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Abstract

:

Recovering waste from industrial food processes and developing new healthy foods as plant protein sources has been a major focus of scientific research and industrial innovation in food. Thus, the consumption of plant-based beverages from soy, oat, or almond has been promoted. In the case of almonds, the resulting solid bagasse has an interesting nutritional profile and its transformation into a powdered product could be a valuable option for the food industry. The main objective of this work was to determine the effect of hot air drying at 60 and 70 °C and freeze-drying on the physicochemical, water interaction, emulsifying and antioxidant properties of powdered almond bagasse. Furthermore, hot air-drying curves have been modelled and isotherms at 20 °C have been performed. The proximate composition of the powder revealed a protein content of 15% and a fat content of 25%, which makes it a remarkably different powder from those obtained from other vegetable residues such as fruits and vegetables. This composition was decisive in the effect of the drying method and drying temperature, and no significant differences were observed on the physico-chemical or antioxidant properties regardless of the drying method used. However, freeze-drying resulted in a powder with a more homogeneous particle size distribution and better oil-interaction properties, especially with higher emulsifying activity and stability.
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1. Introduction


The food industry has become increasingly aware of the impact of food waste in economics and environment, and the need to reduce it. In fact, primarily motivated by the fulfilment of the Sustainable Development Goals (SDG), 71% of Spanish companies have a defined internal strategy to fight against food waste [1]. The production of new functional ingredients, biofuel production, or bioactive compounds extraction are some of the most considered strategies for food processing residues valorization [2,3,4]. The composition profile of the residues and their physico-chemical properties must be known in order to identify the opportunity for revalorization and to determine the possible uses [5].



The new trends in food development have been defined in the last years by the increased consumer awareness for health and sustainability and the growing incidence in allergies or food intolerances. Thus, the consumption of plant-based food has been promoted. Plant-based beverages or vegetable drinks are a clear example of this new orientation; more weight is being put behind them as an alternative to the consumption of dairy drinks. Among these, vegetable drinks such as soy, oats, rice, almond, and coconut stand out. In the manufacturing process, the raw material is soaked in water, milled, and filtered, resulting in a liquid phase that will constitute the vegetable beverage. The remaining solid material is usually referred to as press cake or bagasse, and it is usually discarded or used for animal feed or as fertilizer [6].



Regarding the almond, a relevant area is dedicated to its cultivation in Spain, only behind the olive and the grape [7]. Its consumption as a nut is growing due to the healthy properties associated with its unsaturated fatty acids (56%), proteins (23%), fiber (11%) and other carbohydrates (7%), minerals, and vitamins content [8]. Additionally, and motivated by new consumer trends, it is being increasingly used as the raw material for obtaining vegetable almond drink. The resulting solid bagasse has an interesting nutritional profile, which makes it very attractive for valorization. Its transformation into a powdered product with good nutritional properties for use as a functional food ingredient could be an option [9,10]. Determining its physico-chemical, technological, and functional properties is essential in determining its best use.



The main objective of this study was to determine the effect of hot air-drying at 60 and 70 °C and freeze-drying on the physico-chemical, water interaction, emulsifying, and antioxidant properties of powdered almond bagasse. Furthermore, hot air-drying curves have been modelled and isotherms at 20 °C have been performed.




2. Materials and Methods


2.1. Process for Obtaining Almond Bagasse and Almond Bagasse Powder


Natural peeled almonds were purchased from a local supermarket and ground with tap water in a ratio of 1/9 (w/w). A domestic food processor (Thermomix®, Vorwerk, Spain) at 10,000 rpm for 20 s was used. The grind was then filtered with a stainless steel 500 µm sieve and the almond bagasse was recovered for further characterization and processing. The recovered bagasse mass was about 82% of the rehydrated kernel mass.



For obtaining the dried almond bagasse, the moist almond bagasse was distributed homogeneously in plastic grids with a nominal opening of 2 mm and then introduced into the dryer until a water activity (aw) below 0.3 was reached. A convective dryer (Pol-eko Aparatura, Katowice, Poland) with cross-flow air at a velocity of 10 m/s at 60 or 70 °C for 10 h and 7 h, respectively, was used to obtain air dried (HAD) bagasse, and a freeze-dryer (Telstar, Lioalta-g) was used to obtain the freeze-dried (LYO) one from almond bagasse previously frozen at −40 °C for 24 h. The inlet air to the convective dryer was ambient air at 25 °C and 25% of relative humidity. After that, the dried almond bagasse was ground using a food processor (Thermomix®, Vorwerk, Spain) at 4000 rpm for 20 s in intervals of 5 s and then at 10,000 rpm for 20 s in intervals of 5 s, thus obtaining almond bagasse powders with coarse granulometry. Finally, the powders were stored at 20 °C in light-opaque glass jars to prevent deterioration and oxidation reactions.



During the hot air-drying experiments, the samples weight change was registered. The evolution of the moisture content was determined from the initial moisture content and the mass of the samples at each time. Plotting the moisture on dry basis versus time made it possible to graph the drying curves and, from these, the drying rate curves. Data were modeled according to a lineal empirical and diffusional models. The goodness of fit was assessed by the coefficient of determination (R2) (Equation (1)), the root mean square error (RMSE) (Equation (2)), and the mean relative error (MRE) (Equation (3)). For the best fit, the R2 should be high and RMSE and MRE should be low.


   R 2  = 1 −    ∑  i = 1  n       x  e x p ,   i   −  x  p r e d ,   i      2     ∑  i = 1  n       x  e x p ,   i   −  x ¯     2     



(1)






  RMSE =      ∑  i = 1  N       x  e x p ,   i   −  x  p r e d ,   i      2     N   



(2)






  MRE =  1 N    ∑   i = 1  N       x  e x p ,   i   −  x  p r e d ,   i        x  e x p ,   i      



(3)




where x represents the variable under consideration, i.e., the velocity in the linear model and the reduced driving force in the diffusional model;    x ¯  :   represents the mean value; N is the number of determinations; exp.; experimental. pred: predicted by the model.




2.2. Analytical Determinations


The water activity (aw) of almond bagasse and almond bagasse powders (air dried at 60 °C and 70 °C and freeze-dried) was determined with a dew point hygrometer (DECAGÓN Aqualab 4TE) at 20 °C. The moisture content was determined following the official method in dried fruits established by the AOAC [11]. The total soluble solids (TSS) were determined by refractometry. For this, a dilution of the sample in distilled water was carried out in a ratio of 1:10 (m/v) and the Brix degrees were measured by means of a refractometer (ABBE ATAGO 3-T) thermostated at 20 °C. The fat content of almond bagasse was determined by Soxhlet extraction with petroleum ether according to the method established by the AOAC [12]. A relation of 5 g sample/90 mL solvent at 290 °C was used. The protein content was determined by the Kjeldahl method, considering 5.18 as the conversion factor from N to protein [13]. Different Van Soest fiber fractions, including neutral detergent fiber, which corresponds to the lignin, cellulose, and hemicellulose contents (NDF), acid detergent fiber, which corresponds to the lignin and cellulose contents (ADF), and lignin with acid detergent, which corresponds to the pure lignin content (LDF), were determined [14]. The values were used to estimate hemicellulose, cellulose, and lignin content. The ash determination was carried out by incineration of the material in a muffle at 550 °C [15].



Water Interaction and Emulsifying Properties


The solubility (SD) was determined following the procedure described by Mimouni et al. [16], in which the mass fraction of a dissolved solid (SS) in a rehydrated sample (TS) is determined. The hygroscopicity was evaluated according to the method described by Cai and Corke [17]; 0.5 g of each sample was weighed in glass crucibles and taken to an airtight chamber next to a saturated solution of sodium sulfate (Na2SO4) for 7 days at 25 °C. Wettability, defined by the time it takes for a sample to become wet in its entirety, was determined by weighing 2 g of each powder sample slowly poured into a beaker with 20 mL of distilled water, and measuring the time it took to become fully wet [18]. The swelling capacity (CS) was obtained from the ratio between volume occupied by 1 g of sample and that after hydration for 18 h at 25 °C [19,20]. Water holding capacity (WHC) is defined as the amount of water retained by the sample without applying any external force. It was determined by measuring the water content of the precipitate after mixing 0.2 g of sample and 10 mL of distilled water and left to stand for 18 h at 25 °C [19]. Water retention capacity (WRC) is defined as the ability of a sample to retain water after being subjected to an external force such as the centrifuge [19]. For its determination, 1 g of sample was weighed in a graduated conical tube and 10 mL of distilled water was added and left to stand for 18 h at 25 °C. After this time, it was centrifuged for 30 min at 2000 rpm, the supernatant was removed, and the sedimented residue was weighed. The oil retention capacity was evaluated following the methodology proposed by Garau et al. [21]. First, 0.2 g of sample and 1.5 g of sunflower oil were mixed and left to stand overnight at 20 °C. After that, the mix was centrifuged at 3416 rpm for 5 min, and with a Pasteur pipette the supernatant was removed and the weight of the residue was obtained. The oil retention capacity was evaluated based on the increase in the weight of the sample, and the results were expressed in g of oil absorbed by g of the initial sample. The emulsifying activity was determined following the methodology proposed by Yasumatsu et al. [22]. To carry out the procedure, a 2% (w/v) sample-water solution was prepared. Next, 7 mL of this solution was mixed with 7 mL of sunflower oil and homogenized for 5 min in a vortex at 2400 rpm. Finally, it was centrifuged at 10,000 rpm for 5 min and the volume of the emulsion formed was calculated by the ratio between the emulsion volume and the total fluid volume. Emulsifying stability was determined following the methodology proposed by Yasumatsu et al. [22]. For this, a 2% (w/v) sample-water solution was prepared. Then, 7 mL of this solution was mixed with 7 mL of sunflower oil and homogenized for 5 min in a vortex at 2400 rpm. Finally, it was heated to 80 °C for 30 min, allowed to cool, and centrifuged at 2000 rpm for 5 min. Emulsifying stability was calculated as the ratio between the emulsion volume and the total fluid volume.





2.3. Particle Size


The particle size of almond bagasse powders was determined by the wet method. Laser diffraction equipment (Masterizer, Malvern Instruments Limited, Worcester, UK) with a measurement range between 0.02 and 200 microns equipped with a blue light of 470 nm wavelength was used. A small amount of sample was diluted in deionized water until reaching an obscuration of 8–9%. Finally, the particle size distribution was obtained and was characterized by the mean diameter of equivalent volume (D [3,4]), equivalent diameter calculated from the area of the particles (D [2,3]), and, finally, d90, d50 and d10, representing the percentiles of the distribution, i.e., the volume of particles below 90%, 50%, and 10% of the particles analyzed, respectively.




2.4. Optical Properties


The CIE*L*a*b* coordinates were measured with a spectrocolourimeter (MINOLTA, CM-3600D, Japan), considering the standard light source D65, the 10° standard observer, and the surface reflectance spectra between 400 and 700 nm. The chroma (Cab) and the color differences (∆E) of the powders compared to almond bagasse were calculated using Equations (4) and (5), respectively.


   C  ab   =    a 2  +  b 2     



(4)
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2.5. Antiradical Capacity and Total Phenols Content


For the extraction of phenols and other components with antiradical capacity, a methanol-water mixture 80:20 (v/v) was prepared and used as a solvent in the relation 1 g sample/100 mL solvent. After 1 h of magnetic stirring, the mix was centrifuged (Selecta, “Medrifriger BL-S”) at 10,000 rpm for 5 min at 20 °C. Determinations were made on the supernatant, hereinafter referred to as extract.



2.5.1. Total Phenol Content


The determination of total phenols was performed following the colorimetric method of Folin–Ciocalteu [23]. In a spectrophotometry bucket, 0.125 mL of extract, 0.125 mL of the Folin–Ciocalteu reagent (Sigma-Aldrich, Darmstadt, Germany) and 0.5 mL of bidistilled water were added in that order and allowed to react for 6 min. After this time, 1.25 mL of 7% (m/v) sodium carbonate solution and 1 mL of distilled water were added. As a reference, a target was used where the sample was replaced by bidistilled water and allowed to react for 90 min. Finally, the absorbance was measured at 765 nm in a spectrophotometer (Thermo Scientific, Helios Zeta U/Vis). The results obtained were compared to a standard curve of gallic acid (purity ≥ 98%, Sigma-Aldrich) and expressed as mg of gallic acid equivalents/g of dry matter (mg GAE/g dm).




2.5.2. Antiradical Capacity by DPPH and ABTS Methods


The antioxidant capacity was determined following the DPPH method described by Stratil et al. [24] with some modifications. First, 0.1 mL of the extract and 2.9 mL of the methanol-DPPH solution (0.394 of DPPH reagent/mL methanol) were mixed and absorbance was measured at 517 nm in a spectrophotometer (Thermo Scientific, Helios Zeta U/Vis). The results were expressed as mg of trolox equivalent/g of dry matter (mg TE/g dm) using the Trolox calibration line (C14H18O4, purity ≥ 7%, Sigma-Aldrich) as the reference standard antioxidant, for the range of concentrations between 0 and 500 mg/L.



The antioxidant activity was also evaluated by the ABTS radical method (2,20-azobis-3-ethyl benzothiazolin-6-sulfonic acid) [25]. A solution including the radical ABTS 7 mM and potassium persulfate 2.45 mM in distilled water was prepared and incubated in darkness at room temperature for 16 h. Once this time had elapsed, a dilution with phosphate buffer was carried out to reach an absorbance of 0.7 ± 0.02 at 734 nm. Then, in a spectrophotometry bucket, 0.1 mL of extract with 2.9 mL of ABTS solution was reacted. As a reference, a white where the sample was replaced by bidistilled water was prepared. The absorbance was measured after 0, 3 and 7 min of reaction at a wavelength of 734 nm in a spectrophotometer (Thermo Scientific, Helios Zeta UV/Vis). The results were expressed as mg of trolox equivalent/g of dry matter (mg TE/g dm), using the Trolox calibration line (C14H18O4, purity ≥ 7%, Sigma-Aldrich) as the reference standard antioxidant for the range of concentrations between 0 and 500 mg/L.





2.6. Sorption Isotherms


Sorption isotherms were determined following the gravimetric method described by Wolf et al. [26]. This method uses saturated salt solutions to keep a known and controlled humidity environment within a closed vessel at specific temperature conditions. First, 1 g of sample was placed in a closed jar at 20 °C together with one of the next saturated salt solutions: LiCl (aw = 0.1), CH3COOK (aw = 0.23), MgCl2 (aw = 0.32), K2CO3 (aw = 0.43), Mg (NO3)2 (aw = 0.52), NaCl (aw = 0.75), KCl (aw = 0.85), and BaCl2 (aw = 0.90). The samples were weighed every eight days until a constant weight was reached.




2.7. Statistical Analysis


The results were statistically analyzed with Statgraphics software (Centurion XVI.I, Statpoint Technologies, Inc., Warrenton, VA, USA) at a 95 % confidence level (p-value ≤ 0.05). The normality of the data was tested with the Shapiro–Wilk test (p > 0.05). The data were processed by simple ANOVA after checking the normality of the data. For each processing treatment, three different experiments with three replicates each were carried out. Significant differences (p-value < 0.05) among groups were determined by Fisher’s LSD test.





3. Results and Discussion


3.1. Properties of Almond Bagasse Powders


Table 1 shows the composition, physico-chemical, water interaction, emulsifying properties, and color of fresh, air dried, and freeze-dried almond bagasse powders. Dehydration, in all cases, reached a water activity lower than 0.3, which is the recommended limit to ensure the stability of powdered products [27,28]. Although the water activity limit for microbial growth is 0.90 for most bacteria and 0.87 and 0.75 for most yeasts and fungi, a water activity limit lower than 0.3 assures kinetic stability in powdered products since it is guaranteed that there is no free water that can participate in chemical and enzymatic reactions. The moisture content in the final samples was low, as isotherms showed a very low water binding capacity (see isotherms section). Thus, more than 98% of the water is easily removed during drying.



Considering the fat and protein content, the almond bagasse retained a high percentage of fat and protein from fresh almond and there were no significant differences between fresh and dehydrated samples. Fat content remained around 25% (0.25 g/gdm) in the bagasse and protein reached 16–17% (0.16–0.17 g/gdm); the initial values in fresh almond were around 54% and 25%, respectively [29]. In a study carried out with fresh baru almond, fat content around 39–43% was reported, and the protein content was around 23–28%, slightly higher than those obtained for almond bagasse [30]. Compared with other cereal by-products of interest to the food industry, protein content was similar to those obtained in rice bran (0.14 g protein/g) [31], oat bran (0.17 g protein/g) [32], by-product from tofu (0.15 g protein/g) [33], and soybean residue (0.15 g protein/g) [33], but lower than that for fresh okara (0.39 g protein/g) [34] and rice bran (0.22 g protein/g) [35]. Particular attention should be paid to the fat content. Stability in low-moisture, fat-containing foods is highly dependent on the characteristics of the matrix, its microstructure, and the presence of other macronutrients such as protein. Oxidation mechanisms are complex and need to be studied on a case-by-case basis to ensure proper packaging and storage [36].



According to the fiber content, no significant differences among treatments or fresh almond bagasse were detected. Van Soest fiber includes cellulose and lignin as insoluble fraction and the hemicellulose as a more soluble one. Values of total fiber were above those reported for okara fresh matter (13.84 g/100 g) [37], rice bran (28.6 g/100 g) [35], and oat bran (15.55 g/100 g of dry matter) [32], but they were below those of other by-products, such as by-product from tofu (58.6 g/100 g of dry matter) [33], bran fiber rice (53.25 g/100 g of dry matter) [35], or solid by-product tiger nut (59.71 g/100 g) [38], and similar to carrot skin (45.45–49.23 g/100 g of dry weight) [39]. Soluble dietary fibers such as pectin cannot be quantified by the fiber determination method used. However, this fraction could be estimated by the difference between the total mass and the total of the macronutrients considered. As the sum of fat, protein, fiber and water is 100%, the more soluble fiber including pectin can be considered negligible. Almond bagasse powders could be used as ingredients promoting intestinal transit more than an ingredient conferring viscosity since high content in soluble than insoluble was fiber observed in all cases. Soluble fiber is the one that confers viscosity properties, ability to form gels, and emulsifying capacity, while insoluble fiber with a greater porosity and lower density promotes intestinal transit [40].



Water solubility values ranged from 26.2% to 30.1%, without significant differences between hot air-dried and freeze-dried samples. The freeze-dried samples showed slightly high solubility levels, presumably caused by the more severe structural damage induced by the freezing and subsequent water sublimation during lyophilization. An increase in the air-drying temperature resulted in a decrease in solubility, probably due to physical changes affecting macromolecules during the drying process. These physical changes during hot air drying could promote the formation of a surface crust, which can hinder the interaction between molecules and water [41]. Solubility values were lower when compared to those from other fruit powders such as passion fruit (44.6% to 57.56%) [42] or pineapple juice powder (81.56%) [43]. Nevertheless, the results were closer to those obtained for oat bran (ranging from 11.70% to 26.32% depending on the drying process applied) [44]. Clearly, a higher percentage of macromolecules such as insoluble fiber and proteins in the composition of by-products such as bran or bagasse provides lower solubilities. Additionally, the presence of a high percentage of fat makes the interaction with water molecules even more difficult.



Hygroscopicity is the capacity of a material or powder to absorb moisture and come into equilibrium with the relative humidity of the environment. The low water content of food powders could contribute to their high hygroscopicity, which gives rise to sticky and caked powders with low porosity, therefore decreasing their ability to rehydrate and retain aromas [45]. Food powder is considered good if it has low hygroscopicity [45]. According to Callahan et al. [46], a material can be considered non-hygroscopic when an increase of less than 20% (w/w) in moisture content above 90% relative humidity is observed after one week. Almond bagasse powder gained 0.17 g of water/g (17%) when equilibrated at 97% relative humidity after one week and was therefore non-hygroscopic. Non-significant differences were observed among the samples.



Wettability, swelling capacity, the water holding capacity (WHC), and the water retention capacity (WRC) are largely conditioned by the particle size and composition, mainly the fiber type and fat content. Wettability and the swelling capacity of almond bagasse powders were not significantly affected by the drying method or air temperature. However, WHC and WRC are significantly higher in the lyophilized powders. A different size distribution (Figure 1) with a single peak indicative of a larger volume of larger particles could be the explanation for these differences. According to Bai et al. [44], the larger the particle size, the higher the wettability since water molecules can permeate through the larger voids left between the particles. Regarding composition, soluble fiber has a high capacity to retain water and expand to form a viscous solution, while insoluble fiber can also absorb and retain water in its fibrous matrix but in a lower quantity; fat, on the other hand, hinders any interaction with water. Lecumberry et al. [47] reported results for WRC in apple and orange pectin of 16.51 ± 3.77 and 28.07 ± 5.37 g water/g dry matter, respectively), these results being higher than those obtained for almond bagasse, which is consistent with the higher content of insoluble fiber and the presence of fat in the almond bagasse. Nevertheless, similar results were obtained in lulo bagasse (8.2 ± 0.7), a material also with a high content of insoluble fiber [48]. Bai et al. [44] provided data on WHC in oat bran (5.95 to 6.48 g of water/ g of dry matter), which were similar to those obtained in freeze-dried almond bagasse and slightly lower in hot air-dried powders.



Regarding oil interaction properties, the results obtained for almond bagasse powders showed good emulsifying properties, such as emulsifying activity and emulsifying stability. Significant differences were detected between freeze-dried and air-dried samples, regardless of air temperature. The values obtained for freeze-dried powders were higher (Table 1). The emulsifying capacity is associated with the presence of hydrophilic and hydrophobic groups. The high protein content present in the almond bagasse justifies its good oil-interaction properties. In freeze-dried samples, the increased structural damage caused by freezing and sublimation contributes to the breakdown of complex molecules, leaving more hydrophilic and hydrophobic groups available for interaction and consequently improving the oil-interaction properties [49]. Regarding oil retention ability, similar values were reported for commercial fibers from lemon, orange, peach, apple, and persimmon (2.5 to 2.9 g oil/ g sample) [50]. Similar emulsion stability to that of freeze-dried almond bagasse powder was obtained for peas (59.4% ± 1.0) and lentils (55.0% ± 2.5). The emulsifying activity of almond bagasse could be compared with the results obtained for peas (40.9% ± 0.7) and lentils (39.9% ± 1.0) [51].



Associated with browning and oxidation reactions, all samples experienced color differences when compared to the fresh almond bagasse (Table 1). These changes gave the samples more yellowish-red tones, denoted by higher values of the a* and b* coordinates. The saturation (C) in all cases shows a low value, being lower in the fresh bagasse. According to Bodart et al. [52], color differences are imperceptible to the human eye when they are ΔE < 1. Small differences can be seen when 1 < ΔE < 3 and will be visibly evident when the value of ΔE > 3. Since in all samples the values were higher than 3, the changes were clearly perceptible. However, the color difference in the freeze-dried powder was smaller since freeze-drying occurs under vacuum and at low temperatures, minimizing oxidation processes.



Figure 1 shows the particle size distribution and characteristic parameters of hot air-dried and freeze-dried almond bagasse powders. Practically, a monomodal distribution for the freeze-dried powder and a bimodal distribution for air-dried powders were observed. In the freeze dried, the structural breakdown induced by/100 g water freezing and sublimation resulted in a more homogeneous particle size distribution and a slight shift in the maximum towards a smaller particle size. Probably, in hot air-dried samples, phase transitions in macromolecules such as carbohydrates and proteins, and their different mechanical resistance to crushing, resulted in a more heterogeneous distribution, and specifically a bimodal one. This distribution is quite common in carbohydrate and fiber-rich powders produced by hot-air drying, such as blueberry powder and the tangerine skin powder dried at 70 °C [53,54].



Regarding antioxidant properties (Table 2), the highest values of antiradical activities were obtained for fresh samples. No significant differences were observed between the different drying methods and temperatures used. The total phenols of the freeze-dried samples were very similar to those of the fresh samples. Freeze-drying occurs at low temperature and in vacuum conditions, which contributes to maintaining bioactive compounds with anti-radical activity such as phenols [40]. In hot air-drying treatments, structural damage and the presence of oxygen at high temperature resulted in higher degradation. However, for the inactivation of enzymes involved in some of the degradation reactions, the difference between 60 and 70 °C could be decisive. In terms of interaction with other molecules, it has been shown that dehydration can increase polyphenolic compounds, despite some degradation, because it can improve extraction and lead to a greater release of these compounds [55]. In almond bagasse, the macronutrient composition, consisting mainly of fiber and fat, could interact with the polyphenols and prevent them from getting released after processing. Comparing results from the DPPH and ABTS methods, the ABTS radical reacted with more antioxidant compounds. The lower reaction time of ABTS radical and its more hydrophilic nature enabled it to react in both organic and aqueous media.



The values for total phenols were quite similar to those reported for almond shell, ranging from 0.86 to 1.16 mg GAE/gdm [56], but higher values were found in fresh almonds (2.87 mg GAE/gdm), brazil nuts (2.44 mg GAE/gdm), hazelnuts (6.87 mg GAE/gdm), and pecans (1,81 mg GAE/gdm) [57]. Similar results were obtained in peach (0.51 mg GAE/gdm), fig (0.59 mg GAE/gdm), macadamias (0.46 mg GAE/gdm), and pines (0.32 mg GAE/gdm) [58,59].




3.2. Air Drying Kinetics


Figure 2 shows the drying and drying rate curves of thin-layer air-drying of almond bagasse at 60 and 70 °C. The almond bagasse was dried from the initial moisture of 55% to a final value of around 5.5%. The time needed to reduce the water content was 4.5 and 3.7 h at 60 and 70 °C, respectively. As expected, the statistical analysis revealed the significant effect (p-value < 0.05) of air temperature on water content removal during the process. When the air temperature increased, it had a greater capacity to retain water, promoting the drying process. At the same time, the temperature of the bagasse increased significantly, increasing the water diffusivity from the inner layers to the surface [60]. Furthermore, Ling et al. [61] suggested that in pasty products, such as sludge, this temperature increase was linked to a porosity reduction. Fresh almond bagasse was slightly pasty, so the reduction in porosity could have also contributed to the increase in the drying rate.



During the first few minutes of the air-drying process, the drying rate increased until it reached the highest value (Figure 2). This increase was associated with the progressive heating of the product when it comes into contact with the hot air. The experimental data revealed that this stage, which corresponds to the induction stage, had a duration of 20–30 min, depending on the drying temperature. After the induction period, in high moisture foods, a water-free layer over the entire surface of the food usually results in a constant drying rate [62]. However, the initial moisture content of the fresh bagasse was around 55%, which was low enough that there was no longer a free layer of water. Thus, drying rate curves revealed that the process at the temperature values took place in the falling rate period entirely. Two periods of declining drying rate were observed; in both cases, the decrease in drying rate was linear with the reduction in moisture ratio     Xw     Xw  0     . Therefore, it could be said that the drying process was controlled by internal water diffusion. In the first stage, when the bagasse had the higher water content, the reduction in velocity was lower than in the second stage when the bagasse was almost dry. This behavior was largely influenced by the composition and structural characteristics of the bagasse. Considering that the main components of the bagasse do not have a high water-holding capacity (this will be discussed later in the sorption isotherms section), it can be stated that its structural characteristics, in particular its porosity and particle size, determined the facility with which water molecules were removed. Additionally, the extent of compartmentalization associated with the crushing level influences physical interactions that also affect the rate of the process.



Modelling the drying curves and obtaining the kinetic parameters provides information on the mechanisms involved. Furthermore, it makes it possible to control the process by improving energy consumption and subsequently optimize the drying process for greater efficiency and a better quality final product. Numerous models have been used by researchers [63]. These are theoretical, semi-theoretical, and empirical models that usually correlate the moisture ratio with the drying time. Theoretical models provide insights to the mechanisms involved in water loss but offer complex mathematical solutions that are difficult to fit and manage. On the other hand, empirical models provide simple and fast solutions that are effective for practical operation management when the experimental conditions under which they are obtained correspond to the real operating conditions. Semi-theoretical models are the most applied and are generally derived from a direct solution of Fick’s second law by assuming some simplifications.



In this study, the experimental data were fitted to an empirical model that establishes a linear correlation between the drying rate and the moisture ratio and to the simplified diffusional model, considering a single term of the serial progression from the integration of Fick’s second law (Table 3). The simplified diffusional model usually fits well when drying occurs in the falling rate, as this is when the predominant mechanism is the diffusion of water from the innermost layers of the food samples to the surface. In the application of the equation, it was assumed that water diffusion occurred in a single direction and remained constant, the material was isotropic, and the moisture distribution uniform. The external resistance to water transport was negligible compared to the internal resistance and there was no shrinkage or swelling of the food material. The adjustment allowed the calculation of the effective moisture diffusivity (De) as a kinetic parameter to compare the facility with which water diffuses from the inner part of the bagasse to the outer part. The values obtained were 1.97 × 10−9 and 2.18 × 10−9 m2/s for the temperatures of 60 and 70 °C, respectively. These values are within the range generally given for the moisture diffusion of food materials (10−11 to 10−6 m2/s) [64,65].



Saravacos and Maroulis [66] investigated the effect of food properties on the drying kinetics of non-cellular structured food. They established the important effect of food structure and hygroscopicity and reported typical values of effective water diffusivity, varying from 50 to 0.01 × 10−10 m2/s depending on hygroscopicity. Xiong et al. [67] showed that the effective diffusivity (De) was higher in pregelatinized samples and was found to be much higher through porous puffed pasta than regular pasta. Ruimin et al. [68] found that the total drying time of sludge particles with a diameter of 10 mm is not much different from that of particles with a diameter of 6 mm, while the total drying time of particles with a diameter of 18 mm increases significantly.



The goodness of the fit was determined by the correlation coefficient (R2), the root mean square error (RMSE), and the mean relative error (MRE). It is generally accepted that an R2 value higher than 0.93 and an MRE lower than 0.1 are good fits. Although, the MRE of the fit to the simplified diffusional Fick’s model is too high, the correlation coefficient is good and could be accepted as an acceptable approach. In the case of the linear empirical model, the fit was more accurate.




3.3. Sorption Isotherms


Figure 3 shows the moisture sorption isotherms at 20 °C of hot air-dried almond bagasse powder at 60 °C (HAD60), at 70 °C (HAD70), and the freeze-dried one (LYO).



It can be observed that at rather low moisture values (~0.3 g water/g dry matter), water activity values of 0.9 are reached. The isotherm is very close to the x-axis, which indicates that the product has a very low water binding capacity, possibly influenced to a large extent by its fat content. Two practically linear sections can be identified; a rather flat first section for water activities equal to or less than 0.54, and a second section with a positive slope for water activities equal to or greater than 0.54 This results in a type III isotherm, which is quite common in non-porous foods. This shape appears when the net heat of sorption is small (specifically with a BET C value of less than 2). A small net heat of sorption indicates that the interactions between the water and the other components are weak and more linked to physical than chemical phenomena [69].



When comparing the isotherm with that obtained for raw almond powder [70], the typical plateau at very low aw has disappeared. This plateau is associated with high water adsorption by complex molecules with many active points, such as carbohydrates or soluble proteins. These have been extracted during the production process of vegetable almond drink and are no longer present in the bagasse.



In powdered products, physical and chemical sorption phenomena are largely conditioned by the macromolecular structure of the product as well as by its chemical composition and the physical state of its components [71]. Regarding the macromolecular structure, in all cases, a powder with large and slightly caked particles was obtained, which greatly limits the adsorption phenomena. Considering the composition, the fat content, which is hydrophobic in nature, together with insoluble long-chain carbohydrates (insoluble fibre constituted mainly of cellulose and lignin) is high, and the water adsorption capacity is low. Furthermore, the drying processes applied, such as hot air drying and freeze-drying, may have induced phase transitions aimed at the crystallization of some molecules, resulting in very small or zero stoichiometric hydration contents.





4. Conclusions


Hot air drying and freeze-drying were found to be suitable processes for obtaining a plant-based powder from the bagasse resulting from the production of vegetable almond drink. In all cases, a nutritious powder was obtained with low water binding capacity and therefore good properties for packaging and storage. However, due to its high fat content, it is worth studying its stability when stored. No clear trend was observed for the effect of the drying method (hot air or freeze-drying) on total phenolic content, antiradical capacity, physico-chemical properties, or interaction with water or oil. However, faster kinetics at 70 °C resulted in higher industrial productivity. Freeze-drying resulted in a powder with a more homogeneous particle size distribution and better oil-interaction properties, especially with higher emulsifying activity and stability. It would be the most recommended process to obtain a powder with emulsifying properties.
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Figure 1. Particle size of hot air dried (HAD60: hot air dried at 60 °C; HAD70: hot air dried at 70 °C) and freeze-dried (LYO) almond bagasse powders. Mean ± standard deviation of five repetitions. Different superscripts letters in the same column indicate statistically significant differences with a confidence level of 95%. 
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Figure 2. Air drying curves of almond bagasse at 60 and 70 °C. In the nested figure, the drying rate curves and the linear fits of the experimental data at 60 and 70 °C have been plotted. HAD: Hot air drying; Xw: water content (g water/g dry matter); 0, t are referring to initial and any other time. Mean values and standard deviation of three repetitions have been represented. 
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Figure 3. Sorption isotherms of hot air-dried (HAD60: hot air-dried at 60 °C; HAD70: hot air-dried at 70 °C) and freeze-dried (LYO) almond bagasse powders at 20 °C. Xw: water content (g water/gdm). 
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Table 1. Composition, physico-chemical, water interaction, emulsifying properties and color of fresh almond bagasse and, air dried (HAD60: hot air dried at 60 °C; HAD70: hot air dried at 70 °C) and freeze-dried (LYO) almond bagasse powders. The values in brackets for fresh bagasse refer to the composition expressed in g/g of raw material. Mean ± standard deviation of three repetitions. Different superscripts letters in the same line indicate statistically significant differences with a confidence level of 95%. dm, dry matter; w, water; Xw, water content; Xss, soluble solids content; WHC, water holding capacity; WRC, water retention capacity.
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FRESH

	
HAD60

	
HAD70

	
LYO

	
p-Value






	
Physico-chemical properties




	
aw

	
0.99 ± 0.08 a

	
0.23 ± 0.04 b

	
0.20 ± 0.06 bc

	
0.13 ± 0.02 c

	
0.0000




	
Fat (g/gdm)

	
0.25 ± 0.002 a (0.11)

	
0.252 ± 0.002 a

	
0.253 ± 0.004 a

	
0.250 ± 0.006 a

	
0.7106




	
Protein (g/gdm)

	
0.15 ± 0.03 a (0.07)

	
0.16 ± 0.04 b

	
0.16 ± 0.03 b

	
0.165 ± 0.008 b

	
0.0030




	
Xw (g/gdm)

	
1.262 ± 0.011 b (0.558)

	
0.014 ± 0.002 a

	
0.015 ± 0.012 a

	
0.02 ± 0.08 a

	
0.0000




	
Ashes (g/gdm)

	
0.031 ± 0.011 a (0.014)

	
0.031 ± 0.007 a

	
0.03 ± 0.06 a

	
0.030 ± 0.012 a

	
0.0000




	
Fiber Van Soest (g/gdm)

	
0.47 ± 0.02 a (0.21)

	
0.45 ± 0.02 a

	
0.50 ± 0.03 a

	
0.50 ± 0.03 a

	
0.6605




	
Cellulose and lignine (g/gdm)

	
0.17 ± 0.02 a (0.08)

	
0.20 ± 0.05 ab

	
0.20 ± 0.15 ab

	
0.21 ± 0.02 b

	
0.0005




	
Hemicellulose (g/gdm)

	
0.23 ± 0.04 a (0.10)

	
0.260 ± 0.014 a

	
0.290 ± 0.012 a

	
0.295 ± 0.002 a

	
0.0008




	
Xss (gss/gdm)

	
0.013 ± 0.003 a (0.006)

	
0.013 ± 0.004 a

	
0.013 ± 0.004 a

	
0.014 ± 0.004 a

	
0.6810




	
Water interaction properties




	
Solubility (%)

	
-

	
29 ± 1 b

	
26.2 ± 2.2 a

	
30.1 ± 1.1 c

	
0.0000




	
Hygroscopicity (gw/g)

	
-

	
0.17 ± 0.06 a

	
0.17 ± 0.17 a

	
0.17 ± 0.03 a

	
0.9763




	
Wettability (s)

	
-

	
8.3 ± 1.1 a

	
8.9 ± 0.6 a

	
8.3 ± 1.1 a

	
0.7458




	
Swelling capacity (mLw/g)

	
-

	
4.51 ± 0.08 a

	
4.51 ± 0.08 a

	
4.51 ± 0.08 a

	
1.0000




	
WHC (gw/gdm)

	
-

	
2.9 ± 0.5 a

	
2.6 ± 0.2 a

	
8.4 ± 1.8 b

	
0.0009




	
WRC (gw/gdm)

	
-

	
4.5 ± 0.2 a

	
4.6 ± 0.2 a

	
5.91 ± 0.08 b

	
0.0000




	
Oil interaction properties




	
Oil retention ability (go/gs)

	
-

	
2.3 ± 0.5 a

	
2.6 ± 0.2 a

	
4.2 ± 0.06 b

	
0.0047




	
Emulsifying activity (%)

	
-

	
19 ± 2 a

	
20 ± 2 a

	
34 ± 2 b

	
0.0002




	
Emulsifying stability (%)

	
-

	
20 ± 2 a

	
24 ± 2 a

	
59 ± 2 b

	
0.0000




	
Colour




	
L

	
73.68 ± 0.07 a

	
62.358 ± 0.010 c

	
58.236 ± 0.002 d

	
66.561 ± 0.001 b

	
0.0010




	
a*

	
4.88 ± 0.02 d

	
4.999 ± 0.009 c

	
6.487 ± 0.009 a

	
6.039 ± 0.002 b

	
0.0039




	
b*

	
11.62 ± 0.04 d

	
14.279 ± 0.006 c

	
16.143 ± 0.017 a

	
15.026 ± 0.014 b

	
0.0030




	
C

	
12.61 ± 0.05 d

	
15.128 ± 0.08 c

	
17.398 ± 0.014 a

	
16.194 ± 0.012 b

	
0.0204




	
ΔE

	
-

	
11.625 ± 0.010 b

	
16.167 ± 0.003 a

	
7.971 ± 0.06 c

	
0.0001
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Table 2. Total phenols content and antiradical capacity by DPPH and ABTS methods of fresh almond bagasse and, hot air-dried (HAD60: hot air-dried at 60 °C; HAD70: hot air-dried at 70 °C) and freeze-dried (LYO) almond bagasse powders. Mean ± standard deviation of three repetitions. Different superscripts letters for the same determination indicate statistically significant differences with a confidence level of 95%. dm, dry matter; GAE, acid gallic equivalents; TE, Trolox equivalent.
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	FRESH
	HAD60
	HAD70
	LYO
	p-Value





	Total phenols (mg GAE/gdm)
	0.59 ± 0.03 a
	0.291 ± 0.012 b
	0.33 ± 0.02 b
	0.5 ± 0.2 ab
	0.0000



	DPPH (mg TE/gdm)
	0.67 ± 0.06 a
	0.296 ± 0.007 b
	0.31 ± 0.03 b
	0.32 ± 0.05 b
	0.0154



	ABTS (mg TE/gdm)
	2.9 ± 0.2 a
	0.96 ± 0.03 b
	1.03 ± 0.07 b
	1.121 ± 0.012 b
	0.0000
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Table 3. Air drying kinetics of almond bagasse at 60 and 70 °C.      X w     - X   ∞ w     X c w     - X   ∞ w    :    Dimensionless moisture ratio,     Xw     Xw  0    :    Moisture   ratio  ,      Δ Xw     Δ t     : Drying rate, De: Effective water diffusivity, L: Half-thickness of bagasse thin layer, t: time, R2: Correlation coefficient, RMSE: Root mean square error, MRE: Mean relative error.
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Linear empirical model

	
Model equation

	
60 °C

	
70 °C




	
Stage 1

     Δ Xw     Δ t       = k   1    Xw     Xw  0       + k   2   

	
     Xw     Xw  0    ∈ ⌊ 0.816  ,   0.2 ⌋    

	
     Xw     Xw  0    ∈ ⌊ 0.769  ,   0.18 ⌋    




	
k1

	
0.006

	
0.008




	
k2

	
0.002

	
0.002




	
R2

	
0.971

	
0.983




	
RMSE

	
6.40 × 10−4

	
9.36 × 10−5




	
MRE

	
0.049

	
0.031




	
Stage 2

     Δ Xw     Δ t       = k   1 ′    Xw     Xw  0     

	
     Xw     Xw  0    ∈ ⌊ 0.2  ,   0.02 ⌋    

	
     Xw     Xw  0    ∈ ⌊ 0.18  ,   0.022 ⌋    




	
k’1

	
0.016

	
0.019




	
R2

	
0.995

	
0.921




	
RMSE

	
1.26 × 10−5

	
1.05 × 10−4




	

	
MRE

	
0.194

	
0.207




	
Difusional model

	
      X w     - X   ∞ w     X c w     - X   ∞ w    =  8   π 2     e    -   D ·  π 2  · t   4 ·  L 2          

	
     Xw     Xw  0    ∈ ⌊ 0.816  ,   0.02 ⌋    

	
     Xw     Xw  0    ∈ ⌊ 0.769  ,   0.022 ⌋    




	
De (m2/h)

	
7.11 × 10−6

	
7.88 × 10−6




	
R2

	
0.993

	
0.983




	
RMSE

	
0.039

	
0.033




	

	
MRE

	
0.331

	
0.310
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