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ABSTRACT
The hydraulic retention time (HRT) and the lag time for the complete degradation of manually sorted, size reduced simulated
organic fraction of municipal solid wastes (OFMSW) was dramatically reduced to 15 days and 17 hours respectively via the anaerobic co-digestion of the simulated OFMSW with cow dung (CD) and poultry droppings (PD) via mixing of the two substrates
to achieve literature reported optimum carbon to nitrogen ratio (C/N).
The process was conducted under ambient conditions and was achieved at a mesophilic digestion temperature range of 33.09 to
35.06oC and a pH in the range of 7.37 to 7.57.
The Modified Gompertz equation was used to determine the gas evolution parameters by non-linear regression analysis and
showed that 38% and 22% CD and PD respectively mixed with OFMSW to achieve a (C/N) of 30:1 improved gas production by
17% and 25% under ambient conditions.
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1 INTRODUCTION

Municipal solid waste (MSW) management especially in cities
is an enormous challenge confronting governments in many
developed and developing countries consequent to increasing
populations brought about by the mass migration of people
from rural to urban areas, increase in economic activities, industrialisation as well as changing lifestyles of the people.
Environment Canada [1] and [2] reported that solid wastes
create health problems which include pollution, global warming and climate change due to release of green house gases,
increased disease incidence such as malaria, cholera, diarrhoea, dysentery, respiratory tract infection and other filth–
related diseases. Other problems associated with solid waste
accumulation include blockage of roads and drainage systems,
flooding, automobile accidents, and are not pleasant to the
eye, production of malodorous smells, block drainages and
direct impairment of human health as explained by [3]. Similarly, [4] added breeding of flies and attraction of rodents
which may cause zoonotic infections and loss of environmental aesthetics to the list above.
Thus, to prevent the negative impacts posed by municipal
wastes and counter the ever increasing mountain of wastes
especially in the cities of low and middle income countries,
there is the need to find a commensurate, fast, safe and costeffective waste disposal and treatment method.
Copyright © 2015 SciResPub.

The effective degradation of organic fraction of municipal
solid wastes (OFMSW) ensures the conversion of a sizeable
proportion of MSWs to useful products such as biogas and
biofertilizer which are very useful since perhaps next to the
challenge of waste accumulation and treatment comes the
need for countries and governments to find an alternative energy source and food to cater for the ever growing populations
and since as observed by [5], renewable energy is one of the
most important factors to global prosperity as relying on fossil
fuels as the main source of energy had lead to global climate
change, environmental degradation and human health problems.
Biogas is an excellent alternative source of energy which
according to [6] contains 50-75% CH 4 , 25-48% CO 2 and other
gases in small amounts and which is can be produced by the
anaerobic co-digestion of biodegradable material such as manure, sewage, plant materials, and crop residues amongst others. Hartman [7] defined co-digestion as the anaerobic treatment of a mixture of at least two different waste types.
Kigozi et al., [8] had listed a number of advantages of using
OFMSW as a substrate for biogas production including its
availability at little or no cost, as a means of environmental
conservation, high total and volatile solid content as well as
good quality of produced biogas, the co-digestion of OFMSW
with other wastes offers several advantages in relation a balIJOART
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ance of nutrients and adjusting the buffer capacity of the OFMSW.

X C a + YC b = C
X N a + YN b = N

Francesco et al., [9] stated that temperature, pH, electrical
conductivity, total organic carbon, total nitrogen, and carbon
to nitrogen ratio (C/N) ratio are common factors that affect the
biodegradation process. While [10] stated that the primary and
controllable factors that affect the size of a biogas digester are
the temperature, the Volatile Solids (VS) and the Hydraulic
retention time (HRT).
For a batch anaerobic digester, [11] defined the retention
time (RT) as the length of time volatile solids (VS) remain in
the reactor while the solids retention time (SRT) is the average
time microorganisms spend in the digester. Thus, essentially,
hydraulic retention time (HRT) is the period slurry of the
waste spends in the anaerobic digester and it is crucial because
if the feed does not stay in the reactor long enough for the entire digestion process to take place, biogas will not be produced as reported by [12]. Notably, the SRT is the same as the
hydraulic HRT for a completely mixed batch anaerobic digester.
Agulanna [13] reported that the lag time is the minimum
time taken to produce biogas from a given waste sample or,
time taken for bacteria to acclimatize to the waste degradation
environment.
Lu and Ahring [14] observed that HRT is not only an easily controlled operational parameter, it is also a macroconceptual time for the organic material to stay in the reactor
for which if bigger than the growth rate of microbial cells in
the reactor, the microbe will be washed out, and otherwise the
microbe will be accumulated in the reactor. In the same vein,
[8 ] reported that very short retention times lead to a condition
where the active biogas bacteria are flushed out of the digester
rendering the bacterial population unstable and most likely,
inactive while a longer retention time implies larger digester
and consequently, increased cost of the process and the possibility of malfunctions.
Also, [15] as well as [12] observed that HRT is the ratio of
digester volume to the amount of manure added per batch.
Hence, longer retention time requires large volume of the digester and hence more capital. [8]
Kigozi et al., [8] reported that in countries with colder climates, the HRT may go up to 100 days as compared to warmer climates where the values lie between 30-50 days. Mattocks
[16] reported that the HRT has a range of 20 to 25 days while
[11] reported that Hydraulic retention time usually varies
from 10 to 30 days depending on the temperature. FAO [17]
had reported that up to 35°C, a linear relationship exist between retention time and the digester temperature with higher
temperatures resulting in lower retention times and vice versa.
National Engineering Handbook [18] reported that to obtain
a mixture with a desired C/N ratio from two component parts
X and Y, the equations to use are:

Where X C is the carbon content of component X; a the
mix proportion of component X;Y C the carbon content of
component Y;C the carbon content of mixture; X N the nitrogen
content of component X, Y N the nitrogen content of component Y; b the mix proportion of component Y and, N the nitrogen content of mixture
Syaichurrozi and Sumardiono [19] reported that the modified Gompertz equation was developed by [20] to predict bacterial growth. Lo et al., [21] found that for biogas evolution and
accumulation simulations, the modified Gompertz plots
showed better (higher R2) correlation.
The modified Gompertz equation is usually applied on the
assumption that the rate of biogas production in batch biodigesters is directly proportional to the specific growth rate of
the methanogenic bacteria in the biodigester as reported by
[20], [21], [22], [23], [24], [25] and [26].
Yusuf et al., [27] and [13] presented the modified Gompertz
equation in the following form:

Bt = Bmax exp[− exp{

(1)
(2)

Rb
e.(λ − t ) + 1}]
Bmax
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Where B t is cumulative of biogas produced (ml) at any time
(t); Bmax, biogas production potential (ml); Rb = maximum
biogas production rate (ml/day); λ is the lag time. That is the
minimum time taken to produce biogas or time taken for bacteria to acclimatize to the environment (days) and t is the time
of biogas production (days)
The constants B, R b and λ can be determined using the nonlinear regression approach with the aid of regression tools
such as the SigmaPlot® [21], solver function in the Microsoft
office Excel® ToolPak [27],the polymath software [28], the
curve fitting tool in MATLAB® [13] and so on.
2 MATERIAL AND METHODS

2.1 Substrate collection and preparation
Substrates that were utilized in this research work included
manually sorted, size reduced OFMSW collected and sorted
from municipal Solid Wastes (MSW) which was collected from
central dumpsites located in communities around the Ahmadu
Bello University, Zaria, Nigeria using the stratified random
sampling method as recommended by [29] following the
guidelines of sampling methodology given by [30]. The sorted
MSW was reconstituted to form the simulated OFMSW. The
CD and PD used were collected from the National Animal
Production Research Institute (NAPRI), Shika, Kaduna state,
Nigeria. The OFMSW was prepared for the purposes of the
experiment, proximate, ultimate and microbial analyses in
accordance with the criterion outlined by [13].
2.2 Substrate analyses
IJOART
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Waste composition, moisture content, waste particle size,
waste density, temperature and pH which are important factors that affect the extent and rate of degradation of wastes,
were determined on the mixed components of the solid wastes
using the procedure outlined in [31] and was carried out at the
Chemistry Department, Ahmadu Bello University (ABU), Zaria, Nigeria and the Institute of Agricultural Research (IAR),
ABU. Standard spread-plate dilution method described by [32]
was adopted to identify the microbial contents of the simulated OFMSW, cattle dung and poultry droppings.
Each sample was mixed, and a suspension of one gram (dry
weight equivalent) in ten millimetres of sterile water was prepared. One ml of the suspension was then diluted serially (tenfold) Identification of isolates was based on cultural, microscopic, and biochemical characteristics based on the procedure
outlined in [33] with reference to [34].
2.3 Experimental design
The experiment for the anaerobic co-digestion of OFMSW
with CD and PD was carried out at room temperature by mixing the substrates in proportions as obtained from the ultimate
analysis and then the use of equations (1) and (2) to achieve
literature reported optimum carbon to nitrogen ratio (C/N) of
30:1 as recommended by [35] , [36] and [37] making a digestion slurry via the addition and vigorous mixing of total solid
with an equivalent amount of water needed for maximum
production according to the method of [38] , [39] and as described by [40] as well [41]. The experiments were performed
in three sets of laboratory scale, 4 litre slurry biodigesters in
triplicates labeled A, B and C with compositions as shown in
Table 1.
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shown in fig. 1 below.
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Table 1: Composition of biodigesters
Digester
composition
A
62%OFMSW
+
38% CD
B
80% OFMSW
+
20% PD
C
100% OFMSW)

OFMSW
(kgVS)

CD
(kgVS)

PD
(kgVS)

Water
(kg)

-

1.6

0.992

0.608

1.28

-

0.32

1.6

1.6

-

-

1.6

OFMSW; Organic fraction of municipal wastes, CD; cow dung,
PD; poultry dung, VS; volatile solids
2.4 Experimental Set-Up
A total of nine digesters each of 4 litres working volume was
employed as adopted and modified from [42] and [43] as
Copyright © 2015 SciResPub.

Gas

Gas flow

brine

Leachate sampling

150m
Figure 1: Experimental Set-Up
Adopted and modified from West et al., (1998)

The digester was constructed using an acrylic column 150mm
in diameter, 200mm in height, with a wall thickness of 5 millimetres.
Three layers of heat-insulating materials were employed to
prevent loss of conductible heat. A heavy-duty aluminium foil
was placed on the inner and outer layers for reflecting heat. Polyurethane foam insulation material was then used to fill the
spaces between the heavy-duty aluminium foil as adopted and
modified from [44]. A tap was placed at the bottom of the reactor to collect the leachates
The digesters were also equipped with a layer of gravel and
a wire mesh at the bottom for leachate collection and to prevent waste saturation and a layer of wire mesh at the top of
the digester for the homogenous escape of the gases from the
top as adopted from [42]. Two perforations were made on the
cover of the digester through which the gas hose and thermometer were tightly fixed. The thermometer was fixed tightly in one of the holes, while the other hole was placed the gas
delivery tubing to pass the evolved gas from the digester into
an inverted 250 ml graduated gas jar cylinder filled with saline
water. The gas cylinder was held in position in a trough of the
saline water by a clamp mounted on a retort stand.
2.5 Analytical methods
Daily variations in Leachate pH was measured using a digital
pH probe (JENWAY 3510), the ambient temperature was monIJOART
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itored with a Maximum and Minimum thermometer (ZL-101)
and the digestion temperature with a mercury-in-glass Thermometer (B60810, 0-100oC). While the measurement of the
volume of evolved gases was carried out using the method
described by [45] as well as [46] and modified by [27] and [47]
using the water displacement method in which the amount of
saline water (20% NaCl (w/v), pH 4) displaced was proportional to the volume of biogas produced. Quantitative and
qualitative analyses of biogas were conducted with a portable
biogas analyser (BIOGAS 5000).
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tion of the nitrogen and phosphorous into nitrites and/or nitrates.
However, the pH stabilised at about the neutral region (7.377.59) after the sixth day and increased on the eleventh day.
This surge in pH may be due to the production of ammonium
as a result of the ammonification process. The fluctuations in
pH conformed closely with the pattern obtained by [49] as
well as [19].

3 RESULTS AND DISCUSSIONS
3.1 Daily changes in digestion temperature
The initial average temperature of the digesters was equivalent to the ambient temperature of about 32°C but rose steadily to about 37°C after the fifth day of biodegradation. The
temperature continued to remain above the ambient in all the
digesters (Fig. 4.2) and within a narrow range of 33.9-35.06oC.
The temperature increase is due to the energy released from
the biochemical reactions of the microorganisms on the substrates in the digesters.

IJOART

3.3 Modified Gompertz Plots for Cumulative Volume of
Evolved Biogas
The daily biogas production from the biodigesters is as shown
in fig. below while the daily cumulative biogas production is
as shown in fig. and was found to be best described (highest
R2 values) using third order polynomial equations. The HRT
was determined when gas evolution had ceased completely
after several thorough agitations of the digester for 48 hours.

Figure 2: Comparing Daily Biomass and Ambient Temperatures

The biodegradation temperature stabilising at about 34oC was
in close agreement with findings by [48] who got 37oC and
with [49] that got 35oC.
3.2 Daily changes in leachate Ph
As depicted in Fig. 3, below the pH in all the digesters declined at the beginning of the digestion period and continued
declining up to the third day of the enhanced co-digestion
process. This may be due to the formation of acids by acidogenic bacteria during the lag and incubation periods. Thus,
there was a shift in pH from the initial conditions of near neutral towards alkaline conditions. This occurrence may be attributed to the bioconversion of the organic material into various intermediate types of organic acids and higher mineralizaCopyright © 2015 SciResPub.
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Bmax

(3)
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The values of B max, R b and λ were determined by the nonlinear regression approach using MATLAB® (R2013a) software
programme at 95% confidence bounds and the resulting kinetic parameters and plots are presented in figs. 6 to 8.
x 10

Figure 7: Experimental and Modified Gompertz Plots for
80% OFMSW +20% PD
Cumulative Gas Production, Bt (ml)

Furthermore, the cumulative volume of the biogas evolved
(B t ) from each digester, was evaluated using the modified
Gompertz equation as presented in (3):

16

Hydraulic Retention Time,t (Days)
Figure 6: Experimental and Modified Gompertz Plot for
62% OFMSW +38% CD

Figure 8: Experimental and Modified Gompertz Plots for
100% OFMSW

The values of maximum volume of cumulative gas evolved
per kilogramme of the 3.2kg raw feedstock slurry as obtained
using the modified Gompertz equation for digesters A, B and
C of 12.68, 11.78 and 10.14L/kg conforms very closely to the
experimentally obtained values of 11.84, 10.98 and 9.79 L/kg of
raw feedstock respectively. However, it is observed that the
values obtained from the modified Gompertz equation were
slightly higher than the experimental; this may be attributed to
the level of conversion of the feedstock and the dependence of
the biodegradation process on several other operative parameters.
The lag time represented by lambda (λ) indicated that the time
for the anaerobic biodegradation to begin was as short as 17.0,
20.1, and 44.33 hours for digesters A, B, and C respectively.
4 CONCLUSIONS
The HRT and the lag time (λ) for the complete degradation of
manually sorted, size reduced simulated organic fraction of
municipal solid wastes (OFMSW) was drastically reduced to
15 and 17 days as well as 17.0 and 20.1 hours by co-digestion

Copyright © 2015 SciResPub.
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with CD and PD respectively mixed to achieve a C/N OF 30:1
at ambient temperature. The feasibility of the process, which
was established at a mesophilic temperature range of 33.09 to
35.06oC and a near neutral pH range of 7.37- 7.59, was demonstrated through an improved production of biogas as an environmentally friendly energy source from OFMSW inoculated
with animal wastes. furthermore, the biogas yield as obtained
using the modified Gompertz equation for digesters A, B and
C of 12.68, 11.78L/kgVS conforms very closely to the experimentally obtained values of 11.84, 10.98 and 9.79 L/kgVS of
raw feedstock respectively.
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