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Abstract: The efficiency of banana winery effluent (BWE) in biogas production through improving fermentation process
was investigated in this study. The study was conducted in a batch system under mesophilic temperature of 35oC achieved by
using controlled thermostat waterbath. Two sets of experiments (labeled as experiment 1 and experiment 2) with five reactors
each, were performed in the laboratory. For experiment 1, reactor A was treated as a control with no addition of urea while
1g,2g,3g and 4g of urea were added in reactors B,C,D and E respectively. For experiment 2, different amount of sucrose, that
is 0.18g, 0.27g, 0.36g and 0.44g were added in the reactors B, C, D and E correspondingly, and reactor A without sucrose
addition was used as the control .Results for experiment 1 revealed that reactor A produced largest volume of biogas (1.93L)
followed by reactor B with least amount of urea where 1.37L of biogas was generated. Other reactors produced smaller
volume of biogas during the study period. For experiment 2 results indicated large volume of biogas (2.72L) was produced in
reactor C with 0.27g of sucrose followed by reactor D (2.71L) with 0.36g sucrose. The biogas produced contained 68.9% 74.6% methane (CH4). This study concluded that addition of nitrogen source does not increase biogas production from
Banana winery effluent while addition of carbon source is important as a source of energy for enhancing C: N ratio for
process stability and biogas production.
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1. Introduction
In recent years, there is tremendous growth of
agroprocessing industries in Tanzania. These industries
produce enormous volumes of high strength organic
effluents which if treated properly can serve as a source of
energy [1]. The presence of biodegradable components in
the effluents together with the advantages of anaerobic
process over other treatment methods makes the anaerobic
digestion process a remarkable option [2]. Banana
Investment Limited (BIL) in Arusha, Tanzania produces
wine and alcoholic beverages from ripe banana. In the
process approximately 400m3 of high strength organic
wastewater are released daily [3].
These winery effluents are highly polluted and can
produce severe negative effects to the environment if they

are discharged without sufficient treatment [4]. However
these wastes are good sources of biogas due to presence of
highly degradable organic matter [2] .Biogas is a methane
rich fuel gas produced by anaerobic breakdown or digestion
with the help of methanogenic bacteria under oxygen free
environment [5].Anaerobic digestion technology of biogas
production has been widely used in the treatment of
wastewater from winery industries [6] and can be used as
depollution tool as well as for energy recovery.
Although anaerobic treatment of winery wastewater
produced from grape-wine has been widely documented [7],
the banana winery effluent (BWE) produced from ripe
banana as one of the potential bioprocess problem but a
good source of biogas is underexploited and so far there is
no academic literature available presenting the efficiency of
BWE in biogas production. The present study aimed at
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exploring the efficiency of BWE in biogas production
through enhancing its fermentation process.

2. Materials and Methods
This study was conducted at Nelson Mandela African
Institution of Science and Technology (NM-AIST) and
Banana
Investment
Limited
(BIL)
laboratories.
Experimental setup and biogas analysis was done at
NM-AIST laboratory whereas influent and effluent
analyses were carried out at BIL laboratory (Table 2 and 3).
The composition of raw BWE was characterized at
Ngurdoto Defluoridation center (Table 1).
2.1. Sample Collection and Treatment
The substrate used for this research was banana winery
effluent (BWE) collected from Banana Investment Limited
(BIL) in Arusha, Tanzania. The inoculum (cow slurry) was
obtained from existing domestic bio-digesters around the
NM-AIST. Tree debris, grasses and other large particles
were removed from the slurry by hand picking technique
prior to the reactor feeding. Thirteen litres (13L) of BWE
and five litres (5L) of cow slurry were used for each
experiment. Fresh samples of BWE and cow slurry were
collected when required.
2.2. Experimental Procedures and Reactor Set Up
The side-arm conical flask (Pyrex) of 1L capacity was
used as a reactor. One Litre (1L) of the slurry was prepared
for each reactor. The working volume for every reactor of
each experiment was made to 850mL. About 150mL of
reactor content was kept in 40C refrigerator for volatile
solid (VS), Chemical oxygen demand (COD), total solids
(TS) and Volatile fatty acid (VFA) analysis.
2.2.1. Experiment 1: The Nitrogen Source
Supplementation
In this experiment urea was used as nitrogen source.
There were five reactors labeled as A, B, C, D and E
prepared in triplicate. Reactor A was used as the control. The
slurry in reactor A was prepared by mixing 800mL of BWE
and 200mL of inoculum in the ratio of 4:1 respectively. The
pH of the slurry was measured using the pH meter. The
slurries for reactor B, C, D, and E was prepared by mixing
800mL BWE and 200mL of inoculum in 4:1 ratio followed
by addition of 1g, 2g,3g, and 4g of urea respectively, in order
to investigate the effect of urea on the quantity of biogas
produced. Each reactor was connected to 1Litre inverted
measuring cylinder (used as biogas collecting apparatus )
filled with brine solution by means of rubber tube (50cm
long and 10mm diameter) positioned upright in the
measuring cylinder. The acidified brine solution was
prepared following the method adopted by [8]. All reactors
were fitted with air-tight rubber stopper. Reactors were
immersed about one-third in the controlled thermostat
waterbath operated at 350C and digestion process was
allowed to proceed for 13days, according to degradation

169

method adapted from [9] with few modification. Biogas was
collected from each digester and measured by water
displacement method as described by [5]. Shaking was done
twice a day at 9:00 AM and 9:00PM. Biogas produced from
each reactor was recorded for 13days consecutively at
9:00PM.
2.2.2. Experiment 2: The Carbon Source Supplementation
In this experiment sucrose was used as carbon source.
There were five reactors labeled as A, B, C, D and E
prepared in triplicate. Reactor A was used as the control.
The slurry in reactor A was prepared by mixing 800mL of
BWE and 200mL of inoculum in the ratio of 4:1
respectively. The pH of the slurry was measured using the
pH meter. The slurries for reactor B, C, D, and E was
prepared by mixing 800mL BWE and 200mL of inoculum
in 4:1 ratio followed by addition of 0.18g, 0.27g, 0.36g, and
0.44g of sucrose respectively, in order to investigate the
effect of sucrose on the amount of biogas produced. Each
reactor was connected to 1Litre inverted measuring
cylinder (used as biogas collecting apparatus ) filled with
acidified brine solution by means of rubber tube (50cm
long and 10mm diameter) positioned upright in the
measuring cylinder. The acidified brine solution was
prepared following the method adopted by [8]. All reactors
were fitted with air-tight rubber stopper. Reactors were
immersed about one-third in the controlled thermostat
waterbath operated at 350C and digestion process was
allowed to proceed for 15days, according to degradation
method adapted from [9] with slight modifications. Biogas
was collected from each digester and measured by water
displacement method as described by [5]. Shaking was
done twice a day at 9:00 AM and 9:00PM. Biogas produced
from each reactor was recorded for 15 days consecutively
at 9:00PM.
2.3. Analytical Methods
The influent and effluent samples from biogas plant were
collected and analyzed for physicochemical parameters:
total solids (TS), volatile solids (VS), total suspended solids
(TSS) and chemical oxygen demand (COD). The pH was
determined by portable pH meter (HANNA model).In
addition to the above mentioned parameters BWE was also
characterized for the reactive phosphate (PO43-), Total
Organic Carbon (TOC) and Kjeldahl Nitrogen (TKN).
Biogas composition was analyzed by using BIOGAS 5000
gas analyzer.
2.3.1. Total Organic Carbon (TOC)
Total organic carbon (TOC) was determined with a TOC
analyzer (Sievers 900 Portable). The sample was processed
by taking 5mL of the sample and diluted to 20mL distilled
water. Then, the diluted sample was introduced in the
machine in which it took the required quantity of the sample
for analysis. The TOC analyzer is auto reagents featured and
therefore derives and applies the optimum oxidizers and
flowrate for the measurement of a given sample. In this
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equipment the sample was first acidified by phosphoric acid
and then the organic matter of the sample was oxidized by
persulphate to CO2.The TOC of the sample was
automatically measured by the membrane–conductivity
detection system used in the analyzer [10].
2.3.2. Kjeldahl Nitrogen (TKN)
The TKN of banana winery effluent (BWE) was
measured by semi-micro-kjeldahl method described in [11].
About 50 mL of sample was measured quantitatively and
transferred into a distillation flask. About 5 ml of borax
reagent was added to the sample after the assembly of a
distillation unit. 10 ml of Boric acid (4%) was filled in
collection distillate flask. About 40 mL of distillate was
collected and treated with standard HCl solution of about
0.1M.
2.3.3. Phosphate (PO43-)
The reactive phosphate of BWE was measured following
procedures described in [12]. The spectrophotometric
method Hach DR/2000 was used. The sample was processed
by diluting 10mL sample to 50mL distilled water. Then,
25mL of the diluted solution was placed in the cuvette and
phosVer 3 phosphate powder pillow was added. The
phosphate was detected at wavelength of 890nm.
2.3.4. Total Solids (TS), Total Suspended Solids (TSS) and
Volatile Solids (VS)
The samples were subjected to dry-air oven at 1050C for
one hour for TS and TSS determination. For VS analysis, the
loss on ignition method was used whereby samples were
subjected to muffle furnace at 5500C for 3 hours. The TS, VS
and TSS were analyzed according to procedures described in
[11].
2.3.5. Chemical Oxygen Demand (COD)
The closed reflux, titrimetric method was used for COD
determination. The sample (5ml) was diluted to with
distilled water in 100mL volumetric flask. Then, 2.5ml of
the diluted sample was treated with1.5mL digestion solution
followed by 3.5mL sulfuric acid reagent. The ampules were
tightly sealed and placed in the oven at 150oC for two hours
as described in [11].

3. Results and Discussion
The efficiency of BWE to produce biogas was
investigated based on the volume of biogas produced, total
solids (TS) and (volatile solids) VS reduction as well as
COD removal of each experimental digester.
3.1. Effluent Characterization
Table 1 shows the composition of raw banana winery
effluent (BWE). It was observed that the pH of BWE was
nearly neutral and therefore required no adjustment.
According to literature, at the pH range of 6.5 to 8.2
methanogens become very active [13]. The values for
chemical oxygen demand and total suspended solid indicate

that the BWE might be a good substrate for biogas
production provided that the conditions in the digester are
satisfactory to favor the growth of anaerobic bacteria. The
C/N ratio of the BWE is lower and there is a need of
adjusting it to the required range of 20-30:1 for optimal
digester performance [14].
Table 1. Composition of Raw BWE collected from Banana investment
Limited (BIL)
Parameter
pH
chemical oxygen demand (g/L)

Concentration*
6.9
5.3

Total organic carbon (g/L)

3.5×10-2

Total Kjeldahl Nitrogen (g/L)

7.7×10-3

Total suspended solids (g/L)

2.2

PO43-(g/L)

7.3×10-3

C/N ratio

5:1

* Mean of triplicate determination

3.2. Experiment 1: Nitrogen Source Supplementation
Results of the analysis of influent and effluent samples
for the reactor A, B, C, D and E are shown in Table 2. It can
be seen that the initial pH is within the range of highly
microbial activity. The total solids (TS) and volatile solids
(VS) following the amount of urea added to each reactor as
shown in the Table 2, are in the appreciable amount and
thus they might be good candidates in biogas production
process as pointed out by [15] if the reactor condition is
stable. However, the COD in reactor E was lower than
expected taking into consideration the amount of urea
added and also the amount of BWE and inoculum were in
the same ratio (4:1 respectively) in all digesters. This might
be attributed to insufficient mixing in the time of sampling.
This experiment aimed at investigating the effect of
different urea concentration added (Table 2) on the biogas
production.
At the beginning of the digestion process, the pH of the
mixtures in all reactors was in the range of 7.4-7.7 (Table 2).
This range is within that of optimal methanogens activity of
6.5-8.2 as reported in literatures [16]. Figure 1 shows the
cumulative biogas production following urea addition, for 13
days experimental period. Biogas production was low during
initial stages and then increased gradually throughout the
study period in all digesters. This might be due to lag phase
of microbial growth whereby anaerobic bacteria acclimatize
to the new environment. The similar trend was observed by
[17]. The highest volume of biogas (1.93L) was measured in
reactor A with no urea addition followed by reactor B, C, D
and E which had 1.37L, 0.22L, and 0.12L and 0.08L
respectively. This shows that biogas yield decreased as urea
concentration increased (Figure 1). This trend was probably
contributed to the increase in biodigester effluent pH (as
shown in Table 2) which suggests the increase in ammonia
concentration that inhibits microbial activities. Reference [18,
19] reported that the increase in pH is due to accumulation of
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free ammonia which has inhibitory effects to methanogens.
High concentration of ammonia nitrogen is toxic to
anaerobes thus decrease the efficiency of the digestion and
upset the process. Urea metabolism results in the formation
of ammonia due to nitrogen consumption by anaerobic
bacteria. As urea concentration increases, resulted in the
elevated nitrogen levels (as undissociated ammonia) in the
digester which is toxic to methanogens and hence digestion
process was impaired. At high nitrogen levels the C: N ratio
is lowered and resulting to ammonia toxicity [20]. These
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results deviate slightly from the findings of [9] who reported
on the decrease of biogas yield with addition of more than
0.2g/125ml urea concentration to banana leaves for biogas
production process. Results suggest for the suitability of BWE
in biogas production without addition of urea. It is worthwhile
to note that the optimal range of quantity of urea to be added in
the reactor as nitrogen supplement have not yet established.
This study found that the urea concentration exceeding 1g/L
will negatively affect biogas production and hence low biogas
yield will be achieved as shown in Figure 1.

Table 2. Properties of biodigester content for different amount of urea added in each digester before and after digestion
Reactor
A
B
C
D
E

Urea
concentration
(g/L)
0
1
2
3
4

Initial
pH*

Final pH*

Influent
TS (g/L)*

%TS
removal*

Influent
VS (g/L)*

%VS
removal*

7.4
7.7
7.7
7.7
7.6

7.6
7.9
8.3
8.6
8.8

13.7
13.2
13.4
13.6
13.9

77.7
61.7
43.1
44.6
46.6

5.2
5.8
4.9
4.6
5.2

46.2
40.6
16.4
18.3
44.9

Influent
COD(g/L)
*
8
11.6
10.2
10.7
7.6

%COD
removal*
88.9
73.1
21.7
25
5.9

* Mean of triplicate determination, COD=Chemical Oxygen demand, TS=Total solids, VS=Volatile solids

The COD removal efficiency of the reactors was in the
order of A>B> D > C >E. Reactor A with BWE only had
88.9% COD removal efficiency (Table 2).This suggests that
the operating conditions were favorable to both acidogenic
and methanogenic bacteria. This result is comparable to
values obtained by [16] that did research on anaerobic
treatment of winery wastewater using laboratory-scale
multi-and single-fed filters at ambient temperatures, and
obtain of 85% COD removal. Reactor E with 4g Urea
achieved 5.9% COD removal which is low compared to
other reactors (Table 2).

methanogenic bacteria to produce methane. Reference [21]
also reported the similar trend. Furthermore, VS/TS ratio in
all digesters was approximately 0.3 with little variation
indicated that there was adequate mixing of the biodigester
content thus preventing the accumulation of grit [17].
Sufficient mixing of the digester content provides an intimate
contact between microorganisms and substrate for enhancing
the bio methanation process and therefore successfully
accomplishes the anaerobic treatment of organic rich
wastewater [17, 20]. The Volatile fatty acids (VFA) to
Alkalinity (ALK) ratio was below 0.1 for reactor A and B
which indicate that digester were operated under stable
conditions. However there was slightly instability condition
in digester C, D and E (VFA/ALK were above 0.4) probably
due to low alkalinity and elevated pH which affects
methanogen activities. The VFA/ALK below 0.4 is crucial for
stability of biodigester [22].
3.3. Experiment 2: Carbon Source Supplementation

Figure 1. Cumulative biogas production as a function of urea added in each
reactor

This was probably due insufficient methanogen population
to act upon the given organic matter as a result of ammonia
accumulation which was thought to kill methanogens and
reduce its population. Initially, TS and VS amount were high
as shown in table 2. However at the end of the experiment (13
days) there was substantial reduction in TS and VS (Table 2)
which resulted from being consumed by acidogenic and

Table 3 show results of the biodigester influent and
effluent following different amount of sucrose added in each
reactor. The initial pH of slurries of each reactor in this
experiment was within the range of 6.5-8.2 of highly
methanogenic activities [16]. The amount of TS, VS and
COD suggest that the slurries prepared might be good source
of biogas production. However, there is fluctuation in COD
trend as sucrose concentration increased from 0.27g/L to
0.44g/L as shown in Table 3. It was expected that COD will
increase following increased sucrose concentration. This
might result from insufficient mixing during sampling and
treatment prior to titration or during titration. But this
fluctuation does not interfere with biogas yield obtained.
The aim of this experiment was to examine the impact of
different sucrose concentration added in reactors (Table 3)
on the biogas yield by enhancing the C/N ratio to the
acceptable range of 20-30:1 described in literatures [23].
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These sucrose concentrations were chosen with respect to
C/N ratio of raw BWE (Table 1) which suggest that BWE
has high nitrogen concentration than carbon and thus carbon
supplementation is necessary.
There was substantial biogas production in all reactors,
although reactor C with sucrose concentration of 0.27g/L
was the best (2.72L) as shown in Figure 2. This indicates

that the C: N ratio in the range of 20-30:1 is necessary for
enhancing fermentation process in biogas production as
reported by [14]. Additionally, C: N ratio of 20:1 which
correspond to 0.27g/L sucrose concentration was optimal in
improving fermentation process and hence maximum biogas
production when using BWE as a substrate.

Table 3. properties of biodigester content for different amount of sucrose added in each reactor before and after digestion process
Reactor
A
B
C
D
E

Amount of
Sucrose (g/L)
0
0.18
0.27
0.36
0.44

Initial pH*

Final pH*

6.7
6.7
6.6
6.6
6.6

7.5
7.4
7.4
7.4
7.3

Influent
TS (g/L)*
14.4
12.5
16.2
10.6
12.9

%TS
removal*
59.2
62.4
75.1
68.9
53.7

Influent
VS (g/L)*
5.1
3.9
6.1
5.7
5

%VS
removal*
59.5
48.3
65.6
57
51

Influent
COD (g/L)*
19.6
20.4
15.1
17.8
16

%COD
removal*
86.4
87
70.6
70
33.3

* Mean of triplicate determination, COD=Chemical Oxygen demand, TS=Total solids, VS=Volatile solids

Figure 2. Cumulative biogas production as a function of sucrose added in
each reactor

From Figure 2 it can be realized that biogas production
increased with the increase in sucrose concentration but there
was a limit of which further increase in sucrose concentration
resulted in decreased biogas yield. There was increase in
biogas production from reactor A (no sucrose added) to
reactor C with 0.27g/L of sucrose which produced the highest
amount of biogas. This was contributed to nutrient balance
obtained with the addition of 0.27g of sucrose which adjusted
the carbon to nitrogen ratio to approximately 20:1 which is
optimal C: N ratio when using BWE as a substrate in biogas
production process. Also the increased biogas production
might be attributed to stable conditions especially pH (Table
3), since anaerobic microbes require a neutral to slightly
alkaline environment for proper growth and metabolic
activities. This was also reported by [9]. However, further
increase in sucrose concentration to 0.36g and 0.44g of
sucrose the biogas yield decreased. This phenomenon was
perhaps due to low nitrogen levels resulting to high carbon to
nitrogen ratio and hence inhibited the rate of digestion. To
balance nutrition the C: N ratio must range from 20 to 30:1
[24].
Before digestion, the initial pH in all reactors were in the
range of 6.6 to 6.7 as shown in Table 3, which was within the
acceptable range for growth of anaerobic bacteria.

Furthermore at the end of experiment the final pH was found
to be in the range of 7.3-7.5 (Table 3) which suggests that
there was stable conditions in all reactors throughout the
study period and thus VFA produced by acidogens were
metabolized to methane by methanogenic bacteria. The
VFA/Alkalinity ratio of the effluent was below 0.4. This
indicates that stable conditions were achieved in all reactors.
Reference [22] reported that VFA/Alkalinity ratio above 0.4
will cause reactor instability.
From Table 3, it can be observed that the COD removal
efficiency were 86.4%, 87%,70.6%,70% and 33.3% for
reactor A, B, C, D and E respectively, by which digester B
was the best and E achieved low COD removal efficiency.
Moreover, digester C attained the highest TS reduction of
75.10% and VS reduction of 65.57% compared to other
reactors as shown in Table 3 and consequently contributed to
the highest biogas and methane production as shown in Figure
2.

4. Conclusion
Banana winery effluent does not necessarily need addition
of nitrogen-rich substances to improve biogas production
process. However, banana winery effluent requires some
amount of carbohydrate to improve the anaerobic digestion
process. Based on the findings of this study it can be
concluded that banana winery effluent should be
supplemented with carbon- rich nutrients for instance
molasses (byproduct from sugar making process) to improve
its C: N ratio and thus increase biogas production efficiency.
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