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Abstract

:

Blends combine advantageous characteristics of each species, resulting in products with different flavors and nutritional substances. Moreover, transforming them into powder provides numerous advantages. This work evaluated the properties of three blended foam formulations made from the pulps of tropical red fruits (acerola, guava and pitanga) to determine the foam layer drying kinetics and thermodynamic properties. The foam formulations were prepared by mixing the three pulps in equal proportions (1:1:1), all added with 6% albumin and 1% stabilizing agent. The foams were analyzed for density, volumetric expansion, stability and porosity in six mixing times. Subsequently, they were subjected to drying in an oven with forced air circulation at 4 temperatures, with a layer 0.5 cm thick. Seven mathematical models were fitted to the drying kinetics experimental data to determine the effective diffusivity and thermodynamic properties of the samples. The best mixing times were 5 min for the E2 sample and 30 min for the others. Formulation E2 presented the best results in the foam physical properties, and E3 presented the shortest drying times. All models tested were satisfactorily adjusted, but Page’s model was the most adequate to describe the process. Sample E3 showed the highest diffusivity and sample E2 the lowest activation energy. The drying temperature increase caused reductions in enthalpy and entropy, as well as an increase in Gibbs free energy, indicating an endergonic process. The combination of additives incorporated into the blend influences the drying process: formulation E2 shows greater efficiency in removing water, and formulation E1 presents the highest energy demand.
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1. Introduction


The increased demand for new food products serves, according to Mesquita et al. [1], a growing search for healthy foods, which makes natural juices attractive. Therefore, industries continue developing new products that meet the needs of consumers. So, the combination of pulps from different fruits in the form of a blend is seen, according to Adeloye and Agboola [2], as a strategy to complement the nutritional, sensorial and functional properties of juice.



Tropical fruits are highly appreciated around the world, with their diverse aromas, textures, flavors and shapes, as well as important nutritional components [3]. Within this category, red fruits, such as acerola (Malpighia emarginata), guava (Psidium guajava L.) and pitanga (Eugenia uniflora L.), are among the most appreciated [4]. They carry high concentrations of bioactive compounds, such as phenolic compounds, carotenoids and flavonoids, as well as amino acids, vitamin C, minerals and high antioxidant activity that can contribute to beneficial health effects [5,6,7].



Fruit-based products are composed of a high amount of water, making them particularly susceptible to deterioration by microorganisms and enzymatic and chemical reactions, giving them a short useful life [8]. Therefore, most of the preservation methods employed in these materials are based on water removal [9].



The drying process is widely used in industry in order to preserve the quality of agricultural products [10], with foam-mat drying as one option that stands out for being an effective, simple and much cheaper technique compared to the other methods, such as lyophilization and spray, besides the fact that it results in high-quality dry products [11]. In addition, it allows the use of lower temperatures, with a high drying rate and short mixing time [12]. Another advantage is that the obtained powders/flakes have better reconstitution properties when compared to freeze-dried and spray-dried products due to their honeycomb structure [13].



This method is widely used in heat-sensitive products and consists of transforming liquids or semi-solids into a stable foam through the incorporation of air or other gases and a foaming agent and/or a stabilizer. Therefore, the quality of the foam formation depends on the additives used and their effect on foam density and stability [13].



The foaming agent acts as a surfactant material, reducing the surface tension between the solid–liquid interfaces [9]. Egg albumin is one of the most used foaming agents, having been evaluated by many researchers in the drying of various products, such as beetroot (Beta vulgaris) [14], lemon juice (Citrus latifolia) [15], watermelon (Citrullus lanatus) [16], three types of banana juice (Kepok Lumajang, Ambon Probolinggo and Agung Lumajang) [17] and papaya pulp (Carica papaya) [11,18].



However, foams are unstable by nature and energy is released during relaxation, most often requiring the addition of a stabilizing agent [15]. Although many stabilizers have been studied in foam layer drying, the application effect of guar gum, gum arabic and gelatin on the characteristics of fruit blends depends on the peculiar composition of each material.



To assess whether the formed foam is stable, parameters such as density, overrun, stability and porosity must be evaluated. The density of the foam indicates the capacity of the formulation for dehydration, and the lower its value, the more air was incorporated into the structure of the material, and, consequently, the more stable the foam becomes, and with that, the material can be easily dried for a certain stirring time [19]. The overrun is a measure of air incorporation in the continuous phase, and the higher its value, the more stable the foam, indicating the ideal concentrations of foaming/stabilizing agents [20]. The foam porosity is directly related to the surface area, and the higher its value, the higher the heat transfer and drying rate [21]. The stability of the foam is the ability to maintain air for a certain time, which is inversely proportional to the volume of the drained liquid, and when thermally stable, it preserves the porous structure, color, texture and flavor, in addition to providing good rehydration to the final product [22].



The formation of a stable foam depends on the characteristics of the fruit pulps, the additives, the concentration and the mixture between them. From the elaboration of a stable foam, it is possible to increase the drying rate and reduce the drying time [23].



The study of drying kinetics and the adjustment of mathematical models are important tools for understanding the heat and mass transfer processes of agricultural products during drying [24]. In addition, knowledge of the effective diffusivity and thermodynamic properties allows knowing the energy required for drying and the physical phenomena that occur on the surface and inside the product, collaborating for the optimization of the process [25].



Based on what has been exposed and due to the scarcity of works on the foam layer drying of a blend of tropical red fruits (acerola, guava and pitanga), the influence of the time of beating of the formulations on the properties of the foam was investigated, followed by the evaluation of the behavior of the combination of additives in the formulations during the drying kinetics at different temperatures and their thermodynamic properties. Studying the development of formulations and understanding the drying process in a foam layer are important in the development of new products as a way of offering an option to diversify the consumption of these fruits that are produced on a large scale, allowing new markets to be reached using simple and easily accessible technology.



The hypothesis presented is that one of the additives used can present better results compared to the others, making it possible to optimize the technique used in the elaborated product. Therefore, the objective of the present work was to evaluate three foam formulations of tropical red fruits blends (acerola, guava and pitanga) formulated with albumin, gum arabic, guar gum and gelatin, as well as the effect of additives on foam properties, drying kinetics and thermodynamic properties.




2. Materials and Methods


2.1. Material


Acerola (Malpighia emarginata), guava (Psidium guajava) and pitanga (Eugenia uniflora L.) fruits were collected between January and March 2020, in the municipalities of Petrolina (latitude 9°23′39″ S, longitude 40°30′35″ W, altitude 380 m) and Bonito (latitude 8°28′13″ S, longitude 35°43′35″ W, altitude 423 m), both located in the state of Pernambuco, Brazil. The additives used were albumin (Naturaovos®, Salvador do Sul city, Brazil; yellowish powder, with 78% protein content and 4% moisture), gum arabic (Neon®, São Paulo city, Brazil; fine powder with 0.98% moisture), guar gum (Guar gum 5000, Daxia®, Guarulhos city, Brasil; fine white powder, with a protein content of 3.2% and moisture content of 10%) and gelatin (GastronomyLab®, Brasília, Brazil; Bloom 220; light yellow crystalline powder with moisture content of 8%).




2.2. Blending


The fruits were selected according to the ripe maturity (at the stage when the acerola and pitanga had completely red skins and the guava had completely yellow skins) and analyzing the presence of damage. Then, they were washed in running water to eliminate foreign materials, sanitized by immersion in chlorinated water (50 ppm) for 15 min and immersed in potable water to remove excess disinfectant. Then, they were pulped in a horizontal mechanical pulper (Laboremus®, DF—200, São Paulo, Brazil), with a screen sieve with holes of 2.5 mm in diameter. After pulping, the acerola, guava and pitanga pulps were individually packed in low-density polyethylene packages measuring 10 × 25 cm, with capacity for 200 g, and stored in a freezer at a controlled temperature, −18 °C, until the moment of blend preparation. Then, the defrosting was performed gradually, with an increase in temperature. To obtain the blend, the pulps were mixed in a proportion of 1:1:1 (g/g), with the whole pulps weighed and taken to a domestic blender (Arno®, model Power Mix, São Paulo, Brazil), where they were homogenized at maximum speed during 2 min, according to the tests carried out previously, which demonstrated that lower speeds and times did not present total homogenization of the samples.




2.3. Foam Formulations


Three formulations were elaborated to obtain the foams. Albumin, guar gum and gelatin additives were incorporated into the blend at the following concentrations: E1 formulation containing 6% albumin and 1% gum arabic; E2 formulation, 6% albumin and 1% guar gum; and E3, 6% albumin and 1% gelatin. The additives and proportions used were chosen through tests carried out previously, where smaller proportions did not show foam formation. For air incorporation and foam formation, the formulations were processed in a domestic mixer (Arno®, Deluxe, São Paulo, Brazil) at maximum speed (5×) during mixing times of 5, 10, 15, 20, 25 and 30 min.




2.4. Foam Physical Properties


2.4.1. Density


The determination of foam density was performed in triplicate by the mass/volume ratio of the foams placed in a 100 mL aluminum pycnometer (25 ± 1 °C). The results were presented in g/cm3.




2.4.2. Overrun (Volumetric Expansion)


The overrun was determined as a function of the densities of the formulations before and after the formation of foams, according to Equation (1) [26].


   Overrun =     ρ P  −  ρ e     ρ e       ×   100   



(1)




where Overrun is the volumetric expansion (%); ρp is the pulp density before mixing (g/cm3); ρe is the foam density (g/cm3).




2.4.3. Foam Stability


The stability evaluation was performed using the methodology described by Karim and Wai [27], in which a glass funnel with a nylon filter is attached to a beaker. The foams were placed in the filter/funnel/beaker assembly and subjected to a temperature of 70 °C for 180 min. Stability is inversely proportional to the drainage ratio, calculated according to Equation (2).


   Drainage   ratio =     Mass   of   drained   liquid     Foam   mass     



(2)








2.4.4. Porosity


Porosity was calculated according to Equation (3).


   φ = 1    −    ρ e     ρ p     



(3)




where φ is the porosity (%); ρp is the pulp density before mixing (g/cm3); ρe is the foam density (g/cm3).





2.5. Drying Kinetics


The drying kinetics of the three formulations were determined in triplicate, with the foams placed on stainless steel trays, forming a layer with a thickness of 0.5 cm. Then, the trays were dried in an oven with forced air circulation (Fanem®, model 320E, Santa Rita of Sapucaí, Minas Gerais, Brazil), with an air velocity of 1.0 m/s, at temperatures of 50, 60, 70 and 80 °C, weighing the trays at predetermined time intervals (5 min for the first 10 halves, then 10 min for the first 6 halves, then 20 min for the first 4 halves and 1 h for the rest) until constant mass is obtained, determining the dry masses and calculating the water contents of the samples. Both layer thickness and air velocity were determined according to previous tests. From these results, the water content ratio values were calculated (Equation (4)):


   MR =     M t  −  M e     M i  −  M e     



(4)




where MR is the product water content ratio (dimensionless); M is the actual product water content (% d.b.); Me is the product balance water content (% d.b.); M0 is the initial product water content (% d.b.).



In addition, the powder yield (Equation (5)) and water content on a dry and wet basis (Equations (6) and (7)) were calculated.


   Powder   yield    =    final   weight *  100    starting   weight     



(5)






   (   %   w  . b .  )  =  (     M w     M  s      )  * 100  



(6)






   (   %   d  . b .  )  =  (     M w     M d     )  * 100  



(7)




where (% w.b.) is the water content on a wet basis; (% d.b.) is the water content on a dry basis; Mw is the water mass; Ms is the sample mass and Md is the dry mass.



The mathematical models in Table 1 were fitted to the experimental data of the drying kinetics in the foam layer using nonlinear regression analysis by the Quasi-Newton estimation method in the computer program Statistica version 7.0 (StatSoft® Inc., Tulsa, OK, USA).



The models were evaluated considering the coefficient of determination (R2), the mean square deviation (MSD) and the chi-square test (χ2), which are Equations (15), (16) and (17), respectively.


   R 2  =     ∑   i = 1  N    [  (    MR   exp , i   −     MR   exp , i )    ¯   )   (    MR   pred , i   −     MR   pred , i )    ¯   )  ]  2      ∑   i = 1  N   (    ∑   i = 1  N  [    (    MR   exp , i   −     MR   exp , i )    ¯   )   2   )  (   ∑   i = 1  N  (    (    MR   pred , i   −     MR   pred , i )    ¯   )   2     



(15)






   MSD =       Σ       (    RX   pred   −   RX   exp    )   2     n   



(16)






   χ 2   =   1  GLR     ∑    i = 1   N     (    MR    pred , i    −   MR    exp , i     )   2   



(17)




where MSD is the mean square deviation; MRpred is the ratio of water content predicted by the model; MRexp is the experimental water content ratio; n is the number of experimental observations; GLR is the model degrees of freedom (number of experimental observations minus the number of model coefficients).




2.6. Effective Diffusivity


The drying kinetics data were fitted with the mathematical model of liquid diffusion (Equation (14)), which is the analytical solution of Fick’s second law, and the effective diffusivities for each temperature were obtained. The infinite flat plate geometry was considered for the samples, unidirectional movement of water, uniform distribution of initial water content, that water migrates only by diffusion and that external resistance and shrinkage are negligible. The mathematical solution is represented by Equation (18).


   MR =   8   π 2      ∑    n = 0   ∞   1     (   2 n + 1   )   2    exp  [  −    (   2 n + 1   )   2   π 2   D  ef    t   L 2     ]   



(18)




where MR is the product water content ratio (dimensionless); Def is the effective diffusivity (m2/s); n is the number of terms in the equation; L is the drying layer thickness (m); t is the time(s).



To solve Equation (14), the computer program Statistica version 7.0 (StatSoft® Inc., Tulsa, OK, USA) was used with the Quasi-Newton estimation method by non-linear regression.



The dependence of effective diffusivity (Def) with temperature was evaluated by an Arrhenius equation (Equation (19)), determining the activation energy (Ea).


   D  ef      = D   0  exp  (         E   a    RT    )     



(19)




where Def is the effective diffusivity (m2/s); D0 is the pre-exponential factor (m2/s); Ea is the activation energy (J/mol); R is the universal gas constant (8.314 J/mol K); T is the absolute temperature (K).




2.7. Thermodynamic Properties


The thermodynamic properties—enthalpy, entropy and Gibbs free energy—of the drying process were calculated respectively using Equations (20)–(22).


  Δ    H = E   a  − RT  



(20)






  Δ  S = R   [  ln  (   D 0   )  − ln  (     K B     h P     )  − ln  ( T )   ]   



(21)






  Δ  G =  Δ H −  ( T )  Δ S  



(22)




where ΔH is the specific enthalpy (J/mol); ΔG is the Gibbs free energy (J/mol); ΔS is the specific entropy (J/mol K); Ea is the activation energy (J/mol); R is the universal gas constant (8.314 J/mol K); kB is the Boltzmann’s constant (1.38 × 10−23 J/K); hP is the Planck’s constant (6.626 × 10−34 J/s); T is the absolute temperature (K).




2.8. Statistical Analysis


Statistical analysis of the data was performed using the software Assistat version 7.7 beta [28]. The design used was completely randomized in a factorial scheme 3 × 6 (3 foam formulations and 6 mixing times), with three replications for the analysis of density and volumetric expansion (overrun). The other experimental data, namely, density, porosity, volumetric expansion and stability, were submitted to analysis of variance (ANOVA) and the means compared by Tukey’s test with 5% of probability.





3. Results


3.1. Foam Physical Properties


Table 2 shows the average density values of the foams of the 3 formulations, in the 6 mixing times evaluated (5, 10, 15, 20, 25 and 30 min). It is observed that the E2 foam (6% albumin and 1% guar gum) presented the lowest densities at all times evaluated, when compared to the other foams (p < 0.05). In addition, significant increases in density occurred when the duration of the mixing times was increased. In the other foams, an inverse behavior was verified, where the longer the times, the lower the values obtained (p < 0.05). This proved that the characteristics of the different materials added (such as stabilizers) cause different behaviors in the sample, mainly affecting the beating time.



To optimize the drying process, the choice of ideal mixing times must be carried out aiming at the lowest densities because these results demonstrate greater incorporation of air and the foams become more stable throughout the process, according to Dabestani and Yeganehzad [19]. Consequently, there is better water removal due to the larger surface area [29]. All foams evaluated showed densities lower than 0.2 g/cm3 in at least 1 processing time, with the formulations composed with gum arabic (E1) and gelatin (E3) presenting the better performance with 30 min of mixing, with no significant difference between the values of both, while in E2, the time of 5 min showed better values.



Foam density results similar to the foams of formulations E1 and E3 were identified in melon pulp (Cucumis melo) with different concentrations of gum arabic (0 to 15%), presenting values from 0.42 to 0.77 g/cm3 with the mixing time of 10 min [30]. Susanti et al. [31], studying red sorghum extract (Sorghum vulgare Pers var. Suritan 3) foamed with xanthan gum, gum arabic and milk protein isolate, reported density values from 0.2 to 0.8 g/cm3, also decreasing with the mixing time (5, 10 and 15 min). Cól et al. [13], evaluating bacaba pulp (Oenocarpus bacaba Mart.) with different albumin concentrations and Emustab® and adopting a fixed mixing time of 20 min, found densities ranging from 0.57 to 0.99 g/cm3.



The volumetric expansion data (overrun), dependent on the mixing time, are shown in Table 3. The volumetric expansions of the formulations varied from 44.00 to 765.66%, and in samples E1 and E3, there was an increase as the mixing time increased (p < 0.05). The opposite occurs with the E2 formulation, which presented values about 200% higher than the others. The advantage of testing several stabilizers is that each one of them has its own properties, which, when adhering to the sample, cause different particularities. So, it is possible to optimize the drying process by using the most efficient additive, which has a shorter mixing time and greater stability.



It is observed for E2 that there is a direct relationship between the highest values of volumetric expansion and the lowest density in the times of 5 to 20 min, a fact also verified by Karim and Wai [27]. Statistical differences (p < 0.05) were also identified between the formulations in the different mixing periods evaluated, except for 5 and 30 min, in which the samples with gum arabic and gelatin did not differ from each other, and in the time of 25 min, in which E2 and E3 were statistically equal. Values lower than those of the present work for volumetric expansion were observed by Khodifad and Kumar [32], in pinecone pulp (Annona squamosa) foamed with albumin and carboxymethylcellulose, and by Watharkar et al. [33], in ripe banana pulp (Musa balbisiana) added with skimmed milk powder as a foaming agent, whose values ranged between 29.03 and 122.58% and between 9.09 and 51.78%, respectively.



Closer expansions were obtained in raspberry pulp foam (Rubus idaeus) with potato protein, maltodextrin and pectin (79.19 to 447.48%) in 10 min of mixing [34] and in white pulp pitayas (Hylocereus undatus) and red pulp pitayas (Hylocereus costaricensis) (436.18 and 582.43%, respectively), in which the overrun was proportional to the increase in the concentration of Emustab® (1 to 5%), with mixing times between 5 and 30 min [35]. The analysis of values presented here and in literature shows that the volumetric expansion is a function of the raw material chemical composition, of the additive combination and concentration and of the mixing time. The expansion of the foam is due to the presence of proteins, such as albumin. These proteins undergo denaturation at the interface and interact with each other to form a stable interfacial film [36] that presents affinity with water, providing a very high viscosity in aqueous systems, even at low doses and in a short time, [37] during the mixing process.



Figure 1 shows the foam drainage ratio as a function of mixing time. Foam stability is inversely proportional to the drainage ratio, indicating that the foaming/stabilizing agents used were effective granting 100% stability from the mixing time of 25 min, with emphasis on the formulation with guar gum (E2), which provided maximum stability (absence of drainage) at all times evaluated. A foam with a stable structure results in faster drying and easier removal of dry material from trays [38].



Poonnakasem [39], evaluating the effect of albumin concentration (2, 4 and 6%) in pepper sauce with 1% carboxymethylcellulose after 4 min of mixing, found stabilities varying between 98 and 100%, with the best concentrations of 4 and 6% albumin. Using the foaming and stabilizing agents albumin (2%) and methylcellulose (1.5%), after 3 min of mixing, Dehghannya et al. [15] observed foam stability of 92.589% in lemon juice. Ng and Sulaiman [14] found a stability range of 82.5 to 97.5% for beet foam (Beta vulgaris) added with albumin and fish gelatin as the foaming and stabilizing agents, respectively, presenting these values after 180 min of evaluation of the foam at 25 °C. The same was verified in cocoa foam enriched with lavender extract (Lavandula hybrida L.), foamed with albumin and gelatin, reaching 99.99% stability after 120 min [40].



Table 4 presents the results obtained for the foam formulations’ porosity. Significant differences (p < 0.05) were observed in the porosities between the six times used in the three foams. When the comparison is made among the formulations, there is a higher porosity of the foam with guar gum (E2) up to 20 min of mixing. As in the density and overrun, the porosity of the E2 sample has the opposite behavior to that of the E1 and E3 samples, decreasing with the mixing time. Cól et al. [13] stated that a high porosity is responsible for the drying velocity of the foam layer compared to traditional drying, as it facilitates the movement of water from the interior to the surface through the free spaces (air bubbles) between the liquids.



Despite this, the choices of mixing times must be made based on the data set, where low density, high stability, high volumetric expansion and high porosity are preferable [15]. Consequently, the mixing periods determined as the best were 5 min for E2 and 30 min for E1 and E3.




3.2. Foam Layer Drying


Table 5 presents the data obtained for the drying process time, yield and water content of the three foam formulations, which were prepared and submitted to drying at temperatures from 50 to 80 °C. There is a reduction of 47, 69 and 65% in the drying times with increasing temperature, between temperatures of 50 and 80 °C, in samples E1, E2 and E3, respectively. Evaluations of drying time reductions with increasing temperature were also carried out by El-Salam et al. [11], studying papaya pulps (Carica papaya) added with albumin and xanthan gum at temperatures of 60 and 80 °C. Ayetigbo et al. [41] tested white and yellow cassava pulp (Manihot esculenta) foamed with glycerol monostearate and sodium carboxymethylcellulose, subjected to drying at temperatures of 50, 65 and 80 °C. Silva et al. [42] evaluated 3 formulations of mixed prickly pear and acerola pulp with albumin, xanthan gum, guar gum and carboxymethylcellulose, with temperature ranging from 50 to 70 °C, in which maximum and minimum drying times of 460 and 160 min were observed, with water contents (w.b.) between 5.17 and 12.05, close to those found in the present study (5.02 and 8.54).



When evaluating the yields, it is observed that there were small changes, which stayed in the range of 15.13 to 17.88%. However, there was a significant difference (p < 0.05) among the powders obtained at the four temperatures adopted. Overall, the highest productivity was achieved by foam made with gum arabic (E1), followed by guar gum (E2) and gelatin (E3), respectively. Table 6 shows the parameters of the 7 mathematical models adjusted to the experimental data of the drying kinetics of formulations E1, E2 and E3 at temperatures of 50, 60, 70 and 80 °C, with the respective coefficients of determination (R2), mean squared deviations (MSDs) and chi-square (χ2).



It is verified that all the models tested were satisfactorily adjusted to the experimental data of the drying kinetics, with R2 ≥ 0.98, MSD ≤ 0.07 and χ2 ≤ 0.005, and can be used in the prediction of drying kinetics curves. However, among all the models tested, Page resulted in the best results, with higher R2 values and lower MSD and χ2, making it the most suitable model to describe the foam layer drying process of the pulp blend formulations.



Other authors also found that Page’s model provided the best fit for foam layer drying kinetics, such as Li et al. [30] for melon pulp with different concentrations of gum arabic; Brar et al. [9] in peach pulp, using carboxymethylcellulose, isolated soy and pea protein as additives; Cavalcante et al. [43], working with cagaita pulp (Eugenia dysenterica) and using albumin as a foaming agent; and Gonzaga et al. [44], using pineapple juice with mint, Neutral League and Emustab® to obtain the foams.



The Page model was also reported in the literature as suitable for estimating the drying of fruits in general, using different techniques, such as tomato slices dried in a vacuum oven [45]; mango submitted to drying in an indirect forced-convection solar dryer [46]; and drying of bacaba pulp (Oenocarpus bacaba Mart.), in which the Page, Midilli and Logarithmic models presented equally good fits, with values of R2 > 0.99 [47].



Figure 2 shows the drying kinetic curves of the 3 formulations, E1, E2 and E3, at temperatures of 50, 60, 70 and 80 °C, adjusted by the Page model. The three formulations behaved differently during drying, with E3 (albumin + gelatin) generating regularly distinct curves as an effect of the differences between temperatures, while in E1 (albumin + gum arabic) and E2 (albumin + guar gum), there are approximate representations for drying at 60 and 70 °C and for drying at 70 and 80 °C, respectively.




3.3. Effective Diffusivity


Table 7 shows the effective diffusivities for the three foam formulations evaluated. The increase in temperature results in an increase in the velocity of water extraction from the product, with a consequent tendency of diffusivity increase, with formulation E3 achieving the highest results, followed by E2. Thus, the influence of the combination of additives in the formulations on the effective diffusivity is evident, as verified by Dehghannya et al. [15], which showed a decreasing in Def with the albumin concentration increasing.



Def values in a similar range are reported by several authors in products obtained by drying in a foam layer, such as mixed prickly pear and acerola pulp with diffusivity between 1.28 × 10−9 and 3.19 × 10−9 m2/s [48] and green banana (Musa sapientum) with values from 2.045 × 10−9 to 4.710 × 10−9 m2/s [49], both at temperatures of 50, 60 and 70 °C.



The influence of temperature on the effective diffusivity was evaluated by an Arrhenius-type equation, with the values of the equation parameters, pre-exponential factor (D0), activation energy (Ea) and determination coefficients (R2) presented in Table 8. The three samples showed Ea in the range of values for foamed food products which is 15 to 40 kJ/mol [50]. Sample E2 presented the lowest Ea among the formulations and E1 the highest value, indicating that formulation E2 requires a lower amount of energy for the diffusion of water from the sample during the drying process. This is directly related to the lowest density and greater overrun, stability and porosity of this formulation, conditions favored by the guar gum addition.



A higher Ea value of 29.99 kJ/mol was determined by Khodifad and Kumar [32], evaluating the pulp of sugar apple (Annona squamosa L.) foamed with albumin (15%) and methylcellulose (0.37%), subjected to drying at temperatures of 60, 65, 70 and 75 °C. In other dried foods, also through the foam layer, Ea values higher than those of the present work were verified, as in whey formulated with 8% Emustab®, under drying at temperatures from 40 to 80 °C and an Ea of 29.61 kJ/mol [37], and also in cashew pulp added with 5% Emustab® at temperatures from 50 to 80 °C, obtaining an Ea of 54.983 kJ/mol [45]. It can be noticed that less energy was required by the samples of the present work.




3.4. Thermodynamic Properties


Table 9 shows the average values of thermodynamic properties, with the enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG) results evaluated at the four drying temperatures for the three foam formulations. With the increase in temperature, there was a decrease in enthalpy (ΔH), proving that the higher the temperature, the lower the thermal energy required to carry out the drying process [51]. It can also be seen that formulation E1 presented the highest values of ΔH and E2 the lowest, indicating that they need higher and lower energies, respectively, for drying and demonstrating the influence of additives in the process. Thus, it is generally observed for formulation E1 that the combination of albumin with gum arabic caused greater difficulty in removing water during the drying process due to the need of greater energy (ΔH and Ea) and having a lower effective diffusivity (Def), resulting in longer drying times. Formulation E2 showed an easier drying tendency, as it presented less energy (ΔH and Ea) for the drying and intermediate values of Def, ΔH and drying times. Formulation E3 showed a higher Def and intermediate ΔH, with shorter drying times. Positive enthalpy values characterize the process as endergonic, requiring energy absorption for the mass transfer [52].



As with enthalpy, the entropy value (ΔS), which is a state function, decreased with increasing temperature, demonstrating that the lower the entropy, the greater the degree of order between the water molecules and the product [53]. Negative values of ΔS show that the diffusion went from an initial state of disorder, with several sorption sites available, to an ordered state with reduced sorption sites. Low values of ΔS mean that the material undergoes physical and chemical changes, taking it close to its thermodynamic equilibrium [52,54].



Gibbs free energy (ΔG) is an extensive function that expresses the equilibrium condition and spontaneity of the process under a constant temperature and pressure conditions [55]. It is observed that ΔG showed an inverse behavior to the other thermodynamic properties in the three foam formulations, which characterizes the drying as endergonic, not spontaneous and requiring thermal energy from the medium so that drying happens [56]. In the same way as for enthalpy, formulation E1 presented the highest values of ΔG, indicating the greater presence of bound water in the samples. The Gibbs free energy measures the total energy of a thermodynamic system, and its positive value is explained by the energy absorbed during the liquid–vapor phase change [52].



These behaviors verified in the thermodynamic properties are common in fruits and their residues, as determined by Silva et al. [53] using prickly pear and acerola mixed pulp foam, at temperatures from 50 to 70 °C, where the formulation with albumin and xanthan gum presented enthalpy ranging from 24.42 to 24.26 kJ/mol, entropy from −0.3227 to −0.3232 kJ/mol K and Gibbs free energy from 131.69 to 138.15 kJ/mol, and by Morais et al. [47] using bacaba pulp (Oenocarpus bacaba Mart.) subjected to drying at temperatures of 40, 50 and 60 °C, with enthalpy ranging from 34.4054 to 34.2391 kJ/mol, entropy from −0.3039 to −0.3044 kJ/mol K and Gibbs free energy from 129.56 to 135.65 kJ/mol.



Other studies also demonstrated identical behavior, such as in bark and seeds of Trapiá dried at temperatures from 50 to 80 °C, which presented ΔH ranging from 15.50 to 15.25 and 21.52 to 21.57, ΔS from 0.3668 to 0.3676 and 0.3447 to 0.3454 and ΔG ranging from 134.06 to 145.07 and 132.91 to 143.26 [56].





4. Conclusions


The addition of albumin in combinations with gum arabic, guar gum and gelatin to the acerola, guava and pitanga blend formed samples with suitable properties for drying in a foam layer. The foam formed with the combination of albumin and guar gum (E2) presented the best physical properties for drying, with lower density and greater overrun, porosity and stability.



Among the seven drying models evaluated, Page’s resulted in the best fits for the three formulations at all temperatures used, with the sample containing gelatin (E3) presenting the highest effective diffusivities and the sample containing guar gum (E2) the lowest activation energy. The increase in drying temperature caused reductions in enthalpy and entropy and an increase in Gibbs free energy, characteristic of an endergonic process. The combination of additives incorporated into the acerola, guava and pitanga blend influences the drying process, with the E2 formulation (albumin + guar gum) showing a tendency of easier water removal during the process, requiring less energy (ΔH and Ea), followed by formulation E3 and formulation E1 presenting the highest energy requirement.



When evaluating the 3 different stabilizing agents at the 6 mixing times, it was found that guar gum acts more effectively, requiring less mixing and drying time at temperatures of 60 and 70 °C. This information is important, as it allows improving the drying process in a foam layer, which, at an industrial level, will consequently generate greater productivity in the manufacture of an innovative product, offering unprecedented sensory and nutritional characteristics.
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Figure 1. Drainage ratio of foams formulations (E1, E2 and E3) as a function of mixing time. Means followed by the same lowercase letters in rows (a, b, c, d, e) and uppercase letters in columns (A, B) do not differ statistically by Tukey’s test at 5% probability; Vertical bars represent the standard deviation. 
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Figure 2. Foam layer drying kinetics curves of the foam formulations in the temperature range from 50 to 80 °C using Page model adjustments: (a) E1; (b) E2; and (c) E3. 
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Table 1. Mathematical models fitted to drying kinetics data.






Table 1. Mathematical models fitted to drying kinetics data.





	Model Name
	Equation
	n°





	Newton
	    MR = exp (  −  kt )    
	(8)



	Page
	    MR = exp (  −  kt n  )   
	(9)



	Modified Page
	    MR = exp (  −    kt )   n    
	(10)



	Henderson and Pabis
	    MR = a   exp   (  −  kt     )    
	(11)



	Modified Henderson and Pabis
	    MR = a   exp   (  −  kt     )   + bexp   (  −  k 0  t  )   + c   exp (  −  k 1   t )    
	(12)



	Logarithmic
	    MR = a   exp (  −  kt ) + c    
	(13)



	Two terms
	    MR = a   exp (  −  k 0   t ) + b   exp (  −  k 1   t )    
	(14)







MR—product water content ratio (dimensionless); k, k0, k1—drying constants (1/min); a, b, c, n—constants of the models (dimensionless); t—drying time (min).; n°—equation number.
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Table 2. Average density values of the foam formulations (E1, E2 and E3).
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Mixing Time (min)

	
Density (g/cm3)






	

	
E1

	
E2

	
E3




	
5

	
0.7126 ± 0.0016 aA

	
0.1185 ± 0.0006 fC

	
0.6720 ± 0.0001 aB




	
10

	
0.4906 ± 0.0008 bA

	
0.1238 ± 0.0004 eC

	
0.4635 ± 0.0004 bB




	
15

	
0.4095 ± 0.0011 cA

	
0.1421 ± 0.0010 dC

	
0.2425 ± 0.0015 cB




	
20

	
0.3135 ± 0.0029 dA

	
0.1795 ± 0.0007 cC

	
0.2233 ± 0.0012 dB




	
25

	
0.1724 ± 0.0006 eB

	
0.1893 ± 0.0000 bA

	
0.1668 ± 0.0001 eC




	
30

	
0.1547 ± 0.0005 fB

	
0.2054 ± 0.0000 aA

	
0.1535 ± 0.0003 fB








Means followed by the same lowercase letters (a, b, c, d, e, f) in columns and uppercase in rows (A, B, C) do not differ statistically by Tukey’s test at 5% probability. Foam formulations: E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%).
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Table 3. Mean values of the volumetric expansion of the foam formulations (E1, E2 and E3).
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Mixing Time (min)

	
Volumetric Expansion (%)






	

	
E1

	
E2

	
E3




	
5

	
44.00 ± 0.32 fB

	
765.66 ± 4.17 aA

	
52.71 ± 0.02 fB




	
10

	
109.18 ± 0.34 eC

	
728.63 ± 2.8 bA

	
121.38 ± 0.17 eB




	
15

	
150.57 ± 0.69 dC

	
622.36 ± 5.29 cA

	
323.20 ± 2.56 dB




	
20

	
227.37 ± 2.99 cC

	
471.64 ± 2.22 dA

	
359.50 ± 2.49 cB




	
25

	
495.34 ± 1.95 bB

	
442.07 ± 1.37 eA

	
515.14 ± 0.42 bA




	
30

	
563.55 ± 2.19 aA

	
399.70 ± 0.05 fB

	
568.69 ± 1.30 aA








Means followed by the same lowercase letters in columns (a, b, c, d, e, f) and uppercase in rows (A, B, C) do not differ statistically by Tukey’s test at 5% probability; Foam formulations: E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%).
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Table 4. Mean porosity values of the foam formulations (E1, E2 and E3).
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Mixing Time (min)

	
Porosity (%)






	

	
E1

	
E2

	
E3




	
5

	
30.56 ± 0.15 fB

	
88.45 ± 0.56 aA

	
34.52 ± 0.01 fB




	
10

	
52.19 ± 0.08 eB

	
87.93 ± 0.40 bA

	
54.83 ± 0.04 eB




	
15

	
60.09 ± 0.11 dC

	
86.16 ± 0.10 cA

	
76.37 ± 0.14 dB




	
20

	
69.45 ± 0.03 cC

	
82.51 ± 0.68 dA

	
78.24 ± 0.12 cB




	
25

	
83.20 ± 0.05 bA

	
81.55 ± 0.05 eA

	
83.74 ± 0.01 bA




	
30

	
84.93 ± 0.05 aA

	
79.99 ± 0.00 fB

	
85.05 ± 0.03 aA








Means followed by the same lowercase letters in columns (a, b, c, d, e, f) and uppercase in rows (A, B, C) do not differ statistically by Tukey’s test at 5% probability; Foam formulations: E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%).
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Table 5. Yield, drying time and water content of foam layer blend formulations drying in the temperature range from 50 to 80 °C.
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	Formulations
	T (°C)
	Time (min)
	Powder Yield (%)
	Water Content (% w.b.)
	Water Content (% d.b.)





	E1
	50
	320 a*
	17.22 ± 0.21 d
	8.54 ± 0.33 a
	9.34 ± 0.33 a



	
	60
	230 b
	17.49 ± 0.68 b
	7.48 ± 0.33 ab
	8.18 ± 0.33 ab



	
	70
	200 c
	17.88 ± 0.34 a
	6.66 ± 1.77 b
	7.28 ± 1.77 b



	
	80
	170 d
	17.39 ± 0.19 c
	5.02 ± 1.05 c
	5.49 ± 1.05 c



	E2
	50
	290 a
	16.63 ± 0.37 b
	7.72 ± 0.94 a
	8.36 ± 0.94 a



	
	60
	150 b
	16.44 ± 0.71c
	7.34 ± 0.82 a
	7.86 ± 0.82 a



	
	70
	110 c
	16.08 ± 0.98 d
	7.12 ± 0.73 a
	7.56 ± 0.73 a



	
	80
	90 d
	16.37 ± 0.25 a
	5.75 ± 1.09 b
	6.24 ± 1.09 b



	E3
	50
	200 a
	15.58 ± 0.47 c
	8.24 ± 1.20 a
	8.87 ± 1.20 a



	
	60
	150 b
	15.13 ± 0.64 d
	7.70 ± 0.99 ab
	8.29 ± 0.99 ab



	
	70
	110 c
	16.41 ± 0.87 a
	7.26 ± 0.69 b
	7.82 ± 0.69 b



	
	80
	70 d
	16.26 ± 0.16 b
	7.15 ± 0.74 b
	7.71 ± 0.74 b







w.b—wet base; d.b—dry base. * The values designated by the different small letters (a–d) in the columns of the table show significant differences between the drying temperatures for the same formulation (p < 0.05). Foam formulations: E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%); T (°C)—temperature.
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Table 6. Parameters, coefficients of determination (R2), chi-squares (χ2) and mean squared deviations (MSDs) of the models fitted to the drying kinetics data foam formulations (E1, E2, E3) at temperatures of 50, 60, 70 and 80 °C.
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Model

	
Formulation

	
T (°C)

	
Parameters of Model

	
R2

	
MSD

	
χ2






	
Newton

	
E1

	
50

	
k: 0.0255

	
0.9872

	
0.0536

	
0.0037




	
60

	
k: 0.0354

	
0.9851

	
0.0566

	
0.0037




	
70

	
k: 0.0346

	
0.9876

	
0.0716

	
0.0057




	
80

	
k: 0.0599

	
0.9873

	
0.0484

	
0.0025




	
E2

	
50

	
k: 0.0294

	
0.9920

	
0.0407

	
0.0020




	
60

	
k: 0.0605

	
0.9915

	
0.0394

	
0.0016




	
70

	
k: 0.0492

	
0.9904

	
0.0441

	
0.0017




	
80

	
k: 0.0413

	
0.9914

	
0.0416

	
0.0014




	
E3

	
50

	
k: 0.0389

	
0.9927

	
0.0379

	
0.0016




	
60

	
k: 0.0483

	
0.9872

	
0.0510

	
0.0026




	
70

	
k: 0.0614

	
0.9891

	
0.0465

	
0.0019




	
80

	
k: 0.0805

	
0.9853

	
0.0558

	
0.0022




	
Page

	
E1

	
50

	
k: 0.0054; n: 1.4213

	
0.9977

	
0.0227

	
0.0007




	
60

	
k: 0.0060; n: 1.5131

	
0.9992

	
0.0131

	
0.0002




	
70

	
k: 0.0035; n: 1.6566

	
0.9973

	
0.0249

	
0.0007




	
80

	
k: 0.0143; n: 1.4762

	
0.9988

	
0.0144

	
0.0002




	
E2

	
50

	
k: 0.0097; n: 1.3087

	
0.9986

	
0.0169

	
0.0004




	
60

	
k: 0.0232; n: 1.3161

	
0.9981

	
0.0186

	
0.0004




	
70

	
k: 0.0178; n: 1.3173

	
0.9980

	
0.0200

	
0.0004




	
80

	
k: 0.0180; n: 1.2480

	
0.9973

	
0.0230

	
0.0005




	
E3

	
50

	
k: 0.0140; n: 1.3012

	
0.9991

	
0.0133

	
0.0002




	
60

	
k: 0.0116; n: 1.4455

	
0.9988

	
0.0151

	
0.0002




	
70

	
k: 0.0172; n: 1.4252

	
0.9996

	
0.0086

	
0.0001




	
80

	
k: 0.0175; n: 1.5686

	
0.9997

	
0.0079

	
0.0000




	
Modified Page

	
E1

	
50

	
k: 0.0277; n: 1.0788

	
0.9900

	
0.0473

	
0.0030




	
60

	
k: 0.0387; n: 1.0959

	
0.9891

	
0.0485

	
0.0029




	
70

	
k: 0.0381; n: 1.1067

	
0.9826

	
0.0631

	
0.0047




	
80

	
k: 0.0637; n: 1.0738

	
0.9896

	
0.0438

	
0.0021




	
E2

	
50

	
k: 0.0312; n: 1.0584

	
0.9936

	
0.0363

	
0.0017




	
60

	
k: 0.0633; n: 1.0533

	
0.9927

	
0.0363

	
0.0014




	
70

	
k: 0.0517; n: 1.0566

	
0.9920

	
0.0402

	
0.0015




	
80

	
k: 0.0431; n: 1.0465

	
0.9927

	
0.0383

	
0.0013




	
E3

	
50

	
k: 0.0410; n: 1.0569

	
0.9942

	
0.0338

	
0.0013




	
60

	
k: 0.0516; n: 1.0756

	
0.9898

	
0.0456

	
0.0022




	
70

	
k: 0.0650; n: 1.0686

	
0.9913

	
0.0416

	
0.0016




	
80

	
k: 0.0854; n: 1.0749

	
0.9880

	
0.0505

	
0.0020




	
Henderson and Pabis

	
E1

	
50

	
a: 1.0788; k: 0.0277

	
0.9900

	
0.0473

	
0.0030




	
60

	
a: 1.0959; k: 0.0387

	
0.9891

	
0.0485

	
0.0029




	
70

	
a: 1.1067; k: 0.0382

	
0.9826

	
0.0631

	
0.0047




	
80

	
a: 1.0738; k: 0.0637

	
0.9896

	
0.0438

	
0.0021




	
E2

	
50

	
a: 1.0584; k: 0.0312

	
0.9936

	
0.0363

	
0.0017




	
60

	
a: 1.0533; k: 0.0633

	
0.9927

	
0.0363

	
0.0014




	
70

	
a: 1.0566; k: 0.0517

	
0.9920

	
0.0402

	
0.0015




	
80

	
a: 1.0465; k: 0.0431

	
0.9971

	
0.0242

	
0.0013




	
E3

	
50

	
a: 1.0569; k: 0.0410

	
0.9942

	
0.0338

	
0.0013




	
60

	
a: 1.0756; k: 0.0516

	
0.9898

	
0.0456

	
0.0022




	
70

	
a: 1.0686; k: 0.0650

	
0.9913

	
0.0416

	
0.0016




	
80

	
a: 1.0749; k: 0.0854

	
0.9880

	
0.0505

	
0.0020




	
Logarithm

	
E1

	
50

	
a: 1.1033; k: 0.0258; c: −0.0323

	
0.9915

	
0.0437

	
0.0028




	
60

	
a: 1.1193; k: 0.0361; c: −0.0309

	
0.9906

	
0.0449

	
0.0027




	
70

	
a: 1.1396; k: 0.0349; c: −0.0425

	
0.9851

	
0.0585

	
0.0043




	
80

	
a: 1.0909; k: 0.0603; c: −0.0227

	
0.9909

	
0.0410

	
0.0020




	
E2

	
50

	
a: 1.0783; k: 0.0293; c: −0.0272

	
0.9947

	
0.0330

	
0.0015




	
60

	
a: 1.0711; k: 0.0595; c: −0.0244

	
0.9941

	
0.0328

	
0.0012




	
70

	
a: 1.0905; k: 0.0460; c: −0.0475

	
0.9946

	
0.0329

	
0.0011




	
80

	
a: 1.1109; k: 0.0352; c: −0.0883

	
0.9971

	
0.0242

	
0.0006




	
E3

	
50

	
a: 1.0760; k: 0.0385; c: −0.0265

	
0.9953

	
0.0302

	
0.0011




	
60

	
a: 1.1012; k: 0.0476; c: −0.0345

	
0.9917

	
0.0410

	
0.0019




	
70

	
a: 1.0929; k: 0.0598; c: −0.0333

	
0.9932

	
0.0368

	
0.0014




	
80

	
a: 1.1041; k: 0.0775; c: −0.0384

	
0.9903

	
0.0455

	
0.0017




	
Two Terms

	
E1

	
50

	
a: 0.5395; k0: 0.0277; b: 0.5393; k1: 0.0277

	
0.9900

	
0.0473

	
0.0034




	
60

	
a: 0.5480; k0: 0.0387; b: 0.5480; k1: 0.0387

	
0.9891

	
0.0485

	
0.0033




	
70

	
a: 0.5534; k0: 0.0382; b: 0.5534; k1: 0.0382

	
0.9826

	
0.0631

	
0.0053




	
80

	
a: 0.5369; k0: 0.0638; b: 0.5369; k1: 0.0637

	
0.9896

	
0.0438

	
0.0024




	
E2

	
50

	
a: 0.5292; k0: 0.0312; b: 0.5292; k1: 0.0312

	
0.9936

	
0.0363

	
0.0019




	
60

	
a: 0.7722; k0: 0.0633; b: 0.2811; k1: 0.0633

	
0.9927

	
0.0363

	
0.0016




	
70

	
a: 0.2994; k0: 0.0517; b: 0.7572; k1: 0.0517

	
0.9920

	
0.0402

	
0.0017




	
80

	
a: 0.5233; k0: 0.0431; b: 0.5233; k1: 0.0431

	
0.9927

	
0.0383

	
0.0015




	
E3

	
50

	
a: 0.5284; k0: 0.0410; b: 0.5284; k1: 0.0410

	
0.9942

	
0.0338

	
0.0015




	
60

	
a: 0.4860; k0: 0.0516; b: 0.5896; k1: 0.0516

	
0.9898

	
0.0456

	
0.0025




	
70

	
a: 0.5343; k0: 0.0650; b: 0.5343; k1: 0.0650

	
0.9913

	
0.0416

	
0.0019




	
80

	
a: 0.5374; k0: 0.0854; b: 0.5374; k1: 0.0854

	
0.9880

	
0.0505

	
0.0022




	
Modified Henderson and Pabis

	
E1

	
50

	
a: 0.3596; k: 0.0277; b: 0.3596; c: 0.3596; k0: 0.0276; k1: 0.0277

	
0.9900

	
0.0473

	
0.0034




	
60

	
a: 0.3653; k: 0.0387; b: 0.3653; c: 0.3653; k0: 0.0384; k1: 0.0387

	
0.9891

	
0.0485

	
0.0033




	
70

	
a: 0.3689; k: 0.0381; b: 0.3689; c: 0.3689; k0: 0.0382; k1: 0.0382

	
0.9826

	
0.0631

	
0.0053




	
80

	
a: 0.3579; k: 0.0637; b: 0.3579; c: 0.3579; k0: 0.0637; k1: 0.0638

	
0.9896

	
0.0438

	
0.0024




	
E2

	
50

	
a: 0.3528; k: 0.0312; b: 0.3528; c: 0.3528; k0: 0.0312; k1: 0.0312

	
0.9936

	
0.0363

	
0.0019




	
60

	
a: 0.3177; k: 0.0633; b: 0.3177; c: 0.4177; k0: 0.0399; k1: 0.0399

	
0.9910

	
0.0437

	
0.0023




	
70

	
a: 0.3188; k: 0.0517; b: 0.3188; c: 0.4188; k0: 0.05178; k1: 0.0518

	
0.9920

	
0.0402

	
0.0017




	
80

	
a: 0.2821; k: 0.0431; b: 0.3821; c: 0.3821; k0: 0.0568; k1: 0.0568

	
0.9956

	
0.0290

	
0.0008




	
E3

	
50

	
a: 0.3523; k: 0.0410; b: 0.3523; c: 0.3523; k0: 0.0411; k1: 0.0411

	
0.9942

	
0.0338

	
0.0015




	
60

	
a: 0.2918; k: 0.0516; b: 0.3918; c: 0.3918; k0: 0.0517; k1: 0.0517

	
0.9898

	
0.0456

	
0.0025




	
70

	
a: 0.2895; k: 0.0650; b: 0.3895; c: 0.3895; k0: 0.0651; k1: 0.0651

	
0.9913

	
0.0416

	
0.0019




	
80

	
a: 0.3583; k: 0.0854; b: 0.3583; c: 0.3583; k0: 0.0865; k1: 0.0865

	
0.9880

	
0.0505

	
0.0022








E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%); T (°C)—temperature. k, k0, k1—drying constants (min−1); a, b, c, n—constants of the models (dimensionless).
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Table 7. Effective diffusivities (Def) and determination coefficients (R2) obtained in the foam formulations drying kinetics at temperatures of 50, 60, 70 and 80 °C.






Table 7. Effective diffusivities (Def) and determination coefficients (R2) obtained in the foam formulations drying kinetics at temperatures of 50, 60, 70 and 80 °C.











	Variety
	T (°C)
	Def × 10−9 (m2/s)
	R2





	E1
	50
	0.86
	0.9310



	
	60
	1.21
	0.9254



	
	70
	1.19
	0.9056



	
	80
	2.12
	0.9400



	E2
	50
	0.99
	0.9465



	
	60
	1.30
	0.9417



	
	70
	1.71
	0.9446



	
	80
	1.94
	0.9666



	E3
	50
	1.34
	0.9502



	
	60
	1.69
	0.9354



	
	70
	2.16
	0.9426



	
	80
	2.95
	0.9554







E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%); T (°C)—temperature.
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Table 8. Values of the Arrhenius equation parameters, pre-exponential factor (D0), activation energy (Ea) and determination coefficients (R2) of the foam formulations.
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	Formulations
	D0 (m2/s)
	Ea (kJ/mol)
	R2





	E1
	1.10 × 10−5
	25.44
	0.8523



	E2
	1.35 × 10−5
	21.73
	0.9810



	E3
	3.30 × 10−6
	24.84
	0.9917







E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%).
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Table 9. Thermodynamic properties (Enthalpy, Entropy and Gibbs free energy) of foam layer formulations drying kinetics at temperatures of 50, 60, 70 and 80 °C.
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Variety

	
T (°C)

	
ΔH (kJ/mol)

	
ΔS (kJ/mol K)

	
ΔG (kJ/mol)






	
E1

	
50

	
22.7567

	
−0.3405

	
132.8017




	
60

	
22.6735

	
−0.3408

	
136.2083




	
70

	
22.5904

	
−0.3410

	
139.6175




	
80

	
22.5072

	
−0.3413

	
143.0290




	
E2

	
50

	
19.0386

	
−0.3505

	
132.3103




	
60

	
18.9555

	
−0.3508

	
135.8168




	
70

	
18.8724

	
−0.3510

	
139.3258




	
80

	
18.7892

	
−0.3513

	
142.8373




	
E3

	
50

	
22.1547

	
−0.3388

	
131.6328




	
60

	
22.0716

	
−0.3390

	
135.0219




	
70

	
21.9885

	
−0.3393

	
138.4136




	
80

	
21.9053

	
−0.3395

	
141.8076








E1—albumin (6%) + gum arabic (1%); E2—albumin (6%) + guar gum (1%); E3—albumin (6%) + gelatin (1%); T (°C)—temperature; ΔH—enthalpy; ΔS—entropy; ΔG—Gibbs free energy.
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