometry. Obtained reconstitution profiles were fitted using a sum of 

first-order indicial responses. This descriptive modelling approach allowed linking each of the 

main reconstitution steps (swelling, dispersion, and solubilization) to a single first-order indicial 

response and characterizing their kinetics. Initial, maximal, and final median particle sizes; 

swelling, dispersion, and solubilization durations and rates; as well as an overall reconstitution 

time, were calculated from model parameters (section 3.4.1.2.). This descriptive modelling 

approach was not successful for instant powders (their reconstitution being too quick to be 

followed by laser granulometry) or powders composed of several major components having 

well different kinetics for the same reconstitution steps. The durations and rates of 

reconstitution steps were successfully correlated with physicochemical properties of 

investigated powders in order to evidence the most influencing properties on the reconstitution 

kinetics of food powders. 

4.3.1. Application of the two-step fitting approach of the descriptive reconstitution model: 

example of instant mash  

Reconstitution curve of instant mash (Figure 37A) was of first type (distinguishable 

swelling, dispersion, and solubilization steps). The experimental median particle size first 

increased from 481 µm to 1 188 µm between time zero and about 20 s, corresponding to the 

swelling step. Then, it decreased from 1 188 µm to 109 µm from about 20 s to the end of the 

reconstitution assay, which was associated with the dispersion and solubilization steps. The 

slope change in the decreasing part of the reconstitution curve indicated that dispersion took 

place between 20 and 100 s approximately, and solubilization was the dominant reconstitution 

mechanism above circa 100 s. 

 

This part of the PhD work was dedicated to the investigation of reconstitution 

kinetics with descriptive models with the objective to determine characteristic 

kinetic parameters for the whole reconstitution and its steps. 
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Thus, the separate fitting of increasing and decreasing parts of the reconstitution curve 

was carried out following the procedure described in the subsection 4.1.2 of material and 

methods. The swelling-dominated reconstitution phase only (increasing part) was modelled 

with Equation 24 with D500
∗  = 482 µm, A0 = 623 µm, τ0 = 3.2 s, and R² = 95.8 % (Figure 59). 

 

Figure 59. Separate fitting of the swelling step of the (first type) reconstitution profile of instant 

mash using Equation 24. Error bars indicate standard deviations obtained with three replicates 

of reconstitution assays; some, inferior to the marker size, are not visible. 

The dispersion- and solubilization-dominated reconstitution phases only (decreasing 

part) were modelled with Equation 25 with D501 = 1 939 µm, A1 = 1 687 µm, τ1 = 35.9 s, 

A2 = 153 µm, τ2 = 4 990 s, and R² = 98.9 % (Figure 60). 



139 

 

 

Figure 60. Separate fitting of the dispersion and solubilization steps of the (first type) 

reconstitution profile of instant mash using Equation 25.  

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 

marker size, are not visible. 

The last step of the fitting approach consisted in modelling the whole reconstitution 

curve using Equation 23 following the procedure described in section 4.2.1. of material and 

methods, resulting in D500 = 653 µm, A0 = 4 297 µm, τ0 = 16.0 s, A1 = 4 695 µm, τ1 = 24.8 s, 

A2 = 153 µm, τ2 = 4 990 µm, and R² = 99.3 %. The obtained descriptive model was in great 

accordance with the reconstitution curve (Figure 61), as denoted by the elevated coefficient of 

determination R². 
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Figure 61. Descriptive reconstitution model for instant mash obtained by fitting with Equation 

23; swelling and dispersion times; swelling, dispersion, and solubilization rates.  

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 

marker size, are not visible. 

Following the procedure described in the section 4.2.1. of material and methods, the 

complete reconstitution model was used to calculate modelled initial, maximal, and final 

median particle sizes; swelling, dispersion, and solubilization durations and rates; as well as 

reconstitution time: D500 = 653 µm, D50max = 1 139 µm, D50∞ = 103 µm, ∆tswelling = 15.7 s, 

∆tdispersion = 152 s, ∆tsolubilization = 5 222 s, treconstitution = 5 390 s, +49.6 µm.s-1 swelling rate, -13.6 

µm.s-1 dispersion rate, and -0.015 µm.s-1 solubilization rate. 
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4.3.2. Influence of physicochemical properties on powder reconstitution steps 

The modelling approach following the procedure described in section 3.4.1.2. permitted 

to obtain the descriptive reconstitution models displayed in Figures 62, 63, and 64 when 

applied to the first, second, and third types of reconstitution curves of investigated powders. 

Model parameters; initial, maximal, and final median particle sizes; swelling, dispersion, and 

solubilization durations and rates; as well as reconstitution times are listed in Table 17. 

 

Figure 62. Descriptive reconstitution model, swelling, dispersion, and solubilization times and 

rates of powders of the first reconstitution type: (A) instant mash, (B) casein, and (C) polenta 

1.0 mm.  

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 

marker size, are not visible. 
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Figure 63. Descriptive reconstitution model, dispersion time, as well as dispersion and 

solubilization rates of powders of the second reconstitution type: (A) T55 flour, (B) T45 flour, 

(C) cocoa fat- alka-, and (D) cocoa fat+ alka+.  

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 

marker size, are not visible. 
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Figure 64. Descriptive reconstitution model, swelling, dispersion/solubilization times and rates 

of small couscous (third reconstitution type).  

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 

marker size, are not visible. 
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Table 17. Modelled initial, maximal, and final median particle sizes; model parameters and coefficient of determination; swelling, dispersion, and 

solubilization durations and rates; reconstitution time of investigated powders of the first (instant mash, casein, and polenta 1.0 mm), second (T55 

flour, T45 flour, cocoa fat- alka-, and cocoa fat+ alka+), and third reconstitution types (small couscous). 

 

/: not applicable. 

*: dispersion/solubilization rate. 
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Instant 

mash 
653 1 139 103 4 297 16.0 4 695 24.8 153 4 990 99.3 15.7 152 

5 222 
5 390 +49.6 -13.6 -1.5 × 10-2

 

Casein 53.8 105 40.4 69.4 8.5 23.5 30.3 59.2 1 473 99.8 26.2 35.1 4 216 4 278 +4.0 -0.17 -2.0 × 10-2 
Polenta 

1.0 mm 
392 515 262 153 15.6 113 274 170 1 752 99.0 48.6 304 

4 204 
4 556 +5.1 -0.30 -5.2 × 10-2 

2
n

d
 

T55 flour 110 110 67.8 / / 21.9 80.9 20.7 903 97.7 / 155 1 897 2 052 / -0.17 -1.1 × 10-2 
T45 flour 130 130 75.6 / / 20.9 30.6 33.5 320 98.6 / 46,6 756 803 / -0.57 -5.4 × 10-2 

Cocoa 

fat- alka- 
24.7 24.7 13.8 / / 7.0 17.2 3.9 412.6 99.8 / 48.0 

765 
813 / -0.22 -4.7 × 10-3 

Cocoa 

fat+ 

alka+ 
37.7 37.7 22.1 / / 8.2 82.5 7.4 1 334 99.1 / 179 

2 824 

3 004 / -5.8 × 10-2 -2.7 × 10-3 

3
rd

 Small 

couscous 
 1 324 1 481 17.4 993 288 2 299 1 244 / / 99.1 234 / 

4 054 
4 288 1.0 -0.57

* 
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With the modelling approach developed in this study, the information about 

reconstitution kinetics of food powders was gathered in the characteristic parameters calculated 

from the descriptive reconstitution model (Table 17), each parameter being associated with one 

reconstitution step only. The obtained descriptive model was not built to predict the durations 

and rates of reconstitution steps from powder physicochemical properties (bulk and surface 

chemical compositions, granulometric characteristics) and reconstitution conditions (e.g., 

stirring speed, impeller type, volume and geometry of the reconstitution reactor, powder/water 

mass ratio, water temperature), but the characteristic parameters of each reconstitution step 

calculated from the descriptive model can still be used to establish correlations with powder 

physicochemistry and reconstitution conditions. However, in this study, the latter were fixed 

and their influence on reconstitution steps could therefore not be evaluated. Thus, only powder 

physicochemical parameters that had the most influence on powder reconstitution kinetics were 

identified by calculating Pearson’s correlation coefficients (Table 18). 
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Table 18. Pearson’s correlation coefficients between powder physicochemical properties (bulk and surface chemical compositions, granulometric 

characteristics) and reconstitution characteristic parameters (swelling, dispersion, and solubilization durations and rates; reconstitution time issued 

from the descriptive modelling approach). 

Pearson’s correlation 
 coefficients (R)  

Protein 

content 
Lipid 

content 

Content in 

carbohydrates, 
 sugars and fibers 

excluded 

Sugar 

content 
Fiber 

content 
Mineral 

content 
Water activity  

Water 

content  
C/O ratio 

C-C/other C 
 bonds ratio  

Dry median  
particle size 

Swelling rate -0.35 -0.96 0.31 -0.64 0.92 -0.31 -0.16 -0.26 -0,70 -0.81 -0.04 

Swelling duration -0.30 0.56 0.31 -0.74 -0.22 -0.36 0.55 0.38 0.96 -0.02 0.87 

Dispersion rate  0.28 0.29 -0.38 0.10 0.16 0.25 0.02 0.01 0.64 0.45 -0.74 

Dispersion duration -0.54 0.06 0.51 -0.35 -0.15 0.04 0.34 0.32 0.03 -0.08 0.61 

Solubilization rate 0.20 0.55 -0.55 -0.07 0.61 0.22 -0.72 -0.74 0.30 0.52 -0.34 

Solubilization duration 0.19 -0.23 0.09 0.42 -0.45 0.23 -0.13 0.01 -0.51 -0.45 0.72 

 Reconstitution time 0.11 -0.26 0.17 0.44 -0.49 0.13 -0.02 0.07 -0.27 -0.48 0.59 
 

Green: highly significant correlations; orange: significant correlations; red: insignificant correlations. 
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As for powder swelling, both the dry median particle size and particle surface 

hydrophobicity (C/O ratio) were positively correlated with the swelling duration. This influence 

of median particle size on the time needed for powder swelling was expected as the prior 

mechanism of water uptake should be slower for large particles owing to their lower specific 

surface area. Besides, surface hydrophobicity may delay powder wetting and sinking, resulting 

in larger swelling duration (as wetting and sinking were considered as included in swelling step 

in the descriptive modelling approach developed in the present study). The swelling duration 

was also decreased at higher sugar content, which was logical as sugars quickly disperse and 

solubilize without observable swelling. Swelling was also significantly influenced by lipid and 

fiber contents along with particle surface hydrophobicity (C-C/other C bonds ratio): the 

presence of fibers increased the swelling rate owing to their hydrophilic nature (Bonacucina et 

al., 2009; Conti et al., 2006; Cuq et al., 2011; Kravtchenko et al., 1999). On the contrary, the 

presence of lipids and a higher surface hydrophobicity (denoted by a greater C-C/other C bonds 

ratio) tend to decrease the swelling rate due to limitation of surface wetting and water transfer 

into the particle (Fournaise et al., 2021b, 2020; Gaiani et al., 2007; Kim et al., 2002; Murrieta-

Pazos et al., 2012). 

Then, a positive correlation was found between the dispersion rate and particle surface 

hydrophobicity evaluated by the C/O ratio, which means that an increase in surface 

hydrophobicity led to a slower dispersion (as dispersion rates are negative values). This can be 

explained by the low degree of interaction of water with hydrophobic particle surface that is 

detrimental to the breaking of intraparticular hydrogen bonds and van der Waals interactions 

involved in powder dispersion (Cuq et al., 2011; Fournaise et al., 2021b; Freudig et al., 1999). 

On the opposite, a negative correlation was obtained between the dispersion rate and the median 

particle size, which means that a larger median particle size enhanced powder dispersion. This 

may be due to the lower cohesion of large particles, facilitating their dispersion by water 

(Enferad et al., 2021; Gnagne et al., 2017; Salameh et al., 2016). 

Solubilization was slowed by the presence of insoluble components such as fibers, as 

denoted by the positive correlation between the solubilization rate (negative values) and fiber 

content. Water retention by insoluble fibers may explain this slowing of solubilization in the 

presence of insoluble components. On the contrary, water content was negatively correlated 

with the solubilization rate (negative values), showing that a higher water content tended to 

enhance solubilization. The same observation was made for water activity. The improvement 

of solubilization for powders richer in water may be explained by their probable higher 
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hydrophily. Also, it was noticed by calculation of Pearson’s correlation coefficients between 

water content and lipid or fiber contents (respectively equal to -0.68 and -0.63) that powders 

richer in water contained less lipids and fibers. Thus, the enhancement of solubilization at 

higher water content may also be indirectly viewed as the consequence of the reduced presence 

of compounds deleterious for powder solubilization. Last, solubilization duration was increased 

for larger particles, which can be explained by the fact that their specific surface area than for 

smaller particles, the release of soluble compounds from larger particles takes longer 

(Dokoumetzidis and Macheras, 2006; Fournaise et al., 2021b; Lamberti et al., 2004; Nernst, 

1904).  

In this study, the powder physicochemical property that exhibited the higher degree of 

correlation with reconstitution time was the dry median particle size (R = 0.59), showing that 

powder composed of larger particles may generally take more time to reach complete 

reconstitution. Indeed, an increase in particle size is known to favor powder wetting and 

dispersion, but large particles lead to longer swelling and solubilization steps (Dokoumetzidis 

and Macheras, 2006; Nernst, 1904). 

4.3.3. Conclusion 

This study presents a new descriptive modelling approach for food powder 

reconstitution. The proposed model permits to describe the temporal evolution of median 

particle size upon reconstitution and characterize the kinetics of the main steps of powder 

reconstitution, namely swelling, dispersion, and solubilization. This approach made it possible 

to determine swelling, dispersion, and solubilization durations and rates, as well as 

reconstitution time. This descriptive modelling approach was not successful for instant powders 

(their reconstitution being too quick to be followed by laser granulometry) or powders 

composed of several major components having well different kinetics for the same 

reconstitution steps. The kinetic data obtained from this descriptive modelling approach were 

linked to powder physicochemistry (median particle size, span, bulk chemical composition, 

surface hydrophobicity) in order to identify the main physicochemical properties influencing 

each reconstitution step. Swelling lasted longer for powders composed of large particles and/or 

particles with a hydrophobic surface but it was shorter in the presence of sugars, whereas the 

swelling rate was enhanced in the presence of fibers and decreased in the presence of lipids. 

Dispersion was facilitated for large particles, whereas it was impaired by particle surface 

hydrophobicity. Solubilization was slowed down in the presence of fibers, and for large 

particles due to their lower specific surface area. Overall, these trends were consistent with 
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literature knowledge, showing the relevancy of the developed descriptive modelling approach. 

The identification of the most influent powder physicochemical properties and reconstitution 

conditions is a necessary step for the future development of empirical models able to predict 

reconstitution times but also durations of each reconstitution steps, which would be useful for 

optimizing industrial applications of food powders. 
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4.4. Development of an empirical predictive model for powder reconstitution time 

 

 

 

 

 

Various forms of classical multivariate mathematical models were tested, and the set of 

employed physicochemical parameters as predictors variables (inputs) was restricted to those 

identified as the most influent on powder reconstitution in the study presented in section 4.1.4, 

namely median particle size, shape factors (sphericity, aspect ratio, and convexity), aerated 

density, bulk chemical composition, and XPS ratios used for the characterization of surface 

hydrophobicity (𝑥1: content in proteins (g/g on dry basis), 𝑥2: content in lipids g/g on dry basis), 

𝑥3: content in carbohydrates* (g/g on dry basis), 𝑥4: content in fibers (g/g on dry basis), 𝑥5: 

content in minerals (g/g on dry basis), 𝑥6: water activity (-), 𝑥7: content in water g/g on dry 

basis), 𝑥8: C/O ratio (-), 𝑥9: C-C/C-other ratio (-), 𝑥10: D50 (µm), 𝑥11: content in sugars (g/g 

on dry basis), 𝑥12: span (-), 𝑥13: aerated density (-), 𝑥14: sphericity (-), 𝑥15: convexity (-), and 

𝑥16: aspect ratio (-)). 

*Carbohydrates include sugars but exclude fibers, except in the section 4.4.2.2. where sugars 

are also excluded.  

4.4.1. First approaches 

4.4.1.1.  Approaches with unnormalized data  

The first predictive modelling approach, a multilinear model using unnormalized 

physicochemical properties (Tables 2 and 3) as input data (Equation 28), was used to link 

reconstitution times treconstitution,i to physicochemical properties of powders, noted xi,j (with i 

ranging from 1 to n and j ranging from 1 to m, where n and m respectively designate the number 

of powders (36) and physicochemical properties taken as model inputs (10) (Table 4)  

 𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑖 = 𝑤0 + ∑ 𝑤𝑗𝑥𝑖,𝑗
𝑚
𝑗=1                                                                          Equation 28 

With: 

- m, the number of predictors (equal to 10 here), 

- j, an integer varying from 1 to m; 

This last part of the PhD work concerns the development of an empirical model for 

the prediction of reconstitution times (t95 calculated with the Hill model) obtained 

by conductimetry in reconstitution assays from the most influential 

physicochemical properties of powders.  
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- 𝑤0 and 𝑤𝑗, model weights;  

- 𝑥𝑖,𝑗, predictor variables, i.e. most influencing physicochemical properties and few extra 

characteristics, for the ith observation, i.e. investigated powder. 

The following model weights were obtained: 𝑤0 = 44.2 s, 𝑤1 = 114  s, 𝑤2 = −2.96 s, 𝑤3 =

−0.82 s, 𝑤4 = 1.47 × 10−2 s, 𝑤5 = −0.23  s, 𝑤6 = 1.91 s, 𝑤7 = 193  s, 𝑤8 = −0.33 s, 𝑤9 =

−0.86 s, 𝑤10 = 0.53 s/µm. Prediction accuracy was insufficient as denoted by the weak 

coefficient of determination R² of 0.56 (Figure 65). The prediction was not at all satisfactory 

for powders with a short reconstitution time (green and yellow), whereas the trend was better 

for those with the longer reconstitution times (orange and red). 

 

Figure 65. A- Comparison of predicted and experimental values of reconstitution times for the 

multilinear model obtained with unnormalized physicochemical parameters using Equation 28. 

B- focus on reconstitution times between 0 and 1 200 s. Colors correspond to the powder 

classification according to wetting and reconstitution behavior deduced from section 4.1.4.: 

green, good behavior (short wetting and short reconstitution), yellow: decent behavior (long 

wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 

After that, a monome model (Equation 29) was used to link physicochemical properties 

of powders and reconstitution times. The first try of monome model using raw (unnormalized) 



152 

 

values of physicochemical parameters was not satisfactory in spite of the good coefficient of 

determination R² = 0.91 (Figure 66). The monome model made it possible to improve 

prediction accuracy: powders with a short reconstitution time were better predicted even if the 

results remain insufficient.  

.𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑖 = 𝑤0 × ∏ (𝑥𝑖,𝑗 + 10−4)
𝑤𝑗𝑚

𝑗=1                                                         Equation 29 

With 𝑤0 = 1.36 𝑠, 𝑤1 = 1.47,𝑤2 = −0.41 , 𝑤3 = −0.93, 𝑤4 = −0.15, 𝑤5 = −0.62, 𝑤6 =
0.78, 𝑤7 = 3.28, 𝑤8 = 1.01, 𝑤9 = 0.68, 𝑤10 = 0.48.  

 

Figure 66. A- Comparison of predicted and experimental values of reconstitution times for the 

monome model obtained with unnormalized physicochemical parameters using Equation 29. 

B- focus on reconstitution times between 0 and 1 200 s. Colors correspond to the powder 

classification according to wetting and reconstitution behavior deduced from section 4.1.4.: 

green, good behavior (short wetting and short reconstitution), yellow: decent behavior (long 

wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 

 

 

 



153 

 

It was then tried to use an exponential model (Equation 30) to link physicochemical 

properties of powders and reconstitution times. The first try of exponential model using raw 

(unnormalized) values of physicochemical parameters was not satisfactory in spite of the good 

coefficient of determination R² = 0.90 (Figure 67). The exponential model made it possible to 

improve prediction accuracy compared to the multilinear model but it was slightly less accurate 

than the monome model. 

𝑡𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛,𝑖 = 𝑤0 × ∏ 𝑒𝑥𝑝 (𝑚
𝑗=1 𝑤𝑗𝑥𝑖,𝑗)                                                                 Equation 30 

With 𝑤0 = 11.11 s, 𝑤1 = 2.87 × 10−2, 𝑤2 = 4.7 × 10−3, 𝑤3 = −5.48 × 10−2 , 𝑤4 =

−1.81 × 10−2, 𝑤5 = −8.79 × 10−2  , 𝑤6 = 14.98, 𝑤7 = 0.38 , 𝑤8 = 0.34, 𝑤9 = −1.91, 

𝑤10 = 8.63 × 10−4 µm-1.  

 

 

Figure 67. A- Comparison of predicted and experimental values of reconstitution times for the 

exponential model obtained with unnormalized physicochemical parameters using Equation 

30. B- focus on reconstitution times between 0 and 1 200 s. Colors correspond to the powder 

classification according to wetting and reconstitution behavior deduced from section 4.1.4.: 

green, good behavior (short wetting and short reconstitution), yellow: decent behavior (long 

wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 
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4.4.1.2. Approaches with normalized data  

The great difference in model accuracy for long and short reconstitution times and the 

large differences in powder physicochemical properties may be an obstacle for the development 

of models, as the physicochemical parameters evaluated with the larger numerical values and/or 

those having the larger variation range may have a too important mathematical impact on the 

determination of models. Thus, it was tried to use normalized physicochemical parameters and 

reconstitution times with the Equation 20 in predictive models in the fourth approach, in order 

to confer the same variation ranges (from 0 to 100 %) to input data (Table 19). 
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Table 19. Normalized input data (predictors) and reconstitution time (dependent variable) used for the determination of predictive models. 

Powder sample 

name 

Normalized 

proteins 

content 

(%)  

Normalized 

lipids 

content 

(%)  

Normalized   

carbohydrates content, 

sugars and fibers 

excluded (%) 

Normalized 

sugars 

content 

(%)  

Normalized 

fibers 

content 

(%)  

Normalized 

mineral 

content 

(%)  

Normalized 

water 

activity (%) 

Normalized 

water 

content (%) 

Normalized 

median 

particle size 

(%) 

Normalized 

reconstitution 

time (%) 
 

Polenta R (raw) 9 3 99 7 3 0 96 33 33 63  

Polenta 1.0 mm 9 3 99 7 3 0 89 32 20 34  

Polenta 0.08 

mm 
9 3 100 7 3 0 74 26 0 13  

Instant coffee R 

(raw) 
24 9 54 0 8 9 20 17 85 0  

Ground instant 

coffee 
24 9 54 0 8 9 59 22 1 3  

Granulated 

sugar 
0 0 0 100 0 0 77 0 30 0  

Caster sugar 0 0 0 100 0 0 76 0 23 0  

Icing sugar 0 0 0 100 0 0 79 1 1 1  

Flour T45 15 2 89 7 6 0 90 35 4 23  

Flour T55 15 2 89 7 6 0 87 32 3 20  

Cocoa 12F A- 29 18 26 1 39 2 39 9 0 25  

Cocoa 12F A+ 28 18 26 1 39 2 45 12 0 16  

Cocoa 12F 

A+++ 
24 38 22 0 33 2 24 8 1 11  

Cocoa 23F A+ 28 18 26 1 39 2 56 15 0 6  

Pea fiber 11 0 39 5 51 3 69 23 2 6  

SMP 38 2 0 55 0 8 52 15 3 2  

SMP G 38 2 0 55 0 8 52 15 3 2  

WMP 36 36 0 38 0 6 32 8 19 3  

MPI 100 2 0 2 0 7 35 16 2 100  
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WPI 100 2 0 6 0 3 10 15 2 9  

MCP 96 2 0 2 0 9 35 16 2 38  

Hazelnut 15 100 2 8 9 0 95 13 19 29  

Instant mash 9 1 100 2 9 0 57 22 25 3  

Coarse salt 0 0 0 0 0 100 83 85 100 2  

Fine salt 0 0 0 0 0 100 79 76 25 0  

Baking soda 0 0 0 0 0 91 100 100 2 3  

Couscous F 15 3 97 3 3 0 84 27 51 9  

Couscous M 15 3 97 3 3 0 85 29 95 2  

Acerola 18 0 21 49 17 1 19 13 1 2  

Xanthan gum 0 0 0 0 99 0 32 29 4 12  

Agar gum 0 0 0 0 99 0 36 22 5 8  

Pectin 0 0 0 0 100 0 35 14 7 10  

Yeast extract 1 66 1 23 2 0 19 18 8 29 2  

Yeast extract 2 66 1 23 2 0 19 17 8 6 1  

Onion 12 2 51 40 6 0 54 23 2 5  

Lactose 0 0 0 100 0 0 0 1 1 7  
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The multilinear model was applied to normalized input data and reconstitution time (Table 19). 

The prediction was slightly improved compared to unnormalized data (section 4.4.1.1.) but the 

accuracy was still insufficient due to a weak coefficient of determination (R² = 0.57) (Figure 

68). Obtained model weights were: 𝑤0 = −4.94 × 10−2, 𝑤1 = 0.20, 𝑤2 = −0.37, 𝑤3 =

−0.26, 𝑤4 = −9.56 × 10−2, 𝑤5 = −0.56, 𝑤6 = 0.25, 𝑤7 = 0.23, 𝑤8 = 0.43, 𝑤9 = −5.65 ×

10−2, 𝑤10 = 0.26.  

As the prediction of the multilinear model was worse than for the monome model when using 

unnormalized data, it was tried to apply the monome model to normalized data.  

 

Figure 68. A- Comparison of predicted and experimental values of reconstitutions times for 

the multilinear model obtained with normalized physicochemical parameters using Equation 

28. B- focus on normalized reconstitution times between 0 and 25 %. Colors correspond to the 

powder classification according to wetting and reconstitution behavior deduced from section 

4.1.4.: green, good behavior (short wetting and short reconstitution), yellow: decent behavior 

(long wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 

The monome model was applied to normalized data (Tables 2 and 20), which led to: 

R² = 0.93. Obtained model weights were: 𝑤0 = 1.36, 𝑤1 = 1.47, 𝑤2 = −0.41, 𝑤3 = −0.93, 

𝑤4 = −0.15, 𝑤5 = −0.62, 𝑤6 = 0.78, 𝑤7 = 2.28, 𝑤8 = 1.01, 𝑤9 = −2.29 × 10−4, 𝑤10 =

0.68. 
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 This permitted to improve modelling accuracy for all powders even if predictions for 

powders of the green group were still particularly unsatisfactory (Figure 69).  

The model underestimates the reconstitution time for powders for short reconstitution 

times (green and yellow), especially because it is not suitable to handle null values of 

physicochemical parameters, in spite of the attempt to get around this problem by adding 10-4 

to all values of physicochemical parameters. The interest of this kind of model resides in the 

fact that the sign of model weights is informative of the type of influence of concerned predictor 

on the dependent variable: positive (resp., negative) influence in case of positive sign (resp., 

negative). Also, the use of normalized data confers to the order of magnitude of model weights 

the ability to identify predictors having the most influence on the dependent variable: as 

normalized predictors all range between 0 and 100 %, the higher the absolute value of the model 

weight, the greater the influence of associated predictor. For example, the model weight 

associated with C-C/ C-other ratio was equal to −2.29 × 10−4,: its impact was very low (low 

absolute value in comparison with other model weights). On the contrary, the water content led 

to a marked positive influence, showing that water content tended to increase the reconstitution 

time. 

 

Figure 69. A- Comparison of predicted and experimental values of reconstitutions times for 

the monome model obtained with normalized physicochemical parameters using Equation 29. 

B- focus on normalized reconstitution times between 0 and 25 %. Colors correspond to the 

powder classification according to wetting and reconstitution behavior deduced from section 

4.1.4.: green, good behavior (short wetting and short reconstitution), yellow: decent behavior 
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(long wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 

The exponential model was applied to normalized data (Tables 2 and 19), which led to 

R² = 0.92, showing that model accuracy was similar for monome and exponential models. 

Obtained model weights were: 𝑤0 = 1.01 × 10−4, 𝑤1 = 6.29, 𝑤2 = 3.29, 𝑤3 = −1.72, 𝑤4 =

2.04, 𝑤5 = −5.24, 𝑤6 = 8.85, 𝑤7 = 4.24, 𝑤8 = 2.15, 𝑤9 = −9.07, 𝑤10 = 1.68. 

The model underestimates the reconstitution time for powders for short reconstitution 

times (yellow group) and overvalued the reconstitution time for powders with very short 

reconstitution times (green group) (Figure 70).  

 

Figure 70. A- Comparison of predicted and experimental values of reconstitutions times for the 

exponential model obtained with normalized physicochemical parameters using Equation 30. 

B- focus on normalized reconstitution times between 0 and 25 %. Colors correspond to the 

powder classification according to wetting and reconstitution behavior deduced from section 

4.1.4.: green, good behavior (short wetting and short reconstitution), yellow: decent behavior 

(long wetting and short reconstitution), orange: mediocre behavior (short wetting and long 

reconstitution), and red: poor behavior (long wetting and long reconstitution). 
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Partial least squares regression (PLSR), another multilinear modelling technique 

(Equations 31 and 32), was performed with normalized input data (Table 19). The results were 

not satisfying with a poor R² of 0.61 (Figure 71). The PLSR model led to a worse prediction 

than the monome model (section 4.4.1.1.) for long reconstitution times (orange and red) and 

short reconstitution times with fast wetting (green), however the prediction of short times with 

slow wetting (yellow) was slightly improved. 

 

Figure 71. A- Comparison of predicted and experimental values of reconstitutions time for the 

PLSR model obtained with normalized physicochemical parameters. B- focus on normalized 

reconstitution times between 0 and 25 %. Colors correspond to the powder classification 

according to wetting and reconstitution behavior deduced from section 4.1.4.: green, good 

behavior (short wetting and short reconstitution), yellow: decent behavior (long wetting and 

short reconstitution), orange: mediocre behavior (short wetting and long reconstitution), and 

red: poor behavior (long wetting and long reconstitution). 

So far, the monome model applied to normalized data allowed the best prediction of the 

reconstitution time, however an improvement of the prediction accuracy for short reconstitution 

times (under 10 min) was still required. Modifying the monome model appeared to be the most 

suitable approach to this aim. 
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4.4.2. Improvement of prediction accuracy 

4.4.2.1.  Modification of the monome model 

In view to improve modelling accuracy of monome model applied to normalized data, 

some power laws were changed to exponentials (Equations 29 and 30), as exponentials seemed 

more adapted than power laws to describe the individual impact of some physicochemical 

properties, such as C/O ratio for example (Figure 72 and Table 20). The general trend of 

reconstitution time dependency to some physicochemical properties was still better described 

by power laws than exponentials, cf. D50 for instance (Figure 72). 

 

Figure 72. Comparison of exponential and power laws for the dependency of reconstitution 

times to the physicochemical parameters to be used in the predictive model; examples of the 

C/O ratio and D50. 
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Table 20. Coefficients of determinations of exponential and power law regressions for 

the dependency of reconstitution times to the physicochemical parameters to be used in 

the predictive model (green: higher R², red: lower R²). 

 

Modifying the monome model by adding exponential terms slightly improved the 

prediction (R² from 0.93 to 0.95) (Figure 73), mainly for powders of the yellow group, but the 

reconstitution times of powders of the green group were still hardly estimated by the model, 

remaining mostly underestimated. This hybrid model was still not applicable for reconstitution 

times of less than 5 min. Obtained model weights were: 𝑤0 = 0.11, 𝑤1 = −0.65, 𝑤2 = 0.91, 

𝑤3 = −0.96, 𝑤4 = −0.44, 𝑤5 = −28.33, 𝑤6 = 0.64, 𝑤7 = 16.06, 𝑤8 = −1.91, 𝑤9 = −6.71, 

and 𝑤10 = 0.22.  
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Figure 73. A- Comparison of predicted and experimental values of reconstitutions times for the 

model combining power laws and exponentials obtained with normalized physicochemical 

parameters using Equations 29 and 30. B- focus on normalized reconstitution times between 

0 and 25 %. Colors correspond to the powder classification according to wetting and 

reconstitution behavior deduced from section 4.1.4.: green, good behavior (short wetting and 

short reconstitution), yellow: decent behavior (long wetting and short reconstitution), orange: 

mediocre behavior (short wetting and long reconstitution), and red: poor behavior (long wetting 

and long reconstitution). 

4.4.2.2. Addition of physicochemical parameters as input data 

It was tried to improve the accuracy of this hybrid model by adding extra predictors, i.e. 

physicochemical parameters, as input data: sugars content, span (width of particle size 

distribution), particle shape parameters (sphericity, convexity, and aspect ratio), and powder 

aerated density (Tables 21 and 22). The hybrid model was enriched with power laws or 

exponentials based on these new predictors (Equations 29 and 30), according to those more 

adapted to describe the individual impact of these extra physicochemical properties (Table 23). 
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Table 21. Extra powder physicochemical properties used for predictive modelling. 

Powder sample 

name 

Carbohydrates 

content. sugars 

and fibers 

excluded 

(g/100g) 

 Sugars 

content 

(g/100g) 

Span 

(-) 

Aerated 

density (-) 

Sphericity 

(-) 

Convexity 

(-) 

Aspect 

ratio (-) 

Polenta R (raw) 77.54 6.84 1.13 0.67 0.79 0.92 0.67 

Polenta 1.0 mm 77.64 6.85 1.56 0.65 0.81 0.93 0.71 

Polenta 0.08 mm 78.142 6.89 2.05 0.46 0.72 0.76 0.68 

Instant coffee R 

(raw) 
42.60 0.00 

1,00 0.25 0.78 0.94 0.7 

Ground instant 

coffee 
42.60 0.00 

12.88 0.36 0.77 0.84 0.71 

Granulated sugar 0.00 99.98 1.36 0.86 0.84 0.94 0.68 

Caster sugar 0.00 99.98 1.42 0.87 0.85 0.94 0.68 

Icing sugar 0.00 99.90 8.66 0.43 0.34 0.53 0.65 

Flour T45 69.62 6.63 2.6 0.54 0.75 0.84 0.69 

Flour T55 69.83 6.65 2.19 0.56 0.79 0.86 0.69 

Cocoa 12F A- 20.55 0.56 2.51 0.34 0.47 0.5 0.66 

Cocoa 12F A+ 20.51 0.56 2.66 0.4 0.24 0.46 0.61 

Cocoa 12F A+++ 17.53 0.44 1.13 0.5 0.78 0.81 0.72 

Cocoa 23F A+ 20.45 0.55 2.43 0.36 0.67 0.71 0.65 

Pea fiber 30.16 4.78 2.06 0.39 0.79 0.85 0.69 

SMP 0.00 55.18 1.63 0.56 0.81 0.8 0.74 

WMP 0.00 37.67 1.69 0.49 0.76 0.85 0.7 

Hazelnut 1.80 8.05 2.6 0.35 0.69 0.89 0.69 

Instant mash 78.27 2.49 2.04 0.41 0.72 0.89 0.63 

Coarse salt 0.00 0.00 2.04 1.15 0.80 0.95 0.69 

Fine salt 0.00 0.00 0.73 1.05 0.82 0.94 0.65 

Baking soda 0.00 0.00 1.63 1.06 0.82 0.92 0.65 

MCP 0.00 2.07 1.8 0.38 0.82 0.86 0.76 

Couscous F 76.27 3.23 0.64 0.8 0.82 0.94 0.75 

Couscous M 76.11 3.22 0.81 0.74 0.8 0.94 0.75 

MPI 0.00 1.04 1.51 0.37 0.85 0.88 0.78 

Whey 0.00 5.74 1.98 0.41 0.86 0.89 0.8 

SMP G 0.00 55.18 1.52 0.54 0.76 0.87 0.71 

Acerola 16.35 49.05 1.76 0.54 0.84 0.86 0.8 

Xanthan gum 0.00 0.00 1.49 0.71 0.83 0.9 0.65 

Agar gum 0.00 0.00 1.95 0.54 0.81 0.9 0.64 

Pectin 0.00 0.00 2.31 0.84 0.84 0.92 0.65 

Yeast extract 1 17.93 2.32 1.63 0.42 0.83 0.89 0.77 

Yeast extract 2 17.93 2.32 1.9 0.41 0.79 0.89 0.73 

Onion 39.99 39.78 3.23 0.69 0.84 0.89 0.7 

Lactose 0.00 99.89 2.67 0.48 0.62 0.72 0.66 
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Table 22. Extra normalized powder physicochemical properties used for predictive modelling.  

Powder sample name 

Normalized 

carbohydrates 

content, sugars 

and fibers 

excluded (%) 

Normalized 

sugars 

content (%) 

Normalized 

span (%) 

Normalized  

aerated 

density (%) 

Normalized  

sphericity 

(%) 

Normalized  

convexity (%) 

Normalized  

aspect ratio 

(%) 

Polenta R (raw) 99  7  4  47  88  94  29  

Polenta 1.0 mm 99  7  8  45  92  95  49  

Polenta 0.08 mm 100  7  12  23  77  60 37  

Instant coffee R (raw) 54  0  3  0  87  96 45  

Ground instant coffee 54  0  100  12 85  77  52  

Granulated sugar 0  100  6  68 96  96  35  

Caster sugar 0  100  6  69  98  98  35  

Icing sugar 0  100 66  20  16  14  22  

Flour T45 89 7  13  33  82  77  38  

Flour T55 89  7 13  35  87 81  39  

Cocoa 12F A- 26  1  15  10  37 26  26  

Cocoa 12F A+ 26  1 17  17  0  0  0  

Cocoa 12F A+++ 22  0  4  28  87  70  56  

Cocoa 23F A+ 26  1  15  13  68  50  19  

Pea fiber 39 5  12  16  88  79  38  

SMP 0  55  8  35  91  85  65  

WMP 0  38  9  27  83  78  48  

Hazelnut 2 8  16  11  72  87  40  

Instant mash 100  2  11  17  76  87  11  

Coarse salt 0 0  11 100  90  100 39  

Fine salt 0  0  1  88  92  97  21  

Baking soda 0 0  8  90  93  92  19  

MCP 0  2  9  14  93  81  77  

Couscous F 97  3  0  61  93  97  70  

Couscous M 97  3  1  54  89  96  69  

MPI 0  1  7  13  98  85  89  

Whey 0  6 11 18  100 87  99  

SMP G 0  55  7  32  83  84  52  

Acerola 21  49 9  32  96  80  100  

Xanthan gum 0  0  7  51  94  88  22  

Agar gum 0  0  11  32  91  88  12  

Pectin 0  0  14  66  96  92  17  

Yeast extract 1 23  2  8  20  94  87  81  

Yeast extract 2 23 2 10  18  88  86  64  

Onion 51  40  21  49  97  86  47  

Lactose 0  100  17  26  61  52  23  
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Table 23. Coefficients of determinations of exponential and power law regressions for the 

dependency of reconstitution times to the additional physicochemical parameters to be used in 

the predictive model (green: higher R², red: lower R²). 

 

Model parameters were: 𝑤0 = 0.97, 𝑤1 = 0.60, 𝑤2 = 0.40,  𝑤3 = −7.48, 𝑤4 = 0.11, 𝑤5 =

−28.87, 𝑤6 = 2.56, 𝑤7 = 5.79, 𝑤8 = −5.79, 𝑤9 = −5.28, 𝑤10 = 0.32,  𝑤11 =  −13.11, 

𝑤12 =  −3.11, 𝑤13 =  4.34, 𝑤14 =  2.72, 𝑤15 =  −2.19, and 𝑤16 =  −0.59. 

Prediction accuracy was enhanced by addition of extra physicochemical parameters (R² was 

raised from 0.95 to 0.99), but the model unfortunately remained imprecise for powders having 

a reconstitution time inferior to 5 min (Figure 74). The predictions of reconstitution time 

remained underestimated for most powders of the green group, which highlighted that some 

physicochemical parameters that are very influent on reconstitution time may be missing in this 

study. Moreover, investigated powders did not permit to have sufficiently intermediate values 

of predictors, impairing the ability of models to correctly evaluate their individual influence 

such as carbohydrates, sugars, and minerals content. Last, the number of input parameters (16) 

is too large for the number of total powders included in the study (36). Despite these limits it 

was possible to build the model following Equation 33. 
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𝑡 𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 = 0.97 × 𝑥1
0.60 × 𝑥2

0.40 × 𝑒𝑥3×−7.48 × 𝑒𝑥4×−13.11 × 𝑥5
0.11 × 𝑒𝑥6×−28.87 ×

𝑥7
2.56 × 𝑒𝑥8×5.79 × 𝑒𝑥9×−5.79𝑒𝑥10×−5.28 × 𝑥11

0.32 × 𝑒𝑥12×−3.11 × 𝑒𝑥13×4.34 × 𝑥14
2.72 ×

𝑥15
−2.19 × 𝑥16

−0.59                                                                                                   Equation 33   

 

Figure 74. A- Comparison of predicted and experimental values of reconstitutions times for 

the model combining power laws and exponentials obtained with the extended set of normalized 

physicochemical parameters using Equations 33. B- focus on normalized reconstitution times 

between 0 and 25 %. Color corresponds to the powder classification according to wetting and 

reconstitution behavior deduced from chapter 4.1.4.: green, good behavior (short wetting and 

short reconstitution), yellow: decent behavior (long wetting and short reconstitution), orange: 

mediocre behavior (short wetting and long reconstitution), and red: poor behavior (long wetting 

and long reconstitution). 

4.4.3. Conclusions of the predictive modelling of the reconstitution time 

The predictive modelling approach developed for the reconstitution time, using the 

extended set of normalized powder physicochemical properties and a hybrid model mixing 

power and exponential laws was satisfactory for short, intermediate, and long reconstitution 

times, but the prediction failed for powders with very short reconstitution times (less than 5 

min). The limitations of this kind of empirical models seem to have been reached. Indeed, some 

powder physicochemical properties that may have an important influence on powder 

reconstitutability (presumably, porosity and bulk-surface composition differences for instance) 

were missing from the set of input data. Also, considering a larger number of powders with 
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more varied chemical composition seems necessary to make this kind of empirical predictive 

model more efficient. Last, it was not possible to proceed to cross-validation. Indeed, it was 

chosen to employ the results obtained for all investigated powders to build the predictive model, 

as the number of powders (36) powders was not sufficiently high in comparison to the number 

of predictor variables (16 in the most accurate model). 
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V. Conclusion and perspectives 

5.1. Conclusion 

Pour la première fois, les principaux facteurs influençant le comportement de 

reconstitution des poudres (taille des particules, composition chimique, composition de surface, 

procédé de fabrication, etc.) ont été identifiés par analyse en composantes principales pour un 

grand nombre de poudres alimentaires dans les mêmes conditions d’analyses (Figure 44), 

contrairement aux études précédentes réalisées classiquement sur un nombre limité de poudres. 

Il en ressort que l'étape de mouillage est favorisée par une grande taille de particules (supérieure 

à 90 µm) et/ou une forte teneur en eau, alors que les poudres riches en lipides et/ou à surface 

hydrophobe ont de mauvaises propriétés de mouillage. Une reconstitution rapide des poudres 

est associée à une forte teneur en glucides et/ou en minéraux alors qu'une forte teneur en 

protéines et/ou en fibres induit une reconstitution lente. L'effet du procédé est plus nuancé : en 

général, les poudres produites par séchage ont un temps de reconstitution plus rapide que celles 

produites par broyage. Cette tendance pourrait être expliquée par la composition des poudres, 

les poudres issues de séchage sont composées de plus de composés solubles (ex : les sucres) 

contrairement aux poudres produites par broyage riche en composés insolubles (ex : les fibres). 

De plus, l’étude a permis de confirmer et de généraliser les connaissances développées jusqu'à 

présent sur un nombre de poudres limité et de classer les poudres issues d’agroressources en 

quatre catégories selon leurs aptitudes au mouillage et à la reconstitution. L'intérêt industriel de 

cette étude réside dans le fait que les propriétés physicochimiques principales influençant la 

reconstitution ont été identifiées, et pourront être utilisées pour moduler le temps de 

reconstitution en modifiant la formulation des poudres (distribution granulométrique, 

composition surfacique, composition globale, etc.). 

Les essais de reconstitution par suivi conductimétrique et les analyses physicochimiques 

et fonctionnelles des poudres issues d’agroressources ont permis d’identifier des poudres dont 

la reconstitution est limitée par l’étape de mouillage, qu’il pourrait être intéressant, afin 

d’améliorer leur aptitude à la reconstitution, d’enrober par des constituants qui se mouillent et 

se reconstituent facilement. A ce titre, il a été décidé d’enrober la poudre d’isolat de protéines 

de lactosérum par des sucres. Les conditions d’enrobage choisies ont permis l’ajout d'une petite 

quantité de sucres (seulement 3,6 g/100 g), sans induire d'agglomération des particules, afin 

que l'amélioration du mouillage soit uniquement due à la modification de composition chimique 

de surface résultant de l'enrobage. Dans ces conditions, le temps de mouillage d’une poudre 

d’isolat de protéines de lactosérum a été divisé par deux par enrobage avec du saccharose. 
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Il a été observé que l’amélioration de la mouillabilité de la poudre de protéines du 

lactosérum dépendait assez nettement du type de sucre utilisé, mais il n’a pas été possible de 

trouver une explication physicochimique à l’impact du type de sucre, vraisemblablement à 

cause de la faible différence d'hydrophilie entre les sucres ainsi qu’à la faible quantité de sucres 

ajoutés. Il a toutefois été possible d'émettre des hypothèses sur le mécanisme d’amélioration de 

l’aptitude au mouillage induit par l'enrobage par une investigation biophysique plus poussée de 

la poudre enrobée de saccharose. Il a été mis en évidence par des méthodes de microscopie que 

la surface de la poudre enrobée n’était pas recouverte de saccharose de manière uniforme, mais 

plutôt sous forme de patchs cristallisés. L’équilibrage de la poudre enrobée en atmosphère 

humide a permis de montrer que les patchs de saccharose interagissent rapidement avec l'eau 

de l’air, ce qui conduit à leur plastification et à l'affaissement de la surface sous les patchs. Ceci 

a permis d’élaborer l'hypothèse d’amélioration de la mouillabilité des poudres par l’enrobage 

avec des sucres suivante : les patchs de sucre, se mouillant facilement, captent l'eau, ce qui 

favorise le contact de la surface des particules avec l’eau et permet ainsi une entrée plus rapide 

d’eau dans les éventuels pores de surface des particules (Figure 58).  

Une approche semi-empirique de modélisation descriptive pour la reconstitution des 

poudres alimentaires a été développée. Le modèle proposé permet de décrire l'évolution 

temporelle de la taille médiane des particules lors de la reconstitution et de caractériser la 

cinétique de trois des principales étapes de reconstitution de la poudre, à savoir le gonflement, 

la dispersion et la solubilisation. Cette approche a permis de déterminer les durées et vitesses 

moyennes de gonflement, de dispersion et de solubilisation, ainsi qu’un temps de reconstitution. 

Cette approche de modélisation descriptive n’est pas adaptée pour les poudres instantanées (leur 

reconstitution étant trop rapide pour être suivie par granulométrie laser) ou les poudres 

composées de plusieurs composants majeurs ayant des cinétiques bien différentes pour les 

mêmes étapes de reconstitution. Les données cinétiques issues de cette approche de 

modélisation descriptive ont été corrélées aux propriétés physicochimiques des poudres (taille 

médiane des particules, span, composition chimique, hydrophobicité de surface) pour identifier 

celles influençant majoritairement chaque étape de reconstitution. Il en ressort que le 

gonflement dure plus longtemps pour les poudres composées de grandes tailles de particules 

et/ou de particules à la surface hydrophobe, mais il est plus court en présence de sucres. 

L’aptitude au gonflement est plus importante en présence de fibres et plus faible en présence 

de lipides. La dispersion était facilitée pour les grandes tailles de particules, alors qu'elle était 

ralentie par l'hydrophobicité de la surface des particules. La solubilisation est plus lente en 
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présence de fibres et pour les grandes tailles de particules du fait de leur plus faible surface 

spécifique. Dans l'ensemble, ces tendances étaient cohérentes avec les connaissances de la 

littérature et les paramètres physicochimiques les plus influents sur la reconstitution des 

poudres mis en évidence analyse statistique par ACP des résultats de caractérisation des 

cinétiques de reconstitution suivies par conductimétrie, confirmant la pertinence de l'approche 

de modélisation descriptive développée. 

Ces travaux ont permis d’envisager la possibilité d'utiliser les paramètres 

physicochimiques des poudres pour prédire empiriquement le temps de reconstitution dans les 

conditions de reconstitution mises en œuvre lors du travail de thèse. Le meilleur modèle 

prédictif développé est basé sur les valeurs numériques normalisées des propriétés 

physicochimiques les plus influentes et sa forme mathématique correspond à un produit de lois 

puissance et exponentielles, dérivées d’un modèle monôme classique. Les prédictions sont 

satisfaisantes pour les temps de reconstitution courts, intermédiaires et longs, mais mauvaises 

pour les poudres avec des temps de reconstitution très courts (moins de cinq minutes). Le 

nombre de poudres utilisées lors de l'étude ne semble pas suffisant au regard du nombre de 

paramètres physicochimiques influents à prendre en compte dans le modèle. De plus, les 

gammes de variation de certains paramètres physicochimiques des poudres étudiées semblent 

trop restreintes pour permettre de capter précisément l’effet de ces paramètres par le modèle. 

Le manque de précision du modèle a également pu résulter de l’absence de prise en compte de 

certaines propriétés physicochimiques des poudres exerçant potentiellement une influence 

importante sur l’aptitude à la reconstitution, telles que la porosité, la densité apparente, l'état 

structurel (amorphe ou cristallin), les propriétés mécaniques de surface, etc. 

5.2. Perspectives 

Les résultats très intéressants de criblage des poudres par ACP nécessitent toutefois des 

études plus approfondies concernant différents aspects de la thèse qui pourraient permettre 

d'approfondir les connaissances sur la reconstitution des poudres. Il pourrait être judicieux 

d’étendre la caractérisation des propriétés physicochimiques des poudres à d'autres paramètres 

potentiellement très influents sur l’aptitude à la reconstitution tels que la densité, la porosité, la 

forme, l'état structurel (cristallin ou amorphe), la température de transition vitreuse éventuelle, 

la composition chimique de surface, etc. Ces paramètres physicochimiques supplémentaires 

permettraient de mieux comprendre les phénomènes impliqués dans la reconstitution des 

poudres et ainsi permettre de mieux maîtriser cette opération unitaire cruciale pour la mise en 

œuvre industrielle des poudres. 
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Il semble également nécessaire de s’intéresser à l’impact des conditions opératoires de 

reconstitution des poudres qui influencent également fortement le temps de reconstitution 

comme par exemple la vitesse d'agitation, la température, la géométrie de la cuve de mélange, 

etc. Les conditions de reconstitution sont en effet un levier important pour moduler le 

comportement de reconstitution des poudres. De plus, en ajoutant des instruments de mesure 

dans la cuve de mélange pour suivre les cinétiques de reconstitution des poudres permettraient 

l’accès à plus d’informations. L’ajout d’une sonde permettant l'analyse in situ de la taille et 

forme des particules et d’un couplemètre de précision sur l'agitateur permettrait d’obtenir plus 

d’informations sur les étapes de reconstitution de la poudre ainsi que l’évolution de la forme 

des particules au cours des différentes étapes de la reconstitution. A partir de ces nouvelles 

informations, il serait possible à l’aide de modèles descriptifs comme celui développé dans cette 

thèse pour le suivi granulométrique des cinétiques de reconstitution de déterminer le temps et 

la vitesse de chaque étape de la reconstitution. Des travaux ultérieurs sur les modèles descriptifs 

des cinétiques de reconstitution pourraient avantageusement être réalisés avec un plus grand 

nombre de poudres afin de bénéficier de gammes de variation plus importantes des propriétés 

physicochimiques des poudres et ainsi mieux cerner leur rôle dans les différentes étapes de la 

reconstitution. Il serait également très important pour la compréhension des phénomènes et pour 

la maîtrise de la reconstitution des poudres à l’échelle industrielle d’étudier l'influence des 

conditions d’agitation (nature de l’agitateur, fréquence d'agitation, géométrie de la cuve, rapport 

massique poudre/eau, etc.). En effet, l'identification des propriétés physicochimiques et des 

conditions d’agitation ayant le plus d’influence sur la reconstitution des poudres est une étape 

nécessaire pour le développement de modèles empiriques capables de prédire les temps de 

reconstitution, mais aussi les durées de chaque étape de reconstitution, ce qui serait utile pour 

optimiser les applications industrielles des poudres alimentaires. Il pourrait être intéressant de 

produire des poudres en modulant leur composition en protéines, lipides, glucides, sucres, fibres 

et minéraux à partir du même procédé pour mieux saisir l'impact de la composition sur le temps 

de reconstitution ou en modifiant la distribution de taille des particules par tamisage pour 

récupérer différentes classes de taille. Toutefois, ces propriétés physicochimiques ne sont pas 

les seules qui pourraient permettre d'améliorer la prédiction du temps de reconstitution : en 

modifiant des conditions de production, il serait possible de moduler la forme, la porosité ou 

encore le gradient de composition des particules. 

Malgré le développement des connaissances sur le mouillage des poudres enrobées, le 

mécanisme exact du mouillage n'est pas connu. L’approche biophysique menée dans ce travail 
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de thèse pour identifier les modifications de surface induites par l’interaction avec l’humidité 

de l’air a eu pour inconvénient de ne pouvoir suivre l’évolution d’une même zone de la surface 

d’une particule lors de la modification de l’humidité de l’air en équilibre avec la poudre. Ceci 

pourrait être possible par AFM par des approches couplées de topographie et de 

nanoindentation à condition d’utiliser une cellule d’analyse à température et hygrométrie 

régulée. Enfin, il serait pertinent d’étudier l’impact de très fortes humidités relatives de l’air sur 

la forme, la porosité, l’élasticité de la surface des particules, en allant même jusqu’à dépasser 

le point de rosée pour étudier le mouillage des particules par condensation de l’eau de l’air sur 

celles-ci. Une étude sur l’effet de l’enrobage sur la cinétique de reconstitution avec les méthodes 

employées dans la section 4.1. pourrait permettre d'améliorer la compréhension de l’impact de 

l'enrobage durant la reconstitution. Il serait intéressant d'étudier l'effet de différents types 

d'enrobages pouvant améliorer le mouillage avec des composés permettant un bon mouillage 

comme des minéraux (par exemple, le chlorure de sodium), le lait écrémé, etc. Afin de mieux 

comprendre les interactions eau/surface durant le mouillage, l’utilisation d’enrobage riche en 

protéines hydrophobes ou en lipides pourrait permettre une meilleure compréhension de l’étape 

du mouillage. Durant cette thèse, il a été observé un enrobage par patchs, il serait donc 

intéressant de déterminer l’effet d’un enrobage uniforme avec une épaisseur plus ou moins 

grande à la surface d’une poudre sur le mouillage et la reconstitution.  
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