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 7 

Abstract 8 

Reconstitution kinetics of various food powders in fixed mixing conditions were followed by 9 

laser granulometry. Obtained reconstitution profiles were fitted using a sum of first-order 10 

indicial responses. This descriptive modelling approach allowed linking each of the main 11 

reconstitution steps (swelling, dispersion, and solubilization) to a single first-order indicial 12 

response and characterizing their kinetics. Initial, maximal, and final median particle sizes; 13 

swelling, dispersion, and solubilization durations and rates; as well as an overall reconstitution 14 

time, were calculated from model parameters. This descriptive modelling approach was not 15 

successful for instant powders or powders composed of several major components having well 16 

different kinetics for the same reconstitution steps. The durations and rates of reconstitution 17 

steps were correlated with physicochemical properties of investigated powders in order to 18 

evidence the most influencing properties on food powders reconstitution: contents in lipids, 19 

sugars, fibers, and water, surface hydrophobicity, and mostly median particle size at dry state. 20 
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 24 

1. Introduction 25 

Powder reconstitutability is one of the most important functional properties, as industrials need 26 

to manage reconstitution of powdered ingredients in their manufacturing processes. Besides, 27 

instantaneity of powdered food products is a crucial end-use functionality, as the time needed 28 

for the preparation of a food product is often one of the main choice criteria for consumers and 29 

industrials (Forny et al., 2011). A multitude of studies has been carried out to better understand 30 

the mechanisms involved in powder reconstitution, leading to a consensus on four kinetically-31 

driven steps called wetting, swelling/sinking, dispersion, and solubilization steps (Forny et al., 32 

2011; Fournaise et al., 2021; Mitchell et al., 2015; Schuck et al., 2012). 33 

First, powder wetting occurs when particles come in contact with a liquid (aqueous solution in 34 

the case of food powders). Wettability is defined as the time needed to replace the air/solid 35 

interface by the liquid/solid interface (Forny et al., 2011; IDF, 1987). 36 

Then, the swelling/sinking step takes place after the wetting step: the penetration of the liquid 37 

into individual particles or particle agglomerates increases their weight, leading to their 38 

immersion when the stress exerted on the liquid surface by the wet particle weight exceeds 39 

surface tension. Also, particle swelling may occur depending on the chemical composition of 40 

particles and this phenomenon can result in the formation of lumps in the case of cohesive 41 

powders (Forny et al., 2011; Jiang et al., 2013). Indeed, upon interaction with water, polymers 42 

of macromolecules (for food powders: mainly, proteins, starch, and fibers) swell, resulting in a 43 

softening of the particle outer layers and an increase in their size, leading to particle size 44 

increase (Bonacucina et al., 2009; Conti et al., 2006; Cuq et al., 2011; Forny et al., 2011). Fibers 45 

and starches are known to swell quickly due to their hydrophilic behavior, contrarily to proteins 46 



which are more hydrophobic and thus have a low swelling rate (Eastman and Moore, 1984; 47 

Gaiani et al., 2007; Kravtchenko et al., 1999; Lamberti et al., 2004; Parker et al., 2000). 48 

After particle wetting/swelling/sinking, powder dispersion occurs according to two main 49 

phenomena: deagglomeration which designates the disintegration of lumps and agglomerates 50 

into individual particles, and attrition which corresponds to the release of particle fragments by 51 

water-induced breaking (Fang et al., 2011; Forny et al., 2011; Mimouni et al., 2010). Particle 52 

attrition occurs when the cohesion between particle components (mainly by Van der Walls 53 

interactions and hydrogen bonds) is overwhelmed by shear stresses exerted by the liquid. 54 

Powders rich in proteins and/or lipids are known to be cohesive due to the hydrophobicity of 55 

these compounds (Cuq et al., 2011; Freudig et al., 1999; O’Mahony and McSweeney, 2016; 56 

Schuck et al., 2012). 57 

Last, the solubilization step encompasses the dissolution of soluble components and the 58 

homogenization of insoluble components in the liquid. This leads to the complete loss of 59 

particle structure and the final reconstituted product consists in a suspension of insoluble 60 

components (Gaiani et al., 2007; Marabi et al., 2008; O’Mahony and McSweeney, 2016). The 61 

presence of proteins is known to decrease the solubilization rate, as interactions between them 62 

should be broken before proteins may be solubilized. Besides, fibers and starches generally 63 

contribute to increase the solubilization rate, as soluble fibers and starches are extremely 64 

hydrophilic and thus prone to solubilize, whereas insoluble fibers and starches are not 65 

susceptible to solubilize, which shortens the whole solubilization time (Gaiani et al., 2007; 66 

Kravtchenko et al., 1999; Yousefi et al., 2011). Based on diffusive models, it can be stated that 67 

small particles may solubilize faster, owing to their higher specific surface area (Dokoumetzidis 68 

and Macheras, 2006; Nernst, 1904).  69 

Despite the consensus on the identification of the reconstitution steps, the characterization of 70 

their kinetics still remains a real challenge. Indeed, for some powders, wetting and dispersion 71 



steps may be almost instantaneous, precluding the possibility to determine their kinetics owing 72 

to limitations in acquisition frequency of analytical equipments. Also, for many powders, some 73 

of the reconstitution steps may overlap (for instance, when the particle outer layer begins to 74 

solubilize before that dispersion or even swelling steps may have been finished), making it 75 

difficult to deconvolute the respective influences of each step (Forny et al., 2011). 76 

Countless methods have been used to identify and characterize powder reconstitution steps: 77 

direct methods in which particle size estimators are followed, like focused beam reflectance 78 

measurement, image analysis, and laser diffraction; and indirect methods such as turbidimetry, 79 

acoustic spectroscopy, or conductimetry (Bonacucina et al., 2009; Fournaise et al., 2021; Galet 80 

et al., 2004, 2004; Goalard et al., 2006; Li et al., 2013; Marabi et al., 2008). In a previous work, 81 

powder reconstitution kinetics followed by conductimetry have been described by a sigmoidal-82 

shaped Hill function that allowed an accurate determination of the reconstitution time 83 

(Fournaise et al., 2021). However, this method did not provide information about kinetics of 84 

each reconstitution step. In the literature, several methods have been developed to focus on 85 

reconstitution steps by a single particle approach: for instance, swelling of a single particle of 86 

superabsorbent polymers has successfully been characterized (Sweijen et al., 2017). Moreover, 87 

the dispersion and solubilization steps were described by first-order models such as the Noyes-88 

Whitney equation, the Hopfenberg model, or the Higuchi model (Dokoumetzidis and Macheras, 89 

2006; Higuchi, 1961; Hopfenberg, 1976; Noyes and Whitney, 1897; Richard, 2012).  90 

The aim of the present study was to develop a general model able to describe in a single equation 91 

the evolution of median particle size when reconstituting food powders, which can be used to 92 

identify the reconstitution times of various food powders with a good accuracy by calculations 93 

based on the reconstitution curve. The developed descriptive model was designed to obtain 94 

information about the different reconstitution steps by choosing an appropriate mathematical 95 

form (first-order indicial responses). This permitted to determine the switching points from one 96 



predominant step to another, as well as an average evolution rate of median particle size during 97 

each step. Last, characteristic parameters of reconstitution steps issued from the descriptive 98 

model were interpreted to identify the most influent powder physicochemical properties on each 99 

reconstitution step. 100 

 101 

2. Material and methods 102 

2.1. Food powders 103 

Industrial food powders varying in median particle size, particle structure, chemical 104 

composition, surface hydrophobicity, etc. (Table 1) were employed for reconstitution assays. 105 

Powder physicochemical properties of instant mash, casein, polenta 1.0 mm, small couscous, 106 

T55 and T45 flours, cocoa fat- alka-, cocoa fat+ alka+, MPI, and instant coffee were obtained 107 

from a previous study (Fournaise et al., 2021). 108 

Table 1: Physicochemical characteristics of investigated powders (adapted from Fournaise et 109 

al., 2021). 110 

 111 



*on wet basis 112 

 113 

2.2. Determination of median particle size at dry state by laser granulometry 114 

Particle size distribution was determined in a previous study (Fournaise et al., 2021) with a 115 

Mastersizer 3000 laser granulometer (Malvern Instruments Ltd., Malvern, UK) supplied with a 116 

red light 4 mW He-Ne laser and a blue light 10 mW LED respectively operating at 632.8 and 117 

470.0 nm wavelengths with a 300 RF lens. Dry dispersion (Aero S module, Malvern) conditions 118 

were used: 2 mm hopper length, 35 % feed rate, and 2 bar air pressure. The chosen particle size 119 

estimator was the diameter in volume of a sphere of equal projection area. The median particle 120 

size D50, a classical granulometric parameter which corresponds to the diameter for which 121 

50 % of the particle population have smaller sizes, was used to characterize powder samples. 122 

 123 

2.3. Monitoring of reconstitution kinetics by laser granulometry using wet dispersion  124 

The monitoring of food powder reconstitution kinetics was carried out with the same 125 

Mastersizer 3000 laser diffraction granulometer using wet dispersion. Reconstitution conditions 126 

were similar for all powders: 0.1 g powder was quickly poured into 125 mL distilled water at 127 

25 °C in the Hydro MV module (Malvern) stirred at 2 000 rpm. Powder reconstitution was 128 

followed until reaching D50 stability, i.e., for durations ranging from 15 min to 2 h depending 129 

on the investigated powder, by acquiring 1 s measurement on both lasers every 5 s. The curve 130 

displaying the temporal evolution of the median particle size D50, called reconstitution curve 131 

hereafter, was built by averaging results obtained for three replicates of reconstitution assays. 132 

Figures 1A displays the reconstitution curve obtained for instant mash as an example.  133 



 134 

Fig. 1: Reconstitution curves obtained by monitoring or reconstitution assays with laser granulometry, with 135 

temporal axis in logarithmic scale. (A) instant mash (first reconstitution type); (B) T45 flour (second reconstitution 136 

type); (C), small couscous (third reconstitution type); (D) instant coffee (fourth reconstitution type); (E) MPI (fifth 137 

reconstitution type). Error bars indicate standard deviations obtained with three replicates of reconstitution assays; 138 

some, inferior to the marker size, are not visible. 139 

 140 

2.4. Descriptive model of food powder reconstitution 141 

2.4.1. Types of reconstitution curves 142 

The median particle size is expected to increase during the wetting and sinking/swelling steps 143 

(abbreviated in swelling step hereafter), then to decrease in the dispersion and solubilization 144 



steps at different kinetic rates, corresponding to a slope change in the reconstitution curve. For 145 

some investigated powders such as instant mash (Figure 1A), the observation of reconstitution 146 

curves (with temporal axis in logarithmic scale for a better identification of times at which slope 147 

changes occurred) allowed to identify the successive predominance of the three main 148 

reconstitution steps. This reconstitution behavior was called the first reconstitution type and 149 

could be described by the model developed in this study. 150 

Some powders, for instance T45 flour (Figure 1B) exhibited no particle size increase at the 151 

beginning of the reconstitution assay, because no swelling occurred or it was too insignificant 152 

or too quick to be accurately monitored by laser granulometry. These powders were considered 153 

to belong to the group of second reconstitution type and their reconstitution could also be 154 

modelled using the approach of the present study. 155 

For some powders like small couscous (Figure 1C), a swelling step was present in reconstitution 156 

curves but no slope change was detected. This may happen with powders for which: 157 

- one of the dispersion or solubilization steps was too quick to be accurately monitored by laser 158 

granulometry,  159 

- one of the dispersion and solubilization steps overwhelmed the impact of the other step,  160 

- or powders for which dispersion and solubilization steps had similar kinetics. 161 

This reconstitution behavior was named the third reconstitution type and the model developed 162 

in the present paper was also able to describe its kinetics. 163 

For instant coffee (Figure 1D), reconstitution occurred too quickly to be accurately monitored 164 

by laser granulometry owing to acquisition frequency limitations. In this case, defined as the 165 

fourth reconstitution type, reconstitution steps could not be distinguished and the modelling 166 

approach developed in this study was not suitable to evaluate reconstitution kinetics. 167 



The fifth reconstitution type was defined for powders leading to accurate reconstitution curves 168 

but too complex to be modelled by the descriptive modelling approach of the current study, 169 

which decouples the three main reconstitution steps but is not able to take into account multiple 170 

kinetics for a given step. Among investigated powders, this was the case for milk protein isolate 171 

(Figure 1E) for which the reconstitution curve exhibited a first increase, then a first decrease, 172 

followed by a second increase and a second decrease. 173 

 174 

2.4.2. Descriptive modelling approach 175 

The aim of the descriptive modelling approach developed in this study was to determine a 176 

single-equation model able to describe the temporal evolution of the median particle size D50 177 

upon reconstitution. This model was intended to identify the kinetics of each of the three main 178 

reconstitution steps detected on reconstitution curves, namely swelling, dispersion, and 179 

solubilization steps. A sum of three first-order indicial responses (Eq. (1)) was employed with 180 

the objective to link each first-order indicial response to a single reconstitution step. 181 

D50��� = D50� + A� �1 − e��
��� − A� �1 − e��

��� − A� �1 − e��
���                                       (1) 182 

Where: 183 

• D50� (µm): modelled initial median particle size at wet state; 184 

• A0 (µm): amplitude of the increasing first-order indicial response (swelling step); 185 

• �� (s): time-constant of the increasing first-order indicial response (swelling step); 186 

• A1 (µm): amplitude of the first decreasing first-order indicial response (dispersion step); 187 

• �� (s): time-constant of the first decreasing first-order indicial response (dispersion step); 188 

• A2 (µm): amplitude of the second decreasing first-order indicial response (solubilization 189 

step); 190 



• �� (s): time-constant of the second decreasing first-order indicial response (solubilization 191 

step). 192 

For powders of the first reconstitution type, model parameters were expected to be all different 193 

from zero, whereas A0 was fixed at 0 µm for powders of the second reconstitution type (leading 194 

to a sum of two decreasing first-order indicial responses), and A2 was fixed at 0 µm for powders 195 

of the third reconstitution type (leading to a sum of two first-order indicial responses, the first 196 

one increasing and the other one decreasing). 197 

The reconstitution curves of powders of first, second, and third reconstitution types were fitted 198 

with the Excel solver (Microsoft 365) using the least squares method solved by the generalized 199 

reduced gradient algorithm. Direct fitting of the whole reconstitution curve with Eq. (1) was 200 

judged unsatisfactory (data not shown) for many reasons:  201 

- sometimes the fitting method did not converge,  202 

- when fitting was achieved, modelled initial median particle size at wet state D500 was often 203 

inferior to the median particle size at dry state, which was not physically sound,  204 

- and/or calculated durations of each reconstitution step seemed to be unrelated to what could 205 

be deduced from the observation of reconstitution curves.  206 

Thus, a descriptive modelling approach that was successful for all powders of first, second, and 207 

third reconstitution types and led to physically-sound and consistent estimations of initial 208 

median particle size at wet state and durations of each reconstitution step was developed. First, 209 

the increasing and decreasing parts of the reconstitution curves were separately fitted; then, the 210 

complete model was fitted by using the first estimation of model coefficients deduced by 211 

separate fittings for the initialization of model parameters. 212 

 213 



2.4.2.1. Separate fitting of the increasing and decreasing parts of the reconstitution 214 

curve  215 

For first and third reconstitution type powders, the increasing part of the temporal evolution of 216 

the median particle size from its initial value to its maximal value, corresponding to the 217 

predominance of the swelling step, was fitted with an increasing first-order indicial response 218 

(Eq. (2)) by specifying the constraint that the modelled initial median particle size D50�∗  should 219 

be superior or equal to the median particle size at dry state. Indeed, at the beginning of 220 

reconstitution, it was considered that particles could have swelled or agglomerated (upon 221 

wetting and immersion) but their size could not be smaller to the dry median particle size, as 222 

no significant erosion or solubilization was expected in such a short water-contact time (few 223 

seconds). The fitting procedure performed with the Excel solver was initialized with the median 224 

particle size at dry state for D50�∗ , and rough graphical estimations of the extent of median 225 

particle size evolution and the time needed for this evolution for A0 and τ0, respectively. 226 

D50�t� = D50�∗ + A� �1 − e��
���                                                                                        (2) 227 

Where D50�∗  (µm) stands for the modelled initial median particle size D50 using Eq. (2) only. 228 

 For powders of the second reconstitution type, for which no swelling was observed, this part 229 

of the modelling approach was obviously not performed. 230 

The decreasing part of the temporal evolution of the median particle size, from its maximal 231 

value to its final value, corresponding to the dispersion and solubilization steps, was modelled 232 

by the sum of two decreasing first-order indicial responses (Eq. (3)) for powders of the first and 233 

second reconstitution types (for which a slope change was observed in the decreasing part of 234 

the reconstitution curve). The fitting procedure performed with the Excel solver was initialized 235 

with the experimental maximal median particle size for D501, and rough graphical estimations 236 



of the extents of median particle size evolution and the times needed for these evolutions during 237 

dispersion and solubilization steps for A1, τ1, A2, and τ2, respectively.  238 

D50�t� = D50� − A� �1 − e��
��� − A� �1 − e��

���                                                            (3) 239 

Where D50� (µm) designates the modelled initial median particle size D50 using Eq. (3) only. 240 

The same equation was employed with A2 fixed at 0 µm for third reconstitution type powders 241 

(for which no distinction could be made between dispersion and solubilization steps), leading 242 

to a single decreasing first-order indicial response. 243 

 244 

2.4.2.2. Fitting of the complete model from the whole reconstitution curve 245 

Then, the whole reconstitution curve was fitted with Eq. (1) by using the model parameters 246 

obtained by separate fitting with Eq. (2) and (3) (D50�∗ , A0, τ0, A1, τ1, A2, and τ2) to initiate the 247 

fitting procedure performed with the Excel solver. 248 

As previously indicated, A0 was fixed at 0 µm for powders of the second reconstitution type 249 

and A2 was fixed at 0 µm for powders of the third reconstitution type. 250 

Obtained model parameters (D500, A0, τ0, A1, τ1, A2, and τ2) were then used to calculate 251 

characteristic swelling, dispersion, and reconstitution times, as well as swelling, dispersion, and 252 

solubilization rates. 253 

 254 

2.4.3. Estimation of the duration and the particle size evolution rate of each reconstitution 255 

step from the descriptive reconstitution model 256 

The swelling time tswelling was defined as the time for which the predominance of the swelling 257 

mechanism ends. When applicable, it was calculated as the time at which modelled median 258 



particle size reached its maximal value D50max. This was determined with the Excel solver as 259 

the lowest time value for which the first derivative of D50(t) (Eq. (4)) was equal to zero.  260 

����� �
�! = − "�

#� e��
�� + "�

#� e��
�� + "�

#� e��
��                                                                     (4) 261 

Thus, the maximal median particle size D50max was equal to D50(tswelling) and the duration of 262 

the swelling-dominated reconstitution phase ∆tswelling was equal to tswelling. 263 

The dispersion time tdispersion, when applicable, was calculated as the time for which the absolute 264 

difference between experimental values and the reconstitution model considering that the 265 

swelling step was completely ended (i.e., it has induced an increase in the median particle size 266 

up to D500 + A0) and taking into account the influence of the dispersion step only D50� + A0 −267 

A1 $1 − e−tτ1& became superior to the absolute difference between experimental values and the 268 

reconstitution model considering that the swelling and dispersion steps were completely ended 269 

(i.e., they have induced an evolution of the median particle size up to D50� + A� − A�) and 270 

taking into account the influence of the solubilization step only D50� + A� − A� −271 

A� �1 − e��
���. Thus, the duration of the dispersion-dominated reconstitution phase ∆tdispersion 272 

was equal to the difference between the dispersion and swelling times (tdispersion – tswelling). 273 

The final median particle size D50' was equal to the limit of D50(t) when the time tends to the 274 

infinity, i.e., D500 + A0 – A1 – A2. It was chosen to define the reconstitution time as the time 275 

needed to reach 95 % of the median particle size decrease in the dispersion and solubilization 276 

steps (Eq. (5)). 277 

D50(treconstitution) = 95 % × D50' + 5 % × D50()*                                          (5) 278 

Hence, the duration of the solubilization-dominated reconstitution phase ∆tsolubilization was equal 279 

to the difference between the dispersion and swelling times (tsolubilization – tdispersion). 280 



Characteristic particle size evolution rates during swelling, dispersion, and solubilization steps 281 

were calculated as slopes at half height of the considered reconstitution step using the first 282 

derivative of D50(t) (Eq. (4)) and the Excel solver for the determination of half-height times of 283 

each reconstitution step: 284 

- the swelling rate (positive value) was defined as the value taken by first derivative of D50(t) 285 

at the time (inferior to tswelling) when modelled D50 reached 
����+���,-.

� ,  286 

- the dispersion rate (negative value) was calculated as the value taken by first derivative of 287 

D50(t) at the time (comprised between tswelling and tdispersion) when modelled D50 reached 288 

���,-.+���/!01234521678
� , 289 

- and the solubilization rate (negative value) was the value taken by first derivative of D50(t) at 290 

the time (superior to tdispersion) when modelled D50 reached  
���/!01234521678+���9

� . 291 

 292 

2.5. Statistical analysis 293 

Reconstitution assays were triplicated to ensure good analytical repeatability and obtain good 294 

accuracy of descriptive reconstitution models. The duration and the median particle size 295 

evolution rate of each reconstitution step were correlated with powder physicochemical 296 

properties by calculating Pearson’s correlation coefficients with Microsoft 365 Excel (p < 0.05). 297 

 298 

3. Results  299 

3.1. Application of the two-step fitting approach of the descriptive reconstitution model: 300 

example of instant mash 301 



Reconstitution curve of instant mash (Fig. 1A) was of first type (distinguishable swelling, 302 

dispersion, and solubilization steps). The experimental median particle size first increased from 303 

481 µm to 1 188 µm between time zero and about 20 s, corresponding to the swelling step. 304 

Then, it decreased from 1 188 µm to 109 µm from about 20 s to the end of the reconstitution 305 

assay, which was associated with the dispersion and solubilization steps. The slope change in 306 

the decreasing part of the reconstitution curve indicated that dispersion took place between 20 307 

and 100 s approximately, and solubilization was the dominant reconstitution mechanism above 308 

circa 100 s. 309 

Thus, the separate fitting of increasing and decreasing parts of the reconstitution curve was 310 

carried out following the procedure described in subsection 2.4.2.1. The swelling-dominated 311 

reconstitution phase only (increasing part) was modelled with Eq. (2) with D50�∗  = 482 µm, 312 

A0 = 623 µm, τ0 = 3.2 s, and R² = 95.8 % (Fig. (2)). 313 

 314 



 315 

Fig. 2: Separate fitting of the swelling step of the (first type) reconstitution profile of instant mash using Eq. (2). 316 

Error bars indicate standard deviations obtained with three replicates of reconstitution assays; some, inferior to the 317 

marker size, are not visible. 318 

 319 

The dispersion- and solubilization-dominated reconstitution phases only (decreasing part) were 320 

modelled with Eq. (3) with D501 = 1 939 µm, A1 = 1 687 µm, τ1 = 35.9 s, A2 = 153 µm, 321 

τ2 = 4 990 s, and R² = 98.9 % (Figure 3). 322 



 323 

Fig. 3: Separate fitting of the dispersion and solubilization steps of the (first type) reconstitution profile of instant 324 

mash using Eq. (3). Error bars indicate standard deviations obtained with three replicates of reconstitution assays; 325 

some, inferior to the marker size, are not visible. 326 

 327 

The last step of the fitting approach consisted in modelling the whole reconstitution curve using 328 

Equation (1) following the procedure described in subsection 2.4.2.2, resulting in 329 

D500 = 653 µm, A0 = 4 297 µm, τ0 = 16.0 s, A1 = 4 695 µm, τ1 = 24.8 s, A2 = 153 µm, 330 

τ2 = 4 990 µm, and R² = 99.3 %. The obtained descriptive model was in great accordance with 331 

the reconstitution curve (Fig. 4), as denoted by the elevated coefficient of determination R². 332 

 333 



 334 

Fig. 4:  Descriptive reconstitution model for instant mash obtained by fitting with Eq. (1); swelling and dispersion 335 

times; swelling, dispersion, and solubilization rates. Error bars indicate standard deviations obtained with three 336 

replicates of reconstitution assays; some, inferior to the marker size, are not visible. 337 

 338 

Following the procedure described in subsection 2.4.3., the complete reconstitution model was 339 

used to calculate modelled initial, maximal, and final median particle sizes; swelling, 340 

dispersion, and solubilization durations and rates; as well as reconstitution time: 341 

D500 = 653 µm, D50max = 1 139 µm, D50∞ = 103 µm, ∆tswelling = 15.7 s, ∆tdispersion = 152 s, 342 

∆tsolubilization = 5 222 s, treconstitution = 5 390 s, +49.6 µm.s-1 swelling rate, -13.6 µm.s-1 dispersion 343 

rate, and -0.015 µm.s-1 solubilization rate. 344 

 345 



3.2. Influence of physicochemical properties on powder reconstitution steps 346 

The modelling approach following the procedure described in section 2.4 permitted to obtain 347 

the descriptive reconstitution models displayed in Figures S1, S2 and S3 (cf. supplementary 348 

material) when applied to the first, second, and third types of reconstitution curves of 349 

investigated powders. Model parameters; initial, maximal, and final median particle sizes; 350 

swelling, dispersion, and solubilization durations and rates; as well as reconstitution time are 351 

listed in Table 2. 352 

 353 

Table 2: Modelled initial, maximal, and final median particle sizes; model parameters and 354 

coefficient of determination; swelling, dispersion, and solubilization durations and rates; 355 

reconstitution time of investigated powders of the first (instant mash, casein, and polenta 1.0 356 

mm), second (T55 flour, T45 flour, cocoa fat- alka-, and cocoa fat+ alka+), and third 357 

reconstitution types (small couscous).  358 

 359 

*: not applicable. 360 

**: dispersion/solubilization rate. 361 

 362 



With the modelling approach developed in this study, the information about reconstitution 363 

kinetics of food powders was gathered in the characteristic parameters calculated from the 364 

descriptive reconstitution model (Table 2), each parameter being associated with one 365 

reconstitution step only. The obtained descriptive model was not built to predict the durations 366 

and rates of reconstitution steps from powder physicochemical properties (bulk and surface 367 

chemical compositions, granulometric characteristics) and reconstitution conditions (e.g., 368 

stirring speed, impeller type, volume and geometry of the reconstitution reactor, powder/water 369 

mass ratio, water temperature), but the characteristic parameters of each reconstitution step 370 

calculated from the descriptive model can still be used to establish correlations with powder 371 

physicochemistry and reconstitution conditions. However, in this study, the latter were fixed 372 

and their influence on reconstitution steps could therefore not be evaluated. Thus, powder 373 

physicochemical parameters that had the most influence on powder reconstitution kinetics were 374 

identified by calculating Pearson’s correlation coefficients (Table 3). 375 

 376 

Table 3: Pearson’s correlation coefficients between powder physicochemical properties (bulk 377 

and surface chemical compositions, granulometric characteristics) and reconstitution 378 

characteristic parameters (swelling, dispersion, and solubilization durations and rates; 379 

reconstitution time issued from the descriptive modelling approach).  380 

 381 

Green:highly significant correlations; orange: significant correlations; red: insignificant correlations. 382 

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 (µm/s) -0.35 -0.96 0.31 -0.64 0.92 -0.31 -0.16 -0.26 -0,70 -0.81 -0.04 
Swelling duration (s) -0.30 0.56 0.31 -0.74 -0.22 -0.36 0.55 0.38 0.96 -0.02 0.87 

Dispersion rate (µm/s) 0.28 0.29 -0.38 0.10 0.16 0.25 0.02 0.01 0.64 0.45 -0.74 
Dispersion duration (s) -0.54 0.06 0.51 -0.35 -0.15 0.04 0.34 0.32 0.03 -0.08 0.61 

Solubilization rate (µm/s) 0.20 0.55 -0.55 -0.07 0.61 0.22 -0.72 -0.74 0.30 0.52 -0.34 
Solubilization duration (s) 0.19 -0.23 0.09 0.42 -0.45 0.23 -0.13 0.01 -0.51 -0.45 0.72 

 Reconstitution time (s) 0.11 -0.26 0.17 0.44 -0.49 0.13 -0.02 0.07 -0.27 -0.48 0.59 



 383 

As for powder swelling, both the dry median particle size and particle surface hydrophobicity 384 

(C/O ratio) were positively correlated with the swelling duration. This influence of median 385 

particle size on the time needed for powder swelling was expected as the prior mechanism of 386 

water uptake should be slower for large particles owing to their lower specific surface area. 387 

Besides, surface hydrophobicity may delay powder wetting and sinking, resulting in larger 388 

swelling duration (as wetting and sinking were considered as included in swelling step in the 389 

descriptive modelling approach developed in the present study). The swelling duration was also 390 

decreased at higher sugar content, which was logical as sugars quickly disperse and solubilize 391 

without observable swelling. Swelling was also significantly influenced by lipid and fiber 392 

contents along with particle surface hydrophobicity (C-C/other C bonds ratio): the presence of 393 

fibers increased the swelling rate owing to their hydrophilic nature (Bonacucina et al., 2009; 394 

Conti et al., 2006; Cuq et al., 2011; Kravtchenko et al., 1999). On the contrary, the presence of 395 

lipids and a higher surface hydrophobicity (denoted by a greater C-C/other C bonds ratio) tend 396 

to decrease the swelling rate due to limitation of surface wetting and water transfer into the 397 

particle (Fournaise et al., 2021, 2020; Gaiani et al., 2007; Kim et al., 2002; Murrieta-Pazos et 398 

al., 2012). 399 

Then, a positive correlation was found between the dispersion rate and particle surface 400 

hydrophobicity evaluated by the C/O ratio, which means that an increase in surface 401 

hydrophobicity led to a slower dispersion (as dispersion rates are negative values). This can be 402 

explained by the low degree of interaction of water with hydrophobic particle surface that is 403 

detrimental to the breaking of intraparticular hydrogen bonds and van der Waals interactions 404 

involved in powder dispersion (Cuq et al., 2011; Fournaise et al., 2021; Freudig et al., 1999). 405 

On the opposite, a negative correlation was obtained between the dispersion rate and the median 406 

particle size, which means that a larger median particle size enhanced powder dispersion. This 407 



may be due to the lower cohesion of large particles, facilitating their dispersion by water 408 

(Enferad et al., 2021; Gnagne et al., 2017; Salameh et al., 2016). 409 

Solubilization was slowed by the presence of insoluble components such as fibers, as denoted 410 

by the positive correlation between the solubilization rate (negative values) and fiber content. 411 

Water retention by insoluble fibers may explain this slowing of solubilization in the presence 412 

of insoluble components. On the contrary, water content was negatively correlated with the 413 

solubilization rate (negative values), showing that a higher water content tended to enhance 414 

solubilization. The same observation was made for water activity. The improvement of 415 

solubilization for powders richer in water may be explained by their probable higher 416 

hydrophily. Also, it was noticed by calculation of Pearson’s correlation coefficients between 417 

water content and lipid or fiber contents (respectively equal to -0.68 and -0.63) that powders 418 

richer in water contained less lipids and fibers. Thus, the enhancement of solubilization at 419 

higher water content may also be indirectly viewed as the consequence of the reduced presence 420 

of compounds deleterious for powder solubilization. Last, solubilization duration was increased 421 

for larger particles, which can be explained by the fact that their specific surface area than for 422 

smaller particles, the release of soluble compounds from larger particles takes longer 423 

(Dokoumetzidis and Macheras, 2006; Fournaise et al., 2021; Lamberti et al., 2004; Nernst, 424 

1904).  425 

In this study, the powder physicochemical property that exhibited the higher degree of 426 

correlation with reconstitution time was the dry median particle size (R = 0.59), showing that 427 

powder composed of larger particles may take more time to reach complete reconstitution. 428 

Indeed, an increase in particle size is known to favor powder wetting and dispersion, but large 429 

particles lead to longer swelling and solubilization steps (Dokoumetzidis and Macheras, 2006; 430 

Nernst, 1904). 431 

 432 



4. Conclusion 433 

This study presents a new descriptive modelling approach for food powder reconstitution. The 434 

proposed model permits to describe the temporal evolution of median particle size upon 435 

reconstitution and characterize the kinetics of the main substeps of powder reconstitution, 436 

namely swelling, dispersion, and solubilization. This approach made it possible to determine 437 

mean swelling, dispersion, and solubilization durations and rates, as well as reconstitution time. 438 

This descriptive modelling approach was not successful for instant powders (their reconstitution 439 

being too quick to be followed by laser granulometry) or powders composed of several major 440 

components having well different kinetics for the same reconstitution steps. The kinetic data 441 

obtained from this descriptive modelling approach were linked to powder physicochemistry 442 

(median particle size, span, bulk chemical composition, surface hydrophobicity) to identify the 443 

main physicochemical properties influencing each reconstitution step. Swelling lasted longer 444 

for powders composed of large particles and/or particles with a hydrophobic surface but it was 445 

shorter in the presence of sugars, whereas the swelling rate was enhanced in the presence of 446 

fibers and decreased in the presence of lipids. Dispersion was facilitated for large, whereas it 447 

was impaired by particle surface. Solubilization was slowed down in the presence fibers, and 448 

for large particles due to their lower specific surface area. Overall, these trends were consistent 449 

with literature knowledge, showing the relevancy of the developed descriptive modelling 450 

approach. Further works should apply the developed descriptive model to a greater number of 451 

investigated powders and focus on the influence of operating parameters of the reconstitution 452 

process (stirring speed, geometry, powder/water mass ratio, etc.). The identification of the most 453 

influent powder physicochemical properties and reconstitution conditions is a necessary step 454 

for the future development of empirical models able to predict reconstitution times but also 455 

durations of each reconstitution steps, which would be useful for optimizing industrial 456 

applications of food powders. 457 
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