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One of the best options for African countries to meet rural energy needs is to grow care-free 
crassulacean acid metabolism plants on a massive scale in waste lands. This can enable bioenergy 
production without disrupting food supplies and hence sustainable energy supply for the future. 
Opuntia ficus indica is an ideal plant for arid regimes but has barely been studied as a potential 
bioenergy source. This study investigated the effect of aerobic pretreatment on methane yield of O. 
ficus indica biomass. This effect was investigated in batch bioreactors which were exposed to aerobic 
conditions by varying time from 3 to 72 h before the start of anaerobic digestion. Reducing sugar 
content and dissolved oxygen levels after pretreatment period was analyzed. Reducing sugar content in 
bioreactors increased with increase in pretreatment time from 12.22 ±0.69 to 59.08 ± 5.35 g/L in the 
untreated and 72 h pretreated batches, respectively. Methane yields after pretreatment were observed 
to range from 0.286 to 0.702 L/kg volatile solids at 9 and 72 h of pre-treatment, respectively. A 9 h pre-
treatment of feedstock prior to anaerobic digestion yielded 123% higher methane yield when compared 
to that without pre-treatment. The findings that there was an  increase in reducing sugar production and 
methane yield at 9 h of aerobic pre-treatment suggests that there was increased hydrolysis with 
pretreatment. Hence, short pre-treatment period could be an option to increasing solubilization of 
cladodes and promoting methane productivity. Therefore, pre-aeration of O. ficus indica, was shown to 
be an effective method for enhancing both its digestibility and improved methane yield during 
anaerobic digestion. 
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INTRODUCTION 
 

One requirement for sustainable development, especially 
in the developing countries is the availability  of  
adequate energy to satisfy basic needs, improving  social  

welfare and achieving  economic development (Rogner et 
al., 2004). Some of the issues associated with the current 
major sources  of  fuel  include  the fact that they are non-
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renewable and therefore can be exhausted, and that they 
contribute to generation of greenhouse gases leading to 
global warming, and consequently climate change and its 
negative environmental impacts (Moshi et al., 2015).  

To date, corn and sugarcane are the main feedstock 
used in the biofuel production (Moshi et al., 2015; Cruz et 
al., 2018); this is attributed to their relatively simple 
conversion to biofuel as well as availability of 
infrastructure for planting, harvesting, and processing 
which are already in place. Nevertheless, their large 
scale cultivation for biofuel production is associated with 
issues such as decrease in food availability and 
dramatically increase in food prices worldwide (Calabr et 
al., 2017; Jigar et al., 2011). 

Therefore, there is a need to find alternative sources in 
order to reduce competition of these natural materials 
which are also used as human food and animal feed. 
Presently, with the reality of global warming, 
crassulacean acid metabolism (CAM) plants that can 
withstand and resist drought have become more 
attractive as feedstock for anaerobic digestion (Cushman 
et al., 2015; Yang et al., 2015). Among these plants is the 
fast-growing Opuntia ficus indica, which is known to have 
high water use efficiency. O. ficus indica is the most 
widely distributed species of the cactus family (Nobel et 
al., 2002 and Bobich 2002). This plant have been 
reported to pose a great potential as source of 
lignocellulosic biomass with a yield of 10 to 50 tonne dry 
mass/(year·ha) (Calabr et al., 2017; Consoli et al., 2013). 

These are desert plants that can survive where most of 
the plants cannot grow (Tarisse, 2008), hence suitable 
plant resource for climate change adaptation. Using 
spineless cacti as a potential energy-generating crop may 
offer serious perspectives to countries prone to drought 
and relying on imports for their energy consumption 
(Tarisse, 2008; Nobel et al., and Bobich 2002 2002). 
Moreover, the ability to grow on unfertile land will make 
use of the land that currently is not occupied with 
agricultural crops and hence improve land utilization. The 
fact that spineless cacti is not used as food in most areas 
would reduce the competition of food versus fuel use 
(Calabr et al., 2017).  

There is an increasingly interest in evaluating the 
potential of O. ficus indica as feedstock for anaerobic 
digestion and biogas production (Jigar et al., 2011; Egigu, 
2014; Calabr et al., 2017; Ramos-Suarez et al., 2014; 
Yang et al., 2015). Nevertheless, limited studies have 
dealt with pretreatment of the plant cladodes prior to 
anaerobic digestion and the effect they could have on 
both methane production and yield.  

A pretreatment method of lignocellulosic material is 
needed for an anaerobic process to reduce the volume of 
material used, increase solubility and production of 
methane (Antonopoulou et al., 2015; Antognoni et al., 
2013; Tizé et al., 2016). Pretreatment of biomass prior to 
anaerobic digestion has been shown to enhance 
hydrolysis which is known to be a rate limiting step during 
anaerobic digestion, without degrading  carbohydrates  or  
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forming by-products that are inhibitory to other processes  
downstream (Montgomery and Bochmann, 2014; 
Taherzadeh and Karimi, 2008; Xolisa et al., 2007). 

Pretreatment of O. ficus indica has been investigated 
earlier by Calabr et al. (2017) who evaluated the effect of 
the thermal, alkaline and acidic pretreatments on the 
composition and biochemical methane potential. The 
authors found that only the acidic pretreatment (HCl) had 
significantly increased methane generation, while neither 
thermal nor alkaline pretreatment produced noticeably 
affects methane yields (an average reduction of 8% was 
recorded). These pretreatment methods may have some 
draw backs such as the use of hydrochloric acid can lead 
to a very low final pH, which could have a negative effect 
on the anaerobic digestion process (Calabr et al., 2017). 

Though O. ficus indica have been studied for its 
potentials as animal feedstock and other agronomic 
applications, limited studies have exploited its potentials 
in anaerobic digestion (Jigar et al., 2011; Calabr et al., 
2017). Currently, there is no scientific report on biological 
pretreatment of Opuntia prior to anaerobic digestion, 
most specifically aerobic pretreatment. This study 
therefore aims to characterize O. ficus indica as 
lignocellulosic feedstock for anaerobic digestion and 
evaluate effect of aerobic pretreatment on digestibility 
and methane potential of O. ficus indica. 
 
 
MATERIALS AND METHODS 

 
O. ficus indica (L.) mill raw material  

 
O. ficus indica used as feedstock was obtained from Dar es Salaam 
region in Tanzania, which is located at 6°48' South, 39°17' East 
(World Bank Group, 2011). The cladodes (green, plate-like 
sections) were the plant part of interest for this study. O. ficus indica 
in this study were sampled on non-irrigated and non-cultivated land 
(Figure 1). The cladodes were manually chopped into pieces 
averaging 1 cm3 with a sharp knife, blended at maximum speed 
using kitchen blender (Philips HR2067/04 600 W) placed in closed 
plastic containers and stored at 5°C until its further use.  

 
 
Substrate inoculum 

 
Cow rumen fluid obtained from Vingunguti abattoir, Ilala Municipal 
Dar es Salaam, Tanzania was used as a source of inoculum for this 
study. The fresh rumen fluid was collected and filtered through a 
sieve of 2 mm pores (Endecott’s Test Sieve Limited, BS 410, 
England) to separate solid content from the slurry. Twenty liters 
plastic containers with airtight lids were used to carry the inoculum 
at ambient temperature (31±1°C) to the laboratory. Prior to use, the 
inoculum was left to mature for 16 days at 31±1°C to remove the 
easily degradable volatile solid present in inoculum (Liew, 2011).  

 
 
Determination of physico-chemical properties of the Opuntia 
biomass  

 
Volatile solids (VS) and total solids (TS) of the substrate were 
determined by the oven-drying and ignition methods, respectively 
according  to   standard   methods   (APHA,   2006).   Total   carbon 
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Figure 1. Opuntia ficus indica used in this study. 
 
 
 
determination was done by using the Walkley-Black Potassium 
Dichromate method as described by Nelson and Sommers (1996). 
Total nitrogen determination was carried out using Kjeldahl method 
described by APHA (2006). The total carbohydrates, cellulose and 
hemicellulose determination were carried out using the procedure 
described by Allen (1989). The determination of acid detergent fiber 
followed the procedure described by Van Soest et al. (1991). 
Reducing sugar was determined using the Hagedorn-Jenson 
method based on quantitative oxidation by potassium ferricyanide 
(C6N6FeK3) and titration with sodium thiosulphate (Na2S2O3) as 
described by Allen (1989). Determination of pH of the biomass and 
effluent was determined before and after anaerobic digestion using 
a pH meter (HANNA HI 2211). 
 
 
Batch bioreactor configuration 
 
Anaerobic digesters were constructed in bench-scale experiments 
where biogas was produced out of the degradation of organic 
matter in 500 ml bioreactors consisting of wide mouth Erlenmeyer 
conical flasks which was connected to gas-tight aluminium-
reinforced via a gas tight-plastic tubes for biogas collection (Figure 
2).  Gas   sampling  port  was  fitted  in  the  bioreactor  with  n-butyl 

stoppers and sealed with aluminium caps as explained by 
Mshandete et al. (2005). Each bioreactor had a sampling septum 
made of rubber stopper for taking biogas samples and a gastight 
bag for collecting the gas. 
 
 
Experimental set up of bioreactors 
 
The experiment, which was carried out in a laboratory at a 
temperature of 31±1°C was set up in twenty-six bioreactors 
organized into two sets. The first set had six digesters without 
aeration including three which had untreated cladodes; the other 
three had inoculum only as controls. The second set of bioreactors 
comprised bioreactors with aeration in five different time intervals 
consisting of four bioreactors each.  
 
 
Determination of the effect of aeration pretreatment on 
methane yield 
 
Investigation of the effect of aerobic pretreatment on anaerobic 
digestion of O. ficus indica cladodes was done in anaerobic batch 
bioreactors  using  the  rumen  fluid  as  inoculums. To  examine the  
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Figure 2. Bioreactor used in this study. (a) Bioreactor. (b) Bioreactor with contents (inoculum and 
substrate). 

 
 
 
effect of pre-treatment on the subsequent performance of batch 
anaerobic digestion of Opuntia biomass, experiments were carried 
out at five different times of aerobic exposure: 3, 9, 24, 48 and 72 h.  

For each of the bioreactor, 20 g of the feedstock was added 
followed by inoculum to make up to 250 ml of working volume. 
Surface aeration was achieved by using a shaking incubator 
(Orbital Incubator S150, Stuart Scientific, UK), whereby bioreactors 
were left open and shaken at 130 rpm and 31°C for the aerobic 
period (3, 9, 24, 48 and 72 h). This allowed regular mixing of 
bioreactor contents and suitable condition for growth of hydrolytic 
bacteria. After every pretreatment period relative amount of 
dissolved oxygen was determined with an oximeter (OXI 3205, 
Weilheim 2009, Germany) and samples for the analysis of sugars 
content were centrifuged at 2000 g for 5 min (Thermofisher 
scientific, 41930819, Germany) and the supernatant was used to 
analyze reducing sugars as described by Allen (1989).   

Immediately after the aeration periods, the content in each 
digester was flushed with nitrogen (N2) gas for 3 min to replace the 
oxygen and provide anaerobic conditions. Subsequently, the 
bioreactors’ openings were closed with stoppers to ensure gas 
tightness. Bioreactors were kept at a temperature of 31±1°C and 
shaken manually for 1 min, twice a day to provide regular substrate-
inoculums distribution. These bioreactors were compared in terms 
of its biogas and methane content after every 72 h. All the tests 
were performed in triplicate 30 days. 
 
 
Methane yield determination 
 
The methane content was estimated by the concentrated alkaline 
absorption method described by Erguder et al. (2001) where 
concentrated potassium hydroxide (KOH) stock solution (20 g/L) at 
atmospheric pressure and 5 ml sample of the biogas was used. In 
this method, only methane was determined while other biogas 
components such as carbon dioxide (CO2) and hydrogen sulphide 
(H2S) were dissolved in the potassium hydroxide solution. The 
volume of biogas formed during the experiment was measured 
using a graduated 100 mL glass syringe (SGE International Pty 
Ltd., Ringwood, Australia) according to Pham et al. (2013).  

Statistical analysis 
 
Data was expressed as mean ± standard error (SE) of the triplicate 
measurements. Differences between mean values were examined 
by one-way analysis of variance (ANOVA) and significance was set 
at P = 0.05. All statistical analyses were performed using Prism 
version 6.01 for Windows.  
 
 
RESULTS 
 
Physico-chemical properties of the O. ficus indica 
biomass 
 
The concentrations of various physico-chemical 
parameters of O. ficus indica feedstock are shown in 
Table 1. Moisture content of the biomass was quite high, 

around 88.052.23%. Total solid and volatile solid 
contents of O. ficus indica biomass obtained were 11.95 
and 73.95%, respectively. The O. ficus indica cladodes 

were found to have 59.650.36% carbohydrates content. 
Initial pH readings for all digesters were around 7.5. 

Hemicellulose and cellulose were 33.100.11 and 

8.390.01, respectively. The amount of carbon and 
nitrogen content in the feedstock made a ratio of around 
30.6:1. 
 
 
Reducing sugar contents in O. ficus indica biomass 
after pre-treatment 
 

The amount of reducing sugar in the bioreactors during 
aerobic pre-treatment was between 12 and 59 g/L on the 
untreated   and   72 h    pretreated     batch    bioreactors,  
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Table 1.  Physico-chemical composition of Opuntia ficus indica feedstock 
used in this study. (TS= Total solids). 
  

Parameter  Concentrations 

Moisture content (%) 88.052.23 

Total carbohydrates (%) 59.650.36 

Total nitrogen (% of TS) 2.080.20 

Total solids (TS) % of fresh 11.952.23 

Volatile solids(% of TS) 73.956.33 

Acid detergent fiber (% of TS) 17.450.04 

Hemicellulose (% of TS) 33.100.11 

Cellulose (% of TS) 8.390.01 

Reducing sugars (% of TS) 76.291.14 

Total carbon (% of TS) 63.741.23 

pH 7.520.02 

Carbon: Nitrogen ratio 30.6:1 
 

TS, Total solids. 

 
 
 

  
                                                                         Pre-treatment time (h)  
 

Figure 3. Reducing sugar content of hydrolysate in bioreactors after each pre-treatment period.  

 
 
 
respectively. The increase of reducing sugar amount 
steadily increased as the pretreatment time increased 
reaching the highest amount on the bioreactor pretreated 
for 72 h as shown in Figure 3. The rise in reducing sugar 
contents can be seen as early as the 3 h pretreatment 
time. There was slight reduction in the increase of 
reducing sugar content on 24 and 48 h pretreatment time. 
Measurements were done in triplicates and values are 
represented as mean plus or minus standard error 
(represented as error bars 

Total methane production and methane yield during 
the incubation period 
 
Methane yield (as meter cubic of methane per kilogram of 
volatile solids used) from the different pretreatment 
periods during the anaerobic digestion period is shown in 
Table 2. As seen from the results, the methane yield 
varied with pretreatment time of O. ficus indica feedstock. 
The highest and lowest methane yields were obtained 
from  9  and  72 h  pretreatment, respectively. From these  
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Table 2. Total methane production in liter and methane yield (L/kg VS) during anaerobic digestion of aerobically pre-
treated Opuntia ficus indica biomass in batch bioreactors for 30 days of digestion. 
 

Time of  pretreatment (h) Total methane production (L) Methane (L/kg VS added) 

0 (Untreated feedstock) 0.56±0.038 0.315±0.016 

3 0.72±0.065 0.412±0.026 

9 1.24±0.130 0.702±0.053 

24 0.75±0.065 0.425±0.027 

48 0.60±0.046 0.341±0.019 

72 0.50±0.054 0.286±0.022 
 

VS, Volatile solids. 

 
 
 
results, pretreatment increased the methane yield till 
around 9 h of pretreatment and then leveled off to around 
0.286 L/kg VS for the 72 h pretreatment time. It can also 
be observed that there is no significant change after 24 h 
pretreatment in methane yield with further increase of 
exposure period to oxygen prior to anaerobic digestion.  

Using one way ANOVA from Prism version 6.01, the 
difference in methane yield among the pretreated groups 
was found to be of statistical significance with P value < 
0.05. Pairwise comparison revealed that the difference 
was of statistical significance between the untreated 
group and the group pretreated for 9 h.  
 
 
Effect of aeration pretreatment on methane yield 
potential of O. ficus indica feedstock 
 
An increase in methane yield potential of 123% was 
recorded for the 9 h pretreatment time compared to the 
untreated O. ficus indica feedstock (Figure 4). The 
bioreactors which were pretreated in 3, 9, and 24 h 
showed high potential in increasing methane yield 
(greater than 30%) as compared to the bioreactor with no 
pretreatment on the other hand bioreactors pretreated for 
48 and 72 h produced low methane yield 0.341±0.019 
and 0.286±0.022 L/kg VS added, respectively compared 
to the control with the lowest amount on 72 h which 
showed potential 9% decrease in methane yield when 
compared with the batch without pretreatment. 
 
 
DISCUSSION 
 
Physical chemical properties 
 
A great percentage of the O. ficus indica biomass 
obtained in this study was in moisture content of about 
88.05%. The values obtained here are comparable with 
studies done on these plants elsewhere such as those in 
the study reported by Jigar et al. (2011) who worked with 
Opuntia in Ethiopia and reported the moisture content of 
86%. Filho et al. (2016) evaluated moisture content of 
various Opuntia plants and reported a moisture content in 

the range of 88.7±1.2 to 92.6±0.7. This result shows that 
the moisture content of O. ficus indica is relatively high, 
which can aid anaerobic digestion as it can increase the 
degree of digestion since microorganisms in the digestate 
can easily access liquid substrate for relevant reactions 
to take place (Sadaka and Engler, 2003). 

As a feedstock for anaerobic digestion in this study, the 
ratio of carbon and nitrogen of feedstock was 30.6 (Table 
1). Nitrogen and carbon are among the key components 
needed by microorganisms in the development of their 
cell structures (Zhang et al., 2011; Ajay et al., 2011). 
Without forgetting the role played by nitrogen in cell 
growth which is very crucial in methane production but 
there is also buffering capacity by releasing ammonium 
cation contributed by nitrogenous compounds (Zheng et 
al., 2014). This ratio does not fall far from the carbon to 
nitrogen ratio of 20 to 32 recommended in anaerobic 
digestion of organic biomasses to provide enough 
nutrients for microorganisms performing anaerobic 
digestion (Costa et al., 2012; Zeshan et al., 2012; Wang 
et al., 2014). Nevertheless, the ratio obtained under this 
study is similar to that reported by Jigar et al. (2011) who 
obtained a range of 24 to 28 and Calabr et al. (2017) who 
obtained around 27:1 when dealing with Opuntia in the 
anaerobic digestion. It has been shown that various 
feedstocks used for anaerobic digestion can be optimized 
at a C/N ratio of approximately 6:1 to 30:1 (Costa et al., 
2012); the optimum point of this ratio differs from 
feedstock to feedstock depending on the composition of 
feedstock in question. 

TS and VS contents of feedstock used in this study 
were 11.95 and 73.95%, respectively. The values 
obtained from experiment were similar to the values 
reported by Jigar et al. (2011) who obtained the total 
solids and volatile solids contents of cladode as 14 and 
78%, respectively. Determination of total solids and 
volatile solids of the feedstock is one of the important 
steps as these measures are not only used in the 
substrate loading but also represents part of the 
feedstock that may be transformed into biogas and 
methane (Motte et al., 2013; Ajay et al., 2011). The 
volatile solids obtained here indicating that the O. ficus 
indica have relatively large fraction which is biodegradable  
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Figure 4. Potential increase in methane yield (%) of Opuntia ficus indica feedstock 
for different pre-treatment periods in comparison to the control. 

 
 
 
suitable for anaerobic digestion. A study conducted by 
Costa et al. (2012) working on methane production from 
poultry litter reported less productivity of the digestion of 
substrates having 7.6% total solids. 

Feedstock used in this study was found to have 

59.650.36% (Table 1) of carbohydrate which does not 
fall very far from that found by Malainine et al. (2003) who 
obtained roughly 69% total carbohydrates. Substrates 
hydrolyzed in the first stages of anaerobic digestion 
consist of carbohydrates, lipids, and proteins (Azman et 
al., 2015; Gerardi, 2003). In the anaerobic digestion 
process, structural carbohydrates are divided into their 
component sugars known as monosaccharides such as 
fructose and glucose that can be utilized by micro-
organisms (Gerardi, 2003; Ajay et al., 2011). Hence, the 
amount of carbohydrate content of feedstock is of 
importance in the evaluation of the viability of the 
biomass as a feedstock for anaerobic digestion.  

Cellulose content of O. ficus indica in this study was 

found to be 8.390.01%. This value falls in close range to 
those reported in literature such as 7.7±0.41 and 11%, 
reported by Calabr et al. (2017) as well as 7.95 to 
13.73% reported by Ben-Thlija (2002) both of them 
working on Opuntia species. Cellulose is one among the 
major components of lignocellulosic plant materials 
contributing to about half to one third of plant tissues 
(Jorgensen et al., 2007). Cellulose is resistant to 
hydrolysis by enzymes or acids because of their structure 
and the lignin barrier, hence, the necessity of using pre-
treatments at the initial stages of hydrolysis (Gujer and 
Zehnder, 1983). Pretreatment before aerobic digestion 
increased the accessibility of cellulose by microbial 
community by breaking the seal made by lignin 
(Antonopoulou et al., 2015).  

In this study, the amount of acid detergent fiber was 

found to be 17.45 0.044% of TS which falls in a very 
close range with that reported by Ben-Thlija (2002) which 
was in the range of 11.29 to 18.98% of TS;  relatively  low 
acid detergent fiber proportion gives them an appreciable 
digestibility level. Acid detergent fiber represents the least 
digestible fiber portion of feedstock and includes 
lignin, cellulose, silica and insoluble forms of nitrogen but 
not hemicellulose. Feedstock with high acid detergent 
fiber is low in energy (Von Cossel et al., 2018; Ben-Thlija, 
2002).   

Initial pH of the bioreactor contents for all digesters was 
around 7.5 (Table 1), this pH is suitable and within the 
range recommended for proper functioning of 
microorganisms in anaerobic digestion (Ward et al., 
2008). This value is in agreement with a pH range of 
input mixture in the digester between 6.25 and 7.50, 
reportedly suitable for most methanogenic bacteria by 
Mahanta et al. (2004) and Ajay et al. (2011). While the 
pH of 3, 9 and 48 h pretreatment remained relative 
around the initial pH value (7.7, 7.62, and 7.63, 
respectively); there was noticeable increase in the pH of 
the batch without pretreatment and those of 24 and 72 h 
pretreatment (8.1, 8.08, and 8.15, respectively) after the 
completion of the incubation period. 

The observed increase in pH value can be caused by 
various factors within the bioreactors. Amongst them 
being the production of alkali compounds, such as 
ammonium ions during the degradation of organic 
compounds in the digester (Gerardi, 2003). During 
fermentation, carbonic gas is formed and when combined 
with water it forms carbonates in anaerobic environment 
and hence can be a reason for the increase in pH. It is 
also  possible  that the formation of methane results in an  



 
 
 
 
increase in pH Jensen et al. (2017). Gray et al. (1971) 
also showed that pH value increased by accumulation of 
ammonia during degradation of protein whereas 
accumulation of volatile fatty acids from degradation of 
organic matter decreased the pH value. Though 
microorganisms can still be functioning, values of Ph 
methane-forming bacteria (Gerardi, 2003; Ajay et al., 
2011). 
 
 
Changes in reducing sugar contents in O. ficus 
indica biomass after pre-treatment 
 
Variations were observed in the sugar concentration 
during pretreatment period, where the sugar levels 
increased with increase in pretreatment time from 12 to 
59 g/L (Figure 3); this rise can be accounted for by the 
hydrolysis of polysaccharides to monosaccharides 
(Montalvo et al., 2016). The amount of sugar formed is 
also affected by the hydrolytic conditions and the 
microbial community present (Ahn et al., 2014). The low 
(22.17±0.47 g/L) amount of sugar content obtained 
during the initial hours of pretreatment can be due to the 
consumption of the sugars by the aerobic micro-
organisms, which are active due to the provided aerobic 
conditions (Ahn et al., 2014). As the pretreatment is 
stopped the amount of sugar used is reduced and 
hydrolytic enzymes they produced are still active and 
continue to make soluble sugar available for the proper 
functioning of aerobic microorganism for aerobic 
digestion (Botheju et al., 2010).  

Granados-Arvizu et al. (2017) obtained the highest 
amount of reducing sugar after pretreatment (about 80 
g/L) while using corn pericarp under acid and 
temperature pretreatment. Montalvo et al. (2016) also 
obtained increase in concentration of total sugar during 
the first 48 h of aeration, where an increase of 192% was 
obtained with respect to its initial value.  

It should be well noted that even though methane 
producing microorganism can hydrolyze insoluble 
carbohydrates, lower methane yields can be observed 
when the lignocellulosic materials are utilized without any 
kind of treatment (Zheng et al., 2014). 

Indeed, the pretreatment increased the solubility of 
polysaccharide present in the bioreactor (Antonopoulou 
et al., 2015), as a result, increasing sugar levels. On one 
hand, these consequences may facilitate the anaerobic 
digestion by increasing the accessibility of these sugars 
to microorganisms. On the other hand, if pretreatment is 
carried out by increasing period of time above optimum, 
this could become problematic in systems as significant 
amounts of organic material were aerobically degraded 
before anaerobic digestion period is started (Ahn et al., 
2014). Therefore, a compromise between increasing the 
solubility of substrate by aerobic pretreatment and 
prevention of overconsumption of soluble sugars due to 
consumption   by   microorganisms   prior    to   anaerobic  
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incubation needs to be found. 

 
 

Effect of aeration pretreatment on methane yields 
 
Methane yields after pre-aeration were observed to range 
from 0.286 to 0.704 L/kg VS, whereas for the untreated 
one was 0.315 L/kg VS (Table 2). Methane yields were 
higher with 9 h pre-aerated batch as compared to the 
others and lower on 72 h. When compared with the batch 
without pretreatment, potential increase of methane yield 
in the 9 h bioreactor was about 123% (Figure 4). This 
increase was significantly high (P = 0.0025) and is 
comparable to that which was observed by (Montalvo et 
al., 2016) who reported an increase of 110% in the 
production of methane when applied to the mixed sludge 
aerobic hydrolysis as compared to the digestion process 
of non-aerated sludge. It can be seen that pre aeration 
increased the methane yield till around 9th hour of 
pretreatment and then leveled off to around 0.286 L/kg 
VS a decrease which is about 9% for the pretreatment 
time of 72 h (Figure 4). 

Since no research findings on aerobic pre-treatment of 
O. ficus indica feedstock are available, no direct 
comparison can be made. Nevertheless, various 
researchers have reported increase in methane content 
in biogas with the incorporation of aerobic process in 
anaerobic digestion (Rafieenia et al., 2017; Jang et al., 
2014; Ahn et al., 2014). Results obtained in this study 
differ a bit from those of Ahn et al. (2014), who worked on 
anaerobic digestion of aerobic pretreated sewage sludge 
samples and obtained the highest methane yield after 24 
h of pretreatment. The difference in pretreatment time 
which produced the highest methane yield could have 
been attributed to differences in the type of feedstock 
used, as maximum methane yield of an anaerobic 
digestion vary depending on several factors including 
feed composition (Botheju et al., 2010). Ahn et al. (2014) 
used sewage sludge which contains a complex mix of 
protein, lipids and carbohydrate. On the other hand, the 
results are similar to those obtained by Mshandete et al. 
(2005) who worked on anaerobic digestion of aerobic 
pretreated sisal pulp waste samples and obtained the 
highest methane yield after 9 h of pretreatment. Both of 
these studies showed no significant increase in methane 
potential with further increase in pretreatment time above 
the optimum obtained (9 and 24 h). 

Increased methane yield can be attributed to improve 
biodegradability of aerobically pretreated O. ficus indica 
feedstock that came as a result of biological role played 
by microbes (Ahn et al., 2014; Conklin et al., 2007). It has  
been shown in some studies that short-term oxygen 
exposure of bioreactor does not affect methanogenic 
activity and methanogens can survive longer than 
previously reported (Conklin et al., 2007). The increase in 
methane yield as a result of increase of methanogenic 
activity can  also  be due to an improvement in the growth  
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of facultative anaerobes, which can keep a low redox 
potential, providing the best conditions for the growth of 
strict anaerobes (Montalvo et al., 2016). 

The experiments revealed that the methane yield is 
not significantly different with further increase of 
exposure period to oxygen prior to anaerobic digestion. 
Potential decrease of 9% was observed at 72 h 
pretreatment (Figure 4). These results are in agreement 
with some author’s findings who showed that long time 
exposure to oxygen does not significantly improve the 
methane yield (Xu et al., 2014; Botheju et al., 2009). In 
this study, dissolved oxygen measured ranged from 0.13 
to 0.16 mg/L; the highest and the lowest value at 3 and 
72 h pretreatment. In a study done by Ahn et al. (2014) 
reported that the dissolved oxygen values higher than 
0.15 mg/L can start to inhibit methanogenic activities. 
Methane yield was the lowest on 72 h pretreatment 
(0.286 L/kg VS). Inhibition of the activities of methane 
forming bacteria and decrease in the methane yield can 
occur under longer exposure to oxygen as reported by 
Xu et al. (2014). This decrease in methane yield 
observed here could have been as a result of several 
factors such as the substrate oxidation of readily 
available substrates by facultative acidogenic organisms 
and the partial inhibition of the activity of strictly anaerobic 
biomass (Botheju et al., 2009). Methane consumption by 
aerobic methanotrophs (Fu et al., 2015) can also be a 
contributing factor to the decrease in methane yield 
observed. 

The reduction of methane yield in bioreactors, which 
were pre aerated for longer periods have been reported 
by other researches (Fu et al., 2015; Ahn et al., 2014). 
Reduction in methane yield at 26 and 37% following pre-
treatment for 48 and 72 h, respectively has been reported 
by Mshandete et al. (2005) while Ahn et al. (2014) 
obtained reduced methane yield at 48 and 96 h of pre-
aeration which was linear with the period of pre-aeration. 
Botheju et al. (2010) also reported decreased amounts of 
methane generation under increased aeration conditions 
as a linear reduction within the oxygenation range of 0 to 
10.1%. 

Based on these findings, the best pretreatment time 
can be said to lie between 9 and 24 h as these provide 
enough time for the microorganisms during pretreatment 

to thrive and produce their effect. It can be seen that 

pre-aeration had an advantage in increasing the 
methane yield and more optimization of the pretreatment 
time with other factors is required to ensure maximum 
yield of methane from biomass and avoid the inhibition of 
microbial activities involved in methane production. 
 
 

Conclusion 
 

Aerobic pre-treatment of O. ficus indica feedstock prior to 
anaerobic digestion, showed significant effect on 
enhancing subsequent digestion of the substrate in batch 
anaerobic   bioreactors   using   cow   rumen  fluid  as  an  

 
 
 
 
inoculum. Nine hours of pre-treatment showed 123% 
more methane yield potential than with untreated O. ficus 
indica feedstock. Prolonged pre-treatment periods of 48 
and 72 h showed no increase in the methane yield 
potential from O. ficus indica feedstock, rather a decrease 
of 9% as compared to the untreated obtained at 72 h 
pretreatment. Above 24 h, methane production per kg of 
volatile solids added decreased with increase in 
pretreatment periods, this is possibly due to inhibition of 
activities of methane forming bacteria and substrate 
oxidation of readily available substrates by facultative 
acidogenic organisms.  

Using aerobic pre-treatment for the period of time 
around 9 to 24 h has great potential to promote 
hydrolysis as well as solubilization of feedstock, as a 
result enhance the anaerobic digestion of O. ficus indica 
feedstock. Biological pretreatment (including aerobic) of 
lignocellulosic material for anaerobic digestion has 
received increased focus during recent years driven more 
by negative effect of other form of pretreatments 
including chemicals to environment. To reducing the 
overall production costs and avoiding aeration expenses, 
low level of oxygen applied in this study can be adopted 
and offer an added advantage in enhancing anaerobic 
digestion. Further studies of this pretreatment effect can 
be done at pilot level and analyze its applicability at 
industrial scale. Integrated two stage digestion system 
comprising aerobic pretreatment followed by anaerobic 
digestion have been reported (Global Renewables, 2014; 
Montgomery and Bochmann, 2014). The cultivation of O. 
ficus indica in marginal and waste lands will guarantee 
availability of feedstock, at the same time reduce land 
competition with food crops. This in turn will lead to 
reduction in prices of staple foods used as feedstock and 
hence generating fuel and more food rather than 
choosing between the two. 
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