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This work deals with caking behaviour of lactose monohydrate powders containing small amounts of amorphous lactose. The objective was to elucidate the relation between the caking ability of powder mixtures and the crystallisation behaviour of amorphous lactose. Binary mixtures consisting of amorphous lactose and α-lactose monohydrate were prepared and tested using an accelerated caking test. Amorphous lactose samples were prepared using the freeze-drying process. Two caking devices were developed to characterize the caking ability of powders. The effect of amorphous content, relative humidity, temperature and pressure on the caking behaviour of samples was investigated. The results showed that the presence of even small amounts of amorphous lactose (as low as 0.125%) could cause caking. The more influencing parameters were found to be the relative humidity and the temperature whereas the pressure had no significant effect. The caking behaviour was shown to be closely linked with crystallisation extent and kinetics. A dimensionless time based on Avrami model for crystallisation rate was defined allowing unifying the experimental data.

Introduction

This work presents the results of an experimental study on the caking of lactose monohydrate powders containing small quantities of amorphous lactose. In fact, because the α-lactose monohydrate is the most stable polymorph of lactose, in the pure state it is not subject to caking. However, like most food products, the production process of lactose includes a drying step, which leads to appearance of small particles or thin layers of amorphous lactose [START_REF] Carpin | Caking of lactose: A critical review[END_REF]. The presence of this amorphous phase, even if only in very small quantities, can tip the stability of lactose monohydrate. One of the main consequences of this instability is the advent of the caking phenomenon due to the presence of the amorphous phase, within or around the lactose particles.

Most of the work reported in the literature has addressed the problem of caking of amorphous powders under an angle of their propensity to deform and creep above the glass transition [START_REF] Descamps | Glass transition and flowability/caking behaviour of maltodextrin DE 21[END_REF][START_REF] Descamps | The amorphous state of spray-dried maltodextrin: sub-sub-Tg enthalpy relaxation and impact of temperature and water annealing[END_REF][START_REF] Descamps | Modeling the sintering of water soluble amorphous particles[END_REF][START_REF] Hartmann | Caking of amorphous powders -Material aspects, modelling and applications[END_REF][START_REF] Palzer | The effect of glass transition on the desired and undesired agglomeration of amorphous food powders[END_REF][START_REF] Fitzpatrick | Glass transition and the flowability and caking of powders containing amorphous lactose[END_REF]. However, it is now well established that amorphous powders including lactose or other sugars can undergo solid phase crystallisation when exposed to the ambient humidity [START_REF] Carpin | Caking of lactose: A critical review[END_REF][START_REF] Baghel | An investigation into the crystallization tendency/kinetics of amorphous active pharmaceutical ingredients: A case study with dipyridamole and cinnarizine[END_REF][START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF][START_REF] Chandrapala | Properties of spray dried lactose powders influenced by presence of lactic acid and calcium[END_REF][START_REF] Clark | Amorphous Lactose Crystallisation Kinetics[END_REF][START_REF] Fan | Structural strength and crystallization of amorphous lactose in food model solids at various water activities[END_REF][START_REF] Haque | Crystallization and X-ray diffraction of spray-dried and freezedried amorphous lactose[END_REF][START_REF] Ibach | Crystallization kinetics of amorphous lactose, whey-permeate and whey powders[END_REF][START_REF] Kedward | Isothermal and non-isothermal crystallization in amorphous sucrose and lactose at low moisture contents[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] Listiohadi | Moisture sorption, compressibility and caking of lactose polymorphs[END_REF][START_REF] Mcintosh | Crystallization of amorphous lactose at high humidity studied by terahertz time domain spectroscopy[END_REF][START_REF] Miao | Crystallization Kinetics and X-ray Diffraction of Crystals Formed in Amorphous Lactose, Trehalose, and Lactose/Trehalose Mixtures[END_REF][START_REF] Roos | Phase Transitions in Foods[END_REF][START_REF] Schmitt | Nucleation and Crystallization Kinetics of Hydrated Amorphous Lactose Above the Glass Transition Temperature[END_REF][START_REF] Seliger | Crystallization of an amorphous solid studied by nuclear quadrupole double resonance[END_REF][START_REF] Clark | Amorphous lactose crystallisation kinetics[END_REF]. This crystallisation whose kinetics accelerates with the difference of the temperature with respect to the glass transition temperature of the product (T-T g ) can lead to formation of solid bridges between particles and to subsequent caking [START_REF] Carpin | Caking of lactose: A critical review[END_REF][START_REF] Carpin | Lactose caking: Understanding the mechanisms as a route to prevention[END_REF]. However, so far, the studies carried out on the solid-phase crystallisation of lactose have focused more on the problems of nucleation/crystallisation and resulting polymorphs [START_REF] Haque | Crystallization and X-ray diffraction of spray-dried and freezedried amorphous lactose[END_REF][START_REF] Miao | Crystallization Kinetics and X-ray Diffraction of Crystals Formed in Amorphous Lactose, Trehalose, and Lactose/Trehalose Mixtures[END_REF][START_REF] Chen | Thermal and X-ray Diffraction Analysis of Lactose Polymorph[END_REF][START_REF] Haque | Differences in the physical state and thermal behavior of spraydried and freeze-dried lactose and lactose/protein mixtures[END_REF][START_REF] Jouppila | Glass Transition, Water Plasticization, and Lactose Crystallization in Skim Milk Powder[END_REF][START_REF] Potes | Crystallization in Amorphous Lactose-Maltodextrin Mixtures[END_REF],

kinetics (e.g. [START_REF] Baghel | An investigation into the crystallization tendency/kinetics of amorphous active pharmaceutical ingredients: A case study with dipyridamole and cinnarizine[END_REF][START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF][START_REF] Clark | Amorphous Lactose Crystallisation Kinetics[END_REF][START_REF] Ibach | Crystallization kinetics of amorphous lactose, whey-permeate and whey powders[END_REF][START_REF] Miao | Crystallization Kinetics and X-ray Diffraction of Crystals Formed in Amorphous Lactose, Trehalose, and Lactose/Trehalose Mixtures[END_REF][START_REF] Clark | Amorphous lactose crystallisation kinetics[END_REF][START_REF] Das | An activated-state model for the prediction of solid-phase crystallization growth kinetics in dried lactose particles[END_REF][START_REF] Lifran | Crystallisation kinetics of lactose in the presence of lactose phosphate[END_REF][START_REF] Peleg | Non-Arrhenius and non-WLF kinetics in food systems[END_REF]) and stability of the product (e.g. [START_REF] Fan | Structural strength and crystallization of amorphous lactose in food model solids at various water activities[END_REF]) than on the caking phenomenon itself. Hence, the present work attempts to elucidate the role of crystallisation of the amorphous content on the caking of α-lactose monohydrate powders.

Short literature survey on water sorption and solid-phase crystallisation of lactose

The phenomena of water sorption and subsequent crystallisation of amorphous lactose due to humidification are quite well documented and described in the literature.

Several authors have studied the sorption of water by amorphous lactose produced by freeze drying or spray drying [START_REF] Jouppila | Water Sorption and Time-Dependent Phenomena of Milk Powders[END_REF][START_REF] Lloyd | Glass transition and caking of spray-dried lactose[END_REF][START_REF] Sebhatu | The effect of moisture content on the compression and bond-formation properties of amorphous lactose particles[END_REF][START_REF] Bronlund | Moisture sorption isotherms for crystalline, amorphous and predominantly crystalline lactose powders[END_REF][START_REF] Foster | The prediction of moisture sorption isotherms for dairy powders[END_REF]. All these works show that when exposed to ambient humidity, amorphous lactose is able to retain significant amounts of water (i.e. up to about 12% w/w). This increase in the water content of amorphous lactose with moisture is independent of the particle size and exceeds what can be expected from adsorption on the surface of the particles. This shows that the mechanism underlying the water uptake corresponds to the absorption phenomenon. Several investigators have established sorption isotherms of amorphous lactose for water activities varying from 0 to 0.5. Clark [START_REF] Clark | Amorphous Lactose Crystallisation Kinetics[END_REF] provided a comparison of some data reported in the literature. All these data show a progressive increase of the water uptake from 0 to about 0.10 (g of water/g of dry powder)

when the water activity varies from 0 to 0.4.

According to the literature, at room temperature, the crystallisation of amorphous lactose takes place beyond a relative humidity of 50%. However, the crystalline forms at which the reaction results are different dependent on the relative humidity. According to Bronlund [START_REF] Bronlund | Moisture sorption isotherms for crystalline, amorphous and predominantly crystalline lactose powders[END_REF], at low relative humidity (RH<55%) β-lactose and α-lactose anhydride are obtained. When sufficient amount of water is available (RH>55%), α-lactose monohydrate is preferentially formed. In general, low temperature and high RH favour the formation of αlactose monohydrate whereas β-lactose appears preferentially at higher temperatures. In all cases, the crystallisation results in a mixture of different crystalline forms. For example, Miao

and Roos [START_REF] Miao | Crystallization Kinetics and X-ray Diffraction of Crystals Formed in Amorphous Lactose, Trehalose, and Lactose/Trehalose Mixtures[END_REF] findings showed that freeze-dried amorphous lactose stored at 54.5%, 65.6%, 76.1% RH crystallizes into a mixture of α-lactose monohydrate, anhydrous β-lactose and anhydrous α-lactose in 5:3 and 4:1 molar ratio. Schmitt et al. [START_REF] Schmitt | Nucleation and Crystallization Kinetics of Hydrated Amorphous Lactose Above the Glass Transition Temperature[END_REF] also found that at 57.5%

RH, amorphous lactose crystalizes in a mix of α-lactose monohydrate and anhydrous βlactose. However, Nijdam et al. [START_REF] Nijdam | An X-ray diffraction analysis of crystallised whey and whey-permeate powders[END_REF] found that at higher temperatures, ranging from 50°C to 110°C, only negligible amounts of α-lactose monohydrate forms and the mixture is composed of anhydrous forms of α and β lactose.

Figure 1 provides a typical example of the variation of the kinetics of water sorption and desorption when an amorphous lactose is first dried and then exposed to a high relative humidity allowing crystallisation to be initiated. This type of variation for amorphous lactose has been reported by several investigators [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF][START_REF] Ibach | Crystallization kinetics of amorphous lactose, whey-permeate and whey powders[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] Jouppila | Glass Transition, Water Plasticization, and Lactose Crystallization in Skim Milk Powder[END_REF][START_REF] Vollenbroek | Determination of low levels of amorphous content in inhalation grade lactose by moisture sorption isotherms[END_REF] and could be generalized for many other amorphous materials (e.g. sucrose). This curve indicates a first drying step where the mass of the sample exposed to dry air decreases. After a step change of RH to a level that allows crystallisation, the mass of the sample increases rapidly due to the absorption of water to reach a new plateau. After a period of latency, called onset time, the sample begins to lose a significant amount of water. This characteristic mass loss issue has been assigned, by many investigators [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF][START_REF] Ibach | Crystallization kinetics of amorphous lactose, whey-permeate and whey powders[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] Jouppila | Glass Transition, Water Plasticization, and Lactose Crystallization in Skim Milk Powder[END_REF][START_REF] Vollenbroek | Determination of low levels of amorphous content in inhalation grade lactose by moisture sorption isotherms[END_REF], to the crystallisation of amorphous lactose. Once crystallisation is complete, further increase of RH leads (not shown in Fig. 1) only to a small mass increase due to adsorption. The onset time can be determined from the first derivative of the mass versus time (shown by grey line in Fig. 1) by the point of interception with the x-axis. Moreover, the maximum point of this curve corresponds to the maximum rate of transformation. Assuming that the rate limiting step during the mass loss period is crystallisation (i.e. diffusion and desorption are relatively fast), the data have been used by several authors to establish a rate law for crystallisation. The two major families of models, most used to fit the data, are Avrami equation and Williams-Landel-Ferry (WLF) equation (both being empirical). Other models have also been proposed based on Hoffman and Arrhenius equations. Peleg et al. [START_REF] Peleg | Non-Arrhenius and non-WLF kinetics in food systems[END_REF] established also non-Arrhenius and non-WLF kinetics for food systems. However, all these models remain equally empirical and do not bring further mechanistic understanding of the system. Therefore, in which follows, only Avrami model, which has been able to adequately represent the results, will be considered.

The general form of Avrami equation is:

= 1 - -
where is the crystalized fraction of amorphous lactose, is the rate constant of the model, is time and is the Avrami exponent. Originally, this model was established to describe isothermal phase transformations (including crystallisation) in solids. It applies more particularly to the description of the kinetics of crystallisation, which is often characterized by low rates of evolution at the beginning as well as at the end of transformation, passing through a maximum in an intermediate period. This model can be criticized in the sense that there is no clear physical interpretation of the constants and .

Initially was assumed to have an integer value between 1 and 4, and had to reflect the nature of the transformation. For example, a value of =4 could be attributed to threedimensional growth at constant germination rate whereas if the nuclei are all present at the beginning, the transformation is due to growth and is equal to 3. Furthermore, if the germination occurs only at particular sites (such as grain boundaries or impurities), which are saturated rapidly after the start of processing, the transformation begins with a germination and free growth stage which leads to high values of [START_REF] Descamps | The amorphous state of spray-dried maltodextrin: sub-sub-Tg enthalpy relaxation and impact of temperature and water annealing[END_REF][START_REF] Descamps | Modeling the sintering of water soluble amorphous particles[END_REF].

(

In addition, if the distribution of the sites is regular, growth can be restricted to one or two dimensions (eutectics, dendrites ...). The saturation can lead to values of n equal to 1, 2, or 3

for sites distributed respectively on corner, surface or point sites [START_REF] Cahn | Transformation kinetics during continuous cooling[END_REF]. Bronlund [START_REF] Bronlund | Moisture sorption isotherms for crystalline, amorphous and predominantly crystalline lactose powders[END_REF] suggested a modified form of Avrami model based on the differentiated form of this model and found to be close to 3. He interpreted this observation as a sign of uniform crystalline growth in the three directions of space. However, Das and Langrish [START_REF] Das | An activated-state model for the prediction of solid-phase crystallization growth kinetics in dried lactose particles[END_REF] criticized the Avrami model because criticized the Avrami model because the model does not take into account implicitly (but a posteriori) the effect of concentration, water content and temperature.

Despite these criticisms, in the present work the authors opted to use the Avrami model.

The main justification was that the model was able to present conveniently the experimental results while remaining simple. The objective was more to have a mathematical tool to compare the results than to give them a physical meaning. An alternative to this law is to use WLF model. However, its use is much more complicated because this model needs to know the Glass Transition Temperature, T g , of the products and the its viscosity at the T g which remain difficult to obtain accurately.

However, it should be kept in mind that, from a phenomenological point of view, the mass evolution shown in Fig. 1 is an overall process including several competitive and consecutive steps (diffusion from ambient air toward the particle's surface through the external boundary layer, adsorption, absorption or internal diffusion, nucleation, crystalline growth, water release and water evaporation through the inverse sequence of internal diffusion, desorption and external diffusion). The heat transfer comes also in play because the adsorption, desorption and crystallisation phenomena are all associated with a heat change. However, the limiting phenomenon remains the mass transfer, which is one to two orders of magnitude lower than the heat transfer [START_REF] Ripberger | Mechanism of viscous droplet/solid stickiness during impact investigation of the diffusivity and viscosity of amorphous lactose[END_REF]. Also, several investigations, specially based on comparison of experimental data and phenomenological models, suggested that the diffusion is not the limiting step of the process [START_REF] Bronlund | Moisture sorption isotherms for crystalline, amorphous and predominantly crystalline lactose powders[END_REF][START_REF] Ripberger | Mechanism of viscous droplet/solid stickiness during impact investigation of the diffusivity and viscosity of amorphous lactose[END_REF].

Materials and methods

In the majority of cases, the industrial powders, in particular those obtained by spray drying (as is the case with certain grades of lactose) are an amalgam consisting of crystalline phase and amorphous phase. However, it is practically impossible to reproduce such mixtures with controlled compositions at the laboratory scale. We therefore opted to work with reconstituted mixtures of crystalline and amorphous particles. The latter were prepared in the laboratory by freeze-drying process. Amorphous lactose samples were then incorporated into batches of crystalline particles to obtain the desired compositions of the mixture. The batches thus obtained were used to study the influence of the composition of the mixture as well as the operating conditions on the caking behaviour of the products and the kinetics of the process.

Two series of experiments were carried out. First, a preliminary study using a closedloop air caking device ( §2.1.1) was carried out. These experiments allowed to assess the caking tendency of the mixtures and to identify the range of operating conditions to obtain sufficiently resistant cakes and reliable results. In a second time, a parametric and kinetic study of the caking process were carried out in an open-loop air flow caking device ( §2.1.2), which allows a better control of the experimental conditions.

Solids characterization tests

The true density of samples were measured by Helium pycnometry (Accupyc 1330, Micromeritics). The measurements were carried out on three samples (1 g) of each batch and repeated fivefold for each sample. The mean density was calculated by averaging the fifteen measurements.

The particle size distribution was measured by laser diffraction analysis using a Malvern 2000 analyser 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 analysed to determine the mean particle size distribution.

Differential scanning calorimetry was carried out on samples before and after hydration using a DSC Q100-TA Instruments. Between 8 and 12mg of powder from each sample was loaded into 40μL aluminium pans. The pans were then sealed with an aluminium lid and placed into the autosampler of the calorimeter. Samples were analysed over a temperature range of -40°C to 250°C, using a heating rate of 10°C/min.

X Ray Diffraction (XRD) analyses were performed by 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 sorption isotherms and sorption kinetics of samples were determined using a gravimetric dynamic sorption analyser (SPS23 ProUmid). This is a multisample instrument capable of simultaneous measurement of water vapour sorption isotherms on up to 23 samples. All samples (̴ 1-2 g) are maintained in a temperature and humidity controlled chamber (±0.6%) and are sequentially weighed using a high precision microbalance (±10 µg).

Caking tests and devices

Generally, a caking experiment includes three successive stages [START_REF] Carpin | Caking of lactose: A critical review[END_REF][START_REF] Zafar | A review of bulk powder caking[END_REF][START_REF] Chen | Caking of crystals: Characterization, mechanisms and prevention[END_REF]:

preparation and preliminary characterization of samples, caking test itself, which must be conducted in as controlled conditions as possible.

characterization of cakes obtained.

In the present work, the caking of lactose powders were carried out using two principal items of equipment:

-Closed-Loop AIR flow device "CLAIR". It allows accelerated caking experiments by forced-convection in a temperature and RH regulated cabinet. The airflow passing through the samples circulates in closed circuit. However, the airflow is neither measured nor controlled.

-Open-Loop Air Flow equipment, called "OLAF". This equipment is temperature controlled. A flow of air at controlled temperature and RH passes through the samples in an open circuit mode with a controlled flowrate.

Both of these experimental devices are home-made facilities that have been developed within our laboratory. They have been designed to accelerate the caking process that might normally take weeks or months to occur. Very briefly, the basic idea is to accelerate the caking phenomenon by forced convection under controlled and evenly distributed conditions. The main difference between the two devices lies in the regulation and irrigation systems used in each of them. Both devices are multi-cell and can process up to 6 samples at a time. Specially designed sample-holder cells can be used independently with either device. OLAF provides more reliable results while CLAIR is easier to use and more convenient for preliminary investigations. For both instruments, tests were carried out at two different RH (50% and 80%), two different temperatures (20°C and 25°C), two different pressures (10 and 20 kPa) and over different periods of time.

Closed-Loop AIR flow (CLAIR) caking device

The CLAIR setup can accommodate up to six samples, which are held in place on a rack onto which various pressures can be applied via a perforated junction piece and different weights (Fig. 2-a). The samples are prepared following a rigorously established procedure using special sample-holder cells ( §2. 1.3). The cells are placed on the rack and desired pressures are applied by placing appropriate weights on to 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 guarantee that the air passing through the caking cell necessarily crosses the bed of powder. The 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 can vary between 0.1 to 40 kPa. Once the pressure is applied, the cell can be hermetically closed using a transparent plastic enclosure. 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. The cap of the multi-cell box is equipped with one air inlet in each side for circulating an airflow taken directly from the regulated chamber supplied with a pump. The only possible outlet for the airflow is through the lower porous disc after passing through the bed of powder.

Open-loop air flow (OLAF) caking device

The OLAF device is a homemade instrument consisting of six cylindrical chambers that can each accommodate independently one sample of powder. The cylinders are held in place on a rack, which is placed inside a thermostatically-controlled cabinet (Fig. 2-b).

Different pressures may be applied to the samples by putting various weights onto them as a similar way than for CLAIR device. However, here each sample cell can be isolated independently using a cylindrical tube hermetically closed by a lid (Fig. 2-b). The range of pressures are the same as for CLAIR device.

A forced convective airflow with a specified relative humidity, temperature and flow rate enters the top of each cylinder, passes through the samples and exits via the bottom of the cylinder. The flow of the air can be manipulated between 0 and 15 NL/min. The preliminary experiments showed that the caking was accelerated significantly when the air flowrate raised from 0 to 1 NL.min -1 (corresponding to a superficial velocity of 1.3 m.s -1 across the bed). Beyond this value, the air flowrate had no significant effect. This behaviour can be explained by the fact that the air flowrate affects only the external transfer and at higher air velocities, internal mass transfer becomes the limiting step. Consequently, for all experiments, the air flowrate was set to 5 NL.min -1 (2.2 cm.s -1 ) per cell so that the external resistance to mass transfer could be neglected. The required humidity is generated by mixing a stream of dry air and a stream of air saturated with water vapour. The humidified air stream is obtained by bubbling dry air through distilled water. The available range of relative humidity is 0-95%. A combination of a control unit and software package allows for the modification and monitoring of all variables in the process. For each experimental run, three samples were installed to the caking device, either at the same conditions to evaluate the repeatability or with a different pressure applied to each sample.

Caking cells and preparation of samples

The sample preparation protocol is similar for both CLAIR and OLAF devices. 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 plastic cells. Single cylindrical sample cells were used. The dimensions of cells are given in Fig. 3. The cells allow obtaining caked samples, which are demoulded then characterized by uniaxial compression tests, which allowed to be discriminating enough while remaining relatively easy to perform.

In order to facilitate demoulding for powders having a strong tendency to cake, a plastic tape was placed along the inner edge of the cell.

A porous disc (class 40) in stainless steel, 38.65 mm diameter and 3 mm thickness, was first placed at the bottom of the cell. The powder was then poured to the cell to obtain a bed of powder under identical initial conditions. The initial mass of lactose powder loaded was 18g. 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.

Post-caking analysis

Following the caking experiment, the cells were first weighed once more to establish the amount of water absorbed by the samples. The hardness of lactose cakes was assessed with a Shimadzu tensile testing machine (AGS-X). The device is capable of measuring force and displacement using integrated software. For uniaxial tests, each sample was carefully removed from its cell. They were then placed on the base. 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. After testing, the samples were labelled, photographed and stored in a refrigerator. Both raw and caked samples were analysed by X-ray diffraction analysis (XRD), DSC analysis and scanning electron microscope imaging.

Preparation of mixtures

α-Lactose monohydrate was purchased from Sigma-Aldrich France. The amorphous lactose samples used as model products were prepared by freeze drying. This technique proceeds at very low temperatures at which crystallisation is inhibited. The liquid product is first frozen and then the water is removed by sublimation. The freeze-dried samples were prepared using the α-lactose monohydrate powder. De-ionized water was used for all experiments. α-lactose monohydrate was dissolved in de-ionized water to obtain 20% (w/w) solution using continuous stirring for 24 h at room temperature (~25 °C). The solution thus prepared was then poured, in equal parts, into the 6 glass ampoules (125mL) of the freezedryer. All samples in the glass vessels were frozen in a bath of liquid nitrogen and then subsequently tempered at -80 °C for 6 h prior to freeze-drying using a laboratory freezedryer (Lyovac GT2 Freeze Dryer, Amsco Finn-Aqua GmbH, Steris®, Hürth, Germany). After freeze-drying at 0.1 mbar during 84 hours, the samples were manually crushed and then screened with a 20 μm Alpine sieve. Prior to subsequent analysis and caking tests, the samples were stored in a vacuum desiccators over P 2 O 5 (Sigma-Aldrich).

3 Results and discussion

Sample characterisation

The Sauter mean diameters (d 32 ) measured by laser diffraction technique were 46.7 and 1.0 µm for α-Lactose monohydrate and freeze-dried samples, respectively. The respective median diameters were 180.3 and 3.7 µm.

The true densities of the two amorphous lactose samples were relatively similar and close to 1470 kg.m -3 and that of α-Lactose monohydrate 1529 kg.m -3 .

In addition, we determined the T g of amorphous lactose by thermal analysis. The analyses were carried out following the experimental protocol recommended by Fan and Roos [START_REF] Fan | Structural strength and crystallization of amorphous lactose in food model solids at various water activities[END_REF]. These results show that the freeze-dried product has a T g of 104 °C, which is very close to the value of 105 °C reported in the literature as the T g of completely dry amorphous lactose [START_REF] Haque | Water Plasticization and Crystallization of Lactose in Spray-dried Lactose/Protein Mixtures[END_REF][START_REF] Roos | Solid and Liquid States of Lactose[END_REF]. The small difference can be attributed to the presence of traces of residual water or impurities in the sample.

XRD spectrum of the freeze-dried sample after 48h of desiccation showed that freezedried lactose does have an amorphous structure. This comparison remains however qualitative only and an accurate estimation of the amount of amorphous lactose cannot be made based on this method.

In order to better quantify the amorphous phase, we opted then for dynamic vapour sorption analysis. According to literature [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF][START_REF] Buckton | Water mobility in amorphous lactose below and close to the glass transition temperature[END_REF][START_REF] Saleki-Gerhardt | Assessment of disorder in crystalline solids[END_REF][START_REF] Mackin | Quantification of low levels (<10%) of amorphous content in micronised active batches using dynamic vapour sorption and isothermal microcalorimetry[END_REF], this technique is able to determine amorphous contents, ACn, below 1%. Figure 4-a shows the sorption isotherms (25°C) of the amorphous lactose sample prepared by freeze-drying as well as a representative ESEM image of this sample. These results are consistent with those reported in the literature for amorphous lactose. They highlight an evolution in three phases. In the first phase, a gradual increase in the water content of the samples with water activity is observed. This phase occurs at low water activities ranging from 0 to 0.48. During this period, water is absorbed within the solid matrix. The presence of water will then increase the mobility of lactose molecules (lubricating or plasticizing effect of water). Beyond a critical activity, this mobility becomes significant so that a crystallisation in solid phase occurs. This crystallisation process leads to a release of water that will take place as long as the crystallisation continues. A substantial drop in the water content of the samples characterizes this second phase. The critical activity of crystallisation is close to 0.49-0.50. Finally, a third phase characterized by a low rise in water content is observed. This phase corresponds to the adsorption of water on the surface of the crystalline lactose formed during the second phase. If we consider that initially the sample is totally dried, the fact that the water content after crystallisation remains below 5% (theoretical value for pure lactose monohydrate) shows that the final product is not composed of lactose monohydrate alone but of a mixture of different crystalline polymorphs of lactose. This is in agreement with several works of the literature [START_REF] Miao | Crystallization Kinetics and X-ray Diffraction of Crystals Formed in Amorphous Lactose, Trehalose, and Lactose/Trehalose Mixtures[END_REF][START_REF] Omar | Water sorption and time-dependent crystallization behaviour of freeze-dried lactose-salt mixtures[END_REF][START_REF] Dilworth | Approaches to determine the enthalpy of crystallisation, and amorphous content, of lactose from isothermal calorimetric data[END_REF] who showed that at low temperatures (<25°C) and high RH (>0.55) crystallisation preferentially led to the formation of α-lactose monohydrate with small amounts of other crystalline polymorphs.

Note that at ordinary conditions, the crystallisation process is irreversible. Figure 4-b shows the results of the subsequent cycles of humidification and drying of the amorphous sample after the first crystallisation. Here the reference mass was assumed to be the one recorded when the water activity after the crystallisation cycle returns to zero. As can be seen, the water uptake is much lower than that occurred during the first humidification cycle. The process remains reversible with a slight hysteresis between sorption and desorption cycles. These results indicate that once the amorphous lactose has been transformed into the crystalline phase, the interactions with the water vapour become purely an interface phenomenon. A comparison between the specific surface area determined by BET theory from the results shown in Fig. 4-b and the external surface estimated by the mean particle size of particles confirmed this hypothesis (see appendix A).

Kinetics study of crystallisation

It is also important to consider the rate at which the crystallisation process takes place at different operating conditions. In order to understand the kinetics of crystallisation, we performed a series of sorption measurements using the SPS instrument and an experimental procedure similar than that used by Burnet et al. [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF]. For this series of measurements, we first exposed the samples at a given temperature and 0% RH. Once the balance was established (reference mass), we proceeded to a step change of RH while keeping the temperature constant. The level of RH was chosen in the field where the crystallisation can indeed take place (e.g. T = 25 °C and RH≥50%).

Four measurements were performed on the amorphous sample at two temperature levels (T = 20 ° C and 25 ° C) and two levels of relative humidity (RH = 50% and 80%). In agreement with the literature, these results clearly show a phenomenon of crystallisation after a period of latency. Indeed, during dehumidification at RH = 0%, the powder loses a small amount of water. When the new level of RH is imposed, the water content of the sample increases significantly (about 8.4%). After this first period of mass rise, considered as the induction (or onset) time, the crystallisation of lactose occurs. The onset point, determined by the intersection of the derivative of the water content with time axis was about 770 minutes. The crystallisation is characterized by a rapid decline in the water content of the sample (about 6%). Actually, the XRD spectra of samples after humidification confirmed that the amorphous lactose was indeed converted mainly (but not exclusively) into lactose monohydrate.

Note also that the derivative (rate) curve represents a peak corresponding to the maximum speed of the reaction. This trend is characteristic of the evolution of an autocatalytic transformation: the reaction rate increases first and then decreases. Indeed, as we mentioned earlier, on the one hand, the presence of water is essential to start the crystallisation process and, on the other hand, the crystallisation leads in turn to the release of water. Thus, one may assume that at the beginning, the reaction is inhibited by the lack of water. Once the necessary conditions for nucleation and crystalline growth are brought together, water is released which explains the increase in reaction rate caused by the appearance of water in the medium. As the transformation progresses, the amorphous phase becomes less available and the reaction rate decreases to reach a value close to zero when all the amorphous lactose has been transformed into crystalline phase. The presence of a unique peak indicates that crystallisation occurs following a one-step mechanism. Note that these results are in slight disagreement with those of Burnett et al. [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF] who reported the presence of 2 peaks for spray-dried lactose in the conditions close to those used here. In addition, the peak observed in the case of this work occurs between the 2 peaks reported by these authors (520 minutes against 400 for the first peak and 600 for the second). This

shows that the results cannot be considered as an intrinsic property of the product. Indeed, the parameters of the drying process, the particle size distribution, the porosity, the presence of impurities, the history of the product and its storage conditions can significantly influence the induction time and kinetics (or even the mechanisms) of the transformation.

Figure 6 focuses on the crystallisation step itself. It shows the normalized variations of the amorphous fraction (defined as suggested by Burnett et al. [START_REF] Burnett | Investigating the moisture-induced crystallization kinetics of spray-dried lactose[END_REF] and presented in Fig. 5) as a function of shifted time (with respect to the onset point) for the 4 dynamic vapour sorption tests obtained at different conditions. Also shown in this figure are the predictions of the Avrami model. The value of was set to 3 as suggested by Bronlund [START_REF] Bronlund | Moisture sorption isotherms for crystalline, amorphous and predominantly crystalline lactose powders[END_REF] and was identified by the best fit between the experimental data and model predictions. As can be seen, the agreement between the model and experimental data are satisfactory. The corresponding values of induction time and are gathered in Table 1.

These results confirm that the rate constant increases whereas the onset time shortens with the increase of T or RH. At this stage, it is premature to try to establish a general kinetic law, including the influence of temperature and RH with only 4 series of measurements. Indeed, a more in-depth study is necessary to include the effect of these parameters in the rate law. However, the fact of not having a detailed law is not a major problem in this study because the caking tests were carried out under the same conditions of T and RH as the dynamic vapour sorption measurements.

Caking experiments

In order to point out the role of crystallisation and to study the influence of the amorphous lactose fraction on the caking ability of powder mixtures composed of amorphous lactose and anhydrous lactose, different mixtures constituted of these two components were prepared.

The caking ability of a series of binary mixtures was investigated by varying the fraction of the amorphous product, the pressure, the relative humidity and the duration of the caking experiment. The work was conducted in two stages. First, a preliminary study was carried using the CLAIR caking device and mixtures of the lactose monohydrate and the freeze-dried amorphous lactose. The objective of these preliminary tests was :

° to identify the conditions at which caking become significant enough to be detected and characterised by our caking tests, ° to evaluate the relevance of mechanical strength tests and to choose a reliable method and procedure to characterise the caked samples Following this preliminary phase, a parametric study of the caking of these mixtures was carried out at more controlled conditions using the OLAF caking device.

Regarding the post-caking analyses, the samples were first classified by visual observation into 4 categories:

-Cat I : Not caked/very soft cake disintegrated to powder or small brittle crumbles when demoulded, -Cat II: Very soft cake disintegrated and crumbled when handled -Cat III: Soft cake, splitting into large pieces when handled.

-Cat IV: Hard, well-defined cake, remaining in one piece when handled Only Category IV cakes were characterizable by uniaxial tests.

Preliminary experiments in CLAIR caking Device

Prior to a parametric study of caking, a series of experiments was carried out for a qualitative assessment of the caking behaviour of the samples. No caking phenomenon was observed below a relative humidity of 50%. Otherwise, the α-lactose monohydrate was very stable in pure state and did not cake even under significant pressures and for long test periods. However, the presence of amorphous lactose, even in very small amounts substantially modified this stability. A progressive decrease of the content of amorphous lactose until the caking tendency disappeared showed that under our experimental conditions, the mixture could cake for amorphous contents as low as 0.125% (w/w). Note also that XRD and DSC analyses did not reveal any evidence of the presence of amorphous lactose in caked samples.

Influencing parameters

A new series of experiments were carried out at different operating conditions. The objective was to highlight the most influential parameters on the caking phenomenon. The experiments were done in triplicate. The caked samples were characterized using the uniaxial test. Table 2 summarizes the operating conditions used as well as the main results corresponding to these tests. From the results presented in this table, the following conclusions can be drawn:

° The fraction of amorphous lactose remains the most influential parameter on the caking tendency of the mixtures. As mentioned previously, this ability to caking is non-existent for pure lactose monohydrate and increases almost linearly with the fraction of amorphous particles. This linearity between the yield stress, σ, and the mass fraction of amorphous lactose, ACn, shows that in order to compare the results of the tests carried out with different amounts of amorphous product, it is more astute to use the ratio of σ/ACn than the yield stress itself. Given the difference in size of the two populations and assuming that the interstitial space between coarse particles (MH lactose) is about 35%, we can expect this conclusion to remain still valid up to 10% (verified experimentally) or even 15%.

° Another influencing parameter is the relative humidity of the air. Note that no caking phenomenon was observed below a relative humidity of 50%. On the other hand, beyond this RH, the caking of the products containing amorphous lactose, starting from an amorphous fraction was almost automatic. These results are consistent with those reported in the literature by Fan and Roos (2017) that reported a quite good stability of amorphous lactose below a 48% RH. As mentioned before, the crystallisation of amorphous lactose becomes significant for RH values higher than 50%. On the other hand, the results obtained at RH = 80% are very similar whatever the other operating conditions. This most likely results from the fact that at this relative humidity, the crystallisation rate is very fast (as shown in Fig. 6) and that consequently the crystallisation time is much shorter than the duration of the experiment. It can therefore be considered that all samples prepared at RH = 50% have reached a similar state of evolution.

° The duration of the operation is also a key factor as to the caking ability of the mixtures. This is why we opted to investigate in more detail the influence of this parameter in the next section.

° Despite its small variation, temperature also seems to play a significant role. An increase in temperature leads to an acceleration of the caking phenomenon, which can be explained by an increase inand the consequent drop in the viscosity of the medium.

° On the other hand, the pressure has very little influence on the caking of the batches tested. This can be explained by the rigid and non-deformable nature of lactose monohydrate particles that resist significant deformation and consolidation of the bed. This behaviour will be valid as long as amorphous lactose remains a minority. In the opposite case, it can be expected that the powder bed is pressed under the effect of pressure and therefore to an increase in the effect of the pressure.

It is also useful to interpret these results according to the theory of experimental design. However, before analysing the results, it would be useful to reduce the number of variables. Given the linearity of the variation in compressive strength with the amorphous fraction, this parameter can be removed from the plan if the comparison is based on the ratio of σ/x. In addition, due to its weak influence, the effect of the pressure was not taken into account in the exploitation of the results. The analyses were performed on the results obtained at 20 kPa.

Applying this theory, the following model can be proposed to correlate the experimental results: These results confirm the significant role of the three selected parameters (RH, T and time) on the caking behaviour of lactose mixtures. Applying this approach, in addition to the previous remarks, we can draw additional conclusions about the interactions between the parameters. In particular, the predominant role of the pair (T, RH) is emphasized.
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Figure 7 shows the iso-response surfaces for different min and max values of influencing parameters. The figure delimits the conditions under which hard cakes can be formed. As can be seen, hard cakes (category 4) are characterised by $ %& ratios above 600 kPa. On the other hand, the original polynomial model makes it possible to determine the conditions under which hard caking can be avoided ( $ %& < 600 ) ). Again, it can be seen that the most influencing parameter is the relative humidity. At the minimum level of RH (50%), the role of time and temperature are important. However, for the highest level of RH (i.e. 80%), both temperature and time have small effects and the cake's strength seems to have reached its maximum value. Since the tests were carried out during long periods of time (i.e. sufficiently long compared to the crystallisation time), a more pronounced influence of the duration of the experiment on caking can be expected at shorter times. Globally, the results are consistent with the hypothesis that the caking is mainly governed by the extent of agglomeration, which increases with time and with T and RH and through their effect on the crystallisation kinetics. A more in-depth study of the relation between the caking behaviour and the crystallisation extent is presented in the next section 3.3.2 Parametric study of caking using OLAF caking Device In light of the results of the preliminary study presented in the previous section, a more complete and precise investigation of caking was carried out. These tests were performed using the OLAF device because it allows a better control of the operating parameters. Several RH and caking times were tested.

Several series of tests were carried out by varying the amorphous lactose content, the temperature and the relative humidity during the experiments. Given the insignificant role of the pressure demonstrated in the preliminary tests, all tests were performed at a constant pressure of 20kPa. As can be seen, at the highest relative humidity (RH=80%), after a short period of latency during which only weak caking occurs, the yield stress, , increases very abruptly to achieve a threshold value of about 50-55 kPa. This value is already reached after only 120 minutes regardless of the temperature. However, at the lowest level of RH (50%), the profile of the yield stress varies much more slowly. The resistance of the cakes increases gradually to reach almost the same threshold value as at RH=80%. Note that the latency period is longer as the temperature is low. Furthermore, the latency times are in good correlation with the induction times for crystallisation shown in Fig. 6. It can therefore be concluded that the sharp increase in the caking tendency for the tests carried out at RH = 80% is due to the faster kinetics and a shorter induction time. As can be seen from Fig. 6, the total crystallisation time (including the induction and growth phases) at RH=80% and T=25°C is less than 30 minutes, which is the interval time of sampling. These results point out clearly the direct relation between the crystallisation of the amorphous lactose and the caking phenomena of samples. The weak caking occurring within the induction period could be attributed to the sintering effect of amorphous lactose which is in the rubbery state and can creep throughout this period. Once the crystallisation takes place, the mechanical resistance of cakes is largely increased. Moreover, Fig. 9-a gathers the results of 3 series of tests obtained for different mixture compositions at RH=50% and T=25°C. As can be seen, the observed tendencies are very similar to those previously described. After a first period of latency, the yield stress of caked samples progressively increases with time to tend towards a limit value when the crystallisation is completed. At identical conditions, the compressive strength increases as the proportion of amorphous lactose in the mixture increases. In agreement with Rumpf's model of tensile strength [START_REF] Rumpf | The strength of granules and agglomerates[END_REF], this increase is directly proportional to the amorphous content, which determines the number of contact points (bridges) between the particles. This hypothesis is corroborated by Fig. 9-b indicating that a normalization of the results with respect to the fraction of the amorphous particles allows unifying the overall tendency of the caking process. Given these results, there is every reason to believe that the mechanism underlying the caking process of mixtures containing amorphous lactose is the crystallisation of this latter in the presence of air humidity. If this were the case, logically, the tendency to agglomeration and thus the compressive strength of the samples obtained under different conditions should be directly related to the kinetics of crystallisation of the samples. In this case, rather than the real time, it would be the characteristic crystallisation times (of induction and growth) that must be considered to compare the caking tendency of samples obtained under different conditions. This characteristic time results from the kinetics of the crystallisation, itself a function of the operating parameters such as temperature, relative humidity and, above all, the temperature difference with respect to the glass transition temperature of the product. To verify this hypothesis, a dimensionless crystallisation time based on the induction time and the kinetics of crystallisation given by Avrami model can be defined as: * = between air and solid. In our case, this condition is guaranteed thanks to the high flow of moist air that passes through the bed of powder. In the opposite case, for the definition of the characteristic crystallisation time, account should also be taken of the external and inertial transfers to the grains, which could have slowing down effect on the phenomenon.

Conclusion

The caking behaviour of binary mixtures of α-lactose monohydrate and amorphous lactose was studied using two specially designed accelerating tests. The results show that the macroscopic (bulk) behaviour of mixtures are closely related to the crystallisation phenomenon, which occurs at meso (particle) state. The most influencing parameters revealed to be the air relative humidity and the temperature, the increase of which increases the crystallisation kinetics. This is consistent with the data from literature that indicates that the driving force for solid-phase crystallisation is the difference between the ambient temperature and the glass transition temperature. The crystallisation kinetics is well represented by the Avrami type model. A dimensionless time based on the ratio between the storage time and the characteristic crystallisation time ( 7; = , ) allows reconciliation of all data.

Further investigations focusing on the relationship between climatic conditions, T and RH, the particle size of amorphous lactose and the kinetic constants of the Avrami model is currently undertaken. Particularly, a rough extrapolation for other sizes would become possible by coupling the kinetic law with some conventional phenomenological models (e.g.

"shrinking core" model) but it requires further works to be validated experimentally. Thus, the caking ability of various amorphous powders can be predicted from their crystallization rate and the model. A parametric study of the size of amorphous particles using controlledsize spray dried lactose is being carried out by the authors. 

OLAF caking device

Figure 5

 5 Figure 5 shows a typical example of dynamic vapour sorption data obtained at 25 °C and 50% RH. This set of data is highly representative of all the isotherms obtained under the different conditions. The circles indicate the time variation of the percentage of mass change (referenced from the dry mass, i.e. the mass of the sample just before RH jump) on the y-axis on the left. The dashed line on the right y-axis gives the target RH (red). In this figure, are also superimposed the derivative of the amorphous fraction as a function of time, which corresponds to the instantaneous rate of the reaction. In order to mitigate the effect of local disturbances, for each point of the curve the derivative was calculated on the smoothed curve (10-point moving average).

  , T, experiment duration, t, and relative humidity, RH. The coefficients of the model, determined by matrix analysis are:

Figure 8

 8 Figure 8 presents the time evolution of the yield stress of the cakes obtained at two different RH, namely 50% and 80%, and two different temperatures of 20°C and 25°C, respectively. The amorphous lactose content for these 4 series of experiments was set at = 0.05. Each point corresponds to the average value of 3 repetitions. The standard deviations of the measurements are also indicated.

Figure10 shows the variation of the $ :

 $ Figure10 shows the variation of the $ : ration as a function of the dimensionless crystallisation time, * . As can seen, such a presentation permits to reconcile all the results obtained. Indeed, all the experimental points are, within the uncertainty of the measurements, on the same curve. Of course, this conclusion is valid only if the intrinsic kinetics of crystallisation is low compared to the kinetics of material transfer (water)
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 12 Figure 1: Typical evolution of water sorption dynamics for amorphous powders
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 34568910 Figure 3: Schematic of a simple caking cell (left) and the uniaxial compression test (right)

  

  

  

  

Table 1 :

 1 Induction times and Avrami rate constants of amorphous lactose obtained by

	Dynamic Vapour Sorption analysis		
	RH (%)	T (°C)	K (min -3 )	t induction (min)
	50	20	1.51 × 10	1800
	50	25	1.05 × 10	600
	80	20	5.12 × 10	150
	80	25	2.79 × 10	90

Table 4 :

 4 Yield stress of binary mixtures caked under different operating conditions

	Mass fraction of	Relative	Temperature	Pressure	Duration	Yield stress
	amorphous lactose	humidity	T(°C)	(kPa)	t(min)	σ(kPa)
	(-)	RH(%)				
	0.05	50	20	10	360	22.4 ± 15.7
	0.05	50	20	10	720	48.1 ± 19.1
	0.05	50	20	20	360	23.7 ± 15.0
	0.05	50	20	20	720	48.2 ± 14.1
	0.05	50	25	10	360	48.3 ± 17.2
	0.05	50	25	10	720	49.2 ± 16.7
	0.05	50	25	20	360	50.7 ± 17.9
	0.05	50	25	20	720	53.5 ± 22.4
	0.05	80	20	10	360	49.9 ± 16.1
	0.05	80	20	10	720	51.0 ± 12.4
	0.05	80	20	20	360	52.2 ± 14.1
	0.05	80	20	20	720	53.1 ± 18.3
	0.05	80	25	10	360	51.1 ± 11.8
	0.05	80	25	10	720	52.1 ± 15.1
	0.05	80	25	20	360	50.5 ± 17.2
	0.05	80	25	20	720	51.7 ± 14.4
	0.01	80	25	20	360	11.4 ± 4.4

Appendix A

The specific surface area was determined using the linearized form of BET equation:

where is the water content, = is the hypothetic water content corresponding to a monolayer adsorbed gas and is the BET constant. The values of = and obtained by curve fitting are: = = 9.7 × 10 ,? and = 11.7

The specific surface area, , is then obtained by the following equation:

where B < is the molar weight of water, @ %A is the Avogadro's number and < is the crosssectional area of the water molecule taken as 10.6 Å . Thus: = 6.02 × 10 10.6 × 10 , 0.018 9.7 × 10 ,? = 3495 F • G , This is comparable to the external specific surface of particles that can be obtained from their mean particle size: