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Influence of stabilizers on the microstructure of fresh sorbets: X-ray micro-computed tomography, cryo-SEM, and FBRM analyses
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X-ray micro-computed tomography was applied to determine the influence of stabilizers on the microstructure of fresh sorbets (i.e. at the outlet of a batch freezer), and more particularly on the air phase and the ice phase. Sucrose sorbets were tested with addition of one stabilizer: locust bean gum (LBG), hydroxypropylmethylcellulose (HPMC) or carboxymethylcellulose (CMC). It was shown that HPMC increased the quantity and decreased the size of air bubbles; it also decreased the ice crystals size unlike other stabilizers which had no effect on the size of ice crystals. Results were successfully compared with data from Cryo-Scanning Electron Microscopy and completed with Focused Beam Reflectance Measurement analyses applied for dynamic studies during freezing process. The effect of HPMC on the ice phase would be linked to its surfactant properties; air bubbles could prevent crystal growth during the freezing process.

Introduction

Sorbet is a triphasic frozen system, consisting of ice crystals and air bubbles dispersed in an unfrozen matrix highly concentrated with sugars and stabilizers. Before freezing, the mix (i.e. the mixture of ingredients) is composed of about 70%wt of water, almost 30%wt of sugars (sugars naturally occurring in fruits and added sugars) and up to 0.5%wt of stabilizers Manuscript [START_REF] Arbuckle | Ice Cream[END_REF][START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Marshall | Ice cream[END_REF][START_REF] Marshall | Ice cream[END_REF][START_REF] Stogo | Ice cream and fozen desserts: a commercial guide to production and marketing[END_REF]. The freezing step takes place in a scraped surface heat exchanger (SSHE) or freezer.

The mix is introduced at about 4 °C and when it touches the cold walls of the exchanger, a layer of ice is immediately formed. Rotating scraper blades scrape off the ice crystals and disperse them throughout the product which is increasingly enriched with ice. Air is introduced at the same time. The unfrozen residual solution concentrates in sugar and stabilizing throughout the freezing; its viscosity increases. At the outlet of the exchanger, the sorbet temperature is about -6 °C and contains about 40% of ice; the concentration of sugars and stabilizers in the unfrozen matrix is almost double that in the original mix. In the case of sorbets, air can occupy up to 30% of the volume [START_REF] Marshall | Ice cream[END_REF]. Sorbets are consumed at frozen state, so their sensory properties are strongly dependent on ice crystals properties (i.e. number and size). Controlling the amount and the size of air bubbles is another important factor as air has also a significant influence on the textural properties of the finished product [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Goff | Ice cream[END_REF].

The stabilizers usually found in the formulation of sorbets are natural polysaccharides such as seed gums: guar gum (GG) and locust bean gum (LBG); cellulose derivatives: carboxymethylcellulose (CMC) and hydroxypropylmethylcellulose (HPMC); and microbial gum: xanthan gum (XG) [START_REF] Thombare | Guar gum as a promising starting material for diverse applications: A review[END_REF]. Although their rheological properties have been rarely studied in sugar solutions and at temperatures below zero, it is known that their presence greatly increases the viscosity of the mix and of the residual unfrozen solution [START_REF] Goff | The influence of polysaccharides on the glass-transition in frozen sucrose solutions and ice-cream[END_REF]Masselot et al., 2020a). Some stabilizers solutions also develop elastic properties under these conditions [START_REF] Doyle | Effect of sugars, galactose content and chainlength on freeze-thaw gelation of galactomannans[END_REF]Masselot et al., 2020a;[START_REF] Patmore | Cryo-gelation of galactomannans in ice cream model systems[END_REF].

Although the mechanisms involved are not fully described, the increase in viscosity or the appearance of viscoelastic or even gelling properties due to stabilizers could influence crystallization by affecting the diffusion of molecules or heat transfers [START_REF] Blond | Velocity of linear crystallization of ice in macromolecular systems[END_REF]Goff et al., 1999;[START_REF] Goff | Ice cream[END_REF][START_REF] Muhr | Effect of polysaccharide stabilizers on the rate of growth of ice[END_REF]. Some stabilizers, such as HPMC, are also known for their surfactant properties, they facilitates the incorporation of air and stabilizes the formed foam by slowing down the coalescence of air bubbles [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Sarkar | Structural interpretation of the interfacial properties of aqueous solutions of methylcellulose and hydroxypropyl methylcellulose[END_REF]. A higher quantity of air due to stabilizers could also influence crystallization; air bubbles could cause mechanical hindrance and lead to smaller ice crystals [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Flores | Ice crystal size distributions in dynamically frozen model solutions and ice cream as affected by stabilizers[END_REF][START_REF] Thomas | Structure and properties of ice cream emulsions[END_REF].

The influence of stabilizers on crystallization in sorbets is still a subject of debate in the literature; results seem to depend on the type of polymer, on the freezing process and the analysis technique applied. Furthermore, most of the studies were carried out after a storage step at temperatures well below the outlet temperature of an SSHE. It is therefore difficult to conclude about the influence of stabilizers on the initial microstructure of the analyzed products. Finally, the mechanisms involved are rarely mentioned by the authors. [START_REF] Fernandez | Effects of locust bean, xanthan and guar gums on the ice crystals of a sucrose solution frozen at high pressure[END_REF] studied the influence of the addition of 0.3% of stabilizers on the ice crystals size in 16% sucrose solutions frozen using a batch High Pressure Assisted Freezing (HPAF) process.

The authors found that guar gum gave larger crystals compared to an unstabilized sample, whereas the addition of an equimolar mixture of xanthan and LBG gave smaller crystals. This result was explained by the ability of the xanthan / LBG blend to form a gel which would decrease molecular mobility required for crystallization. [START_REF] Flores | Ice crystal size distributions in dynamically frozen model solutions and ice cream as affected by stabilizers[END_REF] found that the addition of 0.6% of CMC, guar gum or xanthan gum to a 26% sucrose solution did not influence ice crystals size. The authors used a batch SSHE.

Regarding air bubbles, [START_REF] Chang | Development of air cells in a batch ice cream freezer[END_REF] studied the effect of adding up to 0.5% of a blend containing carrageenans, guar and CMC on the aeration of an ice cream frozen in a batch freezer. The blend did not affect the quantity of air introduced in the ice cream (overrun). Stabilizers decreased the size of bubbles during the beginning of the freezing process, while after 6 minutes, the bubbles were about the same size regardless of the sample. This result was attributed to the evolution in apparent viscosity of sorbets: at the start of freezing the stabilized mixes were significantly more viscous than the control sample whereas all the finished products had the same apparent viscosity. This study focused on ice creams containing fat and emulsifiers; then it is difficult to conclude about the specific effect of stabilizers on the aeration of sorbets; that was not studied in the literature.

Studies cited above were performed using microscopic techniques: cryo-Scanning Electron Microscopy (SEM) or optical microscopy. Although they are powerful and allow observations with high resolutions, quantitative analysis is difficult : results are greatly dependent on the visualized plane since the whole sample cannot be analyzed, and since samples are visualized in 2 dimensions, a large number of particles has to be analyzed to ensure that results are statistically representative [START_REF] Hernández-Parra | Modeling flow and heat transfer in a scraped surface heat exchanger during the production of sorbet[END_REF]. 3D imaging techniques offer the possibility of observing the entire sample in three dimensions, thus quantitative analysis is greatly simplified and more reliable compared to the 2D techniques mentioned above. In particular, X-ray micro-computed tomography (X-ray micro-CT) is well adapted to the typical size of the frozen food microstructures (above 100 µm). This technique can be non-invasive and non-destructive; several authors have successfully analyzed frozen food products directly at the frozen state [START_REF] Mulot | Investigating the effect of freezing operating conditions on microstructure of frozen minced beef using an innovative X-ray micro-computed tomography method[END_REF][START_REF] Vicent | Effect of dynamic storage temperatures on the microstructure of frozen carrot imaged using X-ray micro-CT[END_REF][START_REF] Vicent | A new method developed to characterize the 3D microstructure of frozen apple using X-ray micro-CT[END_REF]. However, most of the studies about the microstructure of frozen foods applied micro-CT at ambient temperature coupled with a destructive freeze drying step [START_REF] Kobayashi | Effect of supercooled freezing methods on ice structure observed by X-ray CT[END_REF][START_REF] Mousavi | A Novel Technique for Ice Crystal Visualization in Frozen Solids Using X-Ray Micro-Computed Tomography[END_REF][START_REF] Mousavi | Imaging food freezing using X-ray microtomography[END_REF][START_REF] Ullah | Effect of temperature fluctuations on ice-crystal growth in frozen potatoes during storage[END_REF][START_REF] Zhao | Micro X-ray computed tomography and image analysis of frozen potatoes subjected to freeze-thaw cycles[END_REF]. In the case of sorbets, freeze drying is not relevant, since the product would be totally melted; therefore the sample has to be observed directly at frozen state.

The influence of stabilizers on the size and morphology of ice crystals or air bubbles in sorbets has not been studied using X-ray micro-CT; most studies dedicated to frozen desserts using micro-CT deals with the effect of storage periods on the microstructure of ice creams [START_REF] Guo | Revealing the microstructural stability of a three-phase soft solid (ice cream) by 4D synchrotron X-ray tomography[END_REF][START_REF] Guo | Synchrotron X-ray tomographic quantification of microstructural evolution in ice cream-a multi-phase soft solid[END_REF][START_REF] Mo | Ice crystal coarsening in ice cream during cooling: A comparison of theory and experiment[END_REF][START_REF] Mo | Time-resolved tomographic quantification of the microstructural evolution of ice cream[END_REF][START_REF] Pinzer | 3Dcharacterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF]. A better understanding of the mechanisms that take place during the storage of ice cream was obtained in these studies, where recrystallization and coalescence of air bubbles occur due to temperature changes. Their authors developed powerful and complex tools to maintain samples at frozen state and at temperatures far below the temperature encountered at the exit of a freezer. [START_REF] Masselot | Analyzing the microstructure of a fresh sorbet with Xray micro-computed tomography: Sampling, acquisition, and image processing[END_REF] recently described a methodology to study the microstructure of fresh frozen sorbets at the freezer exit temperature of about -6 °C using Xray micro-CT device. Applying such a tool to sorbets of several compositions is an unprecedented challenge; it would allow identifying the influence of the formulation on the establishment of the microstructure before the product evolves during storage.

The dynamic analysis of the size of ice crystals during the freezing process would complete the observation made at the end of the process; it would allow a better understanding of the dynamics of crystallization and of effects of stabilizers during freezing. This study can be performed using Focused Beam Reflectance Measurement (FBRM), which is a real time method based on light backscattering to evaluate sizes of solid particles such as ice crystals.

Although data collected are chord lengths and not diameters, this technique makes it possible to observe trends in the evolution of particle size. FBRM was successfully applied to the dynamic analysis of the freezing of sugar/water solutions or commercial sorbet mixes containing stabilizers [START_REF] Arellano | Online ice crystal size measurements during sorbet freezing by means of the focused beam reflectance measurement (FBRM) technology. Influence of operating conditions[END_REF][START_REF] Arellano | Online ice crystal size measurements by the focused beam reflectance method (FBRM) during sorbet freezing[END_REF][START_REF] Haddad Amamou | Study of crystal size evolution by focused-beam reflectance measurement during the freezing of sucrose/water solutions in a scrapedsurface heat exchanger[END_REF]. However, no publication deals with the influence of stabilizers on the crystallization of sorbets using FBRM.

The objective of the present study was to determine the effect of several stabilizers on the establishment of the microstructure of a sorbet. Sorbet mixes containing water, sucrose and one stabilizer (HPMC or CMC or LBG) were formulated and frozen in a batch freezer. Fresh samples were analyzed using X-ray micro-CT directly after the freezing step. Images were processed, ice crystals and air bubbles size distributions and volume or mass fractions were obtained. Results were compared and successfully confirmed thanks to cryo-SEM analyzes. In order to better understand the dynamics of the mechanisms of crystallization, the study was completed with a real-time analysis of freezing using an FBRM probe.

Materials and methods

Preparation and freezing of sorbet mixes

LBG was obtained from Cargill® (Viscogum™ FA 150); its viscosity at 1% in water was evaluated by Cargill® between 2500 and 3000 mPa.s. HPMC was purchased from Dow® (Methocel™ K4M), they evaluated its viscosity at about 4000 mPa.s (2% at 20 °C). It contains 19 -24% of methoxy groups and 7 -12% of hydroxypropyl groups. Sodium CMC was also obtained from Dow® (Walocel™ CRT 20000 PA) with a viscosity evaluated between 1900 and 2600 mPa.s (1% in water at 25 °C). Its degree of substitution was between 70% and 95%. Sucrose was purchased from Béghin Say™. Solutions were prepared with deionized water (conductivity 17 μS.m-1) to ensure constant quality of water.

The initial sugar concentration was set at 25%wt to represent that of an industrial sorbet mix [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Goff | Ice cream[END_REF]. Stabilizers were studied individually. The concentrations of stabilizers were chosen so that the apparent viscosity of the mixes was equal to that of a commercial sorbet mix (Lemon sorbet mix from La Laiterie de Montaigu, Montaigu, France) containing a blend of three stabilizers (HPMC, LBG and guar gum) at the beginning of the freezing step in a SSHE. Apparent viscosities were established at -1.5 °C (i.e. temperature close to that of the sorbet at the beginning of the freezing process). The shear rate (420 s-1) corresponded to the shear rate at 1mm of the wall of the freezer; it was determined using the analogy with a power-law fluid in a concentric cylinder viscometer (Masselot et al., 2020a). The compositions of the mixes and their initial apparent viscosities are shown in Table 1. A mix containing 0.3% of CMC was also formulated to be close to the concentration usually encountered in commercial mixes.

Mixes were obtained by dispersing the mixture of sucrose and stabilizer in water at ambient temperature using a magnetic stirrer. The solutions were then cooled for at least 12 hours at 4 °C before freezing to ensure the complete dissolution of polymers in the solvent [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF]. In order to improve the contrast between the ice phase and the unfrozen residual solution during micro-CT imaging [START_REF] Masselot | Analyzing the microstructure of a fresh sorbet with Xray micro-computed tomography: Sampling, acquisition, and image processing[END_REF][START_REF] Pinzer | 3Dcharacterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF], 30g of sodium iodide (Na-I purchased from Merck®, CAS Number 7681-82-5) per kilogram of mix was added to the mixes just before the freezing step. Mixes (800 ml) were frozen in a batch domestic freezer (Magimix® Gelato Expert), the tank was 17 cm in diameter and contained two scrapping blades rotating at about 50 rpm. The temperature of the mixture was followed during freezing with a penetration thermometer (accuracy 0.5 °C, Testo 104, Testo, Forbach, France). Freezing was stopped at -6 °C corresponding to classical temperatures encountered for sorbets at the outlet of an industrial SSHE.

X-ray micro-CT analyses

Once the desired temperature in the freezer was reached, a plastic straw (6 mm of diameter, 2.3 cm long) was inserted in the center of the freezer to extract a small quantity of fresh frozen sorbet. To ensure that the temperature of the sorbet was maintained at about -6 °C during the tomographic analysis, the frozen samples were placed in a specific thermostated box designed and manufactured in the laboratory, as described by [START_REF] Masselot | Analyzing the microstructure of a fresh sorbet with Xray micro-computed tomography: Sampling, acquisition, and image processing[END_REF]. The thermostated box and the plastic straw were stored in a freezer at -10 °C before the sampling of sorbet.

Samples were positioned in the X-ray micro-CT (DeskTom 130®, RX Solution, Chavanod, France); the system was operating at a X-ray tube voltage of 50 kV and a current intensity of 160 µA. The acquisition time was short (12 minutes) to ensure that the temperature of the sorbet did not exceed -6°C [START_REF] Masselot | Analyzing the microstructure of a fresh sorbet with Xray micro-computed tomography: Sampling, acquisition, and image processing[END_REF]. The resulting voxel resolution was 9 µm.

XAct 2® software (RX Solution, Chavanod, France) was used to reconstruct the 3D volume from raw images using a filtered back-projection algorithm and applying a ring artifact filter.

More than 1300 slices were provided in 16-bits resolution from this volume reconstruction (i.e. grayscale levels from 0 to 65536).

Image processing and analysis of micro-CT data

Slices were loaded on Avizo 2019.1® software (Thermo Fisher Scientific, Waltham, USA) for image analysis. A cubic sub-volume (equivalent to 360 x 360 x 360 voxels equivalent to a 3.2 mm side cube) larger than the Representative Elementary Volume [START_REF] Vicent | A new method developed to characterize the 3D microstructure of frozen apple using X-ray micro-CT[END_REF] was cropped at the center of the reconstructed 3D volume. The sorbets studied were triphasic (i.e. air, ice and unfrozen matrix), thus images revealed three main materials with different gray levels. Images were analyzed according to the methods described by Masselot et al.

(2020b) : watershed algorithms were applied to separate objects (i.e. ice crystals or air bubbles) in contact with each other and a borderkill algorithm was used to suppress objects in contact with the sub-volume walls. The remaining particles were labeled and individually color-rendered. A 3D visualization of the particles was obtained.

Avizo® software allowed obtaining the volume fractions of the two phases and calculating the equivalent diameter (i.e. diameter of a sphere having the same volume than the particle) of each particle with equation 1.

𝑑 𝑉 = √ 6𝑉 𝜋 3 (Équation 1)
where V is the volume of the particle. The resolution limit of micro-CT analysis is commonly assumed to be between two and three voxels size [START_REF] Pinzer | 3Dcharacterization of three-phase systems using X-ray tomography: tracking the microstructural evolution in ice cream[END_REF], in the case of the present study this corresponded to particles having equivalent diameters larger than 20 µm Therefore objects smaller than 20 µm were excluded from the quantitative analysis.

The volume fraction of ice without air φ i was calculated according to equation 2.

𝜑 𝑖 = 𝑉 𝑖0 𝑉 𝑖0 +𝑉 𝑚 (Equation 2)
Where Vi0 is the initial volume of ice with air (%) and Vm the initial volume of the unfrozen matrix with air (%). The mass fraction of ice was then estimated with equation 3.

𝑋 𝑖 =

𝜑 𝑖 * 𝜌 𝑖 𝜌 𝑆 (Equation 3)

Where ρ i is the volumetric mass density of ice (917 kg.m -3 ) and ρ S the volumetric mass density of a sorbet made with a solution containing 25%wt of sucrose in water (1100 kg.m -3 ).

Cryo-SEM analyses

Cryo-SEM measurements were carried out in an external laboratory equipped with scanning electron microscopy (Electron Microscopy Facility, IBPS, Paris, France). The fresh sorbet was taken in a pre-cooled plastic straw and then soaked in liquid nitrogen. The straw was cut and a fragment of sorbet was cryofractured. Fractured surfaces were observed with cryo-SEM (GeminiSEM 500, Zeiss) at -120 °C and 1.6x10-4 Pa, with an accelerating voltage of 3.00 kV or 0.790 kV and a magnification from x13 to x10 000. The pixel resolution was between 11 nm and 9µm depending on the magnification. Manual segmentation and separation of particles (i.e. ice crystals or air bubbles) were performed with Avizo 2019.1®. Equivalent diameters of particles were obtained with equation 4. In 2D geometry, it is defined as the diameter of a disk of same area than the particle. 4)

𝑑 𝑠 = √ 4 * 𝑆 𝜋 (Equation
Where S is the surface of the particle.

FBRM analyses

The protocol for Focused Beam Reflectance Measurement analysis developed by Haddad The time period of reflection is detected by the FBRM probe. By considering the tangential speed of the laser beam, a corresponding chord length of the particle is calculated.

The probe was inserted into the batch freezer at about 4 cm from the wall with an inclination of 45°. The temperature of the product being frozen is directly related to the amount of ice formed thanks to the equilibrium liquidus curve of a sucrose sorbet; a calibrated thermocouple was then inserted near the FBRM probe. FBRM measurement was then analyzed for a given quantity of ice.

Data were collected with iC FBRM™ software (Mettler Toledo). Every second, the counts number ni was recorded for each selected size class i of chord length ci. A Mean Chord Length (MCL) was calculated (equation 5); this was equivalent to a mean Sauter diameter (i.e. the mean diameter of spheres having the same ratio volume to surface than the particles).

𝑀𝐶𝐿 =

∑ 𝑛 𝑖 𝑐 𝑖 3 ∑ 𝑛 𝑖 𝑐 𝑖 2 (Equation 5)

Statistics

Three samples were analyzed for X-ray micro-CT and FBRM analyzes. A batch of sorbet was carried out per sample to ensure a reproducible sampling of the sorbet, at the same temperature corresponding to the same amount of ice. For every parameter (equivalent diameters, volume fractions, mean chord length), analysis of variance was applied to determine significant differences (p < 0.05).

Cryo-SEM analyzes were carried out in an external laboratory specialized in microscopic studies, in order to confirm the microtomographic results. As a consequence, only one sample was analyzed with cryo-SEM. The entire cryo-fractured area was imaged so as to visualize a sufficient number of objects for image analysis. .

Results and discussion

Influence of stabilizers on air bubbles size and quantity

3D visualizations of air bubbles in the samples obtained using micro-CT are shown in Figure 1; they give qualitative information about spatial distribution and number of air bubbles.

Concerning the unstabilized sample (Figure 1 (a)), there was a small quantity of air bubbles, they were heterogeneous in terms of size and shape and randomly distributed in the 3D volume. Similar air bubbles number and distribution were obtained with the sorbet containing 0.135% of CMC (Figure 1 (b)) whereas in the sorbet containing 0.3% of CMC, a higher proportion of small bubbles was observed compared to the control (Figure 1 A cryo-SEM raw image of an unstabilized sample is reported in Figure 2 (a). Only one or two air bubbles were distinguished in these samples when using this technique, it was therefore not possible to segment the air phase in these cases. The same observations were made with samples containing LBG or CMC (data not shown). The low number of air bubbles in these samples highlighted previously with micro-CT compared to the HPMC sorbet may explain that there was no air bubble in the fractured planes visualized in cryo-SEM. Then, unlike with micro-CT, the distinction of particles using cryo-SEM is not based on a difference in gray level. It was therefore possible that some air bubbles were mistaken for ice crystals. Table 2 combines the quantitative results for air bubbles after micro-CT and cryo-SEM image analyses. First, the air volume fraction was significantly higher in the HPMC sorbet (about 19%) than in the other sorbets (between 5% and 9%). The number of air bubbles was also significantly higher with HPMC and to a lesser extent with LBG compared to the other sorbets. It was therefore expected that the air bubbles were smaller in both LBG and HPMC sorbets than in the control sorbet. The mean bubble size was effectively smaller in the HPMC sorbet (about 70 µm) and in the LBG sorbet (about 85 µm) than in the control sorbet (about 120 µm). Despite the low number of air bubbles observed in cryo-SEM in the HPMC sorbet, the size of air bubbles using this technique was in the same order of magnitude than the micro-CT values. HPMC is a surface-active polysaccharide, macromolecules adsorb to the gas/liquid interfaces and stabilizes the air bubbles [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Sarkar | Structural interpretation of the interfacial properties of aqueous solutions of methylcellulose and hydroxypropyl methylcellulose[END_REF]; the HPMC sorbet was then expected to contain a higher amount of air and smaller bubbles than the other sorbets. In the case of LBG, it could contain a small amount of proteins which would have interfacial properties and thus stabilize small bubbles; indeed the degree of purity of LBG was not mentioned by the supplier. CMC added at 0.135% to a sorbet mix did not seem to have any effect on the volume of air nor on the number of air bubbles; bubble size (mean and median) was not affected either.

Before freezing, this mix was 8 times more viscous than the control mix and all stabilized mixes were isoviscous (Table 1). Therefore, this increase in viscosity was not enough to influence the aeration in the sorbet.

Added at 0.3%, CMC decreased the mean size of air bubbles as much as HPMC and LBG (75 µm) compared to the control (120 µm), without affecting the volume fraction of air or the number of bubbles. As expected when observing the size distributions of air bubbles (Figure 3), the median equivalent diameter was significantly smaller with 0.3% CMC sorbet than in the control sample, indicating that CMC modified the size distribution with an higher proportion of small bubbles. Before freezing, the 0.3% CMC mix was about 16 times more viscous than the control mix and 2 times more viscous than the other stabilized mixes (Table 1). Such an increase in viscosity did not affect the amount of air or the quantity of bubbles but could have affected their size distribution. This confirmed the ability of a viscous matrix to slow down the coalescence of small air bubbles [START_REF] Arbuckle | Ice Cream[END_REF][START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF][START_REF] Marshall | Ice cream[END_REF].

Influence of stabilizers on ice crystals size and quantity

Analysis of fresh sorbets directly after freezing

Results of micro-CT image processing of the ice phase are shown in Figure 4. Ice crystals are individually color rendered by imaging processing. They appeared small and numerous whatever the composition of the sorbet and no difference in ice crystal size or quantity was founded between the samples at this stage of the analysis. Visual observation of micro-CT images was therefore not sufficient to establish an eventual effect of stabilizers on the size and morphology of ice crystals.

A cryo-SEM image of an unstabilized sample after manual segmentation and separation of ice crystals is reported in Figure 5 (a). Similar images were obtained with samples containing CMC (data not shown). An image of a HPMC sorbet after manual segmentation and separation of ice crystals is reported in Figure 5 (b). The large presence of air bubbles made the distinction of ice crystals difficult and the ice crystals partially covered by air bubbles were excluded from the analysis. Finally, a small amount of crystals was analyzed in the HPMC sample using cryo-SEM images.

Distributions of ice crystal sizes according to the imaging technique are shown in Figure 6.

Regarding the distribution obtained with micro-CT (Figure 6 (a)), it appeared that except for the HPMC sorbet, all sorbets showed nearly the same distribution of ice crystals sizes. This distribution seemed to follow a normal law with a majority of crystals between 50 and 70 µm.

Concerning the HPMC sorbet, more than 60% of crystals were lower than 50 µm, this could suggest that HPMC prevents the growth of ice crystals during freezing. The same tendencies were obtained using cryo-SEM (Figure 6 (b)).

Quantitative data concerning ice crystals in the different sorbet formulations observed in micro-CT and in cryo-SEM are given in Table 3. First, the mass fraction of ice calculated with micro-CT data was about 48% whatever the composition of the sorbet mixes, except for the HPMC which was slightly lower (about 43%). The ice mass fraction of a frozen sucrose solution at -6 °C given by the liquidus curve of the solution is estimated at 45% (Cerecero [START_REF] Enriquez | Etude des écoulements et des transferts thermiques lors de la fabrication d'un sorbet à l'échelle du pilote et du laboratoire[END_REF]. Therefore, in the conditions of the present study, stabilizers would have only a small influence on the quantity of ice produced during the freezing of a sorbet, regardless of the stabilizer concentration and thus of the initial apparent viscosity of the sorbet mix. This result is consistent with the literature; [START_REF] Herrera | Thermal, mechanical, and molecular relaxation properties of frozen sucrose and fructose solutions containing hydrocolloids[END_REF] found that 0.5% of LBG added to a 20% sucrose solution did not significantly modify the percentage of formed ice at -7 °C or at -15 °C.

Micro-CT analysis showed that there were significantly more ice crystals in the HPMC sorbet than in the others (about 120000 and 70000 respectively). Therefore it was expected that the mean size of ice crystals was significantly reduced by the presence of HPMC but not by the other stabilizers. Finally, it was found that the HPMC sorbet contained crystals of about 45 µm whereas all the others (control, LBG and CMC) were composed of crystals of about 65 µm. Results about CMC were consistent with the literature ; Flores and Goff (1999) also concluded that CMC had no effect on the size of ice crystals when added at 0.26% to a 26% sucrose mix,.

Trends observed with micro-CT were also found with cryo-SEM. The mean sizes obtained were of the same order of magnitude and the value obtained with the HPMC sample was smaller than for the other samples. This allowed validating the micro-CT analysis, from sampling to image processing. Before freezing, HPMC, LBG and 0.135% CMC mixes were about 8 times more viscous than the control mix (Table 1) whereas LBG and 0.135% CMC sorbets contained crystals of nearly the same size as the control sorbet (about 65 µm). This result shows that the viscosity at the start of the process would not be the key parameter in controlling the ice crystal size. This hypothesis tends to be confirmed comparing the crystals size in the 0.3% CMC sorbet to that of the control sample: the crystals sizes are similar whereas the viscosity of the mix was 16 times higher (Table 1).

HPMC was the only hydrocolloid which increased significantly the amount of air in the sorbet while decreasing the ice crystal size and increasing their quantity. These results raised the question of the link between the influence of HPMC on quantity and size of ice crystals and its surfactant properties. Air bubbles could be expected to insulate the freezing mix since the thermal conductivity of air is much lower than that of water and ice. In this case, it would theoretically extend the freezing time and thus led to the formation of larger ice crystals.

However, [START_REF] Thomas | Structure and properties of ice cream emulsions[END_REF] explained that a large amount of air would reduce ice crystal sizes by mechanical hindrance. [START_REF] Clarke | The Science of Ice Cream (2nd ed)[END_REF] added that air bubbles could help to keep the ice crystals separated and therefore to reduce accretion. [START_REF] Flores | Ice crystal size distributions in dynamically frozen model solutions and ice cream as affected by stabilizers[END_REF] also noticed that sorbets with higher amounts of air contained smaller crystals. The authors concluded that air bubbles would act as a physical barrier during freezing by reducing collisions between crystals and stretching the unfrozen matrix around them. Hernández Parra et al. ( 2018) also observed that industrial sorbets (containing a mixture of HPMC, LBG and guar gum) with higher overruns contained smaller crystals.

HPMC, LBG and 0.3 % CMC sorbets contained air bubbles of the same size, whereas the size of ice crystals was only decreased in the presence of HPMC that gave the higher volume fraction of air. This seems to indicate that the quantity of air is the key parameter in controlling ice crystal size rather than the bubble size.

Dynamic analysis of crystallization

FBRM measurements were carried out continuously during the crystallization and coupled with a continuous temperature recording. The ice distribution was specifically analyzed and the mean chord length was calculated at three different temperatures : -2.5 °C, -3.5 °C and -4 °C, corresponding respectively to approximately 10%wt, 30%wt and 35%wt of ice according to the liquidus curve of a 25%wt sucrose solution [START_REF] Enriquez | Etude des écoulements et des transferts thermiques lors de la fabrication d'un sorbet à l'échelle du pilote et du laboratoire[END_REF]. When the quantity of ice became too large, the sorbet escaped from the freezer and the signal from the FBRM probe saturated; data were then no longer exploitable. Therefore it was not possible to analyze sorbet at -6 °C with this technique, in contrast to micro-CT and cryo-SEM analyses. Results obtained with the dynamic analysis of the crystallization of sorbets are shown in Figure 7.

At -2.5 °C, the mean chord length was nearly the same (about 60 to 75 µm) whatever the samples. This could indicate that the beginning of the crystallization and in particular the nucleation was not affected by the presence of stabilizers used in this study.

Concerning the control sample, data recorded at -3.5 °C and -4 °C showed a significant increase in the mean chord length measured (more than 150 µm and 200 µm respectively).

Indeed, above -2.5 °C, it was visually noticed that the unstabilized sorbet froze in the form of large clusters of ice crystals while the other sorbets were much more homogeneous and smooth. This could be related to the increase in the viscosity of the unfrozen residual solution in the presence of stabilizer; in fact, this solution which surrounds the crystals could limit their aggregation. Finally, it was difficult to follow the crystallization in the control sample with the FBRM probe which was probably analyzing the entire clusters rather than individual crystals. Therefore it will be difficult to compare the control with the other sorbets at temperatures above -2.5 °C and these results will not be discussed further.

LBG and CMC sorbets showed an increase in the mean chord length during the freezing process: from nearly 65µm at -2.5°C to nearly 100 µm at -3,5 °C and -4 °C. Furthermore there was no significant difference of mean chord length at -4 °C between these samples (mean value about 110 µm). This could indicate that under these conditions, crystals can grow in the presence of LBG and CMC. Concerning the HPMC sorbet, there was no significant change in the mean chord length during freezing (from 75 µm to 80 µm). At -4 °C, the mean chord length was significantly smaller in the HPMC sorbet (about 80 µm) than in the other stabilized samples. This result confirmed that under the conditions of the present study, the growth of ice crystals was prevented during freezing in the presence of HPMC. Finally, results seemed to be in agreement with the micro-CT and cryo-SEM data. However, all the mean chord lengths obtained with FBRM was higher than the equivalent diameters determined with micro-CT and cryo-SEM. This was probably due to the measurement mode of the FBRM probe which measured chords lengths and not equivalent diameters.

Conclusions and perspectives

Sorbet mixes containing water, 25%wt of sucrose and HPMC, CMC or LBG as stabilizer were frozen and sorbets were analyzed directly after their freezing by X-ray microtomography and cryo-scanning electron microscopy. Image processing allowed obtaining quantitative information about the ice and the air phase. The crystallization of water in sorbets was also studied in real time during their freezing using an FBRM probe.

Comparing the results with the literature illustrated that, under the conditions of this study, there would be no link between the rheological properties of mixes or unfrozen residual solutions and ice crystals size. LBG and highly concentrated CMC decreased the size of air bubbles while having no effect on the size of ice crystals neither on the mass fraction. HPMC significantly increased the amount of air incorporated into the sorbet while reducing the size of the bubbles. HPMC also significantly reduced the size of ice crystals, unlike the other stabilizers which did not influence ice crystals size. The effect of HPMC on ice crystals size seemed to be related to its surfactant properties which allowed incorporating a significantly higher amount of air; air bubbles would act as a physical barrier and a mechanical hindrance phenomenon would prevent crystal growth as confirmed with the analysis carried out with FBRM. FBRM analyzes also showed that all the stabilizers tested would prevent the crystals from agglomerating, this being probably related to their effect on the viscosity of the unfrozen matrix.

Finally, this study provided a better understanding of the mechanisms of air incorporation and crystallization in the presence of stabilizers. However, the specific mechanisms are not clearly defined and other studies would be relevant to conclude. Studies of the surfactant properties of HPMC and of the specific properties of LBG used in this study could be interesting to better explain the results. The use of micro-CT, helpful to highlight the combine effect of air bubbles in ice crystallization, could also be extended to the analysis of sorbets having more complex compositions, in particular sorbets containing blends of stabilizers, in order to study the possible synergistic effects of stabilizers on the crystallization of sorbets but also on air incorporation. 

  [START_REF] Haddad Amamou | Study of crystal size evolution by focused-beam reflectance measurement during the freezing of sucrose/water solutions in a scrapedsurface heat exchanger[END_REF], used by[START_REF] Arellano | Online ice crystal size measurements by the focused beam reflectance method (FBRM) during sorbet freezing[END_REF] and[START_REF] Arellano | Online ice crystal size measurements during sorbet freezing by means of the focused beam reflectance measurement (FBRM) technology. Influence of operating conditions[END_REF] was reproduced. The probe Lasentec® FBRM S400-8 (Mettler Toledo, Columbus, USA) was used; it is made of stainless steel and has an external diameter of 9.5 mm and a length of 120 mm. The probe generates a focused laser beam (780 nm) which rotates at a high rate of speed (about 2 m/s) and is projected inside the sample through a sapphire window. When a particle is intersected by the laser beam, it reflects the laser light for the duration of its scan.

  (c)). There were more air bubbles in the LBG sample but their size distribution seemed still heterogeneous (Figure1 (d)) compared to the control sample. Concerning the HPMC sorbet (Figure1(e)), air bubbles were numerous; they were small and uniformly distributed throughout the volume of the cube.

  A cryo-SEM raw image of a sorbet containing HMPC is shown in Figure2 (b). A large quantity of air bubbles was observable, which is in accordance with the large quantity of air bubbles observed with micro-CT analyzes. The segmentation and separation of air bubbles in the HPMC sample (Figure2 (c)) confirmed the observation made with micro-CT: air bubbles were small and numerous even if they seemed less uniformly distributed than with micro-CT visualization.The size distributions of air bubbles according to the composition of the sorbet mix and the analysis technique are shown in Figure3. The results of micro-CT data treatment are illustrated in Figure3(a). First, CMC added at 0.135% had no effect on the size distribution of the air bubbles compared to the control sorbet: 75% of the air bubble are lower than 150 µm and the higher class reached up to 250-300 µm. HPMC and LBG presented the same size distribution and ,compared to the control sample, they revealed a significantly higher proportion of bubbles between 50 µm and 100 µm and more than 90% are lower than 150 µm. Concerning the 0.3% CMC sorbet; it contained significantly more bubbles of size less than 50 µm and lower proportions of bubbles in size classes larger than 100 µm. The bubble size distributions obtained with micro-CT and with cryo-SEM for the HPMC sorbet are compared in Figure3(b). The trends were the same, which tended to confirm the validity of micro-CT measurements and image processing.
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Table 1 :

 1 Compositions and apparent viscosities of the mixes

		Control	HPMC	LBG	CMC	
	[Stabilizer] (%wt)	0	0.315	0.375	0.135	0.3
	[Sucrose] (%wt)	25	25	25	25	25
	Apparent viscosity					
	at 420 s-1 and -1.5	5	40	40	40	80
	°C (mPa.s)					

Table 2 :

 2 Air bubbles quantitative data obtained with micro-CT and cryo-SEM

			Unstabilized	HPMC	LBG	CMC 0.135%	CMC 0.3%
		Volume fraction (%)	5.6±0.7a	19.1±3.0b	9.0±2.6a	7.3±3.1a	5.3±1.4a
		Number of particles	307±74c	12 823±3 046d	1 576±359e	254±95c	375±87c
	X-Ray						
	Micro-CT	Mean equivalent diameter (µm)	123±13f	71±6g	86±11g	108±34f,g	75±11g
		Median equivalent diameter (µm)	105±12f	67±10g	67±11g	69±24f,g	50±9g
	Cryo-SEM	Number of particles analyzed Mean equivalent diameter (µm)	_	162 66	_	_	_
		Median equivalent diameter (µm)	_	59	_	_	_
		Different lower case letters indicate significant differences between values, p < 0.05.	

Table 3 :

 3 Ice crystals quantitative data obtained with micro-CT and cryo-SEM

			Unstabilized	HPMC	LBG	CMC 0.135%	CMC 0.3%
		Mass fraction (%)	48.3±2.1a	43.0±1.1b	49.4±0.1a	46.0±2.5a,b	47.1±3.4a,b
	X-Ray						
	Micro-	Number of particles 77 935±1826c 117 808±1 1886d 75 496±998c 68 775±4 812c 67 645±1 0562c
	CT	Mean equivalent diameter (µm)	62.8±1.4e	45.6±2.8f	62.4±0.8e	64.2±1.5e	65.9±4.3e
	Cryo-SEM	Number of particles analyzed Mean equivalent	142 56.5	122 50.8	118 54.8	112 59.7	_
		diameter (µm)					
		Different lower case letters indicate significant differences between values, p < 0.05.	
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