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Abstract

:

This study investigates the impact of various pre-drying treatments and drying methods on the physicochemical, phytochemical, and sensorial quality of dried bananas. To achieve this goal, four pretreatment solutions were used before drying to enhance the quality characteristics of banana slices: citric acid 1% and ascorbic acid 1%, sucrose 10%, sodium bisulphate 0.5%, and lemon juice 5% and acetic acid 0.5%. Two drying methods were applied, sun drying (SD) and tunnel drying (TD). The dried slices were evaluated for moisture, total acidity, water activity (aw), browning index, rehydration ratio (RR), reducing sugar, ascorbic acid, total phenol, and DPPH %, as well as sensory attributes (color, odor, taste, texture, and overall acceptability). The results showed that the retention of acid content, ascorbic acid, total phenolics, and DPPH in slice samples dried in TD was higher than that in SD. The browning index values in the TD samples were lower than those in the SD samples. Moreover, the TD samples showed a higher RR than the SD samples. It is noted that the pretreatment solutions used have an important role in improving the final quality characteristics of dried banana slices. The results of the sensory evaluation revealed a significant difference in the degrees of color and texture for the slices pretreated with sodium bisulphate. Meanwhile, the rates of taste and odor were significantly higher for the sucrose-pretreated slices. TD can improve the drying kinetics, shorten the drying time, and maintain the quality of the dried slices.
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1. Introduction


Bananas are one of the most popular fruits worldwide due to their great sensory acceptance. These seasonal fruits have a short shelf-life and high water activity. The moisture content in ripe bananas is 80%, which is very susceptible to deterioration; this causes significant losses after harvesting. The processing of bananas aims to produce other products and minimize waste [1]. Drying is a strategy process to reduce post-harvest losses [2]. The drying process decreases a food’s moisture level to a level that permits safe storage over an extended time while also preventing microbe growth and minimizing damage [3]. The dehydration method improves the sustainability of food products’ nutritious components, increases shelf life, lowers packing, storage, handling, and transportation costs, and may even make certain foods available outside of the growing season [4,5]. Additionally, fruit that has been rejected by the market can be turned into dried goods, decreasing food waste and providing a well-liked fruit-derived product [6].



Consuming dried fruits in place of unhealthy snacks that are heavy in sugar, salt, and fats may be a realistic alternative to achieving the WHO’s daily fruit intake requirements and encouraging the adoption of a sustainable diet [6]. Although dried fruits have several advantages that satisfy the growing consumer desire for wholesome and practical products [7,8], their consumption is still considerably lower than the daily suggested serving (30 g) [9]. Consumption of dried fruit is lower than that of harmful foods, particularly among young individuals [6].



Many studies have found that consumers prefer dried fruits and attempt to comprehend the elements that influence this decision [10,11,12]. For instance, Jesionkowska and colleagues [13] highlighted that health factors are key factors in the selection of dried fruits as perceived as rich in beneficial components, while Sabe et al. [14] demonstrated that product familiarity is the most significant determinant of purchase intention. Similarly, a study by Sun and Liang [10] that divided consumers into age groups based on their preference for dried fruits discovered that younger people consider health-related factors to be the most significant variable in the decision-making process, while older consumers prefer the convenience features.



By contrast, Sijtsema et al. [15] noted that dried fruits are preferred over their fresh counterparts not because of their health benefits, but rather because of their convenience. Alphonce and colleagues, on the other hand, showed in their study [16] that consumers are most influenced by the flavor of dried fruits and their credibility attributes, such as organic and fair trade, for which consumers are willing to pay a higher price. The researchers have discussed various drying techniques typically employed in drying fruits [17,18,19,20].



Sun drying (SD) is a well-known process for drying agricultural commodities in tropical and subtropical areas. However, it has several drawbacks, including a lengthy drying period, nutritional loss, and contamination from dirt, dust, sand particles, and insects [9,21]. As a result, the quality of sun-dried items may suffer, failing to fulfill local and international requirements [22]. To solve these issues, other drying procedures must be used. As a result, using hot air in controlled cabinet drying by convective air is significantly more efficient and offers consistency and sanitation for commercial food drying procedures.



The new drying procedures should offer benefits including less energy consumption, high quality at a reasonable cost, and low CO2 emissions with improved environmental footprint. The choice of drying methods depends on several factors, such as the food being dried, quality, energy consumption, and drying time. These drying methods attempt to produce food products with superior qualities. Although many drying machines have been designed and tested in the food industry [23], industrial drying is a costly and energy-intensive process. Therefore, solar drying appears to be the best substitute approach [24]. The solar drying method does not require electricity and skilled labor. It is effective, sustainable, and economical. Furthermore, it creates jobs in the off-season in rural areas of developing countries. Additionally, it minimizes reliance on fossil fuels and their negative effects on the environment [24,25]. However, drying may result in flavor, color, nutrient, and antioxidant activity losses, as well as a reduction in bulk density and rehydration capacity of the final product [26]. Enzymatic and non-enzymatic processes that may occur during the drying of fresh plant tissues may result in significant changes in phytochemical composition [27]. Therefore, several pretreatments have been applied to lessen negative alterations during drying [26,28,29]. Accordingly, the main objective of this study is to investigate the effect of pretreatments (citric and ascorbic acid, sucrose, sodium bisulphate, lemon juice, and acetic acid) and drying methods (sun and solar-controlled tunnel drying) on the quality of dried bananas.




2. Materials and Methods


2.1. Materials


High-purity solvents and chemicals were purchased from El-Gomhoria Company for Chemicals and Drugs, Cairo, Egypt.



The Grand Nain variety bananas were purchased from the local fruit and vegetable market in Cairo, Egypt, in September 2021. Banana fruits were chosen for their uniform color and size, lack of pests, and physical damage. The samples were brought to the Laboratory of Food Science and Technology, Faculty of Agriculture, Al-Azhar University, Cairo, Egypt, for processing before sun and tunnel drying.




2.2. Drying Methods


Sun drying (SD) and solar-controlled tunnel drying (TD) were the two drying techniques employed in this study. In sun drying, the treated banana slices were laid out on drying trays in a thin layer and exposed to the sun to dry the banana samples. The trays were put on an elevated platform to dry in the sun. The high platform allows for ample airflow around the fruit, which was dried at an average temperature of 34 °C. The other method used solar-controlled tunnel drying.



Figure 1 depicts the solar tunnel dryer assembly drawing. The solar tunnel setup had dimensions of 150 × 60 × 50 cm (latitude 30°02′30″ N, longitude 31°14′07″ E, and mean altitude above sea level 18 m) and was used to ascertain the behavior of sliced bananas under solar drying. To maximize the impact of sun radiation on the tunnel method, it was oriented towards an east–west axis orientation. A 200-micron-thick plastic sheet made of polyethylene that is transparent was used to cover the tunnel. Banana slice halves were set on a single wire mesh tray that was 1.20 × 0.50 m in size and utilized for thin-layer solar drying. Sensors were used to measure the interior’s temperature and relative humidity in the tunnel and outside. These sensors were installed in the tunnel dryer inlet, middle, and outlet points to continuously track the relative humidity and temperature for drying air. An appropriate Arduino device linked to a computer continuously recorded the relative humidity and temperature in the solar tunnel dryer throughout the tests at 10-min intervals.



The solar tunnel drying is provided with a system for measuring, recording, and maintaining temperature and humidity as shown in Figure 2 on the right. A polycrystalline solar panel produces the required voltage in the morning when it is exposed to sunlight, producing a power of 40 watts with an average voltage of 18 V, which is then used to charge an acid battery at a rate of 12 V and 7 A. The code that is tied to the processor memory instructs the processor to read the data output from the sensors, store them, and then send them to the screen for display at certain periods for each sensor. This is how the Arduino Mega 2560 (Monza, Italy) board functions. The Tiny RTC DS1307 (Real Time Clock, Shanghai, China) board keeps the time and date to ensure that the values and readings are recorded together for accuracy, and restarting the Arduino board will reset the time and date. Three temperature and humidity sensors DHT22 collect humidity and temperature distributed inside and outside the tunnel to see the extent of the impact of insulation of the plastic tunnel and the amount of heat transferred, which are high-accuracy sensors. The VEML 6070 UV (Munich, Germany) light sensor works to measure the level of ultraviolet rays, specifically from the sun’s total radiation, because it increases damage to the product to be dried. The reading is displayed on the screen at an update and permutation rate of 0.25 s. The load cell sensor installed in the center of the tunnel floor measures the weight of the drying tray (known as “2350 g”) in addition to the product’s weight spread within the tray every 10 min. The air-agitating fan inside the tunnel works to expel the moisture-laden air and replace it with fresh air, so as not to damage the product to be dried by relay, for only one minute to prevent all heat from leaking out. Every 10 min, with a micro SD card adapter, the current reading is taken from all sensors and recorded on the memory card with the time and date, which facilitates the process of follow-up.



The weather was mainly sunny and dry throughout the drying experiments. The times of each experiment were 7:30 and 17:00. In all drying experiments, banana slices were placed in a single layer on a metal mesh tray within the tunnel for drying. Weight measurements were taken every 10 min. Afterward, dried slices were stored in low-density polyethene pouches until the start of the analysis. For the sun drying method, samples of banana slices were placed on a tray near the dryer and dried concurrently under the same weather conditions to compare tunnel drying effectiveness with sun drying.




2.3. Preparation and Pretreatment of Bananas before Drying


The banana fruits were peeled, weighed, and then cut into slices using a stainless-steel knife to a thickness of about 4 mm. The slices were pretreated before drying using four different pretreatments: citric acid 1% and ascorbic acid 1%; sucrose 10%; sodium bisulphate 0.5%; lemon juice 5% and acetic acid 0.5%; one sample was untreated and served as the control. The citric acid 1% and ascorbic acid 1% treatment was prepared using 20 g of citric acid and 20 g of ascorbic acid dissolved in 2000 mL of distilled water. To prepare a sucrose 10% treatment, 200 g of sucrose was dissolved in 2000 mL of distilled water. To prepare the sodium bisulphate 0.5% treatment, 10 g of sodium bisulphate was dissolved in 2000 mL of distilled water. Finally, lemon juice 5% and acetic acid 0.5% treatment was prepared using 10 g of acetic acid dissolved in 1900 mL distilled water, and then 100 mL of lemon juice was added.



About 1000 g of banana slices were weighed for pretreatment for 10 min; after pretreatment, they were subjected to drying. An untreated sample was used to compare differences between all pretreatments. Then, each treatment was divided into two parts, the first into the open sun dryer (SD) and the second into the tunnel dryer (TD).




2.4. Estimation of Thermo-Physical Parameters


2.4.1. Initial Moisture Content


The oven was set at 105 °C to measure the initial moisture content till a consistent weight was obtained [30], and the equation that follows was employed:


    M   i d   =     W   m       W   d     × 100  



(1)




where Mid is moisture content on a dry basis (%), Wm is moisture content in the sample (g), and Wd is dry material content (g).




2.4.2. Moisture (Mt)


Every 30 min, the moisture percentage and wet basis (w.b.) percentage were calculated as follows [31].


    M   t   =      W   t    −  W o    ( 1 −   m   o   )     W   t      



(2)




where Wt is sample weight (g) at any time, Wo is the fresh sample weight (g), and mo is initial moisture percent (w.b.%).




2.4.3. Moisture Ratio


Moisture ratio (MR) can be measured utilizing the dried samples’ moisture percent at time t [32]:


  M R =     M   t   −   M   e       M   i   −   M   e      



(3)




where Mi is initial moisture content (w.b.%), Mt is moisture percent at any time during drying (w.b.%), and Me is equilibrium moisture (w.b.%).




2.4.4. Drying Rate


The drying rate was calculated as follows:


  D R = Drying   rate =    M  t − dt   −  M t   dt  = Kg ( water ) / hour  



(4)




where Mt−dt and Mt are the moisture contents at dt and t times, respectively, and dt is the drying period (hour).





2.5. Analytical Methods


2.5.1. pH Value


The pH value was assessed by a pH meter (a Jenway 3505, Keison Products, Chelmsford, UK) as described in reference [30].




2.5.2. Total Acidity


Acidity content was determined according to the titration method [33]. A total of 50 mL of distilled water was added to 2 g of the dried slices sample. The mixture was stirred for 20 min, then three drops of phenolphthalein were added, and the titration was carried out by using NaOH solution 0.1 N, up to an endpoint of pH 8.1. The results were given as a percentage of malic acid (g per 100 g).




2.5.3. Water Activity


Water activity (aw) of dried banana slices depended on pouring about 3 g of water into a sample cup. The aw was measured in an Aqualab Model CX-2 m (Decagon Devices Inc., Pullman, WA, USA) at 25 °C [34,35].




2.5.4. Browning Index (Optical Density (OD) Measurement)


The browning index was assessed as absorbance density value using a UV–visible spectrophotometer as described in reference [36], where 2 g of dried slices were soaked in 20 mL of 60% ethanol and kept overnight, then filtered measuring absorbance (OD) at 440 nm by a UV–visible spectrophotometer (Thermo Electron Company, Beverly, MA, USA).




2.5.5. Rehydration Ratio


The rehydration ratio (RR) tests were performed after immersing five grams of dried banana slices in 300 mL of distilled water at ambient temperature; then, the slices were drained and weighed. Based on the following equation, the amount of water rehydration was quantified as RR [37].


RR = M after soaking/M before soaking



(5)




where M is the sample weight (g).




2.5.6. Reducing Sugar


Reducing sugar content was determined by resolving 60 mg of dried slices in a 20 mL H2SO4 solution (1.5 M). The solution was heated at 100 °C for 20 min in the water bath. Afterward, it was cooled, neutralized using 12 mL of 10% NaOH, filtered, and diluted to 60 mL with distilled water. Utilizing a UV–visible spectrophotometer (Thermo Electron Company, Beverly, MA, USA), reducing sugars were quantified at 540 nm [38].




2.5.7. Extraction and Determination of Total Phenol and DPPH


Five grams of dried banana slices were suspended in 40 mL of methanol (80%) for 12 h, with centrifugation at 10,000× g for 20 min. The supernatant was collected, then filtrated using Whatman paper, and used as crude extract [39]. For total phenolic (TPC) determination, 600 µL of crude extract and 600 µL of Folin–Ciocalteu reagent were combined with 4.80 mL of water and put in the dark for 90 min as described by Yu et al. [40]. The absorbance was read at 760 nm using a UV–visible spectrophotometer (Thermo Electron Company, Beverly, MA, USA), and the TPC is given in mg GA/kg. To determine the DPPH radical scavenging activity, 100 µL of the crude extract was added to 100 µL of the DPPH solution (0.2 mM). The combination was maintained at room temperature for one hour [41]. At 517 nm, the absorbance was recorded by a UV–visible spectrophotometer (Thermo Electron Company, Beverly, MA, USA), and the DPPH was calculated as a percentage.





2.6. Sensory Evaluation


The dried banana slice samples were served to a sensory panel, which consisted of ten staff members of the Department of Food Sciences and Technology, Faculty of Agriculture, Al-Azhar University, and ten staff members of the Agriculture Constructer Engineering and Environmental Control Department, Faculty of Agriculture Engineering, Al-Azhar University. The samples were assessed for sensory attributes of color, odor, taste, texture, and overall acceptability. The evaluation used a ten-point hedonic test scale, as reference [42] explained.




2.7. Cost Analysis


The results were calculated using the following formula: dryer hourly expenses based on the fixed and variable costs of the dryer [43].


  C =   P   h       1   a   +   i   2   + t + r   +   W . e   +   m   200    



(6)




where C = dryer hourly cost, L.E./h, P = price of dryer, L.E. (800 L.E.), h = yearly working hours (which were assumed in the present work to be 300 day/year × 1 period/day × 8 h/period = 2400 h/year), a = life expectancy of machine (about 10 years), i = interest rate/year (the bank interest in Egypt, which was about 14%), t = taxes and overhead ratio (which is assumed in the present work to be 20%), r = repair and maintenance ratio (which is assumed in the present work to be 10%), W = power of dryer (kW), e = hourly cost/kW. h (0.0 L.E./kW. h), m = the monthly average wage, L.E. (2400 L.E), calculating that there are 20 dryers (120 L.E./man. dryer, month), 200 = the monthly average working hours.


  C o s t   L . E     ( k g     d r i e d   p r o d u c t   )   =   D r y e r   h o u r l y   c o s t (   L . E   h   )   D r y e r   p r o d u c t i v i t y (     k g   d r i e d   p r o d u c t     h   )    



(7)








2.8. Statistical Analysis


The mean values and standard error were used to express the results. Every analysis assay was completed in triplicate. The mean values were subjected to evaluation using a two-way analysis of variance (ANOVA) to check for significant differences (p < 0.05) by SPSS (version 22).





3. Results


Variations in the tunnel dryer’s outside and inside air temperature and relative humidity during the experiments are shown in Figure 3. During the drying experiment, the daily mean values in and out of the tunnel of air temperature and relative humidity variations are from 39.4 to 54.5 °C, 28.1 to 36.9 °C, and 31.6 to 40.2%, 41.5 to 48.7%, respectively. The ambient air temperature in and out of the TD reached the maximum between 11:00 and 14:00. This was when the relative humidity was at its lowest levels. It was found that the drying temperature in TD was higher than the outside temperature. In contrast, the TD relative humidity was lower than the outside relative humidity. There were significant differences between the values of the temperature and relative humidity. During the experimental time, these values were about 11.3 to 17.6 °C and 8.5 to 9.9%. This indicates that the rate of drying in TD will be higher than SD.



The results of moisture content for dried banana slices by SD were compared with those obtained by TD under different pretreatment solutions, which are presented in Figure 4. There was a finding that the slices had moisture of 80.4%. This value decreases exponentially with the increasing duration in drying time. TD had more of an effect on the moisture content of the banana slices than SD.



The moisture content in the control tunnel (C1) reached 18.6% (w.b.) in 8 h of drying, though it needs 10 h of drying to reduce the moisture content to 18.3% (w.b.) in the control sun (C2). The lower drying time of banana slices inside the TD system may be because slices in the dryer received a collector’s energy and incidental sun radiation. Meanwhile, the sample under SD received the energy from the incident radiation only and lost energy that is significant for the environment. The slices treated with sucrose dried in TD had the lowest moisture percent (15.5%), which might be related to plasma and some moisture loss in the sample. The product is a consequence of the immersion process in these solutions, which shortened the time spent in the drying processes in TD.



Also, Figure 4 displays the relationship between moisture content and drying rate for banana slices in TD and SD. These curves do not have a constant rate drying phase, and all of the drying operations in the drying of the samples took place during the falling-rate drying phase. The drying rate is reduced with increased drying time and decreased moisture percent. These outcomes concurred with the findings of [44] for prickly pear peel and [20] for grape, carrot, and okra.



According to the results, the best moisture ratio is TD from SD (Figure 5). For example, after drying for 6 h’s time, the moisture ratios are TD (C1) 0.2438 and SD (C2) 0.62079; the minimum value of the MR is equal to 0.1965, which corresponds to (C1).



The drying rate versus drying time shows the presence of a falling drying rate period, which is enormously influenced by the drying air temperature. A higher drying air temperature produces a higher moisture loss and a consequently weak drying time. This is mainly due to the acceleration of the water migration inside the tunnel due to increased heat air supply to the product (Figure 6).



The results of the effects of pretreatments and drying methods on the physicochemical properties of dried slices are presented in Table 1. No significant differences between the two drying methods (sun and tunnel) were observed in pH values. As opposed to that, no notable variations between pretreatments were observed except for those samples treated with citric and ascorbic acids. The pH value for fresh bananas was 5.86, which decreased after drying for all slice samples. The samples treated with citric and ascorbic acids had the lowest significant pH values (4.59 for TD and 4.66 for SD). In contrast, other samples were close to each other, varying from 5.33 to 5.78 with no significant differences. These findings align with those discussed in the references [45,46].



The acidity content of fresh bananas was 0.47%, which increased in the dried slices (Table 1). The highest acidity contents were found in dried slices treated with citric and ascorbic acid (1.08 and 0.99%), followed by the sample treated with lemon and acetic acid (0.98 and 0.96%), with non-significant differences between them (p < 0.05). For other samples, total acidity contents were close, with no statistically significant difference between these samples. As opposed to that, significant differences were found between these samples and samples treated with citric and ascorbic acid and lemon and acetic acid. These findings show that utilizing citric and ascorbic, lemon and acetic acid before the treatments raised the acidity number, agreeing with references [45,46,47].



High quantities of moisture are present (80.4%); they corroborate the high water activity (aw) of the fresh banana (0.972). Dried bananas’ water activity ranged from 0.652 to 0.695 (Table 1). It was observed that the highest water activity (0.695) was found for the control sample on the tunnel dryer. The decrease in aw minimizes degradation reactions and microbial growth, which helps preserve and lengthen the fruit’s shelf-life [48].



The browning index for fresh banana was 0.25, and it increased in dried banana slices and reached 0.60, 0.81, 0.56, and 0.69 for treatments with citric and ascorbic acids, sucrose, sodium bisulphate, and lemon and acetic acids, respectively, with the SD method. The same treatments in TD reached 0.61, 0.66, 0.50, and 0.65 compared to control, which showed the highest browning, 0.85 for SD and 0.79 for TD, with a significant difference between treatments. These results show that the banana slices are excellent in retaining a white color after drying by treating the slices with sodium bisulphate and citric and ascorbic acids, respectively. Anti-browning and antioxidant activities of bisulphate and ascorbic and citric acids might be the reason. Sulfate is widely used as a food preservative to inhibit oxidation either by oxygen or enzymes. These observations agree with the results reported in reference [49].



The rehydration ratio (RR) is one of the important indicators for the quality of dried fruits and vegetables. The higher rehydration ratio values indicate these crops’ quality [50]. A noticeable difference was found in the rehydration ratio from pretreatment impact, where citric and ascorbic acids, lemon and acetic acid had the highest values compared to other treatments (Table 1). In addition, a noteworthy difference was observed in the dried samples’ rehydration ratio by SD and TD, and TD had the highest rehydration ratio. It was revealed that the rehydration ratio ranged from 2.34 to 3.12. The highest rehydration ratio (3.12) was noticed for samples treated with citric and ascorbic acids under TD, while the lowest ratio was 2.34 recorded for control samples under SD. Rehydration ratio changed from 2.34 to 2.94 for SD and from 2.43 to 3.12 for TD, respectively. An increased rehydration ratio in TD banana slices can be used to explain why fewer physical and chemical changes that happened by TD are faster and more uniform. However, various irreversible physical and chemical changes occur as a result of drying, and the solutes that leak from damaged cells move to the surface and form a crust, resulting in a relatively closed surface structure [51]. Additionally, it can be noted that samples dried by TD rather than SD had higher rehydration capacities due to their porous structures.



Finally, there was no significant difference between drying methods for pH, acidity, water activity, browning index, and rehydration ratio, except for the sample treated with sodium bisulphate, which showed a meaningful difference between drying methods for rehydration ratio. From the results in Table 2, the highest reducing sugar content was found in dried banana slices with sucrose (21.25 for TD and 21.22 for SD on a dry weight basis). As opposed to that, the lowest reducing sugar content was recorded for citric and ascorbic acid treatments (19.72 for SD and 19.75% in TD). The dried banana slices showed a reduction in sugar concentration similar to that observed by Takougnadi et al. [52]. These compositional variations are mostly caused by the fruit’s maturity level at the time of drying, and too much reducing sugar might cause non-enzymatic browning [53]. There was no significant difference between SD and TD on reducing sugar of the dried banana slices, and the effect was similar, but a significant difference was observed in pretreatments where sucrose treatments had the highest values (21.22 for SD and 21.25 for TD). Also, the losses of the reducing sugar content in SD and TD banana slices might be attributed to the drying time of this method (10 and 8 h), which may result in the browning reaction, which creates distinctive brown pigments when certain components react with one another [54]. Furthermore, the Millard reaction may have occurred in dried banana slices produced by SD, which involves the binding of reducing sugars with amino acids, eventually leading to a loss in the total sugars, especially the reducing sugars [55].



The phenolic compounds content in fruits and vegetables depends on the cultivar, growing condition, storage and transport conditions, and processing technology [56,57,58]. The total phenolic content (TPC) as affected by drying techniques and pretreatment solutions is presented in Table 2. TPC in fresh bananas was 96.91 mg/kg, while it ranged from 99.09 to 115.90 mg/kg for dried slices. From Table 2, the impact of drying methods on TPC was statistically significant (p < 0.05). The sample pretreated with citric and ascorbic acids had the highest TPC (p< 0.05), while the control samples had the lowest TPC. The TPC was higher in TD samples than in slices dried under SD. These results might be attributed to increased enzymatic degradation by polyphenol oxidase, because direct and mixed mode dryers dried materials more slowly than TD, with more enzymatic reactions.



A significant difference between treatments was observed in ascorbic acid content (Table 2). The highest ascorbic acid content was detected with sodium bisulphate treatments, while the lowest content was observed for the control treatments. The treatments with sodium bisulphate, as well as citric and ascorbic acids, were the highest for preserving ascorbic acid from heat breakage, while the rest of the dried treatments were close to each other in both treatments. In addition, using a tunnel for drying prevented ascorbic acid from breaking down and minimized its loss throughout the drying process, which is a benefit of using a tunnel for drying. These findings align with Alam et al. reports [46]. Also, from the table, the TD samples showed a higher ascorbic acid content than the SD samples, and this might be because of the fast drying process in TD. The greater loss of ascorbic acid in SD samples might be related to the time of the drying process [59]. Where the ascorbic acid was destroyed, during the process of dehydration, it was oxidized to dehydroascorbic acid. Reactions that followed, like decarboxylation and cyclization, 3-hydroxy-2-pyrone and 2-furoic acid, were finally produced.



Furthermore, all dried banana slices showed a high content of antioxidants (83.03 to 86.61%) compared to fresh bananas (60.22%). The increased antioxidant activity that was seen in dried bananas might correspond to the much higher phenolic and ascorbic acid contents. Additionally, the antioxidant capacity of SD bananas was not as high as that of TD bananas, and this may be related to the greater decline in ascorbic acid and the overall amount of phenolic content in the banana slices drying in the open sun. For the TD bananas, the retention of the antioxidant ranged from 83.28 to 86.61%, compared to 83.03 to 85.57% for SD. Also, all pretreatments resulted in a higher antioxidant (p< 0.05) activity (from 84.11 to 86.61%) as compared to control (83.03 and 83.28%). This is explained by the increase in total phenolic content and ascorbic acid upon drying. These results are roughly in accordance, since antioxidant activity completely depends on pigments like carotenoid and anthocyanin, ascorbic acid, and overall phenolic content in the product [60,61].



The color, taste, odor, texture, and overall acceptability scores for dried banana slices were evaluated and are presented in Table 3. These might suggest that the results of the sensory attributes show that bananas dried in TD have a higher likability score for the most tested organoleptic characteristics compared to SD slices. The results showed that the highest (p < 0.05) color score was observed for dried slices treated with sodium bisulphate (9.0 for SD and 9.50 for TD), while the lowest (p < 0.05) was recorded for control (5.00 for SD and 6.00 for TD), whereas other dried slices ranged from 7.0 to 8.5 with significant differences between them.



The variation in pretreatment techniques and drying conditions could all be contributing factors to the observed color variation in dried bananas in this study. Boudhrioua et al. [62] found that blanching and sodium pyrophosphate pretreatments can help avoid the browning of raw and ripe bananas dried at 60 °C air temperature. In a different investigation, Ranken et al. [63] employed a 1:1 ascorbic-citric acid solution as a chemical treatment to stop dry bananas cooked to temperatures between 40 and 70 °C from turning discolored.



TD presented fewer color changes than the SD process. This also corresponds to the results of Elicin and Sacilik [64]. This darker color throughout the SD process resulted from the fruit surfaces being exposed to solar radiation for longer. This might be because enzymatic browning is limited when drying at high temperatures in the beginning. However, high energy input may also lead to non-enzymatic browning after drying, which is why sample TD is superior to sun drying in terms of quality. At the beginning of drying, low temperatures keep the product’s surface moist longer than high temperatures, which encourages the enzymatic browning of the product. This is consistent with the findings of Pekke et al. [65].



On the other hand, the judging scores of taste properties were recorded (5.25 to 8.0 for SD and 5.50–8.0 for TD slices). The highest (p < 0.05) taste score was recorded for slices treated with sucrose (8.0), while the lowest (p < 0.05) was recorded for lemon and acetic acid treatments (5.25 for SD and 5.50 for TD). These results are supported by Soomro et al. [26].



For odor, the highest (p < 0.05) score was found in slices treated with sucrose (7.50 and 8.0), while the lowest (p < 0.05) was recorded for control samples (5.0 for SD and 5.80 for TD). The texture score was the highest, significantly, in slices treated with sodium bisulphate (8.0 for SD and 9.0 for TD) even if the lowest score was noted for control samples (5.0). The slices rated by sulfate and sucrose had overall acceptability more than other treatments.



The taste rating is similarly lower, which may be related to the same effect of hardening and moisture loss. Banana slice sensory scores across the board may have decreased, which has led to a decline in the overall acceptability of SD banana slices. Additionally, because of the lengthy drying duration necessity, SD degrades the nutritional value, texture, color, and taste of food. The most popular method for drying food is sun exposure. However, due to the prolonged drying time and temperature irregularities, this method causes serious harm, such as deteriorating the flavor, color, and nutritional value of the dry product, decreasing density and water absorption capacity, and shifting solutes from the internal part of the drying material to the surface. The ability of water to rehydrate itself as well as the mobility of the drying material have further negative impacts. Finally, the slices dried by TD were superior in terms of all the characteristics, especially in color and texture properties, so they outperformed the slices dried by SD due to increasing the drying time (10 h) as compared with the drying time taken by tunnel drying (8 h) as shown in Figure 7. A significant difference was observed in color, odor, and texture at the probability p < 0.05 level between treatments and drying methods.



Costs Analysis


The operating cost (LE/h) for the convection dryer and the costs per kilogram of the dried product of banana slices is calculated by Equations (6) and (7). The expenses were calculated using drying settings, resulting in a shorter drying time. The operating cost of TD was 0.7551 LE/h, and the cost per kilogram of the dried product was 11.4 LE/kg, while the operating cost of SD was 0.6 LE/h, and the cost per kilogram of the dried product was 11.3 LE/kg.





4. Conclusions


Effects of pretreatment solutions (citric and ascorbic acids, sucrose, sodium bisulphate, lemon juice and acetic acids, as well as drying techniques (sun drying (SD) and tunnel drying (TD)) on the properties of dried banana slices are assessed. The outcomes showed that TD is more closely matched to the drying curves than the SD method. It is concluded from the present study that the application of pretreatment methods plays a significant role in the quality of dried banana slices. It is shown that the effect of pre-treatment methods on moisture, rehydration ratio, aw, pH, total acidity, browning index, reducing sugar, ascorbic acid, polyphenols, and DPPH % was significant, while non-significant (p > 0.05) for water activity. The banana slices pretreated with sodium bisulphate and sucrose observed good characteristics for most of the sensory evaluation parameters. However, most of the physicochemical characteristics were higher in ascorbic and citric acids and sucrose solution-pretreated slices, but their color, flavor, taste, texture, and overall acceptability could not obtain higher scores. Consequently, based on these results, the final product of banana slices may have a great potential application on a commercial scale as a raw product or as an ingredient that can be used in baby foods. Applying pretreatment techniques already has a significant role in saving dried banana slices’ final qualitative attributes and has enormous potential for use in the food industry. In addition, TD is a substitute drying method for obtaining products with a huge market potential and relatively high quality.
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Figure 1. Assembly drawing of the solar tunnel dryer. Where: (1)—steel structure, (2)—tunnel floor, (3)—drying tray, (4)—reticular structure and plastic cover, (5)—control box, and (6)—solar panel. 
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Figure 2. Various parts of embedded systems and their connection methods. 
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Figure 3. Changes in ambient temperature (°C) and relative humidity (%) with the drying hours for a typical day in September 2021. 
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Figure 4. Variations in moisture % over time during a typical experimental run during the solar drying of banana slices. (a) C1: control tunnel and C2: control sun, (b) T1: sucrose tunnel and T5: sucrose sun, (c) T2: sodium bisulphate tunnel and T6: sodium bisulphate sun, (d) T3: ascorbic + citric tunnel and T7: ascorbic + citric sun, (e) T4: lemon juice + acetic tunnel and T8: lemon juice + acetic sun. 
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Figure 5. Moisture ratio vs. time (h) curves. (a) C1: control tunnel, T1: sucrose tunnel, T2: sodium bisulphate tunnel, T3: ascorbic and citric tunnel, T4: lemon juice and acetic tunnel, (b) C2: control sun, T5: sucrose sun, and T6: sodium bisulphate sun, and T7: ascorbic and citric sun, and T8: lemon juice and acetic sun. 
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Figure 6. Drying rate (g water/h) over time (h) curves. (a) C1: control tunnel, T1: sucrose tunnel, T2: sodium bisulphate tunnel, T3: ascorbic and citric tunnel, T4: lemon juice and acetic tunnel, (b) C2: control sun, T5: sucrose sun, and T6: sodium bisulphate sun, and T7: ascorbic and citric sun, and T8: lemon juice and acetic sun. 
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Figure 7. Effect of pretreatments and some drying methods on color values of dried banana slices: (a) control (sun), (b) control (tunnel), (c) citric 1% + ascorbic 1% (sun), (d) citric 1% + ascorbic 1% (tunnel), (e) sucrose 10% (sun), (f) sucrose 10% (tunnel), (g) sodium bisulphate 0.5% (sun), (h) sodium bisulphate 0.5% (tunnel), (i) lemon 5% + acetic 0.5% (sun), (j) lemon 5% + acetic 0.5% (tunnel). 






Figure 7. Effect of pretreatments and some drying methods on color values of dried banana slices: (a) control (sun), (b) control (tunnel), (c) citric 1% + ascorbic 1% (sun), (d) citric 1% + ascorbic 1% (tunnel), (e) sucrose 10% (sun), (f) sucrose 10% (tunnel), (g) sodium bisulphate 0.5% (sun), (h) sodium bisulphate 0.5% (tunnel), (i) lemon 5% + acetic 0.5% (sun), (j) lemon 5% + acetic 0.5% (tunnel).



[image: Sustainability 15 15112 g007]







 





Table 1. Effect of some pretreatments and drying methods on physicochemical properties of dried banana slices.
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Parameters

	
Fresh

	
Drying Methods

	
Treatments




	
Control

	
Citric and Ascorbic Acid

	
Sucrose

	
Sodium Bisulphate

	
Lemon and

Acetic Acid






	
pH

	
5.86

	
SD

	
5.78 a

±0.14

	
4.66 b

±0.11

	
5.76 a

±0.16

	
5.73 a

±0.17

	
5.35 a

±0.00




	
TD

	
5.58 a

±0.17

	
4.59 b

±0.08

	
5.71 a

±0.14

	
5.69 a

±0.17

	
5.33 a

±0.16




	
Acidity (%)

as malic

	
0.47

	
SD

	
0.50 b

±0.05

	
1.08 a

±0.11

	
0.53 b

±0.04

	
0.59 b

±0.02

	
0.98 a

±0.00




	
TD

	
0.55 b

±0.11

	
0.99 a

±0.10

	
0.56 b

±0.04

	
0.57 b

±0.05

	
0.96 a

±0.08




	
Water

activity (aw)

	
0.972

	
SD

	
0.692 a

±0.17

	
0.675 a

±0.28

	
0.652 a

±0.11

	
0.668 a

±0.23

	
0.658 a

±0.11




	
TD

	
0.695 a

±0.00

	
0.672 a

±0.00

	
0.658 a

±0.00

	
0.670 a

±0.00

	
0.656 a

±0.00




	
Browning index (O.D)

	
0.25

	
SD

	
0.85 a

±0.28

	
0.60 c

±0.34

	
0.81 ab

±0.11

	
0.56 c

±0.17

	
0.69 bc

±0.23




	
TD

	
0.79 a

±0.07

	
0.61 bc

±0.06

	
0.66 b

±0.09

	
0.50 c

±0.03

	
0.65 b

±0.08




	
Rehydration ratio

	
-----

	
SD

	
2.34 b

±0.06

	
2.94 a

±0.08

	
2.43 b

±0.04

	
2.45 b

±0.05

	
2.92 a

±0.06




	
TD

	
2.43 b

±0.10

	
3.12 a

±0.11

	
2.54 b

±0.08

	
2.86 a

±0.10

	
3.08 a

±0.07








Each mean value within identical letters on the identical row is significantly different at p < 0.05; SD: sun drying and TD: tunnel drying.













 





Table 2. Effect of pretreatments and drying methods on reducing sugar, total phenolic content, ascorbic acid, and antioxidant activity.






Table 2. Effect of pretreatments and drying methods on reducing sugar, total phenolic content, ascorbic acid, and antioxidant activity.





	
Parameters

	
Drying Methods

	
Fresh

	
Treatment




	
Control

	
Citric and Ascorbic Acid

	
Sucrose

	
Sodium Bisulphate

	
Lemon and

Acetic Acid






	
Reducing

sugar

	
SD

	
16.08

	
19.98 b

±0.57

	
19.72 b

±0.46

	
21.02 a

±0.40

	
19.90 b

±0.51

	
19.75 b

±0.69




	
TD

	
20.02 b

±0.69

	
19.75 b

±0.51

	
21.05 a

±0.46

	
19.96 b

±0.75

	
19.80 b

±0.63




	
Total phenolic content mg/kg

	
SD

	
96.91

	
99.09 c

± 1.73

	
113.85 a

± 2.88

	
102.37 c

± 1.15

	
111.98 a

± 0.86

	
106.87 b

± 2.30




	
TD

	
101.76 d

± 0.43

	
115.90 a

± 0.46

	
105.84 c

± 0.75

	
109.69 b

± 1.03

	
108.52 b

± 1.61




	
Ascorbic acid (%)

	
SD

	
44.87

	
65.14 d

± 0.20

	
80.23 ab

± 0.23

	
74.86 c

± 0.46

	
81.16 a

± 0.40

	
79.45 b

± 0.46




	
TD

	
73.21 e

± 0.23

	
83.63 b

± 0.02

	
78.13 d

± 0.51

	
84.95 a

± 0.17

	
81.35 c

± 0.40




	
DPPH

(%)

	
SD

	
60.22

	
83.03 c

± 0.57

	
85.00 ab

± 0.69

	
85.57 a

± 0.46

	
85.06 ab

± 0.86

	
84.11 b

± 0.75




	
TD

	
83.28 c

± 0.51

	
86.61 a

± 0.57

	
86.03 ab

± 0.44

	
85.73 ab

± 0.69

	
84.34 b

± 0.63








Each mean value, within identical letters on the identical row, is significantly different by p < 0.05; SD: sun drying and TD: tunnel drying.













 





Table 3. Effect of pretreatments and drying methods on organoleptic properties of dried banana slices.






Table 3. Effect of pretreatments and drying methods on organoleptic properties of dried banana slices.





	
Sensory Properties

	
Drying Methods

	
Treatment




	
Control

	
Citric + Ascorbic Acid

	
Sucrose

	
Sodium Bisulphate

	
Lemon +

Acetic Acid






	
Color

	
SD

	
5.00 d

±0.06

	
8.50 b

±0.07

	
7.00 c

±0.05

	
9.00 a

±0.12

	
7.00 c

±0.11




	
TD

	
6.00 e

±0.07

	
8.50 b

±0.12

	
8.00 c

±0.15

	
9.50 a

±0.12

	
7.00 d

±0.07




	
Taste

	
SD

	
6.00 c

±0.05

	
7.00 b

±0.07

	
8.00 a

±0.12

	
6.00 c

±0.06

	
5.25 d

±0.06




	
TD

	
6.00 c

±0.10

	
7.00 b

±0.15

	
8.00 a

±0.20

	
6.00 c

±0.07

	
5.50 d

±0.12




	
Odor

	
SD

	
5.00 d

±0.05

	
6.50 b

±0.12

	
7.50 a

±0.12

	
6.50 b

±0.10

	
6.00 c

±0.07




	
TD

	
5.80 d

±0.20

	
6.50 c

±0.07

	
8.00 a

±0.20

	
7.00 b

±0.18

	
6.00 d

±0.12




	
Texture

	
SD

	
5.00 d

±0.07

	
7.00 b

±0.20

	
7.00 b

±0.15

	
8.00 a

±0.25

	
6.50 c

±0.12




	
TD

	
5.00 d

±0.12

	
7.00 c

±0.18

	
8.00 b

±0.18

	
9.00 a

±0.25

	
7.00 c

±0.19




	
Overall

acceptability

	
SD

	
5.25 c

±0.20

	
7.25 a

±0.12

	
7.38 a

±0.09

	
7.38 a

±0.10

	
6.13 b

±0.03




	
TD

	
5.75 d

±0.19

	
7.25 b

±0.06

	
8.00 a

±0.25

	
7.88 a

±0.22

	
6.38 c

±0.09








Each mean value within the identical letters on the identical row is significantly different at p < 0.05; SD: sun drying and TD: tunnel drying.
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