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Abstract

:

Film-forming solutions based on four types of biopolymers were prepared and their rheological properties were determined. High methylated apple pectin and sodium alginate were used at the concentrations 1%, 1.5%, and 2%, whereas soy protein isolate and pork gelatin were obtained at 4%, 8%, and 12%. The parameters determining the production of the appropriate type of packaging film or edible coating are the setting time on the substrate, regardless of its type, and the gelation temperature, which were analyzed in the study by determination of flow curves and rheological parameters of prepared dispersions. The Newtonian model was used to describe the flow curves of the gelatin and sodium alginate solutions, while the Ostwald–de Waele model was used to describe the flow curves of the soy protein isolate and high methylated apple pectin solutions. The apparent viscosity of all solutions increased with increasing biopolymer concentrations, from 0.0042 to 0.0061 Pa·s and from 0.0187 to 0.0884 Pa·s for high-methylated apple pectin and sodium alginate, respectively; whereas, for a protein-based solution the viscosity increase was from 0.024 to 0.100 Pa·s and from 0.0018 to 0.0056 Pa·s for soy and gelatin, respectively. Modulus of elasticity curves appeared only at the highest concentrations, which means that the formation of the continuous structure of film or coating occurs by different mechanisms depending on the biopolymer type and its amount dispersed in aqueous solutions.
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1. Introduction


Films and coatings differ in the most important tasks that are placed on them. Films are mainly used to reduce or control the transfer of, e.g., gases or water vapor, to or from the product [1]. In contrast, coatings are more often used to improve the physical integrity of the product to be coated to enhance the appearance of the product [2,3]. Films and coatings belong to the group of edible packaging [4,5,6]. They are defined as a thin layer of material that can either be eaten with the product or dissolved during the preliminary operations performed, but do not require prior disposal [7]. The layer can be a barrier to external factors (e.g., oxygen, water) and constitute a barrier inside the product [8]. Edible films are obtained by creating a thin layer from a solution of natural polymers [5,9,10]. They have good mechanical properties and consistency [11], which allows the film to be made separately from the product and then applied to the product. In contrast, coatings are formed directly on the coated product [12,13]. Edible packaging made of polymers (polysaccharides, starch, pectin, proteins) are natural ingredients, so they can be consumed by humans and animals without risk to health [4]. The inclusion of bioactive substances leads to determination of active packaging as a novel approach aimed at developing packaging materials that also carry active agents to improve food quality and safety [14]. Crosslinking agents such as formaldehyde or transglutaminase poly (acrylic acid)/montmorillonite nanocomposites have also been used to improve the film forming and barrier properties [15]. One of the parameters determining the production of the appropriate type of film or coating, which may constitute a type of edible packaging, is the setting time on the substrate, regardless of its type, which results in higher storage and production costs for both packaging in the form of films and coatings, as well as packaged and coated products [9,16,17,18,19]. The decisive parameter in the case of edible coatings is temperature. Too high a coating temperature or too long a setting time of the coating may cause a loss of nutritional value of food and attractiveness for the consumer [20]. The study of the gelation process of film-forming solutions used in food is related to the growing interest in modern food packaging. Edible packaging—films and coatings—belong to this group of packaging. They can not only protect the product from deterioration but also make the product more attractive to consumers by adding flavor and aromatic or coloring additives. An example may be edible films with fruit and vegetable purees that can serve as healthy snacks, edible oven bags, and wraps for sushi instead of pancakes, tortillas, or lavash [21]. At the same time, these types of natural biopolymers with the addition of nano components are part of the sustainable development strategy of the packaging industry. These eco-friendly materials also alleviate the environmental concerns associated with plastic-related pollution due to their excellent biodegradability, renewability, bioavailability, and non-toxicity [22,23]. Due to the unfavorable changes that may occur in the coated product during the coating process, one of the most important parameters in the application of edible films and coatings is the gel-forming temperature and the rheological properties of film-forming substances [24,25]. The techniques for determining the gel temperature can be divided into three categories: rheological, thermal, and visual. The rheological method is based on determining the point at which the sol turns into a gel (gel point), and thus the temperature at which the sol to gel is converted. The gel point is determined from the viscosity modulus (G″) and the elastic modulus (G′). The gelation temperature is the temperature at which the viscosity modulus G″ has the same value as the elastic modulus G′ [25,26,27,28,29,30]. The thermokinetic method is based on the examination of solutions using a differential scanning calorimeter to detect the exothermic reaction signal and its description using a kinetic model [29]. The visual method is the least accurate method for determining the gelation temperature. It consists in storing polymer solutions at different temperatures and visually assessing the temperature at which the solution gels [27]. Due to the complexity of interactions that may occur during coating, both in film-forming solutions and coated food, an attempt was made to determine rheological parameters for selected biopolymer solutions [21,31]. The experiments aimed to investigate the rheological properties and the gelling process of selected solutions of protein and polysaccharide hydrocolloids. The possibilities of determining the flow curves and rheological parameters for the tested film-forming solutions based on gelatin, soy protein isolate, sodium alginate, and highly methylated film-forming solutions of apple pectin were investigated.




2. Materials and Methods


2.1. Materials


The research material consisted of solutions prepared with the use of protein and polysaccharide hydrocolloids (Table 1): pork gelatin BLOOM 180 (Agnex, Białystok, Poland), soy protein isolate SUPRO 670 (DuPont Poland Sp.z o.o., Warsaw, Poland), sodium alginate (Sigma-Aldrich, Warsaw, Poland), and apple high methylated pectin (Naturex, Warsaw, Poland).




2.2. Preparation of Film-Forming Solutions


Distilled water in an amount of 300 cm3 was heated in a beaker to 80 °C on a heating plate with a magnetic stirrer (IKA RCT basic, Staufen, Germany)). The tested film-forming substances were weighed on an analytical balance (RADWAG PS 600/C/2, RADWAG, Radom, Poland): proteins—respectively 20 g, 40 g, and 80 g for concentrations of 4%, 8%, and 12% (w/v), polysaccharides—respectively 5 g, 7.5 g, and 10 g for concentrations of 1%, 1.5%, and 2% (w/v). After reaching the temperature of 80 °C, appropriate weighed amounts of the substance were added to distilled water at the temperature of 80 °C and stirred for 30 min. After adding the soy protein isolate, sodium alginate, and high methylated apple pectin, the solutions were further mixed using a blender (BOSCH Mixxo Quattro, Gerlingen, Germany) to facilitate the dissolution of the added substances. After 30 min of mixing, the solutions were cooled to 50 °C and glycerol was added in the amount of 50% (v/w) based on the weight of the hydrocolloid used, followed by 20 min of stirring at 50 °C. Then, the solutions were cooled to 20 °C.




2.3. Determination of Flow Curves of Film-Forming Solutions


The test was carried out on the MARS 40 rheometer by HAAKE (Vreden, Germany). The solutions were tested at the temperature of 50 °C in the system of coaxial cylinders with the shear rate increasing linearly to 100 s−1. The apparent solution viscosity was determined for a shear rate of 50 s−1.




2.4. Examination of the Gelling Process


The measurements were carried out with the use of a MARS 40 rheometer by HAAKE (Vreden, Germany) in the plate-plate measurement system (type T60). An amount of 2.8 mL of solution was placed on the rheometer plate with a syringe. It was then heated under controlled stress and oscillation at 1 Hz for 5 min until the initial test temperature was reached. Then, the solutions were cooled linearly at the rate of 1 K/min, 3 K/min, and 5 K/min. The initial and final cooling temperatures of the solutions are provided in Table 1. The final temperature was held for 5 min. The Rheowin Job Manager (HAAKE, Vreden, Germany) program was used to record and process the obtained results. The gelation temperature was read from the graph based on the elastic modulus G′ and the viscosity modulus G″ as the point of intersection of the G′ and G″ modulus curves. Measurements for a given solution and cooling rate were performed in triplicate.




2.5. Calculation Methods


The following rheological models were used for the mathematical description of the flow curves of the investigated film-forming solutions [32]:



Newton’s model:


  τ = η ·  γ ˙     



(1)







Ostwald–de Waele model:


  τ = k    (  γ ˙  )   n   



(2)




where: τ—shear stress (Pa), η—dynamic viscosity coefficient (Pa·s),   γ ˙  —shear speed (s−1), k—consistency coefficient (Pa·sn), and n—the flow index.



The optimal model for describing the flow curves of the tested solutions was selected based on the value of the determination coefficient R2. The apparent viscosity was also determined at a shear rate of 50 s−1.




2.6. Statistical Analysis


Statistical analysis was performed with the use of the Statistica 13.1 program. Spearman’s R correlation with the significance level α = 0.05 was used to determine the correlation between the hydrocolloid concentration. Additionally, based on the gelation temperature of the solutions, homogeneous groups were determined using Tukey’s test (α = 0.05).





3. Results


3.1. Flow Curves of Tested Film-Forming Solutions


The flow curves of the gelatin solutions are straight lines from the origin of the coordinate system, so these solutions are Newtonian liquids (Figure 1A).



3.1.1. Gelatin Solutions


The value of the dynamic viscosity coefficient, determined using the Equation (1), is higher than the higher the gelatin concentration in the tested solution and it varies from 0.0024 ± 0.0001 Pa · s for a concentration of 4% to 0.0100 ± 0.0011 Pa s for a concentration of 12% (Table 2). Statistical analysis showed a strong positive correlation of 0.964901 between the concentration of the gelatin solution and the apparent viscosity of the tested gelatin solutions (Table 2). Duan et al. [33] studied gelatin solutions from calf bones and catfish skin at concentrations of 1.4%. They obtained results confirming the tendency that the higher the concentration, the higher the solution viscosity. Both the gelatin solution from catfish skin and calf bones had a viscosity of up to 2 mPa·s. Marcotte et al. [34] tested gelatin solutions with concentrations of 2%, 3%, and 4% at 20 °C, 40 °C, 60 °C, and 80 °C. Based on the R2 parameter, it was shown that gelatin exhibits the characteristics of the Newtonian model. For a gelatin solution with a concentration of 4%, the dynamic viscosity coefficient was at the level of 0.0060 Pa·s, while for the same gelatin solution with a concentration of 4%, tested at 80 °C, the dynamic viscosity coefficient was 0.0050 Pa·s. Both solutions showed a correlation to the Newtonian model at the level of R2 = 0.96.



The results of the dynamic viscosity coefficient obtained by Marcotte et al. [34] are analogous to those obtained in this study, however, the flow curves show a smaller correlation to the Newtonian model. The dynamic viscosity of the gelatin solution with a concentration of 4% was 26 mPa·s, while for the gelatin solution with a concentration of 8%, the dynamic viscosity coefficient was 58 mPa·s. The results obtained by Wang et al. [35], who tested gelatin solutions with 4% and 8% concentrations at 40 °C, are analogous to those obtained in this study.




3.1.2. Soy Protein Isolate Solutions


Figure 1B shows the flow curves of the tested solutions of soy protein isolate with concentrations of 4%, 8%, and 12%. The course of the flow curves of the soy protein isolate solutions indicates that they are shear-thinning liquids with no yield limit. Based on the R2 parameter, they were described using the power model (Equation (2)). The rheological parameters and the value of the apparent viscosity coefficient at the shear rate of 50 s−1 are presented in Table 3.



The flow curves of the tested solutions of soy protein isolate show that with the increase in the concentration of soy protein isolate, the deviation from the Newtonian behavior of the solution during flow decreases, which is also evidenced by the increase in the value of the n melt flow index from 0.457 for an isolate concentration of 4% to 0.874 for a concentration of 12%. The apparent viscosity of soy protein isolate solutions with concentrations of 4%, 8%, and 12% is 0.0018, 0.0026, and 0.0056 Pa·s, respectively. Statistical analysis showed a strong positive correlation of 0.986394 between the concentration of the soy protein isolate solution and the apparent viscosity of the soy protein isolate solution (Table 3). Liu et al. [36] tested solutions of 8-molar urea and 16%, 18%, 20%, and 22% of soy protein isolate at concentrations of 16%, 18%, 20%, and 22% with a 1% addition of sodium sulfite based on the weight of the hydrocolloid. The flow curve of the 18% soy protein isolate solution was determined at 50 °C, while the flow curves of the 16%, 20%, and 22% solutions were determined at 25 °C. The remaining rheological parameters were determined at temperatures ranging from 25 to 70 °C. All solutions tested by the authors showed the nature of shear-thinned liquids, similar to the solutions of soybean isolate with and without the addition of pumpkin puree with concentrations of 4%, 8%, and 12% discussed in this paper. However, the obtained shear stress of an 18% soy protein isolate solution at 50 °C at a shear rate of 100 s−1 is approximately 100 times greater than that of 12%. The apparent viscosity of the solutions obtained was, respectively, 0.2816 Pa·s, 0.8608 Pa·s, 2.3811 Pa·s, and 6.6886 Pa·s for soy protein isolate solutions with concentrations of 16%, 18%, 20%, and 22%. Such differences are due, inter alia, to the fact that they tested solutions with higher concentrations. Another reason may be the way of preparing the solutions—the solutions were not prepared from distilled water, but from urea and sodium sulfite solutions, and without the addition of glycerin.




3.1.3. Sodium Alginate Solutions


Figure 1C shows the flow curves of the tested sodium alginate solutions with concentrations of 1%, 1.5%, and 2%. The flow curves of sodium alginate solutions are straight lines originating from the origin of the coordinate system. This means that sodium alginate solutions are Newtonian liquids. The value of the dynamic viscosity coefficient, determined with the use of Equation (1), increases with increasing the concentration from 0.0187 ± 0.0001 Pa·s at a concentration of 1% to 0.0884 ± 0.0002 Pa·s at a concentration of 2%. Statistical analysis showed a strong positive correlation of 0.960769 between the concentration of sodium alginate solution and the dynamic viscosity of sodium alginate solutions (Table 2). Comaposada et al. [37] tested solutions of six types of sodium alginate with concentrations of 2%, 3%, and 4% at 12 °C. For a sodium alginate solution with a concentration of 2%, they obtained, depending on the supplier, viscosity values from 391 mPa s to 6050 mPa·s. The differences in viscosity between the different types of sodium alginate used were explained by the possible differences in molecular weight. The difference between the results obtained by these authors and the results obtained in this study probably results from the examination of the viscosity of sodium alginate solutions at different temperatures. Additionally, the authors confirmed the tendency that the higher the concentration of the solution, the higher the viscosity of the solution. Cevoli et al. [38] tested sodium alginate solutions with concentrations of 1%, 1.5%, and 2% at 25 °C. Based on the R2 parameter, the Ostwald–de Waele power model was chosen to describe the flow curves. The values of the k coefficient of consistency for the sodium alginate solution with concentrations of 1%, 1.5%, and 2% were 0.66 Pa·sn, 2.51 Pa·sn, and 7.08 Pa·sn, respectively, while the n flow index was 0.71, 0.62, and 0.56, respectively. The power model was chosen based on the R2 parameter, which ranged from 0.986 for a 2% solution to 0.997 for a 1% solution, while in this study a much higher correlation was with Newton’s model.




3.1.4. High Methylated Apple Pectin Solution


Figure 1D shows the flow curves of solutions with concentrations of 1%, 1.5%, and 2% of high methylated apple pectin. The flow curves of a high methylated apple pectin solution are nonlinear curves through the center of the coordinate system, which means that they are shear-thinning liquids. Based on the R2 parameter (Table 2), the Ostwald–de Waele model (Equation (2)) was chosen to describe the flow curves. The higher the concentration of the high methylated apple pectin solution, the higher the shear stress of the tested solutions, but in the case of a 1% high methylated apple pectin solution, the shear stress at a shear rate of up to 20 s−1 is higher than the shear stress of a 1.5% highly methylated apple pectin solution. This is due to the nature of the curves—the flow curve of a 1.5% high methylated apple pectin solution has a more flattened shape than that of a 1% solution. As in the case of all tested solutions, the apparent viscosity of high-methylated apple pectin solutions increases with increasing the concentration of high-methylated apple pectin solutions from 0.0042 ± 0.0001 Pa·s for a 1% solution to 0.0061 ± 0.0001 Pa·s for a 2% solution. Statistical analysis showed a strong positive correlation of 0.948683 between the concentration of high methylated apple pectin solution and the dynamic viscosity of high methylated apple pectin solutions (Table 3). Huang et al. [39] studied the viscosity of pectin extracted from sugar beet pulp. They prepared a solution with a concentration of 5% (w/v) stabilized with hydrochloric acid to pH = 1.2. The apparent viscosity was determined at 50 °C. Depending on the type of pectin drying, after extraction (with hot air or vacuum) the results were 0.959 Pa·s and 0.947 Pa·s. The apparent viscosity of the solutions was determined based on the Herschel–Bulkley model. The differences in the results between the study by Huang et al. [30] and the present study result from the differences in concentration and possibly from a different origin of pectin and the addition of hydrochloric acid to the pectin solution. Marcotte et al. [34] tested pectin solutions with concentrations of 1%, 3%, and 5% at 20 °C, 40 °C, and 60 °C. Based on the R2 parameter, which was 0.99, they used a power model. The k parameter of a pectin solution with a concentration of 1% at 40 °C was 0.027 Pa·sn; for a pectin solution with a 3% concentration it was 0.41 Pa·sn; and for a pectin solution with a 5% concentration, the parameter k was 2.19 Pa·sn. The n parameter of the 1% pectin solution was 0.85; for the 3% pectin solution it was 0.86; and for the 5% pectin solution it was 0.76. Both the values of the k and n parameters show a similar tendency to those obtained in this study—the values of the k parameter are higher with increasing solution concentration. The parameter n in the middle concentration value increases, and in the highest concentration, it has the lowest value.





3.2. Influence of Hydrocolloid Concentration and Cooling Rate on the Gelling


3.2.1. Gelatin Solutions


The course of the curves during the experiment for both the cooling rates of 1 K/min, 3 K/min, and 5 K/min modules G′ and G″ of the 12% gelatin solution (Figure 2C) is the most stable—there are no visible fluctuations in the measurement values on the graph, contrary to the graphs for gelatin solutions with concentrations of 4% and 8% (Figure 2A,B).



The curves of the course of the gelatinization process for a gelatin solution with a concentration of 4% are characterized by initial fluctuations in the measurement values, which can be explained by the low apparent viscosity of the solution—0.0024 Pa·s. Fluctuations in the measurement values during the test stabilize with the increase in the viscosity of the solution, i.e., with the decrease in temperature and the appearance of the elastic modulus G′. Gelatin solutions with concentrations of 8% and 12%, which have a higher apparent viscosity, are more stable at the beginning of the experiment. The differences in the viscosity values between the solutions also result in differences in the initial values of the viscosity modulus G″; the gelatin solution with a concentration of 4% has the lowest value of the viscosity modulus, both at the beginning and the end of the experiment, while the values of viscosity modulus G″ for gelatin solutions with concentrations of 8% and 12% reach similar values throughout the gelling process. The different course of the G″ viscosity modulus curves of the two solutions is due to the different initial temperatures of the process; therefore, the 12% solution viscosity modulus curves have a more elongated shape. For the cooling rate of 1 K/min and 5 K/min in the course of the variability of the modulus of elasticity G′ and viscosity G″ of the gelatin solution with a concentration of 8%, there is a decrease in the value of these parameters after exceeding the gel formation temperature of the solution, which may result from the uneven course of the gelation process on the plate and “pouring out” of the solution from between the solidified fragments of the gel. Such a phenomenon does not occur during the experiment at the cooling rate of 3 K/min, which may indicate that the given cooling rate is optimal for the conducted experiment. For gelatin solutions with concentrations of 8% and 12%, there is a relationship between the cooling rate and the values of modulus of elasticity G′ and viscosity G″, although their values are of the same order of magnitude. The highest values of G′ and G″ modules are at the cooling rate of 5 K/min and the lowest are at 3 K/min. There is no such relationship in the gelation plot for a 4% gelatin solution, due to the similar size of the G′ and G″ modules—especially at cooling rates of 1 K/min and 5 K/min. In the sixth minute of the test, both G′ and G″ moduli are nearly identical. Table 3 shows the gelatinization temperatures of the gelatin solutions. For each of the concentrations of gelatin solutions tested in the study, the highest gelation temperature was found at the lowest cooling rate (1 K/min)—21.69 °C, 25.57 °C, and 25.36 °C, respectively, for solutions with concentrations of 4%, 8%, and 12%. This is probably because the solutions were heated for the longest time which could cause some water in the sample to evaporate. This can be confirmed by the lowest gelation temperature obtained at a cooling rate of 5 K/min in the case of 8% and 12% gelatin solutions. The lowest gel formation temperatures were obtained for a gelatin solution with a concentration of 4% and the highest for a solution with a concentration of 8%. The reason that higher gelation temperatures were obtained for the 8% gelatin solution than for the 12% solution may be due to the different starting temperatures of the process. The multivariate analysis of variance with the significance level α = 0.05 showed a statistically significant influence of the cooling rate and gelatin concentration on the gelatinization temperature of the solution. An interaction was also demonstrated between the cooling rate and the hydrocolloid concentration. Based on Tuckey’s test (α = 0.05), six homogeneous groups were distinguished (Table 3). Tosh and Marangoni [27], while examining the gelatinization of gelatin solutions, obtained temperatures of 22.4 °C, 24.5 °C, and 28.4 °C, respectively, for solutions with concentrations of 2.5%, 5%, and 10% of gelatin. The cooling rate at which the experiment was carried out was 0.2 °C/min. They also showed a relationship between the concentration of the gelatin solution and the gelatinization temperature—the higher the concentration of the solution, the higher the temperature of the sol–gel transformation. The results obtained by Tosh and Marangoni [27] at a cooling rate of 0.2 °C/min compared with the results of testing gelatin solutions at a cooling rate of 1 K/min, 3 K/min, and 5 K/min confirm the conclusion about the influence of the cooling rate on the gel formation temperature. Anvari and Chung [40] investigated a complex of 2% fish gelatin solution with gum arabic (1:1), kept for 24 h at 10 °C (A) and 30 °C (B). This study also showed a correlation between the cooling rate and the gelation temperature. For solution A, the results were 3.4 °C, 3.5 °C, 3.9 °C, and 4.7 °C for cooling rates of 0.033 °C/min, 0.025 °C/min, 0.016 °C/min, and 0.012 °C/min. Solution B resulted in 3.3 °C/min, 3.8 °C/min, and 4.7 °C/min, respectively, at rates of 0.025 °C/min, 0.016 °C/min, and 0.012 °C/min. In variant A, gelation was not obtained at the cooling rate of 0.05 °C/min, while in variant B it was at 0.033 °C/min and 0.05 °C/min. This was explained by the fact that at higher cooling rates it is impossible to properly cross-link the structure and the formation of hydrogen bonds enabling the sol-to-gel transition; however, testing the gelatin solution at a cooling rate of 100 times does not confirm the thesis presented by Anvari and Chung [40]. A more likely explanation for the non-gel formation is that the concentration of the gelatin solutions is too low. Van Otterloo and Cruden [41] studied the gelatinization of gelatin solutions (260 Bloom) with concentrations ranging from 1 to 10%. The test was carried out by cooling the gelatin solutions from 50 to 5 °C at a rate of 1.5 K/min. The gel initiation temperature was determined as the point of intersection of the viscosity modulus G″ and the modulus of elasticity G′ and the gel finalization temperature, i.e., the temperature at which the difference in value between the viscosity modulus G″ and the modulus of elasticity G′ does not change despite the temperature decrease. The values of the gelation temperature (gel initiation temperature) that they obtained for the solutions with concentrations of 4%, 8%, and 10% were 26.2 °C, 33.6 °C, and 37.2 °C, respectively—values significantly higher than those obtained in this study. The authors also showed that as the concentration of the gelatin solution increases, the gelatinization temperature of the solution increases, while in the case of finalizing the gelation, no correlation was found between the concentration of the solution and the gelatinization temperature of the solution.




3.2.2. Soy Protein Isolate Solutions


Figure 3 shows the variability of the modulus of elasticity G′ and the modulus of viscosity G″ as a function of time during the examination of the gelation process of soy protein isolate solutions with concentrations of 4%, 8%, and 12% at different cooling rates used in the work.



The soy protein isolate solution did not form a gel in any of the tested concentrations—no elastic modulus G′ was found during the experiment. Comparing the course of the gelation curves for soy protein isolate solutions with concentrations of 4%, 8%, and 12%, it can be seen that as the concentration of the solution increases, the course of the curves is more stabilized and the increase in the viscosity modulus G″ is clearly visible, especially for a solution with a concentration of 12% (Figure 3C). The course of the gelation curves of the 4% soy protein isolate solution (Figure 3A) is practically a straight line with large deviations in the measurement values. The diagram shows no differences in the course of the gelation curves for different cooling rates of the solutions—all of them are practically straight lines. Figure 3B shows the course of the gelling curves of an 8% soy protein isolate solution—it shows that the greatest fluctuations in measurements occur during the initial heating of the solution at a constant temperature. When testing all types of solutions at all cooling rates, characteristic peaks are visible when the test conditions change—at the start and end of the cooling process, it may be a measurement error of the device itself. All G″ viscosity modulus curves have a similar value range. After 5 min of constant temperature heating, the module values are 0.01–0.1 Pa. However, the lower the concentration of the soy protein isolate solution, the less stable the measurements are—possibly because the lower the concentration of the solution, the lower the viscosity of the solution. The lack of stabilization of the values of the tested parameters during the measurements at all tested concentrations of soy protein isolate solutions may be because the soy protein isolate does not form a homogeneous mixture, but a suspension. Even though the solution does not form a gel under the experimental conditions, Galus et al. [42] obtained edible films from the soy protein isolate solution prepared according to the methodology of this work, which indicates a different mechanism of coating formation by the soy protein isolate solution. Liu et al. [36] tested solutions of soy protein isolate with concentrations of 16%, 18%, 20%, and 22% in solutions with 8 molar urea solution and the addition of 1% sodium sulfite based on the weight of the hydrocolloid. The authors obtained a gel from a 22% concentration of soy protein isolate, while solutions with lower concentrations did not gel. The obtained gel was physical and was thermoreversible. The mechanism that occurs in forming the coatings from the soy protein isolate solution at pH = 10 may be coacervation, but it is also likely that when the coatings are dried in the climate chamber, some of the water evaporates, thereby increasing the concentration allowing gel formation to occur. Yuan et al. [43] tested the complex of a 2% soy protein isolate solution with a 2% chitosan solution mixed in various amounts (0.067, 0.125, and 0.2 g of soy protein isolate solution per gram of chitosan solution) using acetic acid or sodium acetate buffer. The tests were carried out at a temperature of 25 ° C. In a study by Yuan et al. [43], no gelation of soy protein isolate solutions was observed either. All types of mixtures tested reached the values of the viscosity modulus G″ higher than those obtained in this work, there was also a modulus G′ with higher values than the viscosity modulus G″. Caillard et al. [44] investigated the gel formation time of soy protein isolate solutions at 25 °C. Soy protein isolate solutions were prepared by mixing with HPLC-grade water at room temperature using a magnetic stirrer. The solution was then adjusted to pH 8 with 1 M NaOH solution and heated at 105 °C for 30 min in a 1:1 water ethylene glycol bath. After returning to room temperature, the pH was adjusted to 8 again. Glutaraldehyde, to a final concentration of 16 mM, 32 mM, or 64 mM, or glyceraldehyde, in such an amount as glyceraldehyde in the solution, was added to 6.5% and 9.5% soy protein isolate solutions. One Mole NaCl solution was added to half of the soy protein isolate solutions with the addition of glyceraldehyde to a final concentration of 120 mM solution. The time at which gel formation occurs was measured to the point where the graph of the elastic modulus G′ intersects the graph of the viscosity modulus G″. During the test, both the viscosity modulus G″ and the modulus of elasticity G′ appear, and the curves have a stable course compared with the graphs obtained in this test. For soy protein isolate solutions with the addition of glutaraldehyde (regardless of the concentration of both soy protein isolate, glutaraldehyde, and NaCl), it was less than 2 min, while for soy protein isolate solutions with both 6.5% and 9.5% concentrations with the addition of aldehyde glycerol was 110 ± 14 min and no statistically significant difference was found depending on the concentration of soy protein isolate and glyceraldehyde. The results obtained by Caillard et al. [44] indicate that the type of aldehyde added to the soy protein isolate had the most important influence.




3.2.3. High Methylated Apple Pectin Solution


Figure 4A shows the variability of the modulus of elasticity G′ and the modulus of viscosity G″ as a function of time during the examination of the gelation process of high methylated apple pectin solutions with concentrations of 1%–1.5% at different cooling rates (1 K/min, 3 K/min, and 5 K/min).



None of the high-methylated apple pectin solutions formed a gel—the solutions do not have the characteristics of viscoelastic fluids, and thus they do not have the elastic modulus G′. The higher the concentration of the high-methylated apple pectin solution, the faster the solution becomes stable upon initial heating to a constant temperature. Fluctuations in the values of the measured parameters during the gelling process of the 1% high-methylated apple pectin solution did not stabilize. This can be explained by the low apparent viscosity of a 1% high-methylated apple pectin solution, which is 0.0042 ± 0.0001 Pa·s at 50 °C (Table 2); therefore, the measurements stabilize faster with increasing pectin concentration. Likewise, the higher the concentration of the solution, the higher the values of the viscosity modulus G″. The values of the modulus of viscosity G″ and elasticity G′ increase with increasing concentration of the pectin solution, but the values are of the same order of magnitude. The initial and final values of the viscosity modulus G″ between the individual cooling rates (within the solutions of the same concentration) do not differ. Additionally, regardless of the concentration of the solution, the curves tested at the same cooling rates take the same shape. The lack of gelling of highly-methylated pectin solutions results from the conditions that must be met for the high-methylated pectin to form gels. High methylated pectin solution should have a sugar concentration above 55% and a pH below 3.5 to form gels [45]. Kastner et al. [46] investigated the effect of the cooling rate of solutions of non-standardized highly methylated lemon pectin at a concentration of 0.27% with sucrose (60%) on the formation of the gel structure. High-methylated lemon pectin solutions were cooled from 105 °C to 20 °C at 5 cooling rates—0.25 K/min, 0.50 K/min, 0.75 K/min, 1.00 K/min, and 2.00 K/min. The authors showed a slight increase in the gelation temperature with a decrease in the cooling rate, however, the difference in the gelation temperature between the individual cooling rates is not statistically significant. High methylated citrus pectin solutions with the addition of sucrose meet the conditions that must exist for the gel solutions. Additionally, it is worth noting that the authors did not show a statistically significant effect on the cooling rate of the solutions, which was demonstrated in this study for gelatin solutions.




3.2.4. Sodium Alginate Solution


Figure 4B shows the variability of the modulus of elasticity G′ and the modulus of viscosity G″ as a function of time during the examination of the gelation process of sodium alginate solutions with concentrations of 1%, 1.5%, and 2% at different cooling rates (1 K/min, 3 K/min, and 5 K/min). The diagram shows that as the concentration increases, the values of the viscosity modulus G″ increase. Both the initial and final values of the viscosity modulus G″ at the tested cooling rates are almost identical. The same trend is apparent for all sodium alginate solutions, regardless of concentration, which illustrates that the cooling rate does not affect the values of the viscosity modulus G″. The gelation curves of sodium alginate solutions with the concentration of 1%, 1.5%, and 2% show the linear increase in the value of the viscosity modulus G″ during the cooling of the solutions, regardless of the cooling rate of the sodium alginate solutions and their concentration. In the case of a 1% sodium alginate solution at the beginning of the test, fluctuations in the measurements of the values of the parameters tested are visible, which stabilize in the first minute of heating at a constant temperature. When a sodium alginate solution with a concentration of 2% was tested, the elastic modulus G′ appeared and regardless of the cooling rate of the sodium alginate solution, it had the same minimum value (approx. 0.15 Pa) and maximum (approx. 0.28 Pa). Despite the appearance of the elastic modulus G′ when testing a 2% sodium alginate solution, it would not be possible to intersect the curve of the elastic modulus G′ and the viscosity modulus G″ because the negative temperature would cause the solution to freeze. The lack of gelling of sodium alginate solutions results from the conditions under which sodium alginate gels—in the presence of calcium ions in the solution or at a pH below 4 [45]. Even though sodium alginate does not gel under the tested conditions, it forms edible films [47]. Goudoulas and Germann [48] studied the gelling process of mixtures of sodium alginate and gelatin solutions. First, gelatin solutions with concentrations of 5% and 10% with the addition of sodium azide (0.1%) were prepared, and then sodium alginate solutions with concentrations of 2%, 5%, and 10% were prepared. Gelatin and sodium alginate solutions were mixed to obtain solutions: gelatin with a concentration of 2.5% and 5% without the addition of sodium alginate, gelatin (5%) and sodium alginate (1%, 2.5%, and 5%), and gelatin (2.5%) and alginate (1 or 2.5%). The solutions were cooled from 45 to 5 °C at a cooling rate of 1 °C/min. It has been shown that the higher the sodium alginate concentration, the higher the gel formation temperature. In the case of all types of solutions, it was possible to determine the gelatinization temperatures of the solutions, but the gels would not be formed if there was no gelatin in the tested solutions. Yang et al. [49] studied low and medium-viscosity sodium alginate solutions with a concentration of 1% with and without the addition of 4 mmol/mL CaCl2. To monitor the gelling process, the solutions were tested at 100 °C and observed under a microscope. The time after which the solutions gelled was determined based on the intersection of the change curves of the elastic modulus G′ and the viscosity modulus G″. Both the solutions with and without the addition of CaCl2 showed gelling properties. The difference between the solutions with and without the addition of CaCl2 was the different times needed to obtain a gel. Both low and medium-viscosity solutions of sodium alginate with the addition of CaCl2 gelled in the second minute of the test. In contrast, sodium alginate solutions were without the addition of CaCl2 in the fourth minute of the experiment, regardless of whether the sodium alginate had a low or medium viscosity. Perhaps the reason why the sodium alginate gelled under the given conditions was due to the high temperature at which the test was carried out.






4. Conclusions


The value of the analyzed rheological parameters is influenced by both the concentration of the hydrocolloid in the solution and its type. The apparent viscosity of all solutions increases with increasing concentration. Only in the case of gelatin solutions was it possible to determine the gel formation temperature. It was shown that the cooling rate and the concentration of the solution had a statistically significant effect on the gelation temperature. As the concentration of the solution increases and the cooling rate increases, the gelation temperature decreases. Although the viscosity values increase with increasing concentration, the lowest values of the G″ viscosity modulus were obtained at a sodium alginate solution concentration of 1.5%. Even though solutions with different concentrations of soy protein isolate (4%–12%) and sodium alginate and highly methylated pectin (1%–1.5%) were used in the experiment, similar tendencies of the solutions can be noticed when testing these solutions. The modulus of elasticity curves only appears at the highest concentrations. This means that the formation of coatings occurs by different mechanisms in the case of soy protein isolate solutions as well as sodium alginate and high methylated pectin.
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Figure 1. Flow curves of tested hydrocolloids solutions of various concentrations: (A)—gelatin, (B)—soy protein isolate, (C)—sodium alginate, and (D)—high-methylated apple pectin. The figure also includes a photo of the tested gelatin solutions (PGEL_4, 8, 12). 
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Figure 2. Gelatinization curves of a gelatin solution with different concentrations and cooling rates. Gelatin concentration: (A)—4%, (B)—8%, and (C)—12%. 
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Figure 3. Gelatinization curves of a soy protein isolate solution with different concentrations and cooling rates. Soy protein isolate concentration: (A)—4%, (B)—8%, and (C)—12%. 
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Figure 4. Gelatinization curves of high-methylated apple pectin (A) and sodium alginate (B) with different concentrations and cooling rates. 
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Table 1. Raw material composition and temperature of the subjects of film-forming solutions.
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Type of Hydrocolloid

	
Concentration (%)

	
Glycerol (%)

	
Initial Temperature (°C)

	
Final Temperature (°C)






	
Gelatin

	
4

	
50

	
22

	
10




	
8

	
50

	
30

	
10




	
12

	
50

	
40

	
10




	
Soy protein isolate

	
4

	
50

	
20

	
0




	
8

	
50

	
20

	
0




	
12

	
50

	
20

	
0




	
Sodium alginate

	
1

	
50

	
20

	
0




	
1.5

	
50

	
20

	
0




	
2

	
50

	
20

	
0




	
High-methylated apple pectin

	
1

	
50

	
25

	
0




	
1.5

	
50

	
25

	
0




	
2

	
50

	
25

	
0
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Table 2. Rheological parameters and results of correlation analysis of tested solutions of selected hydrocolloids.
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Gelatin




	
Concentration (%)

	
k

	
n

	
R2

	
Apparent Viscosity (Pa·s)






	
4

	

	

	
0.999

	
0.0024 ± 0.0001




	
8

	

	

	
0.999

	
0.0055 ± 0.0005




	
12

	

	

	
0.993

	
0.0100 ± 0.0011




	
The correlation coefficient between the concentration of gelatin solutions and the apparent viscosity of the subject solutions




	
0.964901




	
Soy Protein Isolate




	
Concentration (%)

	
k

	
n

	
R2

	
Apparent Viscosity (Pa·s)




	
4

	
0.007129

	
0.6496

	
0.9832

	
0.0018 ± 0.0000




	
8

	
0.006449

	
0.7661

	
0.9915

	
0.0026 ± 0.0000




	
12

	
0.009233

	
0.8737

	
0.9985

	
0.0056 ± 0.0000




	
The correlation coefficient between the concentration of soy protein isolate solutions and the apparent viscosity of the subject solutions




	
0.986394




	
Sodium Alginate




	
Concentration (%)

	
k

	
n

	
R2

	
Apparent Viscosity (Pa·s)




	
1

	

	

	
0.999

	
0.0187 ± 0.0001




	
1.5

	

	

	
0.999

	
0.0374 ± 0.0002




	
2

	

	

	
0.999

	
0.0884 ± 0.0002




	
The correlation coefficient between the concentration of sodium alginate solutions and the apparent viscosity of the subject solutions




	
0.960769




	
High-Methylated Apple Pectin




	
Concentration (%)

	
k

	
n

	
R2

	
Apparent Viscosity (Pa·s)




	
1

	
0.00776

	
0.697

	
0.997

	
0.0042 ± 0.0001




	
1.5

	
0.01385

	
0.889

	
1

	
0.0050 ± 0.0000




	
2

	
0.02006

	
0.696

	
0.997

	
0.0061 ± 0.0001




	
The correlation coefficient between the concentration of high-methylated apple pectin solutions and the apparent viscosity of the subject solutions




	
0.948683











[image: Table] 





Table 3. Gelation temperature of gelatin at a cooling rate of 1 K/min, 3 K/min, and 5 K/min and interaction coefficients between the cooling rate and the hydrocolloid concentration.
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Concentration (%)

	
Cooling Rate (K/min)

	
Gelation Temperature (°C)






	
4

	
1

	
21.69 ± 0.18 a




	
3

	
19.74 ± 0.30 e




	
5

	
20.74 ± 0.12 f




	
8

	
1

	
25.57 ± 0.23 d




	
3

	
23.21 ± 0.31 c




	
5

	
22.40 ± 0.14 b




	
12

	
1

	
25.36 ± 0.05 d




	
3

	
23.00 ± 0.26 c




	
5

	
22.26 ± 0.02 ab




	
Statistical analysis of the effect of concentration and cooling rate on the gelatinization temperature of gelatin solutions




	

	
SS

	
Degrees of Freedom

	
MS

	
F

	
p-Value




	
Cooling rate (K/min)

	
32.32

	
2

	
16.16

	
395.7

	
0.0·10−6




	
Concentration (%)

	
51.01

	
2

	
25.51

	
624.5

	
0.0·10−6




	
Cooling rate * Concentration

	
5.38

	
4

	
1.35

	
32.9

	
0.0·10−6








* Mean values with standard deviations in brackets. Different superscript letters (a–f) within the same columns indicate significant differences between the samples (p < 0.05).
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