


Alcoholic fermentation process using waste from tropical fruits (pineapple, banana, and papaya)
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	ABSTRACT:    The aim of this study was to recycle tropical fruit peels (pineapple, banana, and papaya) to produce second-generation biofuels. Fresh fruit peels were collected, sorted and kept at 4°C. Fermentation was carried out in four fermenters, followed by simple distillation (78–80°C), rectification, and then dehydration with magnesium sulfate to obtain high-purity bioalcohol. The results obtained for the organoleptic parameters showed that, during fermentation, the must from the fruit peels was a yellow to orange color, an initially sweet-tart smell that evolved into an alcoholic smell, and a fruity-sweet taste that evolved into a pronounced alcohol taste at the end of fermentation, with distinct profiles for each fruit: a mild and sweet taste for banana, a tart taste for pineapple and a slightly bitter taste for papaya.  During fermentation, a decrease in Brix degree was observed from 14 to 9 for musts from pineapple peels, and from 13 to 7 for musts from banana and papaya peels. This indicated good fermentation potential. After dehydration, the probable alcohol content of pineapple musts increased from 4.67% to over 53% (v/v) for P1 and from 5.35% to over 60% for P2 (v/v). Ultimately, tropical fruit peels appear to be good sources for alcohol production.
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1.  INTRODUCTION

The recycling and recovery of solid waste are currently major challenges for environmental research. In the current context of sustainable development, the international community strongly encourages the use of renewable energy sources, such as biofuels for transportation. Biofuels, produced from the conversion of organic biomass, represent a strategic alternative for reducing dependence on fossil fuels [1]. Among these approaches, the recovery of biodegradable waste through the production of bioethanol is both an environmentally friendly and economically 

	viable solution. Bioethanol is the most widely used liquid biofuel as a fuel or gasoline enhancer. Since ethanol has a higher oxygen content than other liquid biofuels, a smaller amount of additive is required. The increased percentage of oxygen allows for better oxidation of gasoline hydrocarbons, resulting in reduced emissions of carbon monoxide (CO) and aromatic compounds [2]. Biofuels are generally produced by fermenting agricultural and forestry waste. The complexity of the production process depends on the raw material [3]. This process addresses the major challenges of waste management, pollution reduction, and energy transition [4]. Indeed, the 






	

covers an area of 342,000 km2. It is located in Central Africa, straddling the equator between latitudes 3°30' North and 5° South and longitudes 11° and 18° East. South and longitudes 11° and 18° East [10]. Brazzaville metropolitan area covers an area of nearly 265 km2 and is located in the southern part of Congo, between latitudes 4°6'15'' and 4°22'30'' South and between longitudes 15°6'0'' and 15°19'15'' East [11]. The districts of Brazzaville targeted for this operation are: Makélékélé, Bacongo, Poto-Poto, Talangaï, Mfilou, and Madibou (Figure 1). These sites were chosen for several reasons, namely the high density of commercial activities related to fruit sales and processing; the presence of unloading points for fruit from rural areas, particularly banana ripening facilities; and the diversity of consumption methods (frying, doughnuts, artisanal processing), which generates significant quantities of usable organic waste. This study was conducted within the Faculty of Science and Technics of Marien NGOUABI University at Brazzaville.
2.2 Material and reagents
The biological material used in this study consists of organic waste from tropical fruits, specifically banana peels (Musa spp.), pineapple peels (Ananas comosus), and papaya peels (Carica papaya). These residues were selected for their high content of fermentable sugars (glucose, fructose, sucrose) as well as their local availability and production in large quantities, particularly in urban areas with high commercial activity. The reagents used consist of distilled water, sodium 


concept of waste treatment has evolved from simple collection to recovery and recycling in various forms [5]. In Congo-Brazzaville, where approximately 70% of the waste produced is In Congo-Brazzaville, where approximately 70% of the waste produced is biodegradable [6], banana, pineapple, and papaya waste is abundant in urban areas, particularly in Brazzaville. This surplus represents an opportunity to develop innovative solutions for energy and environmental recovery. The alcoholic fermentation of juices extracted from this fruit waste produces bioethanol of a quality comparable to that obtained from fresh fruit, such as pineapple or sugar cane [7]. This recovery not only reduces greenhouse gas emissions, but also strengthens local sustainability by promoting green energy. Furthermore, the development of second-generation bioethanol, based on lignocellulosic biomass (banana, papaya, pineapple), offers a credible alternative to the depletion of fossil resources, while limiting the effects of climate change and air pollution [8]. This potential is reinforced by the overproduction of fruit linked to logistical difficulties in areas of high production. Finally, the use of microorganisms such as Saccharomyces cerevisiae facilitates the conversion of this biomass into ethanol, confirming the scientific and technical relevance of the process [9].
[bookmark: _Hlk210551771] 2.  MATERIALS AND METHODS
2.1 Description of the study site
This study was conducted at Brazzaville, capital of Republic of Congo. The Republic of Congo 
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[bookmark: _Hlk210492874]Figure 1 : Waste collection area [12]
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Figure 2 : Fermenters after design
2.4 Sampling and sample pretreatment
Three (03) types of samples were selected for this study. Each type of substrate was subdivided into four fermentation tanks of 10 liters each, in order to test the effect of different quantities of yeast and substrate on bioethanol yield. The codes are defined as follows:


· Sample 1 (Figure 3): pineapple skins, distributed equally among four separate tanks (P1, P2, P3, and P4).
· Sample 2 (Figure 4): banana peels, distributed among four fermenters (B1, B2, B3, and B4), with varying amounts of yeast and substrate.
· Sample 3 (Figure 5): Carica papaya peels, also divided into four fermenters (C1, C2, C3, and C4) in different proportions.


The peels of tropical fruits (bananas, pineapples, and papayas) were collected in plastic bags and transported to the laboratory for physical pretreatment. After collection, the tropical fruit peels were sorted, cut into small pieces, cleaned with distilled water to remove impurities (dust, sand, etc.), and then mechanically ground using a blender to obtain a homogeneous pulp. Figure 6 illustrates the fermentable substrate of banana peels.
2.5 Fermentation process
After weighing, the peels of the collected tropical fruits were cut up, rinsed, and crushed to obtain a virtually homogeneous mixture (must), whose initial parameters (before fermentation) were measured, namely: organoleptic parameters (color, smell, and taste) to properly monitor the fermentation process. The mixture (must) thus formed was placed in a fermentation tank after 


sodium hydroxide (NaOH) for pH adjustment, sulfuric acid (H₂SO₄) for possible hydrolysis, Fehling's solution for detecting reducing sugars, DNS reagent (3,5-dinitrosalicylic acid) for estimating total sugars, Saccharomyces cerevisiae yeast used for inoculation, and magnesium sulfate (MgSO₄) used as a dehydrating agent.

[bookmark: _Toc205298115]2.3 Experimental device: design of 
      artisanal fermenters


As part of our study, artisanal fermenters with a capacity of 10 liters were designed and assembled manually (Figure 2). Their installation followed several methodical steps aimed at ensuring the efficiency of the fermentation process and the safety of the device:
· Preparation of containers: We used plastic buckets with airtight lids. Holes were made at two levels: one in the center of the lid to insert a plastic tube of sufficient length, and the other at the base of the bucket, where a tap was installed to allow samples to be taken during fermentation.
· Ensuring airtightness: To prevent any gas or liquid leaks, the interface between the lid and the plastic tube was sealed with silicone sealant to ensure a perfect seal.
· Degassing device: 1-liter and 1.5-liter plastic bottles were perforated and then filled with distilled water and lime water, respectively. These solutions served as gas traps for the visualization and analysis of the gas (CO₂) produced during fermentation.
· System connection: The bottles were connected to the fermenter lids using flexible plastic tubes. These tubes passed through the lid and into the solutions contained in the bottles. This system allowed the formation of gas bubbles, a sign of fermentation activity, to be observed.
· Immersion level control: Special attention was paid to ensuring that the ends of the tubes remained submerged in the liquids in the bottles throughout the process. This ensured unidirectional degassing while preventing any outside air from entering, which could compromise the anaerobic conditions necessary for alcoholic fermentation.
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[image: ]Figure 5: Carica Papaya peels
Figure 4: Banana peels
Figure 3: Pineapple peels



[image: ]Figure 6 :  Banana peels weighed, cleaned, crushed and obtaining the must

adding water (2 liters) and yeast (Saccharomyces cerevisiae, 40g). For each peel, the fermentation tank (fermenter) will be hermetically sealed, as fermentation must take place in an anaerobic environment between 15-35°C to allow the yeast to convert glucose into alcohol. Fermentation lasted one week. The fermented must obtained is then filtered (Figure 7).
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[bookmark: _Hlk210465284][bookmark: _Hlk210550334]2.6 Simple distillation and fractional
      distillation of the must
At the end of fermentation, the mixture (must) was filtered and then subjected to simple distillation in a 2000 ml flask and placed in the distillation apparatus prepared beforehand to recover a hydroalcoholic solution. This is an important phase of this work for obtaining second-generation alcohol.  This operation separates alcohol from water based on their different boiling points: water boils at 100°C, while ethanol boils at 78.5-80°C. 

At 20°C, the first drops of distillate (hydroalcoholic solution) began to fall into the hydroalcoholic solution recovery vessel. The hydroalcoholic solution obtained then undergoes fractional distillation or rectification, which is a process for purifying a low-alcohol solution to obtain a high-alcohol solution (Figure 8). A very short column head was used because the operation must be carried out at a well-controlled temperature (78-80°C) in order to obtain alcohol at 78°C. The alcohol yield was then calculated based on the amount of initial substrate and the volume of pure alcohol obtained.
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2.7 Dehydration with magnesium sulfate


The alcohol solution obtained by rectification was purified to obtain anhydrous alcohol. After distillation, 50 ml was taken for dehydration with 





     


















Figure 8 : Rectified alcohol






degree was determined using an FG-103 Brix refractometer and the probable alcohol content was calculated using the following formula:              % vol = (0.6757 x ºBrix) - 2.0839 [13].
4.  RESULTS AND DISCUSSION
[bookmark: _Hlk210152033]4.1 Organoleptic parameters

4.1.1.  The colour of the must 

The same observations were noted for the three types of waste (pineapple, banana and papaya peel). Visual assessment revealed that the colour of the must was yellowish, with slight turbidity. This colour is mainly due to the natural pigments contained in the fruit, such as carotenoids (particularly β-carotene in papaya) and phenolic compounds (in banana peel). According to Jena et al. (2019) [14], the initial colour of the must is an indirect indicator of its sugar and pigment composition. During fermentation, the colour of the must may change due to enzymatic activity, oxidation of phenolic compounds and alcohol formation. In particular, compounds such as flavonoids can be converted into oxidised quinones, giving the must a browner or more orange hue as fermentation progresses [15]. Monitoring the colour therefore not only allows the degradation of organic matter to be tracked, but also enables any contamination to be identified.
4.1.2.  The smell of the must 
The organoleptic analysis of the smell was carried out on the second day of fermentation, approximately 24 hours after inoculation, and continued until the end of the fermentation process. The same observations were noted for the three types of waste (pineapple, banana and papaya peel):
· Before fermentation (fresh must): Fruity and sweet odour, characteristic of substrates rich in glucose and sucrose.
· Start of fermentation (Day 1–Day 2): Appearance of a slightly acidic and yeasty odour, linked to the metabolic activation of yeasts.
· Middle of fermentation (Day 3–Day 5): The smell became alcoholic, sometimes with sour notes due to the production of organic acids (acetic acid, lactic acid) by certain contaminating bacteria or yeasts.
· End of fermentation (Day 6–Day 7): The smell was stronger, dominated by ethanol notes 



magnesium sulfate.  During this dehydration, an exothermic reaction was observed. After dehydration, 35 ml of anhydrous alcohol was obtained.

[bookmark: _Hlk210553109]3.  ANALYSIS PARAMETERS
3.1 Organoleptic parameters

During fermentation, organoleptic parameters (color, smell, and taste) were monitored. These same parameters were checked before and at the end of fermentation:
· The color of the must: after physical pre-treatment, the pineapple, banana, and papaya peels were crushed using a mechanical blender to obtain a homogeneous mixture. The mixture obtained was then transferred to a transparent Erlenmeyer flask for visual observation in natural light.
· The smell of the must: organoleptic analysis of the smell was carried out on the second day of fermentation, approximately 24 hours after inoculation, and continued until the end of the fermentation process. The method consisted of gently shaking the fermenter to homogenize the contents, then opening the sampling tap and smelling the odor at a distance of 5 to 10 cm from the nose.
· The taste of the must: the taste of the must from pineapple, papaya, and banana peels was analyzed using a simple organoleptic approach, taking care to ensure hygienic conditions to avoid any risk of contamination. Small samples were taken at different stages of fermentation to assess the product's taste development. A quantity of must was taken using a previously sterilized Erlenmeyer flask. The filtered must was then heated to between 70 and 80°C to ensure it was sterilized before any organoleptic analysis. The tasting was carried out at room temperature. The taste was evaluated when fresh (before fermentation), then at different stages of fermentation (beginning, middle, end).

3.2 Physical parameters


During this work, two (02) methods were used for physical analysis, namely: the refractometry method to determine the Brix degree (°B) of the must  and the calculation method to determine the probable alcohol content of the must. The Brix












































	
taste in the event of bacterial contamination [23]. According to Rosa et al. (2018) [24], a well-fermented must from tropical fruits has a balance between acidity and alcohol, without unpleasant notes such as sourness, intense bitterness or rot, which are signs of microbiological imbalance.
4.2 Physicals parameters

4.2.1.  The Brix degree 


Figures 9, 10 and 11 show the variation in the Brix degree of the musts produced from pineapple, banana and papaya peels in the different fermenters. These figures show the evolution of the sugar content in the must before and after fermentation.
· For pineapple peels:  Before fermentation, we can see a high fermentable sugar content. The results show that the Brix degree of pineapple peels before fermentation varied between 12°B and 14°B (Figure 9) depending on the fermenter (P1 to P4), indicating a high soluble sugar content that is favourable for good alcoholic fermentation. Comparative studies were conducted by De Freitas et al. (2024) [25], who observed a Brix degree of 13°B in pineapple juice used to produce alcoholic beverages in Madagascar, as well as Baba-Odé et al. (2014) [26], who reported an initial content of 14°B in juice extracted from pineapple waste. During fermentation, the Brix degree gradually decreased, reflecting the consumption of sugars by yeasts (Saccharomyces cerevisiae) to produce alcohol. This decrease was a direct sign of fermentation activity. After fermentation, the Brix degree was around 9°B to 11°B, indicating that most of the sugars have been metabolised, but that a non-fermentable fraction was remained. These results are comparable to the studies by Rasoanaivo (2022) [27], who observed a residual sugar content of 6°B to 7°B in their study on pineapple vinegar after alcoholic and acetic fermentation, and Bertan et al. (2022) [28], who emphasized that pineapple peel contained highly active wild yeasts, but that fermentation could leave residual sugars depending on the conditions and duration.
· For banana peels: It appears that Brix values were ranged between 12°B and 14°B (Figure 10) before fermentation, depending on the fermenters (B1 to B4). At the end of
(solvent) indicating increased alcohol production. According to Jiang et al. (2019) [16], the olfactory evolution during fermentation is a reliable indicator of the progression of yeast metabolism. The initial fruity smell results from the natural esters present in the fruit. The yeasty odour is typical of the multiplication of Saccharomyces cerevisiae strains, the main yeast responsible for alcoholic fermentation. Subsequently, the appearance of more pronounced aromas (alcohol, sourness) is associated with the conversion of sugars into ethanol and the production of secondary volatile compounds (esters, aldehydes, acids). However, an overly sour or rotten odour may indicate contamination by lactic or acetic bacteria (e.g. Lactobacillus, Acetobacter), which can compromise bioethanol yield [17].
4.1.3.  The taste of the must 

The taste characteristics observed during the different stages are as follows:
· Before fermentation (fresh must): the taste was sweet, fruity and pleasant, typical of ripe fruits rich in simple sugars such as glucose, fructose and sucrose.
· Start of fermentation (Day 1 to Day 2): a slightly acidic taste appeared due to the production of organic acids, accompanied by a slight yeasty aftertaste.
· Middle of fermentation (Day 3 to Day 5): a gradual alcoholic taste appeared, indicating the progress of alcoholic fermentation.
· End of fermentation (Day 6 to Day 7): pronounced alcoholic taste, characteristic of a completed fermentation process. 



The taste of the must is strongly influenced by the initial sugar composition, the volatile aromatic compounds present in the peels, and the transformation of these compounds by microorganisms during fermentation [18]. Pineapple peels add sweet and tart notes, rich in citric acid and fruity esters [19]. Banana peels are milder, with a sweet taste and a pasty texture due to residual starch [20]. Papaya peels can add a slight bitterness and a more neutral sweetness [21]. During fermentation, yeasts convert simple sugars into alcohol and carbon dioxide, resulting in a loss of the initial sweetness [22]. At the same time, other secondary compounds such as esters, organic acids (lactic, acetic) and aldehydes are formed, which enrich the flavour profile but can also cause excessive acidity or an unpleasant, 












                 

	


	










	
4.2.2.  Probable alcoholic content (%Vol)

Tables 1, 2 and 3 show the variation in probable alcoholic content of the must from the pineapple (P1, P2, P3, P4), banana (B1, B2, B3, B4) and papaya (C1, C2, C3 and C4) fermenters at the end of fermentation. The probable alcoholic strength is calculated from the Brix degree of the musts using the formula % vol = (0.6757 x ºBrix) - 2.0839. We note that pineapple musts have the highest probable alcohol content compared to banana and papaya musts. These differences can be explained by the degree of ripeness of the varieties and, above all, by the sugar content [31]. During our work, two pineapple distillates (P1 and P2) were dehydrated. As a result, the probable alcohol content of the musts increased from 4.67% to over 53% (v/v) for P1 and from 5.35% to over 60% for P2 (v/v). These results showed a significant increase in alcohol content. This increase could be due to the removal of a large amount of water contained in the alcohol. The difference in yield between P1 and P2 could be explained by initial differences in fermentable sugar concentration, fermentation yield and distillate purity. These results are consistent with several previous studies [32; 33; 34], which, working on lignocellulosic substrates, also showed that dehydration could increase alcohol purity from 20% to over 90% (v/v), depending on the technique used.
fermentation, the Brix value stabilized at around 7°B to 9°B. This indicates that not all sugars have been consumed. These results are comparable to those found by Kayath et al. 2019 [29], who observed a drop in Brix degree in Mbamvu banana wine, with a direct correlation between the decrease in Brix degree and the increase in alcohol content. The observed decrease was typical of a well-conducted alcoholic fermentation. Yeasts, particularly Saccharomyces cerevisiae, converted sugars into alcohol and CO2.
· For carica papaya peels: The initial Brix values of carica papaya peels varied between 10 and 13°B (Figure 11) depending on the fermenters (C1 to C4). These values indicate a high content of soluble sugars essential for alcoholic fermentation. Fermenter C2 has presented the highest Brix degree (13°B), suggesting greater ripeness or a high sugar concentration. These results are consistent with those reported by Olubode et al. [30], who pointed out that ripe papayas could reach 12°B to 14°B, making them particularly suitable for fermentation. At the end of fermentation, a decrease in Brix degree was observed for all fermenters, reflecting the consumption of sugars by yeasts, mainly Saccharomyces cerevisiae, to produce ethanol and CO₂.
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fermentation, reflecting gradual biochemical changes. The evolution of the aroma (from fruity to alcoholic) and taste (from sweet to alcoholic) confirmed the normal course of fermentation, with distinct profiles for each fruit: sweet and mild for banana, tart for pineapple, and slightly bitter for papaya. The decrease in Brix degree throughout fermentation attested to the consumption of soluble sugars by the yeasts, with initial values for pineapple (up to 14°Brix), followed by banana and papaya (up to 13°Brix). The highest probable alcohol content was obtained with pineapple musts. After dehydration, the probable alcohol content of pineapple musts increased from 4.67% to over 53% (v/v) for P1 and from 5.35% to over 60% for P2 (v/v). These results reinforce the value of energy recovery from tropical bio-waste based on a detailed understanding of fermentation parameters.
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From a physicochemical point of view, the increase in alcohol content after dehydration is based on the difference in affinity between ethanol and dehydrating agents (molecular sieves, zeolites or others), which selectively retain water molecules while allowing ethanol to pass through. This results in a purer alcohol.
4. CONCLUSION
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Figure   7 :  Filtered fermented must    
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Figure 11 : Variation in the Brix degree of carica papaya peel musts
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Table 1 : Probable alcoholic content of musts from pineapple fermenters

P1 P2 P3 P4 Average
%Vol | 467 | 535 4 4,67 | 4,67

Table 2 : Probable alcoholic content of musts from banana fermenters

B1 B2 B3 B4 Average
%Vol 4 3,32 2,98 265 |324

Table 3 : Probable alcoholic content of musts from carica papaya fermenters

C1 Cc2 C3 C4 Average
%Vol 3,32 4,33 265 |332 |341
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