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Tropical and sub-tropical countries in Latin America, Caribbean and Asia grow 

bananas in large quantities. Ecuador is the world’s largest exporter of bananas, 

producing 7.4 million tonnes annually.  More than 12% by weight of the harvested 

banana cluster is banana peduncle, which is discarded. The idea of this project is to 

evaluate the feasibility of using the banana peduncle as a feedstock to produce ethanol 

by fermentation and/or biogas by anaerobic digestion.  

The analyses considered will characterize the composition, structure, chemical 

properties, fermentability and anaerobic digestibility of banana peduncle fiber, 

concentrated juice and stillage (after distillation). 

Results show that the extract from banana peduncle contains high 

concentrations of glucose (7 g 𝑙−1) , sucrose (3 g 𝑙−1) and fructose (8 g 𝑙−1). 

Fermentation of concentrated peduncle extract (5x) resulted in an ethanol yield of 41% 

g ethanol/ g sugars. These results are promising indications on the usability of peduncle 

for fermentation. In addition, all parts of the peduncle including the remaining fiber after 

juice extraction, banana peduncle juice and the stillage (after distillation), were 
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successful used as feedstock for anaerobic digestion. Herein, the methane yield were 

0.263, 0.043, 0.034L CH4 at STP g VS-1, respectively, showing that especially the 

peduncle fiber could serve as a rich feedstock for biogasification. For large scale 

ethanol production from peduncle juice and biogas synthesis from peduncle fiber, 

helping to meet the growing demand of biofuels and energy consumption in countries 

where banana is a principal crop. 
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CHAPTER 1 
INTRODUCTION 

In recent years there has been significant effort to use agro-industrial residues to 

develop new bioprocesses, for energy generation, especially biofuels, as 

environmentally friendly alternatives as the increasing industrialization and motorization 

of the world has led to a steep rise for the demand of petroleum-based fuels (Singh, et 

al., 2010). Today fossil fuels make up 80% of the primary energy consumed in the 

world, of which 58% alone is consumed by the transport sector (Singh, et al., 2010). It 

may be impossible to meet the energy requirement of the world by consuming fossil 

fuels to fulfill the energy demand without causing many negative effects including urban 

pollution, greenhouse gas emission (GHG), and loss of biodiversity because of oil 

reserves depletion. 

1.1 Biofuels 

Energy alternatives such as biofuels; including, biogas, syngas (synthesis gas), 

hydrogen and ethanol from biorenewable resources have been developed as suitable 

sustainable alternative fuel sources. Several processes have been developed for 

effective fermentation of agricultural waste. These processes can be subdivided into 

first (1) and second (2) generation processes: For first generation processes, simple 

sugars extracted from agricultural waste are used for large scale yeast fermentation. 

Thereafter, ethanol is separated by distillation. During second generation processes, 

lignocellulose from fiber from agricultural biomass is used to produce ethanol by 

biochemical steps. Those steps include pretreatment, enzymatic hydrolysis and 

fermentation.  Research is underway to produce ethanol from cellulosic feedstock like 

agricultural and forestry residues, and energy crops like grass.  
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Ethanol, in particular, has been considered as one of the most environmentally- 

friendly, biodegradable and sulfur-free energy sources; as long as it comes from a 

vegetable origin or from another renewable feedstock (Velasquez-Arredondo, et al., 

2009; Wang, et al., 1999). Ethanol constitutes an alternative fuel for spark ignition 

engines that are currently used. It will not contribute to an increase of carbon monoxide 

emissions, during the combustion process. Moreover, ethanol fuel provides many 

advantages such as reduction of fossil fuel consumption, and increase of energy 

security as well as social benefits derived from its production (Velasquez-Arredondo et 

al. 2009). The latter benefits include the creation of local jobs. A liter of ethanol contains 

66% of the energy provided by a liter of gasoline but has a higher octane level making it 

qualitatively a better additive than regular additives; such as, tetraethyllead for gasoline 

(Singh, et al., 2010). 

 Biogasification is a biochemical process that allows to transform organic matter 

into biogas (methane and carbon dioxide), by anaerobic digestion. Anaerobic digestion 

for biogas production has become a worldwide focus of research, because it produces 

energy that is renewable and environmentally friendly. Recent results are encouraging 

for the use of animal waste available to produce renewable energy and clean 

environment. For example Ounaar et al. obtained biogas production of 26.9 m3 with an 

average methane content of 61 % during the anaerobic digestion of 440 kg of cow dung 

with an energy equivalent of 164.5 kWh (Ounaar et al., 2012). 

Special emphasis was initially focused on anaerobic digestion of municipal solid 

waste for bioenergy production about a decade ago. Anaerobic biological treatment can 

be an acceptable solution because it reduces and stabilizes solid wastes volume, 
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produces biogas comprising mainly methane and carbon dioxide, and traces amount of 

other gases (Stroot et al., 2001). In addition to biogas, a nutrient-rich digestate is also 

produced which provide either fertilizer or soil conditioner properties. Anaerobic 

biological treatment can be an acceptable solution because it reduces and stabilizes 

solids and also produces energy, serving two purposes at the same time (Nasir et al., 

2012). 

An example underlining the need for further research in the biofuel sector is 

given in table 1-1 which shows the fuel consumption of Ecuador (Asociacion de la 

Industria Hidrocarburifera del Ecuador, AIHE et. al 2011, Table 1-1). The national 

automotive fleet in 2011 consisted of established 1,830,717 million of cars. Thus using 

approximately 22,386 thousand barrels of gasoline is consumed by these vehicles per 

year (Table 1-2). Those numbers show clearly the high demand of gasoline. In addition, 

Ecuador started the distribution of bioethanol produced form sugar cane juice called 

“Ecopais” as a part of a pilot program in Guayaquil. It was planned that the bioethanol 

should replace 5% of the “regular” gasoline as a start. The ultimate goal in the “Ecopais” 

project is to replace 20% of the “regular” gasoline by 2020. To reach this goal, the 

government of Ecuador is encouraging the production of bioethanol from sugar cane.  

Table 1-1. Automobile fleet in Ecuador. (modified from AIHE annual report, 2011) 

The automotive fleet in Ecuador 

 2010 2011 

Cars 727,481 790,077 

Bus  25,704 27,455 

Truck  170,319 181,093 

Pick-up 465,434 493,004 

SUV 281,024 312,867 

VAN 20,126 26,221 

Total  1,690,088 1,830,717 
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Table 1-2. Fuel consumption in Ecuador (modified from AIHE annual report, 2011) 

Fuel consumption in Ecuador ( thousands of Barrels) 

 Gasoline Diesel GLP 

2007 16,138 22,740 11,093 

2008 17,549 23,409 11,389 

2009 18,794 26,519 11,228 

2010 20,418 29,911 11,370 

2011 22,386 28,440 11,782 

 
1.2 Banana Production in the World 

Bananas are one of the most widely grown tropical fruits, cultivated in over 130 

countries, along the tropics and subtropics of Capricorn (Mohapatra et al., 2010), 

making it an important cash crop grown on large plantations for export. Bananas are 

mainly cultivated for its seedless fruit, which can be eaten “green” as well as ripe. For 

instance, banana is the second most produced fruit after citrus fruits and comprises 

about 16% of the world’s total fruit production, according to the Statistical Database of 

the Food and Agriculture Organization of the United Nations (FAOSTAT, 2011, Figure 

1-1). India is the largest producer, contributing 27% of the world’s banana production. 

Additionally, bananas are grown and harvested all year round and are ready to be 

harvested 8 to 10 months after planting. 

 

Figure 1-1. Global fruit production (modified from FAOSTAT, 2011) 
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Approximately 106.54 million tonnes of banana fruit are produced every year to 

meet the world demand, (FAOSTAT, 2011). Unused byproducts of the banana industry 

include the banana pseudostem, leaf, peduncle and those bananas that do not meet the 

high quality standards for packaging the fruits. Recent literature shows that especially 

the banana fruit and peel contain high amounts of sugar (Velasquez-Arredondo, et al., 

2010; Cordeiro, et al., 2003; Hammond, et al., 1996). In contrast to that, there is 

currently no information on the composition of the banana peduncle and its extract. As 

the banana peduncle provides all the sugars for the banana fruit; it can be assumed, 

that it also contains a lot of rest sugars, usable for fermentation (Figure 1-2). Therefore, 

the peduncle may provide a cheap and easily accessible waste feedstock for the 

production of biofuels, including bioethanol and biogas. 

 

Figure 1-2.  Schematic of banana plant (modified from “El Universo” Ecuadorian 
newspaper from 07/24/12). 
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1.3 Banana Production in Ecuador 

Ecuador has been endowed with great natural resources in areas such as 

forestry and agriculture. In the agriculture sector, Ecuador, the largest banana exporter 

in the world, produces around 7.5 million tonnes per year of which 5.2 million tonnes of 

bananas are exported (FAOSTAT, 2011; AEBE, 2011, Figure 1-3).  Moreover, about 

285 million boxes of banana are exported annually, with a weight of over 18 kg per unit 

(AEBE, 2011).  For Ecuador, it is estimated that 10-12% of all economically active 

people obtain some benefit from banana production, and 80% of the total export 

production comes from growers who cultivate areas smaller than 30 ha (Graefe et 

al.2011). As a consequence, bananas are the second most export product after crude 

oil in Ecuador. 

 

Figure 1-3. Banana exports per country (modified from FAOSTAT, 2011). 



 

19 

Bananas are mostly grown along the coast of Ecuador. Specifically, two states 

(Los Rios and Guayas) are responsible for 67% of the banana production. These two 

states are neighbors, which makes logistics of transportation between the more than 

5000 banana plantations easy. Most of the edible bananas are either Musa Cavendish 

or Musa Paradisiaca variety. M. Cavendish, the pure triploid acuminate (AAA) group 

known as dessert banana, is sweeter and less starchy than M. Paradisiaca (Mohopatra 

et al., 2010). Also M. Cavendish is the more exploited type, equaling about 33.3% of 

worldwide production (Oliveira et al., 2007). 

Besides all the positive effects that banana plantations have on Ecuador’s 

economy, there are some areas that concern the population living near the banana 

plantations: water quality, availability of drinking water and air pollution. Banana 

plantations require a substantial amount of fresh water, fertilizer and pesticides. Like 

most agricultural crops, bananas need a large input of nitrogen to maximize production. 

This leads to significant energy costs for synthesis, transport and application of fertilizer, 

as well as water pollution because of excess nitrogen run-off and nitrification of water 

courses (Wheals et al., 1999). Moreover, 48%-52% of the total nitrogen applied is not 

used by the banana plant but rather lost into the aquifer from a banana crop with 

sprinkler fertigation system (Munoz-Carpena et al., 2002). 

Another potential source of pollution is the usage of large amounts of fuel for 

power generation. Many plantations in Ecuador are located in insulated areas, lacking 

local energy generation and fresh water supplies. For example, the plantation “San 

Miguel” has an area of 146 hectares and plant density of 1,420 banana trees per 
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hectare. That causes a use of 20,000 gallons of diesel annually for irrigation and 

drainage. 

Therefore, the farmers have to transport and store large amounts of fuel in big 

tanks. However, no security standards are followed in most cases, due to lack of 

material, money and regulations. This causes costly spills and leakage of fuel, and 

thereby pollution of the area (Figure 1-4 (A)). Furthermore, massive diesel generators 

are used to power the irrigation system and drainage. Lack of regulations and 

inspections is a potential risk for pollution, too (Fig 1-4 (A-B)).  

A.  B. 

Figure 1-4. Condition of banana plantation in Ecuador. Example of condition of Irrigation 
pipes (A). A fuel tank and diesel engine (B) used in banana plantations in 
Ecuador, (July 10, 2013. Courtesy of Marco Pazmino) 

1.4 Morphology of the Banana Plant 

The banana plant is described as a monocotyledonous, herbaceous, evergreen 

perennial. It is herbaceous because after fruit harvest the aerial parts die down to the 

ground and there are no woody components. It is perennial because new suckers grow 

up from the base of the mother plant to replace aerial parts which have died (Robinson 

et al., 1996; Ennos et al., 2000). A suitable banana climate is a mean temperature of 
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80oF (26.67oC) and mean rainfall of 4 inches (10 cm) per month (Tock et. Al., 2009). 

Moreover, the banana plant can be subdivided into the root system, pseudostem, 

sucker, leaf, cigar leaf, and inflorescence (Figure 1-5). The inflorescence is a complex 

structure that emerges upwards through the center of the pseudostem before bending 

down under the weight of the developing flowers that will develop into fruits. The 

inflorescence can be subdivided in: peduncle, bunch and rachis. 

This study will focus on the peduncle. Peduncle is the stalk that supports the 

inflorescence and attaches it to the rhizomes as well as the individual fruits (also called 

fingers) that are arranged in “hands”.  

 

Figure 1-5.Banana plant morphology (modified from Champion et. al 1963) 

During the process of harvesting banana fruits large amounts of agricultural 

waste are produced. Around 20%-40% of the bananas that are produced do not meet 

export standards and quality demands of local markets, and are usually discarded in 

open air dumps.  The banana peduncle arrives with the bunch of fruit at the end of the 

production line. Thereafter, the cutter (who is assigned to cut down the banana fruit) 
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cuts the fingers and hands apart (denoted as banana fruit and group of fruit).Then, the 

banana peduncle is discarded. Most banana peduncles are left on the soil for 

degradation, which improves the conditions for growing bananas or other types of crops 

by giving nutrients to the soil, but also brings pollution from fertilizers to the soil (Figure 

1-6(A)(B)) 

A  B 

Figure 1-6. Current utilization of peduncle (A) Banana peduncle at the end of the 
production line. (B) Banana peduncle left in the field, (July 10, 2013. Courtesy 
of Marco Pazmino) 

The processing of 1 box of banana fruit (18 kg) for exporting, approximately 

produces 3.26 kg of banana peduncle residues (AEBE, 2011; according “San Miguel” 

plantation annual report et al. 2012). In 2011, Ecuador exported 285 million boxes. This 

represented just 6% of the banana production worldwide (FAOSTAT, 2011). Just in 

Ecuador, this banana production volume would generate over one million tonnes of 

banana peduncle, annually. This amount of organic matter can be potentially used as 

feedstock for ethanol production. 
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This example shows the high significance of banana peduncle and the usage 

that peduncle for bioethanol and biogas production could have, if this byproduct turns 

out to be a viable feedstock for fermentation and biogasification.  

1.5 Research Objectives 

The banana peduncle is an abundant agricultural feedstock around Asia, Africa, 

Central and South America, is examined as a resource for biofuel production. The aim 

of this study is to investigate the feasibility of using banana peduncle extract for ethanol 

production by fermentation. As well as, for biogas production from the banana fiber and 

stillage by anaerobic digestion. 

The hypothesis of this study were: 

 Because of its similarity to sugarcane (Figure 1-7), the juice can be extracted 
from banana peduncle using crushing equipment for sugar industry. 

 The banana peduncle extract juice should contain sugars which can be 
fermented to ethanol using commercially available yeast. 

 Banana peduncle fiber  remaining after juice extract should be a good feedstock 
for biogasification as it might contain residual sugars and the fibers would be rich 
in carbohydrate . 

 The stillage remaining after fermentation of the extract could be used for biogas 
production by anaerobic digestion. 

 

Figure 1-7. Comparison of sugar cane and banana peduncle. (A) Cross section of sugar 
cane stalk and (B) Cross section of banana peduncle. 
(modified:http://www.njcharters.com/nj_charters_blog/uploaded_images/bigst
ockphoto_Tropical_Raw_Sugar_Cane_1785700-720055.jpg), (July 10, 2013. 
Courtesy of Marco Pazmino) 
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Those hypotheses result in the following research objectives (Figure 1-8): 

 To characterize the quantity and composition of the extracted juice from the 
banana peduncle, emphasizing on sugar content. 

 Determine ethanol yield for fermentation of the extract from different 
concentration samples 

 Biogasification of the banana peduncle fiber, left after banana peduncle was 
squeezed 

 Biogasification of the stillage that is left after fermentation of the extract. 

 

Figure 1-8. Project overview. 
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CHAPTER 2 
BANANA PEDUNCLE EXTRACT FOR ETHANOL PRODUCTION  

2.1 Introductory Remarks  

The biofuel industry has greatly expanded over the past decade due to concern 

about increasing dependence on foreign oil and increasing levels of atmospheric carbon 

dioxide. Bioethanol is one of the most common biofuels due to its properties that make 

this biofuel really attractive to the market. This liquid fuel is usually produced out of 

organic based matter with high contents of sugars, which can be fermented by yeast 

enzymes. The yeast converts six carbon sugars to ethanol and carbon dioxide (Nigam 

et al. 2011; Figure 2-1). 

 

Figure 2-1. Schematic representation of ethanol pathway  

The challenge for large scale bioethanol production is to find a cheap, broadly 

available feedstock with a high sugar content and low amounts of inhibitors. The latter 

includes aliphatic acid; for example acetic acid and byproducts of the sugar degradation 

such as phenols, furans and carboxylic acids. In addition, suboptimal sugar contents 

and compositions as well as high amounts of ethanol itself can inhibit yeast activity. 

Moreover, the fermentability of a feedstock depends on its pH value and the 
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temperature, both of which should remain constant. Currently bioethanol is produced 

commercially from sugarcane juice, sugar beets and corn starch. In that context, some 

countries are using different types of crops to make biofuel, such as, sugar cane 

(Brazil), sugar beet (Canada), maize (Canada and United states) (Kim et al., 2011). For 

example, Brazil which is the biggest producer of sugarcane, is able to produce 

bioethanol from sugarcane fermentation in large-scale. On the contrary, there is the 

constantly debate on whether a food supply should be part of energy production, 

implying the need for alternative feedstock 

After apple, the banana fruit is the next most abundant fruit produced worldwide. 

The massive demand makes banana production a favorable trade causing some 

tropical and sub-tropical countries, like Ecuador, to grow the banana as primary export 

products. In Ecuador, the production of banana, Musa Cavendish type, has a major 

economic importance. Indirectly, the production of banana generates inversion of 

$4,500 million dollars between cultivation, infrastructure, packing, and more (AEBE, 

2011).  The large production of banana generates a large amount of residues, such as, 

pseudostem, leafs, and peduncles. This organic waste has between 90% - 57% of dry 

matter, depending of the organic matter. Besides each banana plant produces only one 

bunch of bananas. The banana bunch arrives at the production facility including fruit 

and peduncle. The fruit are processed for export, while the peduncle is discarded, 

generating a valuable immense amount of feedstock for fermentation at no cost. (Figure 

2-2). After it is harvesting most of the organic waste (leaf, pseudostem, and peduncle) is 

left on the soil of the plantation to be used as fertilizer for other crops that are planted on 

that farm. 
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Figure 2-2. Schematic presentation of the initial steps of the banana production process 
(modified from: Wheals et al., 1999), (July 10, 2013. Courtesy of Marco 
Pazmino) 

The amount of banana agricultural waste in Ecuador has been increased over 

the past decade. This rise requires a good agricultural waste management. As 

discarded peduncle causes pollution, indicated earlier. Alternatively, the peduncle could 

be used as a feedstock for ethanol fermentation at no cost. These agricultural residues 

are so far not used for energy production, but a good managing of the banana 

agricultural waste could be suitable to support the energy supply for Ecuador. 

Several compounds can be found in the juice from the banana peduncle such as 

carbohydrates, protein, and sugars (Mohpatra et al., 2010; Oliveira, et al., 2006). By 

using a commercial sugar cane crusher, the juice of the banana peduncle (denoted as 

extract further in the text) may be extracted readily, followed by its fermentation to 
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produce ethanol. The fiber remaining after extraction may be suitable for biogasification 

processing (Clarke et al., 2007; Chapter 3). 

As the biofuel industry faces many challenges, there is a need for more research 

and development on renewable energies. It is necessary to develop an economically 

viable, and sustainable process that fits easy into the current infrastructure. In this 

context, we have recently started a research program aiming to understand the 

chemical and structural constitution of banana peduncle and testing the usability of its 

extract in ethanol production. This type of feedstock has the advantages that raw 

materials can be produced every 8 to 10 months in large quantities and all year around. 

The objective of this study was to produce ethanol from agricultural waste such as 

banana peduncle extract which are abundant and do not interfere with food security 

using a commercial Saccharomyces cerevisiae ex-bayanus yeast for fermentation 

(Figure 2-3). 

 

Figure 2-3. Fermentation of banana peduncle extract overview 
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2.2 Experimental Material and Methods 

2.2.1 Feedstock 

The banana peduncles of M.cavendishi were harvested from the banana 

plantation “San Miguel” in Vinces (Los Rios, Ecuador). Fresh peduncles were randomly 

selected and handily separated from the bunch. Banana peduncles were obtained from 

the “San Miguel” plantation. 

Thereafter, three banana peduncles were selected for uniformity test. The 

remaining banana peduncles where moved to the sugar cane press for the milling 

process. 

2.2.2 Extraction of Banana Peduncle Juice by Grinding and Milling 

Fresh banana peduncles were treated using a Henglian YZ-28 sugarcane 

presser equipment. As well as, corn grinder was used for analyzing extraction yield 

production (Figure 2-4(A)(B)). (A) Samples were milled at 25rpm through a mesh into a 

1000mL pot container. Each peduncle (cut into less than 40 mm of thickness) was 

milled one at the time. (B) Samples were crushed manually into a 500mL pot container. 

Each peduncle (cut into less than 40 mm x 20mm of thickness) was milled one at the 

time. The resulting peduncle extract was collected after passage through each press 

and sampled for quantity of liquid (mL). The pH of the extracts was measured for each 

banana peduncle using pH meter (Oakton pH meter, model ECOtestr pH.2). In addition, 

the sugar composition of the raw extract was determined using a refractometer for brix 

concentration. 

After extraction, the banana extract was concentrated at 85°C to 1.25x, 2.5x, 5x, 

10x, and 15x times’ concentration of the original extract. Thereafter, brix [%] and pH 

were analyzed for each concentration. 
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Figure 2-4.Comparison of extraction techniques :(A) Henglian YZ-28 sugarcane presser 
equipment; (B) Corn grinder http://www.china-foodmachine.com/products/YZ-
28A-28B.htm#.Uvg_i_ldV-E; 
http://nbsunshineproduct.com/Showpro.aspx?P_id=768&P_Tid=49 

2.2.3 Uniformity Test and Extract Generation 

Banana peduncles of three different plants were subdivided into three parts 

(upper, medium and lower part). Each piece had a length of 5 cm (Figure 2-5). The 

weight and diameter of each piece was determined for later calculations. All pieces 

were hand chopped and squeezed individually using a standard corn mill grinder as 

described (2.2.2). The resulting extract was collected and stored at -20˚C until further 

analyses. The sample characteristics of the banana peduncle were calculated as a 

weighted, pH, brix concentration with the devices mentioned before. 

 

Figure 2-5.   Sample preparation for the uniformity test of the banana peduncle, (July 
20, 2013. Courtesy of Marco Pazmino) 
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2.2.4 Fermentation Process 

2.2.4.1 The microorganism 

Fermentation was carried out using a commercial Saccharomyces cerevisiae ex-

bayanus (LALVIN EC-1118 wine yeast), according to the manufacturers protocol 

(Figure 2-6). The banana peduncle extract was pre-heated to 33oC and agitated with a 

speed of 120 rpm using Queue Orbital shaker 4730. Subsequently, the yeast (S. 

cerevisiae ex-bayanus) was added. After 20 min, the temperature in the Queue Orbital 

shaker 4730 was adjusted to 30oC and the agitation speed was set to 140 rpm. These 

settings were kept for the next 5 days of fermentation. No more nutrients or medium 

were added to the culture. Under anaerobic conditions, yeast can be used in the 

fermentation process. Yeast can convert six cabon sugars into ethanol according to 

Equation 2-1 

                                 (2-1)

 

Figure 2-6.User manual for Saccharomyces cerevisiae ex-bayanus (LALVIN EC-1118 
wine yeast) 
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2.2.4.2 The fermenter 

Batch fermentation experiments were carried out in Erlenmeyer flasks, each 

125mL, previously sterilized. The working volume of each fermenter was 50mL. In 

addition, five concentration of each banana peduncle extract were used (1.25x, 2.5x, 5x, 

10x, and 15x) and run in triplicate. Moreover, a fermentation airlock S-Curve trap with a 

rubber stopper (Figure 2-7) was used to measure CO2 production, as a marker of 

occurring fermentation. 

 

Figure 2-7. Airlock S-Curve trap for fermentation purpose (modified from 
http://alaskawine.blogspot.com/2011/07/basic-home-wine-making-step-
one.html) 

2.2.4.3 Inhibition analysis 

Because no data was available from the literature, the peduncle extract was 

tested for possible inhibitors. Three concentrations were analyzed 1.25x, 2.5x, and 5x 

using HPLC for possible acids contained in the extracts. 

2.2.5 Chemical Analyses 

Total solids (TS) of raw banana peduncle and concentrated extract (5x) were 

determined gravimetrically after drying overnight at 105°C. Volatile solids (VS) content 

was determined by ashing a dried sample at 550°C for 2h and measuring the ash free 

http://alaskawine.blogspot.com/2011/07/basic-home-wine-making-step-one.html
http://alaskawine.blogspot.com/2011/07/basic-home-wine-making-step-one.html
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dry weight. Those two experiments were performed using American Water Works 

Association (AWWA) and American Public Health Association’s (APHA) Standard 

Methods.  The analysis of minerals part and nitrate was performed at the “UF/IFAS 

Analytical Service Laboratories” (Gainesville, Florida). Soluble chemical oxygen 

demand (sCOD) was analyzed using a Hach kit (Loveland, Colorado). 

2.2.5.1 Gas Chromatography 

The ethanol concentration was measured by Gas chromatography (GC), using 

an Agilent Technologies 7890A chromatograph equipped with a polystyrene-

divinylbenzene (DVB) capillary column J&W HP-PLOT/Q (15 m x 0.535 mm, 40.00 µm 

film thickness). Before the samples were injectioned, calibration curves for methane, 

ethylene, acetylene, ethane, propylene, propane, and propyne were obtained using high 

purity commercial standards. 7890A Infinity Series HPLC systems with OpenLab CDS 

ChemStation software. The analysis of ethanol production was carried out at the 

“UF/IFAS Biorefinery pilot plant laboratories” (Perry, Florida). 

2.2.5.2 High-Performance Liquid Chromatography 

Sugar composition was determined by High-performance liquid chromatography 

(HPLC) analysis, using Agilent technologies 1260 Infinity chromatograph equipped with 

a polystyrene-divinylbenzene (DVB) sufonic acid resin capillary column Aminex HPX-

87P. The column was eluted with 1 NaOH and Milli-Q water (0.6 ml min−1) and kept at 

20°C during analysis. Samples were diluted 1:1, 1:5, and 1:10 in nanowater. Daily 

reference curves were obtained for glucose, fructose and sucrose by injecting 

calibration standards with concentrations of 0.5, 0.25, 0.125, 0.0625, 0.03215 and 

0.015625 [M] of each sugar was used for data generation. 1260 Infinity Series HPLC 

systems with OpenLab CDS ChemStation software. All analyses and fractionation 
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experiments were carried out, in duplicate. The analysis of sugar composition was 

performed at the “UF/IFAS Biorefinery pilot plant laboratories” (Perry, Florida). 

2.2.5.3 Statistical analyses 

The statistical evaluation of experimental results was analyzed by student’s t-test 

using GraphPad Prism software version 5 (GraphPad software, La Jolla, CA, USA). 

Experimental data are expressed as means + standard error (SEM). Statistical 

significances are referred to as *p < 0.05, **p < 0.01, and ***p < 0.001. 

2.3 Results 

2.3.1 Characterization of the Banana Peduncle 

 As a first step, general dimensions of the banana peduncle were assessed. 

Table 2-1 shows that the average peduncle had a length of 136 cm and a weight of 3.05 

kg, which is 13% of the weight of one harvested banana bunch. 

Assuming that 5.2 millions of tonnes of banana bunches are harvested for export 

per year in Ecuador, a total amount of 1 millions of tonnes would be available for biofuel 

production (annual report, “San Miguel” plantation 2012), approximately .The total solids 

from the banana peduncle were 6.23% and 77.16% volatile solids, allowing a first 

speculation, about high sugar contents of the peduncle. 

Table 2-1. Peduncle properties. 

Peduncle Properties   

Wet weight (kg) 3.05 

Dry matter (kg) 0.19 

Volatile matter (kg) 2.35 

Average length (m) 1.36 

Peduncle weight per  
13 

Total bunch of banana harvesting (%) 
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2.3.2 Comparison of Different Extraction Techniques: Crushing and Grinding 

Two different methods were compared to extract the juice out of the banana 

peduncle. The first approach was using a commercial sugar cane crusher, resulting in a 

yield of 0.358 w/w (Figure 2-8A), which was only about 50% of the expected yield. The 

crusher is built for sugar cane extraction, which is much harder than banana peduncle. 

This lead to slipping of the peduncle through the rolls of the crusher, explaining the 

lower yield, during the process. As a second approach a corn grinder was tested. Figure 

2-8A shows that the yield for the grinder was significantly higher reaching almost 0.6 

w/w. The numbers obtained for pH and brix [%] of the extracts were also significantly 

different between the two approaches (Figure 2-8(B)(C)). 

 

Figure 2-8. Comparison of different extraction techniques: crushing and grinding. (A) 
Difference between from crusher and grinder yield. (B) Difference on pH 
between from crusher and grinder. (C) Difference on brix [%] between crusher 
and grinder. 
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2.3.3 Uniformity Test 

During processing it was noticed, that the peduncle does not have an equal 

diameter. However, the aspect of the banana peduncle is conical shape with a narrow 

bottom and a wide top. Therefore a uniformity test was performed to see, if there are 

major differences in yield and other characteristics of the banana peduncle extract from 

three different parts of the peduncle: upper, middle, lower. 

The middle and upper parts were significantly wider that the lower parts. No 

difference was detected between middle and upper parts diameter (Figure 2-9A). The 

weight of the upper part was significantly higher than for the lower part, while the 

weights of upper and middle or lower and middle parts only slightly differed (Figure 2-

9A). No differences where observed in the yields and brix [%] from upper, middle, and 

lower on banana peduncle parts (Figure 2-9(B)(C)). The comparison of the pH values of 

the three section revealed a slightly but significantly higher pH of the upper compared 

the middle part (Figure 2-9D). Result from HPLC analyses of the extract from upper, 

middle and lower parts showed the same pattern for all sample (Figure 2-10). This 

suggests a similar sugar composition throughout the peduncle. 
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Figure 2-9. Uniformity of different peduncle parts: A) Uniformity test diameter vs. weight, B) Yield of banana peduncle 
extract depending on the section, C) Brix comparison of banana peduncle extract between sections, D) pH 
comparison of banana peduncle extract between sections 



 

38 

 

Figure. 2-10. Uniformity test of sugars profile from different parts of banana peduncle extract. Plain banana peduncle 
extract were examined for uniformity to see if whole peduncle structure contains the same amounts of sugars or 
changes for the (Upper), (Middle), (Lower).
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2.3.4 Characterization of the Banana Peduncle Extract 

Banana peduncles were chosen and cut into three 5 cm long pieces. The juice of 

each piece was extracted using a conventional grinder. One aliquot was analyzed via 

HPLC. Also, density of the extract was calculated using weight of the extract. Total 

solids (TS) were determined gravimetrically after drying overnight at 105oC. Volatile 

solids (VS) content was determined by ashing a dried sample at 550oC for 2h and 

determining the ash-free dry weight. Results are shown as mean + SEM for n = 12 (A) 

and n = 3 (B) independent samples. 

To analyze the amount and variety of sugars, available for fermentation, banana 

peduncle extracts were analyzed by HPLC in more detail. The amounts of Galactose, 

Arabinose and Xylose were negligible small (data not shown). In contrast, high 

concentrations of Fructose (7.12 g/l), Glucose (5.86 g/l), and Sucrose (2.18 g/l) were 

detected (Figure 2-11A). The amount of sucrose, a disaccharide consisting of one 

glucose and one fructose molecule, was low (0.85 g/l), implying that it was degraded 

into its sugar monomers (Figure 2-11A). The sugar concentrations of the three 

peduncles, chosen for extraction and characterization differed slightly between 17.3 g/l, 

16.18 g/l and 18.56 g/l, respectively (Figure 2-11B). 

 

Figure 2-11. Analysis of sugar composition of raw banana peduncle extract. 
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The peduncle extract (5x) had a density of 1.02 and the amounts of dry matter 

and volatile matter were 14.61% and 57.12%, respectively shown (Table 2-2). 

Table 2-2. Banana peduncle properties. 

Peduncle Properties   

Dry matter (%) 14.6 

Volatile matter (%) 57.1 

Density of juice (kg/L) 1.02 

pH of juice 5.4 - 5.6 

 

The high amount of volatile matter explains the large amount of minerals that 

banana peduncle extract (5x) contains (Table 2-3).Specially, potassium and magnesium 

with 34 g/L and 0.5 g/L, respectively. 

Table 2-3. Banana peduncle extract (5x) minerals. 

Banana Peduncle extract  

concentrated (5x) - Minerals 

P 481.6 mg/L 
K 34,445.5 mg/L 
Ca  1.9 mg/L 
Mg 502.3 mg/L 
Si 97.3 mg/L 
Na 15.5 mg/L 
Nox-N 462.6 mg/L 

S 477.5 mg/L 

 

In addition, analyses of volatile fatty acids were conducting in (1.25x, 2.5x, and 

5x) by HPLC revealed that the extract does not contain any acids that could inhibit 

fermentation by yeast (data not shown). 

2.3.5 Fermentation of Banana Peduncle Extract 

As fermentation of peduncle extract was a completely new approach, no 

literature was available on the optimal conditions and microorganisms for this purpose. 

Therefore, five different concentrates of the extract were tested (Figure 2-12). 
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Commercially available Saccharomyces cerevisiae ex-bayanus (LALVIN EC-1118 wine 

yeast) was chosen as yeast, as it is a well-established microorganism for fermentation 

and known to ferment glucose and fructose (Berthels et al., 2004). Figure 2-12 shows a 

direct correlation of extract concentration and ethanol production for concentrates 1.25x 

to 5x, from 30% to 41% g ethanol / g sugars. 

 

Figure 2-12. Ethanol production from peduncle extract fermentation. 

Maximal ethanol production was achieved for 5x concentrated extract with (41% 

ethanol). However, it can be assumed that the optimal extract concentration for 

fermentation via Saccharomyces cerevisiae is 5x. Concentrations higher than 10x of the 

original extract yielded minimum ethanol concentrations of all concentrations tested. 

2.4 Discussion 

Analyses of banana peduncle showed that almost 734.4 tonnes of peduncle 

would be available just from the plantation “San Miguel”. Assume that there is no 

significant difference between plantations within Ecuador; the banana production in 

Ecuador is around 7.4 million tonnes per year that means around 1.34 million tonnes of 

banana peduncle would be available per year for extraction.  In India, which is 
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worldwide leading in banana production, 5.1 million tonnes of banana peduncle would 

be available. 

Table 2-4. Characteristics between feedstock 

Typical features of feedstock    

Properties Banana peduncle Sugar cane  Sweet Sorghum 

World Production (million tonnes) 106 1,819 58 

Crop cycle (months) 8-10 10-12 3.5 

Number of cycle/year One One Two 

Brix (% juice) 2.5-3 13-15 11-13 

pH 5.4-5.6 5.1 - 

 

 Sugar cane has a production every year of 1,819 million of tonnes per year 

worldwide (table 2-4). Worldwide amounts of sugar cane and peduncle should be 

compared. For example, Brazil’s main sources of fermentation ethanol are sugarcane 

juice, molasses, and to certain extent, starches derived from tuberous crops such as 

cassava (Jones et al. 1994). 

The yield, pH value and Brix of banana peduncle extract depends strongly on the 

technique used for extraction. It turned out that the grinder is much better suited to the 

peduncle as a commercial crusher. This should be taken into account for large scale 

fermentation approaches using banana peduncle as feedstock 

Uniformity test clearly shows that there is a difference in extract properties, 

depending on the part of the peduncle that it originates from. Possible explanations for 

this include: The yield depends on the Surface/diameter/volume ratio? Alternatively, the 

yield of the outer parts, especially of the thinner bottom part could be lower due to faster 

air drying of those parts after cutting. However, the whole peduncle should be used for 

extraction because even in the lower parts the sugar concentration is still high and there 
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is no difference in the sugar variety of the different parts. Additionally, no extract should 

be wasted/thrown away as it can easily be concentrated. 

Peduncle has mostly monosaccharides whereas sugar cane has mostly 

disaccharides. Compare the amounts and maybe also varieties of overall sugars in 

peduncle juice to the numbers that can be found in the literature for the sugarcane and 

sorghum (table 2-5). 

Table 2-5. Comparison of fermentation substrates 

Comparison of fermentation substrates 

 Substrate 

constituent Banana peduncle juice cane juice* molasses* 

Fermentable sugars 1.91 22.4 57 

       glucose 0.95 0.20 10 

       fructose 0.88 0.29 13 

       sucrose 0.8 21.9 33.4 

pH 5.4 5.1  

Minerals    

 P (mg/L) 96.3 72 600 

K (mg/L) 6,889.1 647 27,200 

Ca (mg/L) 0.4 200 10,600 

Mg (mg/L) 100.5 120 4,200 

Si (mg/L) 19.5 - - 

Na (mg/L) 3.1 < 1 1600 

Nox-N (mg/L) 92.5 - - 

S (mg/L) 95.5 123 3800 

    

* Jones et al., 1994    

 

Concentrations higher than 10x of the original extract concentration result in 

minimal fermentation efficiency. (a) Ethanol is a major end-product of glycolysis in 

S.cerevisiae and, therefore, the observed inhibition of growth and fermentation by 

ethanol may reflect its effect on enzymes involved in the glycolytic pathway (Llorente 

and Sols et al., 1969). Yeast growth is also inhibited when the alcohol concentration of 

the fermenting must reach about 4% (Handbook of fungal biotechnology et al., 2004). 
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On the other hand, inhibition by ethanol can be excluded, as the amount of ethanol after 

5 days was lower in the highly concentrated fermentation bottle then in all others. (b) 

Glucose itself is inhibitory for yeast growth because of high osmotic pressure (Wang et 

al., 2013). (c) Inhibitors that are available in all concentrations of the extract, but cross a 

threshold in extracts that have been more than 10x concentrated. (d). Because of 

initially higher fermentation rates due to higher available sugar levels, toxic or inhibitory 

byproducts increase faster than in the lower concentrated extracts. Those might directly 

inhibit the yeast activity or change the density/pH which then inhibits yeast activity. (e) 

Considering, the high amount of sugar induces osmotic pressure can placed on the 

outside of the yeast cell wall. In this stage, cell tend to produce more glycerol inside of 

the cell, as well as acetic acid to try to decrease the viscosity of the fluid. 
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CHAPTER 3 
BANANA PEDUNCLE FIBER AND EXTRACT FOR BIOGAS PRODUCTION 

3.1 Introductory Remarks 

In addition to bioethanol, biogas synthesized via anaerobic digestion can be used 

to replace fossil fuels such as natural gas, and liquefied petroleum gas (GLP). This 

chapter will focus on the use of banana peduncle fiber, concentrated extracted juice and 

stillage for biogas production as an alternative to bioethanol from fermentation. 

3.1.1 Anaerobic Digestion 

Anaerobic digestion is a well-known biochemical process, where organic matter 

(biodegradable material) is converted into biogas (a gas mixture of methane and carbon 

dioxide) in the absence of oxygen and by the action of microbial population, according 

to equation 3-1. 

                        (3-1) 

The biomass can be unwanted waste such as slurry or left over food, also 

nonfood feedstock including forestry and agricultural residues. The output from 

anaerobic digestion is a mixture of 60% methane (CH4), and 40% carbon dioxide (CO2) 

and traces of other contamination gases. The leftovers after biogasification are still rich 

in nutrients and minerals, applicable as fertilizers or for secondary processing. During 

fermentation, significant amounts of a byproduct called “stillage” accumulates, which 

has pollution potential, because of its high chemical oxygen demand (COD) (Wilkie et 

al., 2000). The COD is the standard method for indirect measurement of the amount of 

pollution. It is based on the chemical decomposition of organic and inorganic 

contaminants, dissolved or suspended water (Pasztor et al., 2009). The higher the 
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COD, the higher the amount of pollution in the sample. Anaerobic digestion is a 

commonly used approach to decrease the COD in waste from; for example, 

fermentation which can exceed a COD of 100g/L. 

Therefore, biogasification offers an environmentally friendly waste disposal 

producing bioenergy and feedstock for further applications. Yard wastes, biosolids and 

vegetables, municipal waste, sugar beet residues and fruit waste are examples for 

feedstock that have already successfully been used for anaerobic digestion (Chynoweth 

et al., 1992; Koppar and Pullammanappallil et al., 2013). Advantage of those feedstocks 

is that they do not require shredding, mixing, agitation or high-pressure vessels as they 

can be operated at low (ambient) pressure. Also, they can be operated stably at both 

mesophilic (28 - 40ᴼC) and thermophilic (50 - 60ᴼC) temperatures.  Although anaerobic 

digestion is a natural occurring process, using it industrially for biogas production in 

large-scale, has some challenges: Not all forestry or agricultural residues are usable as 

feedstock, as they often contain inhibitors of methanogenic bacteria or their 

carbohydrate content is not sufficient for anaerobic digestion. Another challenge is to 

find the optimal microorganism for a specific feedstock. Available are for example 

mesophilic or thermophilic microorganism, as indicated earlier. Also a wet system (5 - 

15% dry matter) or dry system (> 15% dry matter) can be used. A big problem of 

anaerobic digestion is the wide variety of inhibitory substance present in substantial 

concentration in waste. Those include ammonia, sulfide, light metals, heavy metals and 

organics as reviewed in detail by Chen et al. (Chen et al., 2009). 
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3.1.2 Banana Peduncle as Anaerobic Digestion Feedstock 

Banana peduncle as feedstock of anaerobic digestion offers several advantages: 

During the process of extraction of juice from banana peduncle large amounts of fiber 

remain. The production of 1 tonnes of banana peduncle leaves about 300 kg of pressed 

banana peduncle fiber, with water content of 65%-70%. This banana peduncle fiber 

could be a source of biomass for energy generation either in the form of thermal energy 

or biogas (Figure 3-1). An alternative option is to produce methane via anaerobic 

digestion as is currently done using nonfood biomass resources like forestry and 

agricultural residues. The amount of available peduncle is substantial, due to large 

production quantities every 8 - 10 months. The fiber which is left after extraction of the 

juice is one possible feedstock. On the other hand, after fermentation of the peduncle 

extract, the liquor created is distilled, resulting in high amounts of stillage. Up to 20L of 

stillage may be generated for each liter of ethanol produced (Chen et al. 2013, Wilkie et 

al., 2000). Stillage waste has high organic content, making it an amenable and attractive 

feedstock for anaerobic digestion. 

 

Figure 3-1. Banana as agricultural nonfood feedstock, (July 20, 2013. Courtesy of 
Marco Pazmino). 
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The effectiveness of employing a single stage batch process to biogasify banana 

peduncle fiber, concentrated banana juice and stillage after distillation was investigated. 

The performance of the process in terms of methane yield and extent of degradation 

were evaluated and compared between the three feedstock (Figure 3-2). 

 

Figure 3-2. Biogasification of banana peduncle fiber, concentrated juice and stillage 
overview. 

3.2 Experimental Material and Methods 

3.2.1 Feedstock 

3.2.1.1 Banana Peduncle Fiber 

After extraction of the juice for fermentation the banana peduncles were air-dried 

for 4 days. Subsequently, aliquots of 0.40kg (dry weight) of banana peduncle fiber were 

taken in Ziploc airtight plastic bags and stored in glass vacuum desiccators. Content of 

one bag (i.e., 0.40kg) was loaded into a digester for each experimental run. To prevent 
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compaction of the solids, 2 kg of bulking material layers (lava rocks from landscaping 

supplier, 0.025 m (in average size) were also mixed with the banana peduncle fiber and 

the inoculum. The inoculum used was collected from a laboratory scale anaerobic 

digester that had been digesting algae for a year. The liquid volume held in the digester 

1 was 2 L (0.002 m3) after the addition of bulking material. 

3.2.1.2 Banana Peduncle Concentrated Extract 

Banana peduncle extract was concentrated at 85°C to 5x concentration of the 

original extract. The liquid volume held in the digester 2 was 4 L (0.004 m3) after the 

addition the banana extract concentrate. 

3.2.1.3 Banana Peduncle Stillage 

The stillage was collected from a previous fermentation process of the banana 

peduncle extract. After the distillation process, ethanol was separated from banana 

peduncle fermentation liquor at 60°C. The liquid volume held in the digester 2 was 4 L 

(0.004 m3) after the addition the banana stillage. 

3.2.2 Anaerobic Digestion 

Two digesters (Digester 1 and 2), each 5 L (0.005 m3), with a working volume of 

2 L, (0.002 m3) and 4 L (0.004 m3), respectively, were constructed by modifying Pyrex 

glass jars. The height and inner diameter of the digesters were 0.406m (16in.) and 

0.0610m (2.4in.), respectively. The digesters were sealed with a top lid, outer diameter 

of 0.0965m (3.8in.), using an O-ring fitted for gas and liquid tightness and clamped with 

a stainless steel clamp. Two ports were provided at the top of the lid, one for gas outlet, 

and others for sample withdrawal. At the bottom of the digesters was an outlet port for 

draining. No additional external/internal mixing device was employed. The reactor was 

then sealed and pressure tested to ensure air tightness. The digester set-up is show in 
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(Figure 3-3). Gas production from the digesters was measured using a positive 

displacement gas meter. The system was calibrated per count was considered as that 

amount of gas read on syringe (in milliliters) for which the gas meter completes one 

whole number count (e.g. one count = 0.029 L, then two counts = 0.058 L and 

continued on) (Koppar et al. 2007). The pH was measured every three day at the 

sampling outlet port of the digesters. A 10 ml sample was taking for COD and pH. The 

pH was measured on each digester using pH meter (Accumet pH meter, model 

805MP). In addition, a CO2 trap of soda lime was placed into a canister as a base for 

methane line. Soda lime is a mixture of chemicals, used to remove carbon dioxide 

breathing gases from anaerobic digestion. Equation 3-2 shows the overall reaction. 

CO2 + Ca(OH)2→ CaCO3 + H2O + heat (in the presence of water)      (3-2) 

 

Figure 3-3. Schematic of digesters 1 and 2 set-up. 

http://en.wikipedia.org/wiki/Chemical
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Breathing_gas


 

51 

3.2.3 Anaerobic Digestion Protocol 

The Ziploc bags of air-dried banana peduncle fiber were removed from the glass 

vacuum desiccators and loaded into the digester. The experiments were carried out in 

duplicate runs on Digester 1, and 2. All digestion experiments were performed at 

mesophilic temperatures by placing the digesters in an incubation chamber set at 38oC. 

The first run in each digester was inoculated with 2 L (0.002 m3) and 4 L (0.004 m3) of 

inoculum taken form mesophilic digester that had been digesting algae for over a year, 

respectively. Moreover, once the gas production from the first experimental run slowed 

down, the digester 1 was opened and the next (0.40kg) banana peduncle fiber charged 

from the top. In addition, the digester 2 was fed from the feeding outlet port at the top 

lid. The duplicate runs in each digester 1 and 2 were initiated by digester liquor 

remaining from the first run. No further inoculum was added. Afterwards, the digesters 

were placed in the 38oC incubator chamber and digestion was allowed to proceed. 

3.2.4 Chemical Analyses 

 Total solids (TS) were determined gravimetrically after drying of the sample 

overnight at 105oC. Volatile solids (VS) content was determined by ashing a dried 

sample at 550oC for 2h and determining the ash-free dry weight. Volatile Fatty acids 

(VFA’s) were measured by a gas chromatographer, using an Shimadzu GC, Model GC-

2014 equipped  with Shimadzu–SHRXI-5MS capillary column (Dim: 15m ID:0.25mm 

DE:0.25) with a AOC-20s autosampler. The instrument was set to an injection volume of 

1 µL and an inlet split ratio of 100:1.The temperature program used for all the analyses 

was as follows: 80oC, 1 min; 20oC/min to 220oC, 4min. Quantification was assessed 

externally using calibration curves of peak area vs concentration covering the relevant 

concentration regime. Methane production was determined along the outline gas line. 
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Methane was carried through a sealed reactor with the CO2 trap soda lime base for 

removing CO2 and moisture. Also, methane volume was reported at standard 

temperature and pressure (STP) conditions. For soluble COD (sCOD) analysis the 

leachate samples withdrawn from the digesters were centrifuged (Fisher Marathon 

micro H centrifuge), pipetted (2ml) in COD vials (range: 2-1500 ppm, HACH) and placed 

in COD reactor (HACH) for 2h. The COD of the leachate was measured by using 

colorimeter (HACH DR/890 colorimeter). 

3.2.5 Statistical Analyses 

The statistical evaluation of experimental results was analyzed by student’s t-test 

using GraphPad Prism software version 5 (GraphPad software, La Jolla, CA, USA). 

Experimental data are expressed as means + standard error (SEM). Statistical 

significances are referred to as *p < 0.05, **p < 0.01, and ***p < 0.001. 

3.3 Results 

3.3.1 Characteristics of Banana Peduncle Fiber and Digested Residue 

The dry matter content of the banana peduncle fiber was 89.3% of which 76.4% 

was volatile matter. For run 1, 0.040 kg (dry weight) containing 0.036 kg dry matter was 

loaded into the digester 1. For run 2, 0.040 kg dry weight of banana peduncle was again 

added without removing solid residue from the previous run. At the end, the pH average 

of the system was 7.8. Table 3-1 shows the loading and unloading data for banana 

peduncle fiber. At the end of Run 2 the dry matter remaining in the digester was 

measured to be 21 g (0.021 kg) and 68% of dry matter was volatile. The dry matter and 

volatile solids reduction achieve biogasification was 91% and 95%, respectively 

(measured in the Bioprocess Engineering Research Laboratory, Agricultural and 

Biological Engineering Department, University of Florida). 
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Table 3-1. Loading and unloading parameters. 

Loading and unloading data for banana peduncle fiber 

Loading   
Dry weight - Aliquots (kg) 0.040 
Dry matter (kg) 0.036 
Volatile matter (kg) 0.027 
Inoculum added (L) 2.0 

Digestion temperature(˚C) 38 
Unloading  
Dry weight (kg) 0.021 
Volatile matter (kg) 0.0021 
Dry matter reduction (%) 91 
Volatile matter (%) 95 

 

3.3.2 Biogasification of Banana Peduncle Fiber 

Profiles of cumulative methane yields and methane production rates from batch 

digester runs are shown in Figure 3-4, for Digester 1 from both runs. Run 1 and 2 were 

slightly different in production. Run 1 was initiated by inoculum taken from a mesophilic 

digester that had been digesting algae for over a year. The first three days after starting 

the digestions, the methane production rate peaked at 1.39 m3 m-3 d-1. This indicates a 

healthy onset of methanogenesis in digester 1. After 9 days the methane production 

rate dropped to 0.9 m3 m-3 d-1. Run 1 reached completion after 18 days, depicted in 

Figure 3-5, when the daily methane production rate dropped to 0.0290 m3 m-3 d-1.The 

cumulative methane yield on run 1 was 0.290L CH4 at STP g VS-1. 

 

Figure 3-4. Digester set-up. Digester 1 with banana peduncle fiber and lava rocks after 
digestion,(January 15, 2014. Courtesy of Marco Pazmino).
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Figure 3-5. Methane Production and Cumulative Methane yield.
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The next digestion run (Run 2) was initiate by adding a second batch of banana 

peduncle fiber (0.04 kg) into the digester after end of Run 1. Mixed liquor from Run 1 

served as the inoculum. No alkalinity was added. Three days after starting run 2, the 

methane production rate was 1.27 m3 m-3 d-1. After 9 days the methane production rate 

dropped to 0.7 m3 m-3 d-1. The cumulative methane yield of run 2 was 0.235L CH4 at 

STP g VS-1.The peak of methane gas productivity was 1.856 m3 m-3 d-1 on just the first 

day after starting run 2 in the digester 1 (Figure 3-4). 

In Run 1, the pH increased gradually from 7.7 to 8.4 until the end of the run. In 

Run 2, the pH dropped from 8.4 to 7.96. The pH was not corrected but allowed to 

change (Figure 3-6). During the digestion of banana peduncle fiber, samples were 

withdrawn every three days (0, 2, 5, 8, 11, 14, and 17) for analysis of sCOD. Figure 3-6 

shows the profile of sCOD change in digester 1. The sCOD at the end of Run 2 was 

<9.2 g L-1.In addition, measurement of volatile fatty acids (VFAs) was planned 

throughout run 1. The first sample was taken before starting the run and showed a high 

level of acetic and propionic acid 63.5 mM and 5.6 mM, respectively. Samples were 

taken every three days. At day 9 the level of acetic and propionic acid dropped to 1.2 

mM and 0.5 mM (Data not shown). 
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Figure 3-6. Profile of pH, and sCOD performance during banana peduncle digestion 

3.3.3 Characteristics of Banana Peduncle Juice Concentrate (5x) 

First, the feedstock was measured for sCOD and pH values. The characteristics 

of the banana penducle extract (5x) as follows: pH 5.4-5.6, and sCOD 110.5 g/L. For 

run 1, 0.040 kg (concentrated juice) containing 0.006 kg dry matter was loaded into the 

digester 2. For run 2, 0.040 kg is in process (measured in the Bioprocess Engineering 

Research Laboratory, Agricultural and Biological Engineering Department, University of 

Florida).  

3.3.4 Biogasification of Banana Peduncle Juice Concentrate (5x) 

 Profiles of cumulative methane yields and methane production rates from batch 

digester runs of banana peduncle juice concentrated (5x) are shown in Figure 3-7, for 

Digester 1 from both runs. 

Run 1 was initiated by inoculum taken from a mesophilic digester that had been 

digesting algae for over a year. The first three days after starting the digestions, the 

methane production rate peaked at 0.34 m3 m-3 d-1. This indicates a healthy onset of 

methanogenesis in digester 1. After 5 days the methane production rate dropped to 



 

57 

0.27 m3 m-3 d-1. Run 1 reached completion after 6 days, depicted in Figure 3-7, when 

the daily methane production rate dropped to 0.0290 m3 m-3 d-1.The cumulative methane 

yield on run 1 was 0.043L CH4 at STP g VS-1. 

 

Figure 3-7. Methane Production and Cumulative Methane yield of banana peduncle 
concentrated juice (5x) 
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3.3.5 Characteristics of Banana Peduncle Stillage 

Banana peduncle stillage was obtained by evaporating the fermented 

concentrated extract (5X) liquor for 5hrs at 60oC. The feedstock was measured for 

sCOD and pH values pH 6, and sCOD 35.7 g/L, 8.1% and 31% is the Total and Volatile 

solids of the banana peduncle stillage, respectively. 

 For digester 2, with a working volume of 4 L (0.004 m3). Run 1 started with 0.040 kg 

(banana peduncle stillage) containing 0.003 kg dry matter was loaded into the digester 

2. For run 2, again 0.040 kg banana peduncle stillage was again added without 

removing solid residue from the previous run. At the end, the pH average of the system 

was 7.56 (measured in the Bioprocess Engineering Research Laboratory, Agricultural 

and Biological Engineering Department, University of Florida). 

3.3.6 Biogasification of Banana Peduncle Stillage 

 Profiles of cumulative methane yields and methane production rates from batch 

digester runs are shown in Figure 3-8, for Digester 2 from both runs. Run 1 and 2 were 

different in production. Run 1 was initiated by inoculum taken from a mesophilic digester 

that had been digesting algae for over a year. The first three days after starting the 

digestions, the methane production rate peaked at 0.125 m3 m-3 d-1. After three days the 

methane production rate dropped to the minimum production 0.034 m3 m-3 d-1. Run 1 

reached completion after 3 days, depicted in Figure 3-8.The cumulative methane yield 

on run 1 was 0.026L CH4 at STP g VS-1. 

The next digestion run (Run 2) was initiate by adding a second batch of banana 

peduncle stillage (0.04 kg) into the digester after end of Run 1. Mixed liquor from Run 1 

served as the inoculum. No alkalinity was added. Three days after starting run 2, the 

methane production rate dropped to the minimum production 0.034 m3 m-3 d-1, as well 
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as Run 1. The average methane rate for the Run 2 was 0.159 m3 m-3 d-1. The 

cumulative methane yield of run 2 was 0.034L CH4 at STP g VS-1.The peak of methane 

gas productivity was 0.272m3 m-3 d-1 on just the first day after starting run 2 in the 

digester 2. 

In Run 1, the pH did not change during the process 7.6 until the end of the run. In 

Run 2, the pH dropped from 7.6 to 7.4. The pH was not corrected but allowed to change 

 

Figure 3-8. Methane Production and Cumulative Methane yield of banana peduncle 
stillage 
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3.4 Discussion 

3.4.1 Biogasification Efficiency 

The banana peduncle fiber turned out to be the best feedstock with average of 

0.263L CH4 at STP g VS-1, the stillage was the lowest with 0.034L CH4 at STP g VS-1. 

However, probably the fermentation concentration of stillage was very low. Moreover, 

sCOD was 3500 mg L-1 that makes a suitable effluent for anaerobic digestion. Finally, 

banana peduncle juice on run 1 0.04L CH4 at STP g VS-1. 

In all the reactors, the pH was stable and any VFAs build up. Compare the yield 

of Banana peduncle fiber to the yield of digestion of waste Banana (Clarke et al., 2007) 

and the yields for manure fiber (Biswas et al., 2012) 

The extract before fermentation resulted in an intermediate biogas yield; 

compare it to other liquid biogas feedstock; it will probably be lower which suggests that 

it should better be used for fermentation to bioethanol than for anaerobic digestion to 

produce biogas 

3.4.2 Inhibitory Factors 

The concentration of Volatile Fatty acids (VFAs) was analyzed in the banana 

peduncle fiber (Run 1). It shows that acetic and propionic acid were high after start-up 

the digestion. They dropped drastically into levels that I cannot inhibit the process. 

However, in butyric and acetic acid where the predominate products from the 

fermentation of glucose between pH 5 and & while acetic and propionic acids were 

favored at neutral to high pH conditions (Clarke et al., 2008). Propionate also decreased 

with the onset of methanogenesis, it remained above 1300mg L-1 throughout the 

digestion (Pullammanappallil et al., 2001) demonstrated anaerobic digestion of glucose 

was unimpeded with propionate concentration up to 2750mg L-1 (Clarke et al., 2008). 
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In this case, all the concentration in this research were low in organic matter. 

Consequently, any reactor experience any type of inhibition. 

Lots of options to improve biogasification of fiber can be found in the literature. 

Options will be discussed concerning application for peduncle fiber (Biswas et al., 2012; 

Frauenhofer 2011, Asam, 2011) (Figure 3-9).

 

Figure 3-9. Crucial points for improvement the efficiency in biogas production. 
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CHAPTER 4 
CONCLUSIONS 

The results of the current study imply that the extract derived from banana 

peduncle can be fermented to produce bioethanol using the commercial yeast 

Saccharomyces cerevisiae.  The amount and variety of sugars in the extract are 

sufficient for this purpose, while the occurrence of inhibitors seems to be low. However, 

the extract should not be concentrated more than 5x.  

Large amounts of peduncle are available at no cost, as it is a waste produced of 

the banana production. Low transportation costs, makes the banana peduncle juice a 

cheap alternative to e.g. Sugar Cane, Energy Cane or Sweet Sorghum 

The fiber, remaining after extraction can be used for anaerobic digestion resulting 

in biogas (Methane and CO2) synthesis. 

Finally, the stillage derived as a leftover after fermentation of the banana 

peduncle extract is an appropriated feedstock for anaerobic digestion.The use of 

banana peduncle juice for biogas and bioethanol production serves several purposes 

and solves various problems at the same time including: 

Increasing the amount of biofuels available in banana producing countries, which 

are at the same time often underdeveloped with high need of in-country-produced, 

cheap renewable energy sources 

Creation of jobs as a benefit for the economy 

A huge advantage of peduncle-based biofuel synthesis over sugar cane-

dependent processes, is the non-seasonal growth of banana plants. This guarantees 

continues production flow in contrast to the usage of sugarcane as an energy crop, 
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which pauses when the plant is out of season. Costs for ending and restarting 

processes can be saved. Employments are easier.  



 

64 

APPENDIX 
DISPLACEMENT GAS METER 

Gas production from the digesters was measured using a positive displacement 

gas meter. The device consisted of a clear PVC U-tube filled with anti-freeze solution 

solid state time delay (Dayton OFF Delay Model 6X153E), a float switch (Grainger), a 

counter (Redington Inc.) and a solenoid valve (Fabco Air). The U-tube gas meter was 

calibrated in-line to determine volume of biogas per count. A count was considered as 

that amount of gas read on syringe (in milliliters) for which the gas meter completes one 

whole number count (e.g. one count = 0.029 L, then two counts = 0.058 L and 

continued on) (Koppar et al. 2007). 
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