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Abstract 
This study characterised and adjusted certain production process parameters (pH, C/N ratio and temperature) critical 
to increasing the process efficiency, stability and sustainability to optimise biogas yield. The optimised setup was a 20L 
biodigester filled with 4.46kg of cow manure, 4.46kg of cassava water, and 4.46kg of cow rumen as inoculum in a ratio 
1:1:1 respectively. Microbial analysis was also performed using standard procedures on the substrate and digestates of 
the optimised set-up. Physical and chemical pre-treatments were done on the substrates to ensure favourable conditions 
for anaerobic digestion. After a retention period of 19 days, a cumulative volume of 0.03913m³ (39.13L) of biogas was 
obtained. The microbial analysis on the substrates allowed the following microorganisms to be isolated; Bacillus sp., 
Escherichia coli, Pseudomonas sp., Proteus sp., Klebsiella sp., Lactobacillus sp Staphylococcus aureu. Microbial analysis 
from the substrate (Cow rumen and Cassava water) revealed no presence of Lactic acid bacteria while digestate (Cow 
dung with Cow rumen and cassava water) showed the presence of lactic acid bacteria. Isolates from both digestates 
were glucose fermenters with the production of carbon dioxide. The presence of these microorganisms indicated possible 
anaerobic activities in the generation of biogas.
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Introduction 
For years, developed and developing countries have had to rely on burning of fossils such as coal, oil and gas to 
produce energy that powers up industries, vehicles and systems. Subsequently, weather patterns have changed as 
hotter temperatures are experienced, leading to severe heat strokes and diseases, severe storms, increased droughts 
and a rising ocean level [1]. There have been studies looking into green energy to minimise or even reverse most of 
these deleterious effects [2]. Green energy, also known as renewable or low-carbon energy, is the energy obtained from 
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the direct environment and has a way of restoring itself [3]. Biomass is an example of a renewable source of energy 
that involves matter from the tissues of animals and plants [4]. Its application also stretches far beyond the provision 
of energy but also reduces pollution. 

This is because many of these wastes contribute to heaps of debris that may cause harm to residents and destabilise 
ecosystems where these wastes exist [5]. Biogas is a natural gas obtained from the anaerobic digestion of wastes by 
anaerobic microorganisms [6]. The resulting gas is a fuel consisting mainly of methane (CH4) and subsequently, other 
minor gases such as hydrogen sulphide (H2S), carbon dioxide (CO2), water, and impurities in trace amounts. The 
chain of reaction for the process of biogas production involves four stages; hydrolysis, acidogenesis, acetogenesis, 
and methanogenesis [7]. The production of biogas is heavily dependent on various production process parameters. 
These parameters are necessary for optimal production of biogas and they are the core of this study. These include 
temperature, C to N ratio, substrate-to-co-substrate ratio, pH, among others [8]. 

The optimal carbon-to-nitrogen ratio for biogas production is between 20 - 30:1 above and below which stunts microbial 
activity [9]. When the ratio is too low, it can lead to an accumulation of ammonia in the digester and this can limit 
biogas production [10]. Similarly, when it is too high, it indicates too much carbon in the process and this slows down 
the digestion and lowers biogas yield [10]. The pH for anaerobic digestion has an optimal range within which biogas 
production is effective, this range is found between 6.5 and 7.2 [11]. Temperature is also an important parameter to 
consider when operating a biogas plant. The microbes responsible for methane production operate within a range called 
the mesophilic range (35 - 40 °C) and within this range, methanogens are active, causing higher biogas yield [12]. 

A study indicates that anaerobic digestion is an efficient and environmentally friendly way of generating energy [13]. 
Against this backdrop, this study aims to optimise these identified process parameters of biogas production through 
biochemical and microbial analyses using cow dung, cow rumen and cassava water. It also reports the microbial 
investigation done on microorganisms associated with waste substrates used in the biodigester. 

Materials and Methods 
Biodigester Setup 
For the study, a 20 L water dispenser bottle was used as the biodigester. The biodigester was bored at the side of 
the neck for the feed inlet and at the bottom for the sludge outlet. The original opening for the dispenser bottle was 
reconstructed with a hose connected through it to a tyre tube for gas collection.
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Plate 1. The digester set up. 

Biodigester Feedstock 

The feedstock used for the final setup was cow dung, cassava water, and cow rumen as 
inoculum. All substrates were sourced locally and collected fresh, early in the morning. The feedstock 
was properly mashed to reduce lumps and increase surface area. The mixing ratio of the substrates 
was based on an individual Carbon-to-Nitrogen ratio of the substrates using Equation 1 [14]. 

C/N = 𝛴𝛴 (𝑀𝑀𝑖𝑖 × % 𝐶𝐶)
𝛴𝛴 (𝑀𝑀𝑖𝑖 × % 𝑁𝑁) (1) 

The mixing ratio of substrate-to-inoculum was based on a recommended ratio of 1:1 [13] 
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The feedstock used for the final setup was cow dung, cassava water, and cow rumen as inoculum. All substrates were 
sourced locally and collected fresh, early in the morning. The feedstock was properly mashed to reduce lumps and 
increase surface area. The mixing ratio of the substrates was based on an individual Carbon-to-Nitrogen ratio of the 
substrates using Equation 1 [14].

The mixing ratio of substrate-to-inoculum was based on a recommended ratio of 1:1 [13]. After mixing, the pH of the 
slurry was taken using a benchtop pH metre and adjusted to 6.8 using NaOH as an alkali pretreatment method [15]. 
After feeding, the digester was agitated daily to ensure proper mixing and prevent the formation of scum and dead 
zones in the digester. To optimise the temperature, the biodigester was placed in an open field and covered with a black 
polyethylene bag to keep the heat in and prevent light-activated reactions that may cause the growth of algae. Daily 
readings of the ambient and digester temperatures were done using an infrared thermometer.
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Chemical Optimisation 
It is established that process inhibition is related to the particular characteristics of the substrate to be anaerobically 
digested, including the pH, process temperature (mesophilic or thermophilic), type of the seed sludge (inoculum), the 
reactor configuration, and the concentrations of ammonium and ammonia [12]. This can be overcome using chemical 
optimisation [16]. Literature shows that the optimal carbon-to-nitrogen ratio of uninhibited anaerobic digestion is 25 - 
30:1, which forms the basis for calculating the masses of each substrate used as shown in Table 1 [12, 17, 18]. Each 
substrate was then measured according to these calculated values as seen in Table 2. A weighing scale was used to 
measure solid substrates and a graduated cylinder was used to weigh the liquid substrates. The substrates were all 
collected fresh; cow dung and cow rumen were collected from an abattoir located at Odo Eran in thick polythene bags 
to avoid spillage, and cassava water was collected from a local fufu shop at AP, Ile-Ife in two 10 litres kegs. Each mass 
of solid feedstock was weighed using a weighing balance and liquid feedstock was measured using graduated cylinders. 
The substrates were then mixed based on C/N ratios obtained from the literature (see Table 1) [9,19]. 

Equations 2 and 3 were used to calculate for a total solid of 10% for the substrates. The process involved drying 
samples in the oven at a temperature of 105°C until a constant weight of the samples was observed, at the Separation 
Laboratory, Chemical Engineering Department, Obafemi Awolowo University, Ile-Ife, Osun State [20]. After the samples 
were dried to a constant weight, the new weights were applied to equation (3) to calculate the substrate-to-water ratio 
of which a ratio of 1:2 was obtained. 

where; 
W1 = weight of crucible + weight of dry substrate, 
W2 = weight of crucible 
W3 = weight of crucible + weight of wet substrate 

  
Where 𝛿2 = actual moisture content 
𝛿1 = desired moisture content 

Another pre-treatment method applied was adding NaOH solution to the mixture as a buffer. Before adding the buffer, 
the pH for the digester was 4.3. This highly acidic medium does not favour biogas production, hence the need for 
pretreatment. After buffering the pH, the digester pH became 7.4. The substrates were fed into the digester at once and 
the digester manually agitated frequently.

Microbial Analysis 
The samples were collected aseptically from different locations in Ile-Ife and processed in the Department of Microbiology 
laboratory. The substrates investigated were cow dung, cow rumen contents, and cassava water. Ong of each substrate 
was inoculated into 9 mL of sterile peptone water as a pre-enrichment medium and incubated at 37 oC for 24 h [1]. 
Following incubation 1 mL from the 24 h ‘old’ pre-enrichment medium was serially diluted to a 5-fold dilution and plated 
on a sterile plate using a pour plate method [21]. Isolation of bacterial from the digestates was carried out by taking 
1 g of the digestate aseptically into 9 mL of sterile peptone water and incubated in an anaerobic jar at 37 oC for 24 
h, after which it was serially diluted to a 5-fold dilution and plated on a sterile plate using pour plate method Different 
agar was used which include Nutrient Agar (NA), Eosin Methylene Blue agar (EMB) and Man Ragosa Sharpe agar 
(MRS). The plates were incubated at 37 oC for 24 h. Isolates were streaked for the pure colony and identified using 
biochemical characterisation [22]. The total heterotrophic bacteria count was also estimated. The biochemical tests 
carried out include catalase, lactose, glucose, sucrose, citrate, indole, H2S production, gas, methyl red, Voges Proskauer, 
and motility tests [23]. They were carried out to identify and characterise the organisms detected in the substrates 
responsible for producing the biogas.

Results 
This section presents the results of the chemical optimisation of the process parameters in biogas production as well as 
the microbial analysis of the substrates. 

Chemical Optimisation 
The Carbon-to-Nitrogen ratio was obtained from the literature (Cow dung (24), Cassava water (28.8)), and using 
Equation 1, the optimal ratio was calculated to be 26.4:1 when the substrates were mixed in a 1:1:1 ratio. 

A cumulative of 39.13 L of biogas was produced after a 19-day digester period as seen in Figure 3. Gas production 
started 24 h, similar to what was reported in previous studies and on the fourth day of the hydraulic retention period, 
the tube had inflated as seen in Figure 2 [13]. After a hydraulic retention time of 19 days, a decline in the gas being 
produced was observed. We deduce that this could have been caused by the drop-in temperature during the frequent 
rainy days as reflected in Figure 2 and possible leakages around the digester. The ambient temperature fell between 
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using NaOH as an alkali pretreatment method [15]. After feeding, the digester was agitated daily to 
ensure proper mixing and prevent the formation of scum and dead zones in the digester. To optimise 
the temperature, the biodigester was placed in an open field and covered with a black polyethylene 
bag to keep the heat in and prevent light-activated reactions that may cause the growth of algae. Daily 
readings of the ambient and digester temperatures were done using an infrared thermometer. 
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%𝑇𝑇𝑇𝑇 =  𝑊𝑊1 − 𝑊𝑊2
𝑊𝑊3 − 𝑊𝑊2  𝑋𝑋 100 (2) 

where; 
W1 = weight of crucible + weight of dry substrate, 
W2 = weight of crucible 
W3 = weight of crucible + weight of wet substrate 
𝑇𝑇/𝑊𝑊 =  𝛿𝛿2 − 𝛿𝛿1

100 − 𝛿𝛿2    (3) 
Where 𝛿𝛿2 = actual moisture content 
𝛿𝛿1 = desired moisture content 
Another pre-treatment method applied was adding NaOH solution to the mixture as a buffer. 

Before adding the buffer, the pH for the digester was 4.3. This highly acidic medium does not favour 
biogas production, hence the need for pretreatment. After buffering the pH, the digester pH became 
7.4. The substrates were fed into the digester at once and the digester manually agitated frequently. 

Microbial Analysis 

The samples were collected aseptically from different locations in Ile-Ife and processed in the 
Department of Microbiology laboratory. The substrates investigated were cow dung, cow rumen 
contents, and cassava water. One [1] g of each substrate was inoculated into 9 mL of sterile peptone 
water as a pre-enrichment medium and incubated at 37 oC for 24 h. Following incubation 1 mL from 
the 24 h ‘old’ pre-enrichment medium was serially diluted to a 5-fold dilution and plated on a sterile 
plate using a pour plate method [21]. Isolation of bacterial from the digestates was carried out by 
taking 1 g of the digestate aseptically into 9 mL of sterile peptone water and incubated in an anaerobic 
jar at 37 oC for 24 h, after which it was serially diluted to a 5-fold dilution and plated on a sterile plate 
using pour plate method Different agar was used which include Nutrient Agar (NA), Eosin 
Methylene Blue agar (EMB) and Man Ragosa Sharpe agar (MRS). The plates were incubated at 37 oC 
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used to measure solid substrates and a graduated cylinder was used to weigh the liquid substrates. 
The substrates were all collected fresh; cow dung and cow rumen were collected from an abattoir 
located at Odo Eran in thick polythene bags to avoid spillage, and cassava water was collected from 
a local fufu shop at AP, Ile-Ife in two 10 litres kegs. Each mass of solid feedstock was weighed using 
a weighing balance and liquid feedstock was measured using graduated cylinders. The substrates 
were then mixed based on C/N ratios obtained from the literature [9][19] (see Table 1). 

Equations 2 and 3 were used to calculate for a total solids of 10% for the substrates. The process 
involved drying samples in the oven at a temperature of 105°C until a constant weight of the samples 
was observed [20], at the Separation Laboratory, Chemical Engineering Department, Obafemi 
Awolowo University, Ile-Ife, Osun State. After the samples were dried to a constant weight, the new 
weights were applied to equation (3) to calculate the substrate-to-water ratio of which a ratio of 1:2 
was obtained. 

%𝑇𝑇𝑇𝑇 =  𝑊𝑊1 − 𝑊𝑊2
𝑊𝑊3 − 𝑊𝑊2  𝑋𝑋 100 (2) 

where; 
W1 = weight of crucible + weight of dry substrate, 
W2 = weight of crucible 
W3 = weight of crucible + weight of wet substrate 
𝑇𝑇/𝑊𝑊 =  𝛿𝛿2 − 𝛿𝛿1

100 − 𝛿𝛿2    (3) 
Where 𝛿𝛿2 = actual moisture content 
𝛿𝛿1 = desired moisture content 
Another pre-treatment method applied was adding NaOH solution to the mixture as a buffer. 

Before adding the buffer, the pH for the digester was 4.3. This highly acidic medium does not favour 
biogas production, hence the need for pretreatment. After buffering the pH, the digester pH became 
7.4. The substrates were fed into the digester at once and the digester manually agitated frequently. 

Microbial Analysis 

The samples were collected aseptically from different locations in Ile-Ife and processed in the 
Department of Microbiology laboratory. The substrates investigated were cow dung, cow rumen 
contents, and cassava water. One [1] g of each substrate was inoculated into 9 mL of sterile peptone 
water as a pre-enrichment medium and incubated at 37 oC for 24 h. Following incubation 1 mL from 
the 24 h ‘old’ pre-enrichment medium was serially diluted to a 5-fold dilution and plated on a sterile 
plate using a pour plate method [21]. Isolation of bacterial from the digestates was carried out by 
taking 1 g of the digestate aseptically into 9 mL of sterile peptone water and incubated in an anaerobic 
jar at 37 oC for 24 h, after which it was serially diluted to a 5-fold dilution and plated on a sterile plate 
using pour plate method Different agar was used which include Nutrient Agar (NA), Eosin 
Methylene Blue agar (EMB) and Man Ragosa Sharpe agar (MRS). The plates were incubated at 37 oC 
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the 24 h ‘old’ pre-enrichment medium was serially diluted to a 5-fold dilution and plated on a sterile 
plate using a pour plate method [21]. Isolation of bacterial from the digestates was carried out by 
taking 1 g of the digestate aseptically into 9 mL of sterile peptone water and incubated in an anaerobic 
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a range of 24.3 °C to 31.8 °C and averaged 26 °C, while the digester temperature fell between 28 °C and 36.1 °C 
and averaged 31.6°C. The pH of the slurry was taken after 19 days and was found to be 6.24. The results from the 
biochemical characterization of microbes obtained from the digestates can be found in Table 3.
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for 24 h. Isolates were streaked for the pure colony and identified using biochemical characterisation 
[22]. The total heterotrophic bacteria count was also estimated. The biochemical tests [23] carried out 
include catalase, lactose, glucose, sucrose, citrate, indole, H2S production, gas, methyl red, Voges-
Proskauer, and motility tests. They were carried out to identify and characterise the organisms 
detected in the substrates responsible for producing the biogas. 

Results 
This section presents the results of the chemical optimisation of the process parameters in biogas 

production as well as the microbial analysis of the substrates. 
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24.3 °C to 31.8 °C and averaged 26 °C, while the digester temperature fell between 28 °C and 36.1 °C 
and averaged 31.6°C. The pH of the slurry was taken after 19 days and was found to be 6.24. The 
results from the biochemical characterisation of microbes obtained from the digestates can be found 
in Table 3. 

 

Plate 2. Inflated tube after 4 days. 

Table 1. Percentage of carbon and nitrogen content found in each feed stock (substrate) and their carbon-to-
nitrogen ratio. 

Feedstock  Carbon Content Nitrogen Content C/N 

Cassava Water 
Cow Manure 

28.8 
24 

1 
1 

28.8 
24 
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Plate 2: Inflated Tube After 4 Days

Feedstock Carbon Content Nitrogen Content C/N
Cassava Water 28.8 1 28.8
Cow Manure 24 1 24

Table 1: Percentage of Carbon and Nitrogen Content Found in Each Feed Stock (Substrate) and Their 
Carbon-Tonitrogen Ratio

Feedstock Mass (kg) %C M * %C %N M * %N
Cassava Water 4.46 28.8 1.285 1 0.046
Cow Manure 4.46 24 1.070 1 0.046
Cow Rumen 4.46 – – – –
Water 1.62 – – – –
Total 15 2.355 0.0892

Table 2: Mixing Ratios of Various Feedstock for Optimal Production of Biogas Using Different Masses for 
Digester
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Figure 1. Graph of the volume of gas produced. 

 

Figure 2. Ambient and digester temperature. 

Microbial Analysis 
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Microbial Analysis 
The microbial analysis becomes significant as anaerobic digestion is highly selective in terms of the type of feedstock 
being utilised, operating temperature, and methods of pre-treatment [24]. The laboratory results of the microbial 
analysis showed potential microbes such as Bacillus sp. Escherichia coli, Pseudomonas sp., Proteus sp., Klebsiella sp., 
Lactobacillus sp., and Staphylococcus aureus, are involved in the digestion of organic matter present in the substrates 
[25]. This agrees with other authors who isolated Escherichia coli from cow dung, Staphylococcus sp, and Escherichia 
coli from cow dung [26, 27]. The total heterotrophic bacteria count ranged from 1.6 x105 to 8.7 x105 Cfu/g and cow 
dung had the highest bacteria count in Table 3. The high presence of bacteria in the cow dung could be attributable to 
its fecal origin. 

The lower bacteria count presented by cassava water could have resulted from being acidic which selects for the growth 
of acidophiles; these are bacteria that can grow in acidic medium. These consortiums of microorganisms suggest that 
they are involved in a couple of synergistic reactions leading to biogas production. The pH of the digestate could be 
attributed to the slight variation in their bacterial community. Availability of nutrients and pH determine the types of 
organisms in a micro-community. The methanogenic bacteria isolated from the digestates are Pseudomonas sp, Bacillus 
sp, Proteus sp., Saccharomyces sp, and Lactobacillus sp. This agrees with the work of who isolated similar microbes in 
an anaerobic biodigester [14]. 

These bacteria were isolated from both digestate fermented glucose anaerobically with carbon dioxide shown in the 
biochemical test (Table 4). This agrees with which reported that facultative bacteria can convert glucose into lactate, 
succinate, acetate, and ethanol with carbon dioxide which are intermediate products of biogas production [28]. Isolates 
from both digestates utilise citrate as shown in the results from the biochemical tests. This also indicates that these 
microbes can convert citrate into oxaloacetate and acetate which can be further converted to pyruvate and carbon 
dioxide [29].

Substrates THBC (Cfu/g) Presumptive Bacteria Isolated
Cow dung 8.7 x 105 Escherichia coli, Proteus sp., Klebsiela sp, Pseudomonas sp
Cow rumen 7.6 x 105 Lactobacillus sp, Klebsiela sp., Escherichia coli.
Cassava water 1.6 x 105 Lactobacillus sp., Bacillus sp., Pseudomonas sp., Lactococcus 

sp., Staphylococcus aureus.

Table 3: Result of Microbial Analysis of Substrates Including Total Heterotrophic Bacteria Count (THBC) 
and Presumptive Bacteria Isolated

Table 4: Biochemical Characterization of Bacteria Isolated from Digestates

Code MDA MDB MDC EDC EDD ND3 BD1 BD2
Gram + + + + + - -
Catalase + - + + + + + +
Indole - - - - - - - -
H2S 
Production

+ + + + + - + +

Citrate + + + + + + + +
Glucose +G +G +G +G +G - +G +G
Lactose +G +G +G - - - +G
Sucrose +G +G +G - - - + +G
MR - - - + + - + +
VP - - - - - - - -
Starch + - + - + + - -
Motility 
Hydrolysis

+ + + - + - + +

Presumptiv e 
organism

Saccharomy 
ces sp

Lactobacillus 
sp

Saccharomyces 
sp

Bacillus 
sp

Bacillus 
sp

Pseudomonas 
sp

Prot eus 
sp

Bacillus 
sp

Legend: + = Positive; - = Negative; G = Gas Production; H2S = Hydrogen Sulphide production; MR = Methyl Red; VP = Voges 
Proskeur.

Conclusion and Recommendation 
The experiment showed that using chemical optimisation principles makes it possible to adjust some process parameters 
such as the pH and Carbon-to-Nitrogen ratio of the substrates for improved biogas yield. This is because using physical 
and chemical pretreatment methods such as adding a buffer to increase the pH and reducing the substrate sizes, also 
aided and sped up the process, causing gas to be produced a day after feeding the digester. While placing the digester 
where there was direct interaction with sunlight was the best option to promote microbial activity in the digester, the 
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temperature fluctuations as seen in Figure 4 caused an early reduction in the volume of gas. After the retention time, 
a slightly reduced initial pH of 6.8 to 6.24 was noticed, indicating that pH might have had a minimal effect on reducing 
the gas produced as time went on. 

Also, the biochemical analysis of the microbes using tests such as the indole, lactase, etc., and microbial analysis done 
on the substrates was an indication that biogas production was on the right path from the beginning as identified 
microbes involved in the first stage of anaerobic digestion - hydrolysis were present. The isolation of microbes from the 
digestates revealed their character as bacteria that produce intermediate products and subsequent gases needed for 
biogas formation. It is recommended that the retention time be longer as the microbial analysis on the digestate shows 
it was still very active when dislodging the biodigester and more biogas could have been produced. For better results, 
it is also recommended that the carbon-to-nitrogen ratio for each substrate be obtained from laboratory analysis rather 
than from literature review as substrates may vary from region to region. 
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