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Introduction

Lactose powders have important applications in food and pharmaceutical industries (e.g., as both a filler and/or binder in the manufacture of pharmaceutical tablets by direct compression). In solid state, lactose is a polymorphic material with five well-accepted forms [START_REF] Carpin | Caking of lactose: A critical review[END_REF][START_REF] Langrish | Assessing the rate of solid-phase crystallization for lactose: The effect of the difference between material and glass-transition temperatures[END_REF][START_REF] Roos | Solid and Liquid States of Lactose[END_REF][START_REF] Roos | Phase Transitions in Foods[END_REF]. Among these different forms, anhydrous lactose is especially suitable for the production of tablets by direct compression because of its good compactability. In industry, anhydrous lactose is usually produced by roller drying of highly-concentrated solutions of lactose at temperatures in excess of 93.5°C [5]. The product thus obtained is essentially composed of the β anomer of lactose, which has a high solubility and then is suitable for applications where good dissolution is required. Generally, β-lactose is less hygroscopic and therefore more stable than the α anomer [START_REF] Carpin | Caking of lactose: A critical review[END_REF][START_REF] Roos | Solid and Liquid States of Lactose[END_REF][START_REF] Roos | Phase Transitions in Foods[END_REF]. Anhydrous lactose is a deliquescent component with a critical relative humidity of DRH=95% at 25°C. Consequently, this form of lactose is generally assumed to be relatively stable below 95% RH [START_REF] Salameh | Deliquescence Lowering in Food Ingredient Mixtures[END_REF]. However, during long periods of storage under relative humidity less than DRH, anhydrous lactose could undergo a transformation to the monohydrate form losing its good compressibility and solubility. In addition, like most powders, lactose is subject to caking when stored in humid conditions, which can alter its desired end-use properties [START_REF] Zafar | A review of bulk powder caking[END_REF].

Many investigations, rather recent, focused on the phenomenon of caking. The main caking mechanisms have been the subject of several bibliographical reviews. In his book entitled "Cake formation in particulate systems", Griffith [START_REF] Griffith | Cake formation in particulate systems[END_REF] gave a rather qualitative description of these mechanisms. He distinguished four main classes of caking based on the involved binding forces, namely mechanical caking, plastic flow caking, chemical caking and electrical caking. Cleaver also provided an overview of the responsible mechanisms of powder caking [START_REF] Cleaver | Powder Caking -An Overview of the Responsible Mechanisms[END_REF]. More recently, Zafar et al. [START_REF] Zafar | A review of bulk powder caking[END_REF] established a review on the caking of powders synthesizing more than one hundred works on this subject. More specifically, Hartmann and Palzer [START_REF] Hartmann | Caking of amorphous powders -Material aspects, modelling and applications[END_REF] focused on the caking of amorphous powders. They described the dynamics of the process based on a plastic creep of amorphous materials beyond their glass transition temperature. Finally, in a recent work, Carpin et al. [START_REF] Carpin | Caking of lactose: A critical review[END_REF] drew up a critical review on the caking of lactose.

The present work deals with the study of the phase transformation of anhydrous lactose following its hydration in solid state under humid conditions. The main aims of the study is to:

-Establish an appropriate rate equation and a reliable physical model for the kinetics of the hydration process taking into account the effect of the ambient temperature and relative humidity.

-Investigate the relationship between solid-phase crystallization of anhydrous lactose and its caking behavior and kinetics.

2 Materials and methods

Raw materials and physical properties

Experiments were mainly conducted on Meggle DuraLac® H (Meggle Excipients & Technology, Germany) anhydrous lactose powder. FlowLac α-lactose monohydrate was also used as a reference in differential scanning calorimetric analysis. According to the manufacturer, the anhydrous powder is produced via roller-drying followed by milling and sieving to obtain the desired particle size distribution. Its primary application is as a tableting excipient, especially in direct compression processes. The manufacturer reports that the powder contained 16.3% anhydrous α-lactose and 83.7% anhydrous β-lactose. However, preliminary experiments in the laboratory did not confirm this information and showed an anhydrous α-lactose content about 10-11%. The anhydrous sample is a white, crystalline, odorless powder and is freely but slowly soluble in water. Note that any proof of the presence of amorphous lactose (characterized by the existence of a glass transition temperature and its corresponding peak) was detected by DSC or TGA analyses. This was confirmed by XRD analyses, which confirmed that the samples were essentially composed of crystalline α-and β-anhydrous lactose with some traces of α-lactose monohydrate.

The particle size distribution was verified by laser diffraction. The laser diffraction measurements were performed using a Malvern 2000 analyzer equipped with a dry dispersion unit. For each measurement, the particle size distribution was calculated from an average of 10000 instant measurements (10 s; 1000s -1 ). Five samples of each product were analyzed to determine the mean particle size distribution.

In order to investigate the effect of the particle size, the raw material was divided in three sub-populations by sieving using 100µm and 200µm sieves. The resulting batches are referred to as Fine (d<100µm), Medium (100µm < d <200 µm) and Large (200µm <d) fractions, respectively. Figure 1 shows the mean particle size distribution of the three subpopulations together with their main granulometric characteristics and representative ESEM images of each batch.

Thermal Analyses: Differential Scanning Calorimetry

Differential scanning calorimetry (DSC Q100-TA Instruments) was carried out on the raw anhydrous lactose and on samples after hydration. Between 8 and 12mg of powder from each sample was loaded into 40μL aluminum pans. The pans were then sealed with an aluminum lid and placed into the autosampler of the calorimeter. Samples were analyzed over a temperature range of -40°C to 250°C, using a heating rate of 5°C/min.

The DSC curves for raw anhydrous lactose (Meggle DuraLac® H) and raw α-lactose monohydrate (FlowLac®) confirmed that a small amount of lactose monohydrate (characterized by a slight endothermic peak between 100°C and 150°C due to dehydration [START_REF] Brittain | α-Monohydrate Phase in Lactose by DSC[END_REF]) was present in the raw anhydrous lactose. This was also verified by the XRD analysis presented in the next section. Taking into account the heat of dehydration of lactose monohydrate (163 kJ•kg -1 ), its amount in raw anhydrous lactose was estimated to 4.2%.

X-ray Diffraction

Approximatively 50 mg of each sample (lactose 1 and 2) was analyzed in a Bruker D8 Advance diffractometer equipped with a Lynxeye-XE detector using the CuKα radiation (Ni filter, λ =1.5418A). The X-ray powder diffraction (XRD) pattern was recorded from 10° to 50° (2θ) with a step size of 0.02° and counting time of 5 sec/step. The position of peaks in the diffractograms (2θ) was used to determine the interplanar distances (dhkl) following Bragg's law. The dhkl values were compared to standard powder diffraction data in the literature (ICDD PDF4+ database).

The XRD patterns for lactose samples confirmed also the presence of some anhydrous α-lactose (characteristic peaks 27° and 28°) as well as traces of α-lactose monohydrate in the anhydrous sample.

Specific surface analysis by gas adsorption

The specific surface area measurements were carried out using N2 adsorption method (ASAP 2010, micromeritics) and the BET (Brunauer, Emmett and Teller) theory was applied to the data from the sorption-desorption isotherm. The analyses showed no presence of microporosity. The specific surface area calculated from the BET model was found to be 1.2 m².g -1 for the anhydrous sample and 0.9 m².g -1 for lactose monohydrate. These results indicate that the specific surface area is mainly due to the external surface of particles. The higher value of the specific surface area measured by BET with respect to the particle size analysis is very likely due to the presence of roughness and fine particles in the sample.

Dynamic Vapor Sorption

The sorption isotherms and sorption kinetics of samples were determined using a gravimetric dynamic sorption analyzer (SPS23, ProUmid GmbH & Co, Germany). This is a multisampling instrument capable of simultaneous measurement of water vapor sorption isotherms on up to 23 samples. All samples are maintained in a temperature and humidity controlled chamber (±0.6%) and are sequentially weighed using a high precision microbalance (±10 µg).

Prior to experiments samples were kept in a refrigerator (3-4°C) and put in a desiccator for 48h. About 0.5 g of each sample was poured in an aluminum pan (50mm diam. and 10 mm height) so that a very thin layer of powder was formed. Preliminary measurements showed that for powder quantities less than 1 g, the sorption kinetics were not affected by the external diffusion, and thus were independent of the quantity of sample. After filling, the pans were placed on a tray, which was then introduced to the SPS analyzer. The samples were first dried at 0% RH and the set temperature. The reference temperature was 25°C but experiments were also been carried out at 30, 35 and 40°C. The duration of the drying step varies according to the initial state of the powder and is automatically managed by the apparatus. In practice, drying continues as long as the weight of the samples varies. A minimum duration of 48 hours was however imposed to guarantee proper drying of the samples. The mass of each sample at the end of this step was considered as its reference mass. Then the samples were exposed to successive jumps of relative humidity (step function) at constant temperature (25, 30, 25 or 40°C) until the equilibrium was reached.

After, the desorption cycle was conducted by a step-by-step decrease of the RH down to zero. The value of the water uptake was recorded every 10 minutes. The criterion for equilibrium was set as / < 1 × 10 % • and the minimum and maximum time per step were set as 1h and 6h, respectively.

The dynamic water vapor sorption analyses using the SPS device were also performed to investigate the hydration kinetics of anhydrous lactose powder. To establish isothermal sorption-desorption kinetics, the samples were first dried at 0% RH and the set temperature.

Then, the samples were exposed to a constant relative humidity and temperature for known periods of time. Once the humidification step was complete, the samples were dried again at 0% RH and the set temperature until equilibrium is reached. The difference between the final mass of the sample and the reference mass was then calculated and considered as the mass of water that took part in the hydration reaction. The experiments were carried out for different hydration times and for all combinations between temperatures ranging from 15°C

to 40 °C by 5°C step change and relative humidities ranging from 70% to 95% by 5% step change by changing one parameter at a time. Using the 11-sample holder tray, it was possible to analyze 9 samples (i.e., 3 samples of each batch S, M and L, in triplicate) at a time during each experiment.

Caking experiments

A series of experiments was carried out to assess the caking tendency of anhydrous lactose samples owing to their crystallization. The caking procedure included the sample preparation, the caking test itself, and the characterization of the resulted cakes. The main objectives were to assess the caking tendency of products, to identify the main mechanism of caking and the range of operating conditions to obtain sufficiently resistant cakes and reliable results, as well as to carry out a parametric and kinetic study of the caking process.

The experimental equipment and procedures have been described in detail in a recent publication [START_REF] Afrassiabian | A study on the caking behaviour of binary mixtures of lactose due to solid-state crystallisation of the amorphous phase[END_REF]. In this article, we will only briefly present the operating principle of the installation and tests.

Caking cells and preparation of samples

Prior to any caking test, the powder samples were placed in a desiccator containing silica gel for at least 48 hours. The samples of lactose powder were prepared in single plastic cells (40 mm ID, 23mm height). The cells allow for obtaining caked samples, which are demolded then characterized by post-caking tests ( §4.3). A porous disc (class 40) in stainless steel, 38.65 mm diameter and 3 mm thickness, was first placed at the bottom of the cells.

The powder (~20 g) was then poured into the cell to obtain a bed of powder under identical initial conditions. Then the surface was cleanly trimmed. A second porous disk was gently deposited in the top of the powder bed. Each cell and its two accompanying porous discs were weighed with a microbalance (±10 -4 g) prior to sample loading and then again after sample loading to determine the mass of powder present.

Experimental caking device

The caking experiments were conducted using a homemade piece of equipment called OLAF (Open-Loop Air Flow, UTC, France) caking device [START_REF] Afrassiabian | A study on the caking behaviour of binary mixtures of lactose due to solid-state crystallisation of the amorphous phase[END_REF][START_REF] Afrassiabian | Multiscale investigation of caking phenomenon of polymorphic powders: from physico-chemical aspects to industrial applications[END_REF]. The OLAF device consists of six cylindrical chambers that can each accommodate independently one sample of powder.

To prepare a cake, the cells are filled as explained in the previous section and placed on a rack and desired pressures are applied by placing appropriate weights onto them. The base of the sample holder is fixed on a location provided with a sealing ring to ensure the closure between the upper part and the lower part and to guarantee that the air passing through the caking cell necessarily crosses the bed of powder. A plastic perforated junction piece is placed between the weight and the sample to ensure that the sample remains exposed to the required environmental conditions throughout the experiment. The range of pressures used was 5, 10, 15, 20 and 25kPa. Once the pressure is applied, each cell is isolated independently using a cylindrical tube hermetically closed by a lid. A rubber seal placed between the cover and the rack ensures the airtight closure of the chamber. The assembly is then placed inside an enclosure with regulated temperature and RH. A control unit controls the relative humidity (0-90%) and the temperature inside the chamber. Soft cake, splitting into large pieces when handled. Each piece remained intact but uniaxial compression test could not be applied Cat IV. Hard, well-defined cake, remaining in one piece when handled so that uniaxial compression test could be carried out.

Only the mechanical properties of the last two categories could be characterized by further tests. The yield stress properties of the samples of the forth categories were assessed by uniaxial strength tests, whereas for the third category, a sieving (rotating pan) test was developed and used.

Mechanical resistance tests

Following the caking experiment, the cells were first weighed once more to determine the amount of water absorbed by the samples. The hardness of the lactose cakes was assessed with a Shimadzu tensile testing machine. The device is capable of measuring force and displacement using integrated software. Different attachments to the device enabled the determination of the radial and shear stresses that the caked samples could withstand.

The radial setting of the device was used for caked samples from the humidity chamber.

Each sample was carefully removed from its cell and placed onto the Shimadzu base plate.

During testing, the crosshead and attached compression plate were lowered at a constant rate (1 mm.s -1 ) onto the sample until the sample fractured. Preliminary tests showed that the yield stress was not affected by the lowering velocity which shows that viscous effects do not play a significant role in our case [START_REF] García-Triñanes | Use of organic byproducts as binders in the roll compaction of caustic magnesia[END_REF]. When the sample broke, the test was stopped.

After testing, the samples were labelled, photographed and stored in a refrigerator. Both raw and caked samples were sent away for X-ray diffraction analysis (XRD), DSC analysis and scanning electron microscope imaging.

Sieving test

For weak caking powders (cat. III) a sieving test was conducted on the caked samples to assess the extent of caking. It consists of a rotating sieve (1 mm aperture) placed horizontally on the top of a balance. The caked sample is placed inside the pan and the pan rotates at a given rate (1 mm.s -1 ). The mass of powder passing through the sieve is monitored to determine the rate of attrition. The rate was then fitted with a first order kinetics law, the rate constant of which was determined to characterize the caking tendency of samples.

3 Results and discussion The monohydrate sample presents a type IV isotherm with a small hysteresis corresponding to the existence of some mesoporosity. The isotherm can be well represented by conventional GAB model within the activity range of 0 and 0.8. However, the anhydrous sample shows a more complex behavior. In fact, the water sorption of anhydrous lactose is much higher than that of monohydrate lactose. The high extent of water sorption cannot be attributed to only the adsorption phenomenon, otherwise the water content of anhydrous and monohydrate powders should be of the same order of magnitude. The high water sorption is due to the hydration reaction of anhydrous lactose giving rise to the formation of lactose monohydrate. This hypothesis is corroborated by the large difference observed between the sorption and desorption curves, which corresponds to the quantity of water that took part in the hydration reaction. In reality, it is not possible to measure the sorption or desorption isotherm of anhydrous lactose because the product evolves with hydration and the results depend on the duration of each step and the criterion set for equilibrium.

Therefore, the data presented in the Figure 2 is valid only for the specific criteria of our measurements.

Figure 3 presents data related to the rate of water uptake for medium-sized particles.

Experiments were carried out in triplate at T=25°C and RH=80%. All the experimental results obtained at other operating conditions closely followed the kinetic trends shown in this figure. The reproducibility of tests was very good (e.g., standard deviations do not exceed 1% of the average). In addition, the actual T and RH quickly reach the set point and then the conditions can be considered as constant throughout the experiments.

Figure 3 indicates that the water uptake undergoes a rapid increase as soon as the hydration begins. Beyond this initial period, the water uptake continues to increase but at a less pronounced rate. In order to understand this trend, we must take into account several phenomena that take place simultaneously at the surface and within the particles: water vapor condensation at air-solid interface (adsorption), diffusion of water molecules from the surface towards the center of solid particles (absorption), hydration reaction of anhydrous lactose and, probably, capillary condensation. Among these mechanisms, the adsorption possesses the fastest dynamic. The sharp increase in water uptake at the beginning can then be attributed, at least partly, to adsorption, although the contribution of the other two mechanisms should not be neglected completely. This explains why the second part of the sorption curve increases less quickly, indicating that adsorption has reached its maximum level. It should be noticed that in this interval, the water uptake increases almost linearly with time. This can be explained by conversion of anhydrous lactose to lactose monohydrate, which occurs at a lower rate than adsorption. Indeed, for a complete conversion, the theoretical mass gain must be 5% w/w. However, in large majority of tests carried out in this work, in spite of relatively long periods of hydration, the water content of samples remained less than 1% (i.e. the conversion < 20%). In this case, it can be assumed that anhydrous lactose is available in large quantity and is in excess with respect to water.

For higher conversions, it can be expected that the concentration of anhydrous lactose becomes the limiting factor thus leading to a lowering of the sorption kinetics. Therefore, within the range of operating conditions used in this work, the slope, , of the linear part at quasi-steady-state regime provides this information about the overall mass transfer rate between the particles and the surrounding humid air:

: = ! " # -! "% & ' (1) 
where ! " # is the mean molar concentration of water vapor in main body of air and ! "% & is the interfacial concentration of water vapor in air phase, which is assumed to be in equilibrium with the solid phase.

The fact that the slope of this segment is almost constant indicates that the driving force of transfer and then ! "% & does not change significantly during the experiment. If we assume that the latter is in equilibrium with the water content of particles at their surface, ! "% ( , it means that the concentration of water in solid phase, ! " ( , remains almost constant (otherwise ! "% & must decrease and the mass transfer must slow down). The hydration process proceeds then in a quasi-steady-state regime and the flow rate of incoming water by adsorption is equal to the rate of water consumed by the hydration (crystallization) reaction:

= ! " # -! "% & ' = ) * ( ! ̅ & ! ̅ " (2) 
Here, ) is the rate constant of the hydration reaction and * ( is the total volume of particles. ! ̅ & and ! ̅ " are the average concentration of anhydrous lactose and water within solid phase, respectively. Both could be considered as constant at early stages of hydration.

As for the desorption step, the corresponding curve is characterized by a sharp decrease in water content at the beginning, followed by a significant attenuation of drying kinetics thereafter. Again, the sharp decrease at the beginning of dehydration step can be attributed to water desorption from the external surface of particles. Furthermore, the water uptake does not fall back to zero but achieves an asymptotic threshold after almost 360 minutes (i.e. 96 minutes drying). This observation confirms that within the range of temperatures involved in this work, the transformation of anhydrous lactose is an irreversible process. Hence, the terminal point of the desorption curve (point md in Figure 3) corresponds to the net amount of water consumed by the reaction. Since the reaction substantially slows down during desorption, we conventionally assign the point md to time, th, that is, the point of transition from hydration to dehydration step. Note that the difference between the ordinates of the two terminal points, mh and md (designated by ∆m), corresponds to the total amount of water involved in non-reactive mechanisms (i.e. absorption and adsorption). In order to better understand the relative importance of these mechanisms, the previous experiment was repeated for longer durations of time. The results are presented in Figure 4. Expectedly, the highest variation takes place during the first cycle for which both adsorption and conversion increases rapidly. The conversion continues to grow in subsequent cycles but at a slower pace. This initial higher conversion rate is most likely due to the presence of anhydrous α-lactose in samples, as it was verified by XRD experiments. The presence of sub-micron particles at the surface of particles (see ESEM images in Figure 1) enhance certainly this step.

We can assume that after this first period, the reaction can only occur with more stable β polymorph of anhydrous lactose, which constitutes the major component of the powder. A further analysis of the data shows that the difference between the sorption and the desorption endpoints for successive cycles (i.e. ∆mi), decreases progressively. Reminder that this difference corresponds to the mass gain due to both adsorption and absorption. If we make the assumption that the humidification does not change the fine structure of particles (size, shape, specific surface area, porosity, roughness) the mass gain due to adsorption must be the same from one cycle to another. Hence, the decrease in ∆mi might arise from a decrease of the amount of absorbed water, which seems normal taking into account that less espace is available for water in the solid matrix as the reaction progresses. With these hypotheses, the limit value of ∆mi when the conversion tends hypothetically to 100% (i.e., mdi tends to 0.05) might correspond to the net contribution of adsorption. This (together with the assumption that the second part of the dehydration, characterized by a low rate, corresponds to the internal diffusion of water) also means that for initial stages of hydration, at the sorption endpoint, unreacted water is still available inside the solid, which indicates that the reaction might constitute the limiting step of the process. This will be even more the case at the end of the process when anhydrous lactose runs out inside the system.

In what follows, a parametric study of the effect of particle size, temperature, T, and relative humidity, RH, is presented on the basis of principal characteristics of the sorptiondesorption kinetics and the characteristic information presented in Figures 4, namely the hydration curve, the consumption curve (locus of dehydration endpoints, % ) and the quasi-steady-state conversion rate (slope of hydration curve).

Effect of the particle size

Figure 5 presents a comparison between the sorption-desorption isotherms obtained for three different populations of particles, namely Fine (d<100 µm), Medium (100<d<200)

and Large (d>200 µm). Several successive cycles of hydration-dehydration were performed.

Unexpectedly, no significant effect of particle size on sorption-desorption isotherms of these different samples is observed. All samples show very similar kinetics. This behavior could be explained by two hypotheses. First, as can be seen from ESEM images presented in Figure 1, whatever the population used (Fine, Medium or Large), the particles appear to be composed of smaller size crystals. In this case, rather than the size of the parent particles, it is the size of the elementary crystals that is important. The results then indicate that the size of these crystals is identical in the three populations used. This result corroborates with the specific surface analyses ( §2.4) which indicated the same specific surface for all three lots of anhydrous lactose (F, M and L). Another hypothesis is that the rate-limiting step of the mass transfer process is the crystallization reaction. In other words, the rate of the reaction would be very low with respect to adsorption and intragranular diffusion. As a result, the particles size does not play an important role because it only intervenes in the adsorption and diffusion steps. This hypothesis would indicate that after the initial rapid rise phase of water content, the particles become (and remain) saturated and that further transfer of water is governed by the reaction rate. The results show a progressive increase of both hydration and conversion curves with relative humidity. This trend can be explained by one or both of the following assumptions:

Effect of the relative humidity

-An increase in the internal diffusion coefficient with the increase in RH. Some authors do consider that the coefficient of diffusion is a function of both the temperature and the moisture content of particles. For example, Chu and Hustrulid [START_REF]Numerical solution of diffusion equations[END_REF] proposed the following relation:

, = -, ./ (3) 
where 0 is the water content of particles and 1 and -, are temperature dependent constants. Although the physical phenomena underlying this variation of the diffusion coefficient with the water content are not well explained, this trend has been experimentally confirmed by some investigators [START_REF]Numerical solution of diffusion equations[END_REF][START_REF] Mourad | Séchage intermittent de maïs en lit fluidisé à flottation : étude expérimentale et modélisation[END_REF][START_REF] Mourad | Séchage de maïs en lit fluidisé à flottation. I: étude expérimentale de la cinétique de séchage[END_REF][START_REF] Mourad | Séchage de maïs en lit fluidisé à flottation II: modélisation de la cinétique de séchage[END_REF].

-The second explanation could be the increase of the driving force of internal mass transfer with increasing relative humidity. According to the theory of boundary layers, by making the assumption that at the solid-gas interface the two phases are in equilibrium, the conditions at the interface (particle's surface) could be described by the water vapor sorption isotherm of solids. If we consider that the transfer resistance lies inside the particle, the margin of increase for water content (concentration) on the surface of the solid (which corresponds to the equilibrium conditions and is given by the sorption isotherm) is higher at higher RH. This increase is generally well represented by conventional sorption models of the BET or GAB type. This then leads to a subsequent increase in the driving force of the internal diffusion.

At this point, it is difficult to definitively confirm the relevance of either of these two hypotheses. However, the first hypothesis assumes an exponential acceleration of diffusion over time (i.e., as the absorption progresses), which is not confirmed in this study (Figures 4 and5). Moreover, the link between RH and the moisture content does not appear directly in this model. Finally, if the chemical reaction is the limiting step (as it seems to be the case here), the increase of the diffusion coefficient should not significantly affect the conversion rate.

Regarding the second explanation, to verify its relevance, it is necessary to know the equilibrium conditions at the solid-gas interface. Assuming that the driving force of the transfer is proportional to the water concentration at the surface of the particles, ! "% ( , it can be expected that the hydration curve will follow the same trend as the product sorption isotherm (! "% ( 2 . ! "% & ). Unfortunately, because the absorption phenomenon and the crystallization reaction occur in parallel with adsorption, the sorption isotherm of anhydrous lactose cannot be established precisely experimentally. Normally, the isotherm must vary between the two isotherms presented in Figure 2-a and -b for anhydrous and monohydrate lactose, respectively. Although it is not possible to know exactly this information, the sorption isotherms presented in this figure show a regular variation of the water content of the solids between 70% and 95% RH. This can explain qualitatively the trend observed for the hydration kinetics.

As for the conversion, Figure 6-b shows a regular increase of this parameter with relative humidity. This increase can be attributed to the subsequent increase in the water content (concentration) of particles, which accelerates the reaction kinetics. As can be seen, the increase is almost linear with RH, i.e., an increase of RH of a given ratio leads to an increase of the conversion rate by almost the same ratio. Note that the amount of free water available in the particles corresponds to the difference between the hydration and dehydration (conversion) endpoints, denoted by ∆m. If we take the values obtained at RH=70% as a base of comparison, we can see in Figure 7 that for a given time, the rate of increase of water consumption (conversion rate) at different RH ( 4,6% 4,7 % 4,7 %

) varies almost linearly with the rate of excess of the amount (concentration) of free water, (

∆ 6% ∆ 7 % ∆ 7 %
).

This linearity indicates that the crystallization reaction is of the first order with respect to water concentration.

Effect of temperature

Figure 8 shows the time variation of conversion data at different temperatures. It appears from the results that the increase of temperature leads to an increase of the conversion rate. This behavior can be easily explained by the increase of the kinetic constant with respect to temperature as stated by a classical Arrhenius law.

It is possible to establish, from the data presented here, a kinetic law for the apparent kinetics of the crystallization process. Assuming that for low conversions the concentration of anhydrous lactose is in large excess so that it can be considered constant and that the reaction is of first order with respect to the water, the apparent rate constant of the reaction is given by:

9 : = ) * ( ! ̅ & ! ̅ " = ;! ̅ " (4) 
or :
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where 9 : is the rate of lactose monohydrate formation (or anhydrous lactose disappearance), ; is the apparent rate constant of reaction, ! ̅ " is the concentration of water and < & is the fractional conversion of anhydrous lactose. Note that the conversion can be obtained by the following relation:

< & = ? (6) 
where ? corresponds to the final amount of water once all the anhydrous phase has been converted. The theoretical value of ? calculated from a stoichiometric balance is 5%.

Hence, excluding the first part of rapid conversion at the beginning of sorption (which means that the origin is considered to be t=250 min.), the reaction rate can be deduced from the derivative 4 (i.e., the slope of the conversion curve at quasi-steady-state regime).

The apparent rate constant ; can be estimated using the conventional integral method of kinetics data analysis. According to this method, if the hypothesis of a first order kinetic law is relevant, the variation of @-ln=1 -< & >C as a function of time, t, must be a straight line passing through the origin whose slope is equal to the constant ;. Figure 9-a shows that a first order law fits the data relatively well. The fitted values of ; (slopes) are also reported in this figure.

The pre-exponential factor and the activation energy calculated using an Arrheniustype relationship for ; (Figure 9-b) were 44504 J.mol -1 and 1736 min. -1 , respectively. They can therefore vary according to the size of the particles and operating conditions. A further analysis of the results, based on a phenomenological modelling of the process, is necessary to better elucidate the effect of parameters. However, for the experimental study of caking presented in the following section, this is not an obstacle because the tests were carried out with the same products as those studied so far.

Caking experiments

In order to study the kinetics of caking, a series of experiments was carried out at different operating conditions (T, RH, t) using the caking devices presented in section §2.6.

Note that preliminary experiments showed that in the range of pressure used (5 to 25 kPa), this parameter had no significant effect on the caking behavior of powders [START_REF] Afrassiabian | Multiscale investigation of caking phenomenon of polymorphic powders: from physico-chemical aspects to industrial applications[END_REF]. This behavior has been also reported for mixtures of monohydrate and amorphous lactose and has been attributed to the rigid nature of particles [START_REF] Afrassiabian | A study on the caking behaviour of binary mixtures of lactose due to solid-state crystallisation of the amorphous phase[END_REF][START_REF] Afrassiabian | Multiscale investigation of caking phenomenon of polymorphic powders: from physico-chemical aspects to industrial applications[END_REF]. The tests were then carried out at a constant pressure of 15 kPa.

Hard caking

All tests were performed at two different temperatures, 25°C and 35 °C and at a constant pressure of 15kPa. Furthermore, a series of tests carried out at three different air flowrates (5, 10 and 15 NL.min -1 ) revealed no significant effect of this parameter. This result is not surprising taking into account that the rate limiting step of process is the crystallization reaction and not the external mass transfer. Hence, the air flowrate was set to 15 NL.min -1 (i.e. the most favorable conditions for caking). All experiments were conducted in triplicate.

Figure 10 shows the time evolution of the yield strength of category IV cakes obtained at different RH and T conditions. It can be seen that after a first period of increase, the yield strength becomes constant and undergoes no further significant variation over time.

Furthermore, the threshold value seems to be temperature independent, where increasing the temperature has two main effects. It accelerates the caking rate and shortens the time after which the threshold value is achieved. This allows caking at a lower relative humidity for which no category IV cake was obtained at the lower temperature limit.

Differential scanning calorimetry was used to provide a more quantitative assessment of the compositions of both the raw material and the caked samples. The DSC curves for raw anhydrous lactose and a selection of caked samples obtained at 25°C after 24 hours of humidification at different RH showed a progressive increase of the characteristic endothermic peak (between 100°C and 150°C) relative to dehydration of water from the lactose monohydrate. The amount of lactose monohydrate present in samples was calculated by comparing the dehydration enthalpies measured in DSC analysis with the dehydration enthalpy for pure lactose monohydrate. The corresponding values of the amount of monohydrate lactose deduced from DSC data are gathered in Table 1. The calculated amount of monohydrate lactose obtained by this technique is in very good agreement with the results obtained by DVS measurements (Figure 6-b). This result confirms that a partial phase transition from anhydrous lactose to lactose monohydrate occurs during the process. The DSC curves for cakes stored in higher relative humidity exhibited larger dehydration endotherms that implies that more conversion to lactose monohydrate occurred under these conditions. This indicates that the driving force of crystallization is indeed the relative humidity. As we will see later, it was also found that the strongest cakes were formed under conditions of high humidity, which confirms that the formation of lactose monohydrate is the main caking mechanism.

Figure 11 presents the results of the yield strength versus the fractional conversion of anhydrous lactose. Two essential pieces of information can be drawn from these results.

First, category IV caking appears when a minimum conversion rate of 8% is reached. In addition, whatever the operating conditions, the maximum cake resistance is reached for a conversion of the order of 15-17%. No further intensification of the caking beyond this conversion is noticed. These results can be explained by the fact that caking arises from the creation of solid bridges due to crystallization at the surface and contact points between particles. This transformation happens at the first stages of the process. Thus, further progression of the crystallization within the grains does not affect the mechanical strength of the cakes.

Soft caking

Cakes belonging to category III were produced at lower RH (60%, 70% and 75%) compared to the previous series of experiments. The air flowrate and the normal stress were the same as previously, 15 NL.min -1 and 15 kPa, respectively. All cakes were characterized using the rotary sieve test. A typical example of results obtained for a series of experiments conducted during different times at T=25°C and RH=70°C is presented in Figure 12-a. All curves show a progression of the cumulative mass having passed through the rotating sieve that follows a deceleration exponential function characterized with an apparent kinetic constant of , tending to an asymptotic value equal to the initial mass of the sample:

D = D =1 -E > or = -E ln F1 - : : G (7) 
The solid lines in Figure 12 

Conclusion

In this work, we presented a parametric and kinetics study of solid-state crystallization of anhydrous lactose in relation to its caking tendency. The results showed that at under humid conditions, anhydrous lactose crystallizes to its monohydrate polymorph. The limiting step of the crystallization process was the chemical reaction. The most influential parameters were found to be the temperature and the relative humidity whereas the size of particles did not affect the kinetics of transformation. The crystallization rate was of first order with respect to the free water concentration. Furthermore, the rate constants at different temperatures were calculated allowing the estimation of the activation energy of reaction.

Then, a parametric study of caking behavior of anhydrous lactose powder was carried out. The results showed that crystallization does indeed lead to the caking of anhydrous lactose powders. Four major categories of caking were distinguished: non-caking, very soft caking, soft caking and hard caking. The key parameter regarding the extent of caking was found to be the fractional conversion of anhydrous lactose. Hard cakes were obtained at fractional conversion higher than almost 8%. Their yield strength increased steadily until it reached a conversion of about 15-17%, then stagnated beyond that limit. As for soft cakes, they appear from around 4% conversion.

It should be noted that the results obtained during the caking study are in good agreement with the kinetic study carried out using DVS experiments, and the conversion rates calculated from DSC analysis on caked samples correspond quite well to conversion rates obtained by DVS analysis. Furthermore, the III th and IV th categories of caking could be conveniently superimposed on hydration and conversion kinetics such as those presented in 

3. 1

 1 Figure 2 presents the sorption-desorption isotherms of anhydrous (Duralac® H) and monohydrate (Flowlac®) lactose, respectively.

Figure 6

 6 Figure6shows sorption-desorption kinetics obtained at different RH for several durations. For a better readability of the data, instead of the complete curves, only the

  -b represent the corresponding evolution according to a deceleration exponential function allowing the best fit between the experimental results and the model found by linearization of the previous equation (i.e., the inverse of the slope of the line -ln F1 -

Figure 13 shows

 13 Figure13shows the variation of the characteristic time of attrition, defined as (1/ ), obtained for all weak caked samples as a function of the fractional conversion of anhydrous lactose. As can be seen, this category of caking appears from almost 4% conversion. Despite more scattering of results with respect to yield strength tests, a global trend can be distinguished showing a progressive increase (decrease) of the characteristic time (attrition rate) constant with the fractional conversion of anhydrous lactose.

Figure 5 .

 5 Figure5. This is very important information because it shows that the kinetic laws deduced for the crystallization of anhydrous lactose can be used to predict its caking tendency under conditions other than those experimentally tested in the present work. Taking into account the importance of such a kinetic law, future works will focus on further analysis of the results based on phenomenological modeling of the process.
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 1234 Figure 1: Mean Particle Size Distribution and ESEM images of Fine (F), Medium (M) and large fractions (L) of DuraLac® H Lactose
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 678910111213 Figure 6: Kinetics of water sorption (left) and water consumption (right) obtained at 25°C and various RH

  A flow of air at controlled temperature and RH cross the samples in an open circuit mode with a controlled flowrate. Tests were carried out at two different RH (70% to 90%), two different

	temperatures (25°C and 35°C), two different pressures (10 and 20 kPa) and over different
	operating times.
	2.6.3 Post-caking analyses
	2.6.3.1 Qualitative assessment
	After demolding, the cakes were first examined qualitatively. The qualitative
	observations allowed distinguishing four categories of behavior with respect to caking:
	Cat I.

Not caked/very soft cake, disintegrated to powder or small crumbles when demolded Cat II.

Very soft cake, disintegrated and crumbled when handled Cat III.

Table 1 .

 1 Calculated amount (mass fraction) of monohydrate Lactose obtained after 24h humidification under 15kPa normal stress and at different RH

	RH %	70%	75%	80%	85%	90%
	Monohydrate content	0.036	0.056	0.076	0.109	0.120
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