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Abstract 

Purpose: In the present study, anaerobic digestion of cassava (Manihot esculenta) and banana 

(Musa paradisiaca) wastes was investigated and the kinetic modelling of the conversion process 

was carried out.  

Methods: The experiments were carried out in a batch reactor under mesophilic conditions.  

Results: The total solids content of cassava and banana were 14.7% and 15.7% respectively, 

moisture content of cassava and banana were 85.3 and 84.3% respectively while the volatile solids 

content of cassava and banana were 92.32% and 96.27% respectively. The cumulative biogas yield 

of cassava substrate reached 18.8 L/g VS after 30 days while that of banana reached 14.24 L/g VS 

in the same digestion time. The first- order kinetics showed that the cassava substrate had greater 

potential for biogas production due to its relatively higher k value (0.19) than the banana substrate 

(0.03). Modified Gompertz kinetic parameters showed a total biogas production of 30.54 L/gVS 

for cassava at a maximum production rate of 0.56 L/g/VS/day while banana had a total biogas 

production of 24.91 L/gVS at a maximum production rate of 0.44 L/g/VS/day. The short lag phase 

of the digestion process indicatedthat the microbes acclimatized quickly to the slurry environment. 

The modified Gompertz model was a better fit for the experimental and simulated data, based on 

the closeness of R2 values to 1. 
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Conclusion: Both cassava and banana substrates showed great potential for biogas production. 

Therefore, biogas generated from waste valorization can mitigate over-dependence on depleting 

fossil fuel/crude oil in Nigeria and Africa. 

Keywords: anaerobic digestion; Musa paradisiaca; biogas; Manihot esculenta; kinetics  

 

1. Introduction 

A continuous explosion in population growth, globalization, and urbanization has led to a drastic 

increase in the energy demands for its sustainability. This is a problem that is associated with and 

more pronounced in underdeveloped and developing nations where their socio-economic 

conditions are very low [1, 2]. Shortage of infrastructure for generating, transmitting, and 

distributing energy, the dwindling nonrenewable energy sources such as fossil fuels, limited 

technology for conversion of energy from renewable energy sources such as biogas and shortage 

of funds for purchasing fossil fuels, acquire infrastructural and technological development in the 

energy sector have been identified for possible crisis points in the energy sector in most developing 

and underdeveloped countries [3-5]. Since renewable energy sources such as waste materials can 

also serve as sources of energy in developing and underdeveloped countries, the problem of 

poverty concerning the energy crisis can be drastically reduced. 

Anaerobic digestion is a process through which bacteria break down organic matter such as animal 

manure, wastewater biosolids, and food wastes in the absence of oxygen. The technology is a 

biochemical conversion process of significantly high economic value [6]. Anaerobic digestion for 

biogas production takes place in a sealed vessel called reactor. Anaerobic digestion of organic 

waste materials which can be gotten from municipal solid waste, industrial waste, agricultural 

waste, and household waste can also provide enormous energy since it can serve as a renewable 

source of energy such as biogas [7]. Biogas is a cheap and relatively affordable form of renewable 
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energy that can meet the energy demands of rural society to a reasonable extent and it is a 

flammable colourless gas that can be generated through anaerobic digestion of organic waste 

materials. It is more convenient and hygienic as a result of the fact that it does not generate any 

form of smoke [8]. Biogas contains a mixture of several gases, which include; methane (50-72 

Vol. %), nitrogen (>2 Vol.%), carbon dioxide (25-45 Vol. %), hydrogen sulphide (>1 vol. %), 

water (2-7 Vol. %), oxygen (>2 Vol. %), and several other gases, produced by anaerobic digestion 

[9, 10]. The production of biogas occurs via three major biochemical processes which include; 

hydrolysis, acidogenesis/acetogenesis, and methanogenesis as shown below [11]: 

(C6H10O5)n + nH2O → n(C6H12O6) - Hydrolysis       (1) 

n(C6H12O6) → nCH3COOH -   Acetogenesis/Acidogenesis      (2) 

nCH3COOH → nCH4 + CO2 - Methanogenesis       (3) 

The production of biogas occurs under the anaerobic digestion process in bio-digesters which 

transform organic substrate containing carbon into carbon dioxide and methane. Pathogenic 

organisms are inhibited in growth as a result of the anaerobic environment and prolonged digestion 

duration [12].  

Crop residues and animal manures constitute a large portion of the agricultural wastes which are 

used in bioconversion for the production of biogas. As a result of the relatively high nitrogen 

present in cow dung which is animal manure, it possesses a high yield of biogas production. This 

was made possible because of the pre-fermentation stage the dung passed through in the stomach 

of the animals and the presence of micro-organisms which usually assist during the bio-digestion 

process, hence it serves as one of the most suitable substrates for biogas production [13].  
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Cassava and banana occupy a distinctive position in the food crops being grown in Nigeria [14]. 

The major economic activity every average Nigerian embarks upon is agriculture, with almost 

70% making a living from it. Individuals grow cash crops as well as food crops for personal 

consumption. Nigeria is the world’s largest producer of cassava, harvesting more than 46 million 

tons of cassava per year [15]. Each ton of fresh cassava root processed generates about 250 to 300 

kg of cassava peels accounting for about 8-15 wt.% of the total dry matter of the root. These 

cassava peels consist of 20-31 wt.% hemicelluloses, 16-42 wt.% cellulose, and 6-8 wt.% lignin. 

They also contain about 81.9-93.9 wt.% organic matter and 4.1- 6.5 wt.% crude protein [16]. 

Banana, also being a major food crop in Nigeria generates large quantities of waste from its peels 

and thus becomes a problem to be reckoned with. Noxious gases such as hydrogen sulphide, 

ammonia, etc., could lead to dangerous environmental hazards emanating from improper disposal 

of these wastes.  

Many recent studies have focused on biogas production from the anaerobic digestion of banana 

and cassava wastes across the world [17-23]. Many of these studies have modelled the biogas 

production process using different kinetic models such as first order model, cone model, and 

Gompertz model. Nevertheless, the present study was designed to deepen existing knowledge of 

the efficiency of the biogas production from cassava and banana wastes whilst also determining 

the scale-up potential of the biogas production process. 

2. Experimental 

2.1 Feedstock and set-up 

The cassava and banana wastes were obtained from a local market in Ibadan, Oyo State, Nigeria. 

This present study was carried out for 30 consecutive days in an anaerobic digester made from 25 
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L plastic kegs. Rubber plug and valve were incorporated in the plastic keg for measurement of 

biogas produced. The digesters were operated at room temperature in a batch system. The produced 

biogas was measured using the water displacement method earlier reported in previous studies [24, 

25]. The solid to liquid ratio maintained in the reactor was 5 kg of solid wastes to 10 L of water. 

Banana and cassava wastes have been reported to be rich in microorganisms (methane forming 

archaea) which are useful in the anaerobic conversion process [26, 27]. The study relied on the 

naturally occurring bacteria in the substrates. Hence, no external inoculum was used in the present 

study, in consonance with a previous study [28]. The physicochemical parameters (pH, 

temperature, moisture content, %TS (total solids), and %VS (volatile solids)) of undigested slurry 

were determined before the digester was sealed completely. pH, temperature, and volume of gas 

produced were monitored daily for 30 days. Jenway 3510 pH meter was used to measure the daily 

pH while a thermometer was used to measure the ambient and slurry temperatures. The water 

displacement method was used to determine the daily biogas volume and the experimental set-up 

is shown in Figure 1. 

 

Figure 1. Schematic set-up of water displacement method 
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The measurement of the total solids was carried out according to the standard method for the 

examination of water and wastewater described by APHA [29]. 50 g of each of the biomass with 

pre-weighed porcelain boxes were taken using a weighing balance. The samples were pre-heated 

at 60°C for 6 h and then at 105°C for 3 h using a hot oven. The final weights or dried sample 

weights were recorded. The percentage total solids content of the samples was then calculated 

using the formula:  

                  𝑇𝑆 % 100        (4) 

Where: 

TS = Total solids in percentage (%) 

M1 = Mass in grams of the empty dish 

M2 = Mass in grams of sample plus the empty dish before drying 

M3 = Mass in grams of sample plus empty dish after drying 

The moisture content was also determined using the method described by APHA [29], samples 

were weighed in a dish pre-heated and then dried in an oven at 105°C for about 3 h. The weight of 

the dried sample plus dish was noted and the percentage moisture content was calculated by Eq. 

5: 

               𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 % 100    (5) 

Where: 

M1 = Mass in grams of the empty dish 

M2 = Mass in grams of the sample plus empty dish before drying 
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M3 = Mass in grams of the sample plus empty dish after drying 

The volatile solids content of feed materials was determined according to the standard method 

which was also stated by APHA [29]. After determining the total solids and moisture content, the 

oven-dried samples were further dried at 550±50°C temperature for 1 h in a muffle furnace and 

allowed to ignite completely. The dishes were then transferred to desiccators for final cooling. The 

weights of the cooled porcelain dishes with ash were taken. The volatile solids content of the 

samples was calculated using Eq. 6: 

                     𝑉𝑆 % 100      (6) 

Where: 

VS = The volatile solids in the dry sample (%) 

M4 = The mass of dry ash plus empty dish 

(M3-M1) = The mass of oven-dried sample in grams 

(M4-M1) = The mass of dry ash left after igniting the sample in a muffle furnace 

2.2 Kinetic modelling of cumulative biogas production 

The kinetic modelling of cumulative biogas production was carried out using the Polymath 

software. The first order and modified Gompertz kinetic models were used to determine the 

relevant biogas production kinetics useful for scaling up to large scale production [30, 31]. The 

choice of these models emanated from several reports in the literature that considered them the 

most suitable models for biogas production [32, 33]. The first order kinetics is shown below: 

𝑦 𝑡 𝐴 1 exp 𝑘 𝑡          (7) 
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The modified Gompertz kinetics is shown below: 

𝑦 𝑡 𝐴 exp exp . λ t 1        (8) 

Where y(t) = The cumulative biogas yield (L/g VS)  

A = The biogas production potential (L/g VS)  

R = maximum biogas production rate (L/g VS/day) 

λ = lag phase (days) 

t = cumulative time for biogas production (days) 

k = The biogas rate constant (day-1)  

e = Mathematical constant (2.718282) 

3. Results and Discussion 

3.1 Feedstock Characterization and Daily Biogas Production 

The substrates used in the present study were characterized in terms of moisture content, total 

solids, volatile solids, and pH. Table 1 shows the details of the preliminary characterization of the 

substrates used in this present study while Figure 2 shows the daily biogas production for each 

substrate. The cassava substrate has a moisture content of 85.3%, a total solid of 14.7%, a volatile 

solid of 92.32%, and a pH of 7. On the other hand, the banana substrate has a moisture content of 

84.3%, a total solid of 15.7%, a volatile solid of 96.27%, and a pH of 6.9. The total solids content 

of cassava substrate in the present study is lower than those reported by Nkodi et al [34] but greater 

than those reported by Opurum et al [35]. The moisture content of the banana substrate is close to 

the 83.5% moisture content observed in banana peels used in another study [36]. It is expected that 
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cassava would produce a higher yield of biogas due to their relatively lower total solids content. 

This is probably because methanogenic bioconversion to biogas is higher at high water content 

and a corresponding lower total solids content [37, 38]. The volatile solids content exhibited by 

both cassava and banana substrates were relatively higher than those obtained for poultry waste in 

a previous study by Opurum et al [35]. The yield and quality of biogas produced are predicated 

upon the proximate composition of the feedstock [39]. This can be improved by adopting co-

digestion of substrates in biogas production [40]. pH is a suitable indicator of the stability of 

anaerobic digestion systems. At increased pH values higher than 7, there is an upsurge in the ratio 

of free ammonia to ammonium ion by 5%. The free form of ammonia is relatively more detrimental 

to methanogens than ammonium ions [41]. The pH value of the cassava and banana substrates is 

an indication that the substrates are suitable for biogas production under mesophilic conditions 

[42, 43]. 

Table 1. Feedstock Characterization  

Composition Cassava waste Banana waste 

Moisture content (%) 85.3 84.3 

Total Solid (%) 14.7 15.7 

Volatile Solids (%) 92.32 96.27 

pH 7 6.9 
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Figure 2. Daily biogas production for the period of 30 days 

 

0.1 L of biogas was observed from the production of biogas from cassava waste on the first day. 

The low volume of biogas produced on the first day of anaerobic digestion could be ascribed to 

the low digestibility of plant residues owing to slow hydrolysis rate of lignocellulosic constituents 

and complex polysaccharides. The slow hydrolysis rate exhibited by the lignin component of plant 

residues is due to the created protective barrier which prevents the plant materials from degradation 
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9. It further started to increase on the 10th day up till 1 L on the 20th day. This later declined to 0.25 

L on the last day. The rate of biogas production in the batch condition is directly proportional to 

the specific growth rate of methanogenic bacteria in the bio-digester [13]. After the 9th day, there 

was a steady significant increase in biogas production because of the high level of microorganisms' 

growth in the digester. An unsteady declination in the volume of biogas produced from the 20th 

day to the 30th day (which is the last day for this present study) with a sudden increase of 1 L of 

biogas was observed at day 26. The fluctuations in biogas production rate during the anaerobic 

digestion can be attributed to the varying activity of microorganisms [18]. This is uncertain but 

not uncommon since biogas production studies closer to and beyond 30 days have shown trends 

of rising and falling in the daily yield of the biogas but it should be noted that sudden rises do not 

exceed that of the peak production [45]. The yield of biogas observed from that of banana waste 

took a similar trend to that which was observed in cassava waste, with 0.3 L on the first day and a 

sudden increase to 3 L on day two (2), which was the highest volume observed during the study 

for banana wastes. 

3.2 Effect of pH on Biogas Production 

pH has a direct influence on the digestion process and consequently the biogas production [46]. 

As shown in Figure 3, it can be observed that the pH of the digester containing cassava waste 

ranged from 5.2-7 while that of banana ranged from 6.4-6.9. The observed pH values were found 

in the optimal range for anaerobic digestion as reported by several authors [47-49]. Although 

sensitive to pH fluctuations, the development of methanogenic bacteria is aided within the 

observed pH range due to volatile acids which are generated during the digestion process [46, 50]. 

At the initial fermentation time, acid-forming bacteria will produce acids quickly which in turn 

causes the pH to decline [43]. The decrease in pH after the first few days of digestion is due to the 
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consumption of available organic matter [51]. Budiyono et al [52] posited that the observed 

increase in pH immediately after the corresponding sharp decrease could be related to the 

production of NH4
+ during protein degradation as carbon dioxide and water combine with 

ammonia which is a base resulting in the formation of ammonium bicarbonate (a natural pH 

buffer).  

Figure 3. pH variation for the period of 30 days 
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Figure 4. Variation of daily slurry temperature with time of digestion 
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the digestion of cassava wastes and 33oC for the digestion of banana wastes. It should be noted 

that the temperature of the slurry of each substrate was within the mesophilic range (24-37oC) 

which encourages optimal biogas production [44]. 

3.4 Kinetic Studies 

The kinetic modelling of biogas production from cassava and banana substrates is presented in 

Table 2. The first-order kinetic model and the modified Gompertz model were used in the kinetic 

study. The modelling plots of the cumulative biogas production from cassava and banana 

substrates are shown in Figures 5 and 6 respectively. The first-order kinetic model contains the 

kinetic constant k, which is a measure of biogas production rate with time. A fast rate of biogas 

production has been attributed to a more positive value of k [30]. In the present study, cassava has 

a k value of 0.19 while banana has a k value of 0.03. This is an indication that cassava substrate is 

more likely to produce biogas faster than the banana substrate. 

Table 2. Parameters obtained from the kinetic modelling of biogas production 

Kinetic models Kinetic constants Cassava Banana 

First order A (L/gVS) 11.09 21.19 

 k 0.19 0.03 

 R2 0.42 0.95 

Modified Gompertz A (L/gVS) 30.54 24.91 

 R (L/g/VS/day) 0.56 0.44 

 λ (days) -4.51 -2.73 

 R2 0.94 0.96 
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Figure 5. Kinetic model fitting of biogas production from cassava substrate 
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Figure 6. Kinetic model fitting of biogas production from banana substrate 
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banana might be an indication of its relative susceptibility to acidification, as opposed to cassava 

[31]. Similarly, cassava exhibited a shorter lag phase (-4.51 day) compared to banana's lag phase 

(-2.73). The lag phase is the minimum time required for bacteria to adapt in a bid to produce biogas 

[25]. Both substrates exhibited a very short and negative lag phase. The negative lag phase 

signified that the biogas production began from the first day representing suitable conditions for 

the growth of microorganisms [53, 54]. A negative lag phase has no influence on the fit of the 

experimental data with the simulated data, rather, it implies that the biogas production potential in 

day zero is not equal to the initial biogas production potential [33].  However, the relative upsurge 

in the banana's lag phase might be reflective of the slow acclimatization of microbes to the slurry 

environment [31]. The observed negative lag phase of the substrates used in the present study is 

consistent with the reports of previous studies [33, 55-58]. 

Generally, the modified Gompertz model had R2 values close to 1, thus indicating a good fit 

between the experimental data and simulated data. In addition, the root mean square deviation and 

variance exhibited by the modified Gompertz model were relatively lower than the first-order 

model, indicating the precision of the former in predicting biogas production. This showed that the 

modified Gompertz model is a better kinetic model in modelling cumulative biogas production 

than the first-order kinetic model. This is consistent with the reports of previous findings [25, 59, 

60]. 

4. Conclusion 

The present study showed that the anaerobic digestion of cassava and banana substrates is a viable 

source of biogas production. The results of the study showed that biogas yield varied significantly 

with pH and slurry temperature. The pH values of the substrates indicated their suitability for 

biogas production. Nevertheless, cassava substrate exhibited a greater potential for maximum 
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biogas production. The short lag phase of the digestion process indicated that the microbial 

population adapted swiftly to the slurry environment. The kinetic modelling showed that the 

modified Gompertz model is a better fit for biogas production compared to the first-order kinetic 

model. It is recommended that further studies on co-digestion of plant and animal wastes should 

be carried out to obtain a greater yield of biogas. Further reduction of feedstock size should also 

be carried out to improve the quality of biogas produced. 
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