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ARTICLE INFO ABSTRACT

Keywords: This study investigated the biogas production potential of Pennisetum purpureum (Elephant grass) (El-g) co-
Anaerobic digestion digested with piggery manure (PM) under mesophilic condition in order to combat the menace of weed in
Biogas

cropping systems as well as pollution problems emanating from disposal of PM. Prior to anaerobic digestion
(AD), El-g was subjected to a combination of mechanical, thermal and alkaline pretreatments. Using cattle rumen
content as inoculum, the pretreated El-g was anaerobically co-digested with PM while the raw El-g was also co-
digested with PM and served as control experiment. The physicochemical characteristics of feedstock were
evaluated before and after the digestion period using standard methods. The initial high concentrations of
chemical oxygen demand (COD) reduced significantly after digestion indicating efficiency of the digestion
process. Also, there were reductions in concentrations of calcium and other parameter needed for microbial
growth after the digestion which indicated their utilization by microbes to generate biogas. Biogas production
began on the 5th and 7th days and was progressive until 30th and 24th days in both digestions after which a
decline was observed until the end of the experiment. For the digestion period of 37 days, the total biogas
recorded from the pretreated and untreated experiments were 409.5 and 184.1 m® CHy/kg VS with average of
11.07 and 4.98 m® CHy/kg VS/day respectively. The study concluded that co-digestion with piggery dung
enhanced the biogas producing capacity of El-g hence advocated.

Clean and affordable energy
Climate action

Pennisetum purpureum
Pretreatment

1. Introduction on man’s health [2]. Therefore, the consequences of improper waste

management and global over reliance on fossil fuel with their adverse

The problem of waste management and stable power supply are parts
of major challenges facing several developing countries. Wastes are
indifferently abandoned as heaps to pollute the environment thereby
constituting public health threat. Also, under-development and tech-
nological backwardness currently witnessed in many developing nations
have been linked to energy crises being faced in these parts of the world
[1]. Although, the use of fossil fuel has been the major source of energy
supply right from time, apart from its possible depletion in the nearest
future, the rise in the amount of fossil fuels and the scourge of its usage is
undeniable causing negative impact on the environment, economy, also
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effect in terms of spread of disease, environmental degradation and
climate change have necessitated the quest for the utilization of waste as
a source of renewable and sustainable energy [3-7]. Several studies
therefore have reported the utilization of different agricultural, indus-
trial and domestic waste materials for the generation of environmentally
friendly renewable energy [8]. One major efficient approach for energy
recovery from several organic wastes especially agricultural waste is
anaerobic digestion. Anaerobic digestion is a biochemical process for the
treatment of biodegradable matter, which involves bacteria degradation
of biological material in the absence of oxygen to produce biogas and a
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stabilized sediment that can be used as organic fertilizer [9-10]. The
process is not only adjudged as a commercially proven method for the
treatment of organic waste, biogas produced can serve as panacea to
energy crises being faced in several parts of the world, while the bio-
fertilizer can be used to improve soil nutrients and plant growth, thereby
increasing agricultural productivity [11-12].

Continuous increase in the market demand for pork meat has led to
the upsurge in swine herds which in turn has resulted in generation of
large swine manure worldwide [13]. In developing countries, poor
management of piggery operation continues to take its hard toll on
humanity in terms of environmental pollution arising from poor swine
waste disposal [14]. The effects of the large quantum of the pig manure
on environmental and public health are becoming a growing concern in
many developing nations [15]. The utilization of pig manure for biogas
generation is thought to alleviate its disposal problem as well as energy
crises. Previous experiments using pig manure alone as a substrate in
anaerobic digestion process have suffered some setbacks due to excess
nitrogen content relative to available organic carbon [14-16]. This high
nitrogen content may lead to toxic high ammonia level. Thus, materials
rich in organic carbon must be added to the pig manure to provide the
required organic carbon.

Elephant grass (Pennisetum purpureum), commonly regarded as a
very stubborn weed of crop, originated from Sub-Saharan tropical Africa
from where it has dispersed to most tropical and subtropical regions
worldwide [17]. It is currently found occupying large expanse of land in
the United States of America, Central and South America, Australia,
West Indies and several other parts of the world [18]. Although, it can
withstand harsh condition, it does well in locations where temperature
ranges from 25 to 40 °C [19]. It requires a comprehensive environmental
impact assessment for large-scale deployment as a resource for cellulosic
bioenergy or fodder in some countries particularly the United States
[20]. Elephant grass is abundantly available in Nigeria and always
constitutes environmental menace due to its high yield of biomass per
hectares of land. Elephant grass yields about 30 to 40 metric tons of
biomass per hectare under local environmental and climatic conditions
[21]. Despite its abundant availability, its use has been relegated to
limited applications such as folder, as a cover material for soil erosion
control, as bedding for mushrooms cultivation, as a raw material in the
production of paper and as a feed for cattle and buffaloes [18,21]. In
Nigeria, El-g is widespread across many localities as a serious weed in
crops, thereby posing a serious threat to agricultural activities. Urgent
attention is therefore required to arrest its negative impacts on agri-
cultural activities. This formed the basis of study in utilizing El-g as a
feedstock for biogas generation. Being a cellulosic biomass, its high
sugar content, high growth rate and short lifecycle will not only make it
suitable substrate for biogas generation through anaerobic digestion but
also enhance its constant availability all round year.

Some of the reported high energy-yielding biomasses include maize,
sugar beets, switch grass and Sudan grass [4,9,22-23]. Though, the
mono-digestion of each of PM and El-g have been documented [15,18],
energy generation from El-g has been largely limited to its co-digestion
with other substrates such as cow dung and chicken/poultry manure
[24-27]. The co-digestion of El-g with PM has been scantily reported
and, in that instance, El-g silage and not the raw grass was co-digested
with PM [28]. To the best of our knowledge therefore, this is the very
first reported attempt to co-digest PM and El-g for enhanced bioenergy
generation accompanied with kinetic modeling of important process
parameters. The aim of this study is to evaluate the biogas producing
potential of PM co-digested with El-g as alternative renewable energy
source. This is thought to reduce their indifferent abandonment to
pollute the environment and serve as constraints to food production,
thereby enhancing waste-to-energy strategy.
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2. Materials and methods
2.1. Material collection and pretreatment

Elephant grass (El-g) and piggery manure (PM) used for the study
were collected at Landmark University Teaching and Research farm.
Cow rumen content obtained from a commercial abattoir in the city was
also added to provide microbial floral for anaerobic digestion. The PM
and rumen content were rid of pebbles, stones and other impurities
before being refrigerated at 4 °C prior to use. Considering the lignocel-
lulosic nature of El-g, sample of the biomass was pretreated using both
mechanical and thermo-alkaline (NaOH) pretreatment methods as
described by Dahunsi et al. [9]. This involves milling the biomass into
mesh sizes <20 mm using harmer mill. This is necessary to achieve a
smaller size and a larger surface area through which microbes can act as
quick as possible [29].

The milled sample was then thermally treated at 90 °C for 1 h in a
water bath. Pretreatment at higher temperature has been reported to
cause chemical reaction and formation of protein inhibition [9,30]. The
sample was then alkaline pretreated using 5 g NaOH/1 kg sample at
50 °C for 24 h. Only analytical grade reagents were used, the NaOH
(98% W/W minimum) used in the alkaline pretreatment was procured
from Panoli Intermediates, India.

2.2. Digester

The Computer Controlled Anaerobic Digester (Edibon PDANC 0007/
144) was used for the study. The digester consists of two reactor vessels
both having a heating water circuit with valves to regulate the appro-
priate temperature at every stage of the process. Water tank and water
collector were attached to the back of the digester. Biogas produced
entered the water tank through one of the tubes from the digester and
discharged equal volume of water to the water collector.

2.3. Analytical procedure

All samples of El-g were analyzed so as to determine the fixed and
extractive solids (untreated sample) and the three major structural
components i.e. lignin, cellulose and hemicellulose (L-C-H) [31-32].
Evaluation of the extractable materials was carried out in all samples
using the Soxhlet apparatus for 6 h while the fixed solid was determined
after burning sample of El-g using a furnace [32]. Determination of total
L-C-H was done using 0.3 g dried sample of El-g with 72% H3SO4 (3 mL
v.v 1) at 30 °C for 1 h while the filtrate from this process was employed
for carbohydrate determination [33]. Compositions of sugars and acetic
acid were determined by liquid chromatography method i.e. LC-MS.
This was done in a DIR-10A refractive index detector operated with a
BIORAD HPX87H column with 0.005 mol. L™} HySO4 as mobile phase.
Other parameters were 45 °C, 20 pL injection volume and flow of
0.6 mL.min"!. Each compound was then determined using calibration
curves with corresponding Sigma-Aldrich LC-MS standards [34]. In
determining the composition of furfural and hydroxymethylfurfural
(HMF), same procedure was used except that to the LC-MS was an
attached diode array detector while a C18 column used with 1:8
acetonitrile/water as the mobile phase. An oven temperature of 30 °C
was used with 20 pL injection volume and flow of 0.8 mL.min . Cali-
brations curves were used to determine concentrations as earlier
explained.

For the determination of the physicochemical properties of the
samples, an inductively coupled plasma mass spectrometry was used as
earlier described [35]. For chemical oxygen demand (COD) measure-
ment, the standard method [36] was used. Concentrations of volatile
fatty acids (VFAs) were determined by gas chromatography (Clarus
580GC, PerkinElmer, USA) to which was attached a flame ionization
detector. For determination of total solids (TS) and volatile solids, a
standard method by the Finnish Standard Association (1990) was used
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while total phenolic content of the samples were determined by using a
microtube test which was followed by a 4-amino antipyrine colouri-
metric test [37].

2.4. Biochemical methane potential (BMP) tests

In order to measure the BMP value of the substrate (El-g + PM), a
setup that mimics the Automatic Methane Potential Test system (AMPTS
II, Bioprocess engineering, Lund, Sweden) was employed. The same
cattle rumen content intended for the anaerobic digestion was used as
inoculum in which the test was carried out using 500 mL bottles each
having a total of 300 mL volume with a VS load of 3 g VS/100 mL liquid.
Addition of substrate (El-g + PM) was done at a ratio of 1:2 (g VS
Substrate/g VS inoculum) [7,38-41], after which the bottles were
flushed with pure nitrogen in order to make the environment anaerobic.
Continuous stirring was applied to the content of the bottles at 150 rpm
and at temperature of 37 °C. Gas was produced at a steady rate until the
35th experimental day and it was terminated. After termination, mea-
surement of pH was carried out using a pH meter (WTW pH 320,
Christian Berner AB, Partille, Sweden) in order to ascertain the potential
drop in pH and its possible effects on the activities of methanogens.

2.5. Anaerobic digestion

About 4 kg pretreated El-g was thoroughly mixed with equal mass of
PM and further diluted with water to form slurry. Cattle rumen content
(1 kg) was then added to provide adequate microbial floral for the
anaerobic digestion [42-43]. The slurry was then fed into the automated
digesters through the inlet to occupy two-third of the digestion tanks in
order to leave space for gas build-up and collection. To serve as control,
another experiment involving the combination of raw (Not pretreated)
El-g and PM in equal mass i.e. 4 kg each was set up along with the
pretreated experiment each of which was carried out in duplicate. The
total solid content of the co-substrates i.e. El-g and PM were set at 50%
prior to the digestion. In order to monitor the anaerobic treatment
efficiently, different process parameter such as temperature, pH as well
as chemical analysis of the substrate were evaluated at interval
[35,42-44]. The digester was allowed to run for a 40-day period under
mesophilic condition. The volume of biogas generated from the process
was measured daily by water displacement method.

2.6. Energy balance assessment

In this study, an energy assessment of the co-digestion of El-g and PM
was carried out in order to assess the feasibility of alkaline pretreatment
on El-g based on yield of methane after digestion using a standard
method proposed by Veluchamy and Kalamdhad [45]. In order to
calculate the energy, input for alkaline pretreatment, the formula used is
found below:

Qin = pVC(Tp — Ta) + w(trise + thold) — OpVC(Tp — Tr) @

Where Qj, = energy input for alkaline pretreatment in kilojoule (kJ);

p = density of El-g (kg/m>);

V = reactor’s working volume in meter cube (m3);

C = specific heat capacity (kJ/kg. °C);

Tp = temperature applied for pretreatment (37 °C);

T? = Room temperature (27 °C);

w = heater’s power requirement in kilojoule per hour (kJ/h);

trise = required time to attain pretreatment temperature (h);

thold = entire pretreatment time (h);

O = heat recovered from El-g;

T, = temperature for digestion (°C).

The energy output from the co-digestion of El-g and PM was calcu-
lated from the methane yield using the formula below:

Qo = RCHAGV )
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Where Q, = output energy from the co-digestion of El-g and PM (kJ);
Rcus = methane yield (m® CHy/kg VS);

O = lower gross calorific value of methane (kJ/m> CHy);

V = reactor’s working volume (m3);

p = density of El-g (kg/m>);

11 = percentage energy conversion capacity assumed to be 90%.

2.7. Kinetic studies

The fitness of the results obtained from the anaerobic co-digestion of
El-g and PM were confirmed using four different kinetic models
including the Gompertz model [46-51], cone model [46,51], Fitzhugh
model [46] and the logistic kinetic model [52] as shown below:

Gompertz model:

S=T[1—exp (—w1)], 3)
Cone model:
T
= Tron™ @
Fitzhugh model:
S=T[l—exp (—v1)"], (5)

Logistic kinetic equation:
a

§= 1+ ey (—vi)’

(6)

Where:

S = cumulative biogas production (ml/g VS);

T = substrate’s biogas potential (ml/g VS);

v = rate constant of biogas production (d1);

n = shape factor dimensionless;

a & b = constants.

In all the models, assumption was made that the biogas production
kinetics is proportional to the growth rate of bacteria and archaea
responsible for the bioconversion of substrates inside the reactors [53].
Thus, the determination coefficient (R?) and root mean square error
(RMSE) which is a description of the standard deviation value between
estimated and observed biogas yield were employed for the evaluation
of all models and comparison of their fitness [51].

2.8. Analysis of microbial community

In order to determine the diversity of microorganisms (Bacteria and
archea), samples were taken from the raw substrates, mixed sludge and
digestates for the analyses of microbial community of the digesters. A
total of 45 mL was taken from each sample at 5-day interval starting
from the fifth experimental day and refrigerated at —20 °C. Extraction of
the total genomic DNA from all samples was carried out using a standard
method [54] followed by a conventional polymerase chain reaction
(PCR) in order to capture the whole bacteria in each sample by using
specific primers i.e. P338f and P518r [55-56]. After DNA extraction, the
qualities of the DNA and products of the PCR were verified using gel
electrophoresis after which a real-time PCR was conducted employing a
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Carlsbad,
CA). This gave room for the analyses of the entire bacteria and metha-
nogens which include members of Methanobacteriales, Meth-
anomicrobiales and Methanosarcinaceae [57]. The real-time PCR products
were checked for quality by examining all parameters obtained from the
software.

2.9. Statistical analysis
All regression analyses were carried out on the Microsoft excel

software package 2010 while the Solver function of the excel was used
for the models’ kinetic non-linear regression determination [49]. For the
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values obtained from physicochemical and structural analyses, com-
parison of mean was carried out by Analysis of variance (ANOVA) and
the Tukey’s test.

3. Results
3.1. Physicochemical characteristics of feedstock

The results of the physical and chemical analysis of the El-g (Raw and
pre-treated) and that of the mixed substrates (before and after the
digestion) are presented in Tables 1-3 respectively. The automated
digester was set at a temperature range of 35 °C to 40 °C while the pH
was set between 6.5 and 8.0 throughout the experiments. Table 1 reveals
significant components of Pennisetum purpureum before and after pre-

Table 1
Physicochemical characteristics of raw and pretreated Pennisetum purpureum and
that of Piggery dung.

Parameters Raw Elephant Pre-treated Piggery dung
grass Elephant grass

Total solids (%) 68.2 + 3.01% 55.6 + 2.01° 18.7 £ 1.11

Fixed solids (%) 1.2 +£0.01* 1.3 +£0.02% 16.8 + 0.02

Volatile solids (%) 51.5 + 2.02% 75.2 + 3.01° 83.2 +4.03

Moisture content (%) 94.22 + 0.10% 96.31 + 4.10* 81.3 £5.10

Calcium (Ca) (g/kg 170.00 + 0.10% 200.00 + 0.10% 249.40 £+ 5.11
TS)

Aluminium (Al) (g/ 2.2 +£1.01% 2.15 + 0.10% 3.05 £ 0.10
kg TS)

Copper (Cu) (g/kg 1.50 + 0.10% 1.25 +£0.01* 3.10 £ 0.11
TS)

Manganese (Mn) (g/ 0.00 £+ 0.10° 0.006 + 0.00° 0.008 + 0.01
kg TS)

Magnesium (Mg) (g/ ~ 21.00 + 0.01° 24.00 + 0.12° 27.20 £+ 0.12
kg TS)

Potassium (K) (g/kg 7.5 + 0.01° 9.10 + 0.11° 11.61 £ 0.11
TS)

Sulphate (SO4) (g/kg 47.00 + 0.127 44.00 + 0.01? 31.71 £ 0.01
TS)

COD (g COD/g VS) 0.00 + 0.10 ND 680 =+ 8.22

Total Nitrogen (N) 22.5 + 4.02% 27.10 + 2.01° 26.9 £ 3.11
(g/kg TS)

Total Carbon (C) (g/ 354.3 £ 9.02% 467.7 + 8.01° 276.2 + 2.01
kg TS)

C/N 16:1 17:1 10:1

Total Phosphorus (P) 6.5 + 0.03* 7.69 + 0.01* 9.03 +1.01
(g/kg TS)

Total Ammonia 0.44 +0.117 3.40 + 0.10° 7.33 £0.10
(NH3) (g/kg TS)

Iron (Fe) (g/kg TS) 4.70 £ 0.10% 5.50 £ 0.01% 7.50 + 0.01

Nickel (Ni) (g/kg TS) 1.70 + 0.01* 1.92 + 0.10° 3.20 £0.21

Zinc (Zn) (g/kg TS) 2.53 £+ 0.10% 1.95 + 0.10° 25.0 £+ 2.02

Chromium (Cr) (g/kg  0.72 £ 0.01* 1.27 +0.01° 0.67 + 0.01
TS)

Phosphate (PO4) (g8/ ND 0.80 + 0.10 1.83 £1.10
kg TS)

Total alkalinity (g/kg ~ 175.00 £+ 0.11° 187.80 + 0.10° 280 + 6.41
TS)

Total Lignin (% m. 29.6 + 0.02% 9.2+ 0.01° 7.2 £0.01
m)

Cellulose (% m.m™)  27.3 + 0.30% 40.6 + 1.02° 5.0 + 0.01

Hemicellulose (% m. 24.3 +£1.01° 10.3 + 0.11° 1.5 £ 0.01
m1)

Extractives (% m. 9.7 £+ 0.01° 4.2 +0.10° 0.4 +£0.01
m’l)

Acetate (g COD/gVS)  0.08 £ 0.10 0.11 £ 0.01 1.07 + 0.10

Propionate (g COD/g 0.07 £ 0.11 0.11 +£0.01 1.06 + 0.02
vS)

TVFAs (g COD/g VS) 0.12 £ 0.10 1.14 £ 0.10 2.46 + 0.10

Uronic acids (% VS) 1.61 + 1.10 2.04 £0.10 1.73 + 0.01

@Soluble sugars (% 4.32 £ 1.00 8.96 + 1.10 4.30 £ 0.01
VS)

Phenols (mg L) 0.001 + 0.01 0.003 £ 0.10 4.65 + 0.10

ND = Not detectable; Values shown in table are means of triplicate analyses;
superscripts with same letters are not significantly different.
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Table 2
Physicochemical characteristics of mixed substrate (Pretreated) before and after
digestion.

Parameters Before digestion After digestion
pH 6.50 + 0.02% 7.80 + 0.01°
Calcium (Ca) (g/kg TS) 185.00 + 0.10% 100.00 + 0.12°
Aluminium (Al) (g/kg TS) 1.22 £+ 0.10? 0.23 + 0.10°
Copper (Cu) (g/kg TS) 3.30 £ 0.10% 2.90 + 0.01°
Manganese (Mn) (g/kg TS) 0.008 + 0.10* 0.009 + 0.10%
Magnesium (Mg) (g/kg TS) 26.00 + 0.02* 22.00 + 0.12°
Potassium (K) (g/kg TS) 9.70 +0.11 3.40 + 0.10°
Sulphate (SO4) (g/kg TS) 49.00 + 0.01? 41.00 + 0.02°
COD 151.00 + 3.12% 82.50 + 0.10°
Total Carbon (C) (g/kg TS) 371.3 £ 6.02% 193.1 + 4.05°
Total Nitrogen (N) (g/kg TS) 21.50 + 0.01* 14.90 + 0.02°
Total Phosphorus (P) (g/kg TS) 8.21 + 0.017 2.30 + 0.10°
Total Ammonia (NH3) (g/kg TS) 3.70 + 0.10% 5.30 + 0.11°
Tron (Fe) (g/kg TS) 8.10 + 0.11% 4.90 + 0.01°
Volatile Solids (%) 79.04 + 0.10? 47.20 + 0.10°
Total Solids (%) 49.40 £ 0.22% 38.7 + 0.20°
Moisture Content (%) 90.00 £ 0.12% 92.31 £ 0.10%
Nickel (Ni) (g/kg TS) 4.80 +0.10% 4.50 + 0.10°
Zinc (Zn) (g/kg TS) 11.27 + 0.10% 8.45 + 0.10°
Phosphate (PO4) (g/kg TS) 0.92 £+ 0.10% 0.37 + 0.12°

Total alkalinity (g/kg TS) 220.00 + 0.10° 270.00 + 0.10°
C/N 17/1 13/1

Ash Content (%) 6.76 + 0.12% 5.23 +0.11°
Total Lignin (% m.m’l) 9.2 + 0.01* 6.2 + 0.01°
Cellulose (% m.m™ 1) 40.6 + 1.02* 27.8 + 1.00°
Hemicellulose (% m.m ™) 10.3 £0.11* 5.6 + 0.01°
Extractives (% m.m ") 4.2 +0.10° 1.8 £ 0.00°
Acetate (g COD/g VS) 0.11 £ 0.01 0.09 + 0.01
Propionate (g COD/g VS) 0.11 + 0.01 0.08 + 0.01
TVFAs (g COD/g VS) 1.14 + 0.10 1.12 + 0.10
Uronic acids (% VS) 2.04 £ 0.10 2.01 £0.10
@Soluble sugars (% VS) 8.96 + 1.10 8.97 + 1.10
Phenols (mg L) 0.003 £ 0.10 0.002 + 0.10

Values shown in table are means of triplicate analyses; superscripts with same
letters are not significantly different.

treatment as Total Nitrogen, Total Alkalinity, Total Ammonia, Chemi-
cal Oxygen Demand (COD), Total Phosphorus, Potassium, Phosphate,
Sulfate, Calcium, Magnesium, Manganese, Iron, Zinc, Aluminium and
Copper. While some of these physicochemical properties reduced after
pretreatment, others especially Calcium and nitrogen which are
required for microbial metabolism increased after pretreatment. How-
ever, calcium and nitrogen contents in the substrates reduced after
anaerobic digestion which shows utilization of the nutrients for micro-
bial activity during the digestion process. Table 1 also show the values
obtained for fatty acids, sugars and phenols which all increased after the
application of pretreatment due to the enormous solubilization of the
structural components of El-g.

The chromatographic analyses for the determination of structural
components of the raw El-g showed its composition to be 29.6 + 0.02,
27.3 £ 0.30, 24.3 £+ 1.01 and 9.7 + 0.01 for total L-C-H and extractives
respectively (Table 1). The composition in the pretreated El-g sample
however was 9.2 + 0.01, 40.6 - 1.02,10.3 +£ 0.11 and 4.2 + 0.10 for the
three structural components i.e. L-C-C and the extractives respectively.
As shown in table 1, the composition of L-C-H ad extractives in PM are
7.24+0.01,5.0 +0.01, 1.5 + 0.01 and 0.4 + 0.01 respectively. After the
alkaline pretreatment, lignin and hemicellulose contents of El-g were
reduced by 69% (from initial value of 29.6 to a final value of 9.2 (% m.
m~ 1) and 58% (from initial value of 24.3 to a final value of 10.3 (% m.
m™ 1) respectively while the content of cellulose was increased by 33%
(from initial value of 27.3 to a final value of 40.6 (% m.m!) as a result
of the application of the pretreatment.

Table 2 reveals the characteristics of the pretreated mixed substrates
(El-g + PM) before and after anaerobic digestion as seen in this study.

Table 3 reveals the characteristics of the untreated mixed substrates
(El-g + PM) before and after anaerobic digestion as seen in this study.
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Table 3
Physicochemical characteristics of mixed substrate (Untreated) before and after
digestion.

Parameters Before digestion After digestion
pH 6.55 + 0.01? 7.75 + 0.01°
Calcium (Ca) (g/kg TS) 161.6 + 3.00? 106.12 + 0.12°
Aluminium (Al) (g/kg TS) 1.12 +0.10? 0.21 + 0.10°
Copper (Cu) (g/kg TS) 2.36 £+ 0.01° 2.04 + 0.01°
Manganese (Mn) (g/kg TS) 0.005 + 0.10% 0.003 + 0.10?
Magnesium (Mg) (g/kg TS) 24.5 £+ 0.02* 18.50 + 0.12°
Potassium (K) (g/kg TS) 7.61 + 0.01° 3.22 + 0.10°
Sulphate (SO,) (g/kg TS) 44.50 + 0.01° 35.60 + 0.02°
COD 133.41 + 2.10% 81.80 + 0.01°
Total Carbon (C) (g/kg TS) 296.61 + 4.01% 150.14 + 5.01°
Total Nitrogen (N) (g/kg TS) 18.60 + 0.01? 11.51 + 0.02°
Total Phosphorus (P) (g/kg TS) 6.51 + 0.05% 2.11 + 0.10°
Total Ammonia (NH3) (g/kg TS) 2.90 + 0.10* 1.66 & 0.11°
Tron (Fe) (g/kg TS) 8.10 + 0.117 5.05 + 0.01°
Volatile Solids (%) 71.44 £ 0.117 36.50 + 0.10°
Total Solids (%) 40.11 £ 0.12% 25.7 + 0.20°
Moisture Content (%) 79.13 £ 0.12% 93.51 £ 2.11%
Nickel (Ni) (g/kg TS) 3.18 + 0.10% 2.33 £ 0.10%
Zinc (Zn) (g/kg TS) 10.70 £ 0.10* 6.51 + 1.10°
Phosphate (PO,) (g/kg TS) 0.81 + 0.10* 0.17 + 0.12°

Total alkalinity (g/kg TS) 200.45 + 0.10° 146.51 + 0.10°
C/N 16/1 13/1

Ash Content (%) 6.06 & 0.10% 5.23 + 0.11°
Total Lignin (% m.m’l) 29.6 + 0.02% 23.1 +1.01°
Cellulose (% m.m™ ') 27.3 +0.30% 19.4 + 1.01°
Hemicellulose (% m.m™1) 24.3 +1.01% 14.7 + 0.01°
Extractives (% m.m ') 13.7 £0.01? 8.2 +0.01°
Acetate (g COD/g VS) 0.08 + 0.10 0.05 £ 0.10
Propionate (g COD/g VS) 0.07 £ 0.11 0.06 + 0.01
TVFAs (g COD/g VS) 0.12 +£0.10 0.10 + 0.10
Uronic acids (% VS) 1.61 £1.10 1.58 + 0.01
@Soluble sugars (% VS) 4.32 +1.00 4.21 + 1.00
Phenols (mg L) 0.001 + 0.01 0.001 + 0.01

3.2. Gas production

Biogas generation commenced on days 5 and 7 for the pretreated and
untreated experiments respectively and continued at an increasing rate
till days 30 and 24 respectively for both experiments after which the
production of gas began to diminish till the end of the digestion period as
shown in Fig. 1. The cumulative biogas recorded from both pretreated
and untreated experiments were 409.5 and 306.2 m® CHy/kg VS

—&— Pretreated Biomass
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respectively giving an average of 11.07 m® CHu/kg VS/day for the
experiment with prior pretreatment before digestion. This further
showed a biogas yield increase of 25.2% by the pretreated biomass over
the untreated one in co-digestion with PM. The produced biogas from
the alkaline pretreated experiment showed composition ranging be-
tween 63 + 1.4 and 69 + 1.8 methane, 24 & 2.6 and 32 + 1.5 carbon
dioxide while lower hydrogen sulfide value ranging between 19 + 1.4
and 23 + 0.2 were recorded. For the untreated experiment, methane
content of between 56 + 2.1 and 61 + 1.5; carbon dioxide of 25 + 1.6
and 30 + 2.5 and hydrogen sulfide value ranging between 15 + 1.4 and
20 + 0.2 were all recorded.

3.3. Kinetic model and regression study

In order to predict biogas yield in this study, four major kinetic
models were employed with various kinetic parameters based on the
anaerobic co-digestion of El-g and PM. Results obtained from each ki-
netic model based on the R? and RMSE values are all in the acceptable
range compared to previous studies.

4. Discussion
4.1. Physicochemical component of biomass

The pH of the digesters throughout the digestion period was in the
range of 6.5 and 8.0. Microbes responsible for biogas generation operate
optimally at a pH range of 6.5 to 7.5, any pH above or less than this is
hazardous to the survival and actions of these organisms [58]. Research
has it that the population and activities of most methanogens tend to
increase at alkaline pH. The pH range recorded in this study agrees with
the reported range between 6.5 and 8.0 for efficient functioning of
methanogens. This is so critical that pH of <6.5 or >8.5 is capable of
causing failure of the methanogenic stage of anaerobic process [3,59].
The Mesophilic temperature range was maintained throughout the
digestion process. Temperature is a key factor in anaerobic digestion,
which directly affects the activities of microbes. Therefore, deviating
from the appropriate temperature may affect the efficiency of the
digester and optimal production of biogas [60]. Maintenance of
adequate temperature range increases process stability and abundance
of microbes in the fermentation medium [61].

The composition of structural materials i.e. total L-C-H and those of

—fi— Untreated Biomass
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Fig. 1. Graph showing daily biogas yield from co-digestion of Pennisetum purpureum and piggery dung.
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fixed solids and extractives reported in this study are similar to values
obtained in their studies [62-63]; Venturin et al., 2018). Cai et al. [64],
reported values of 21.4, 43.4 and 19.5% respectively for total lignin,
cellulose and hemicelluloses from the analyses of different corn parts.
Similarly, Li et al. (2016) analyzed evaluated the structural composition
of the different parts of corn and reported 20.0, 34.0, 24.0 and 2.0%
respectively for total lignin, cellulose, hemicellulose and fixed solids. In
the reports of Venturin et al. (2018) on corn stalk, values of 18.9, 32,
23.5 and 3.8% were respectively obtained for lignin, cellulose, hemi-
cellulose and fixed solids. All these values show slight similarities be-
tween the structural composition of El-g and those of corn stalk which is
also a lignocellulose.

The nutrient characteristics of the El-g is comparable with those of
other rich succulent plants earlier harnessed for biogas production. The
nutrient content and rich elemental composition in the combination of
El-g and PM makes it highly digestible for microbes ensuring availability
of diverse microbes and with the ultimate effect being increased yield of
biogas. The results obtained from the physicochemical analysis of sub-
strate shows that El-g and PM is rich in vitamins and minerals. The re-
sults revealed that after the application of pretreatment to El-g,
lignocellulosic bonds were broken hence important components of the
substrate increased which includes; Calcium (Ca), Manganese (Mn),
Potassium (K), Total Nitrogen (N) and Total Ammonia (NH3), each of
which was in sufficient amount, for microbes to proliferate, thrive, and
grow. The results also indicated that the digestate is rich in vitamins and
minerals hence would be a good source of fertilizer (used as biofertilizer)
especially on nutrient depleted soils. The table also revealed the sig-
nificant components of the digestate such as phosphorus (P), potassium
(K), sulfate (SO4), magnesium (Mg), iron (Fe), zinc (Zn), aluminium (Al),
copper (Cu), manganese (Mn) and nickel (Ni) all of which increased in
the digestate than the raw biomass hence making it a rich biofertilizer.
Also, components such as calcium (Ca), nitrogen (N), ammonia (NHg),
phosphate and COD were utilized by microbes to generate biogas hence
their reduced concentrations after the digestion period. In the experi-
ment with prior pretreatment, gas production commenced on the 5th d,
at a constant temperature of 35 °C and steadily increased daily until the
30th d whereas, production commenced on the 7th d and peaked on the
24th d in the experiment without biomass pretreatment. There are
several factors that could be responsible for the delay in biogas gener-
ation observed in the two experiments which include acclimatization of
the microbes to the new environment and components or nature of the
substrates. Besides, the first two stages of digestion i.e. enzymatic hy-
drolysis and acidogenesis are acid formation stages of anaerobic diges-
tion which makes the pH value slightly acidic. During this period,
microbial growth is hindered because of inability of the microorganism
to catabolize the acid being produced. However, as the methanogenic
stage begins much later, the pH value continues to increase until the
substrate becomes alkaline and this marks the commencement of
methane generation. After the 30th 24th d for the pretreated and un-
treated experiments respectively, biogas generation began to decline
until it finally ceased. This is due to the reduction in the action of biogas-
producing microorganisms which is possibly consequential of the
diminishing available nutrients. The total gas production at the end of
the experiment is comparable to yields from other prominent sources
used for gas production such as food waste, sewage sludge, Mexican
sunflower, poultry droppings, water melon waste etc. [3-4,15,60,65]
but higher than that of maize silage and lemon grass, hence the com-
bination of El-g and PM is a good substrate for biogas production [66].
This high yield is an evidence of synergy between Pennisetum purpureum
and PM in terms of carbon-nitrogen (C/N) balance and availability of
required nutrient. High C/N ratio is an indication of deficiency in the
available nitrogen for microbial activity, while low C/N ratio also sug-
gests insufficient energy source for microbial environment. Among other
factors, efficient anaerobic digestion depends on the provision of
adequate C/N ratio for efficient microbial activity [65]. The C/N ratio
recorded in this study is similar to some previously reported values
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[4,67] but lower than value documented by Riggio et al. [68].
4.2. Energy balance assessment results

From the results obtained from the laboratory experiments, the en-
ergy balance for pretreated El-g was determined. For the pretreatment of
El-g, a total of 2822 kJ energy was estimated to be required, while a total
of 4913 kJ was given as the output energy after NaOH alkaline pre-
treatment. The net energy obtained therefore was 2091 kJ which is
reasonably high but can still be increased if heating used for pretreat-
ment can be obtained via solar system. Being a renewable and sustain-
able energy source, this will greatly cushion the effect of energy cost
during biomass pretreatment thereby improving the overall net energy
gain. Even though it is often difficult to accurately quantify the eco-
nomic feasibility of applying alkaline pretreatments to lignocelluloses
based on biomethane alone, the inclusion of other by-products of the AD
system in the overall calculation of the profitability of the process could
be a veritable way of justifying the investments into pretreatment using
alkali. These by-products include bio-hydrogen (A rapidly emerging
alternative energy source), digestate and carbon dioxide.

4.3. Gompertz model

The cumulative biogas yield predicted by the Gompertz model were
419.4 and 317.3 m® CHy/kg VS for the pretreated and untreated ex-
periments respectively which were both higher than the observed biogas
yields from the laboratory experiments. For both experiments, the
biogas production rate (v) were within the ranges 0.0245 d™! to 0.0746
d’!. Prior to now, the v-values reported for the AD of different waste
materials for Gompertz model has been below 0.15 d! [51]. For the RZ,
values of 0.9141 to 0.9778 were obtained for the pretreated and un-
treated experiments respectively which are similar to previous value of
between 0.911 and 0.966 [50] while the RMSE values ranged between
0.8958 and 6.4788 which are also similar to some previous findings
where values less than 19.2 were obtained [51].

4.4. Cone model

The biogas yield prediction by the cone model was also within
acceptable limits with yield of 426.2 and 322.1 m® CHy/kg VS. Both v
and n values were within the ranges 0.0562 to 0.1244 d! and 1.0326 to
3.4559 respectively which both corroborates earlier submissions of less
than 0.24 d™! as v-value [51] and 3.17 for n-value [46]. The R? and
RMSE values both ranged between 0.9720 to 0.9941 and 0.9522 to
5.2144, respectively agreeing with previous values of 0.9592 to 0.9929
for R? and below 12.1 for RMSE [51].

4.5. Fitzhugh model

The results obtained from the Fitzhugh model showed predicted
biogas yield to be 439.9 and 331.4 m® CHy/kg VS while the v values
ranged between 0.0244 and 0.0541 d'! with corresponding n values of
between 0.9324 and 1.4481. These values are in the same range with a
previous v and n values of less than 0.30 and 4.81 respectively [46]. The
obtained R? and RMSE values were between 0.8949 and 0.9879, and
0.9994 to 9.8657 respectively which agrees with previous values of
0.738 and 0.992 obtained for R when Fitzhugh model was applied [62].

4.6. Logistic kinetic equation

The logistic model predicted biogas yield in both pretreated and
untreated experiments to be 413.2 and 311.5 m® CHy/kg VS with v
values ranging from 0.1433 to 0.463 d'! while the R? values were be-
tween 0.9778 and 0.9905 which are highly comparable with v-values of
between 0.1249 and 0.1766 d™' and R? of between 0.9775 and 0.9859
[52].
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In all the kinetic models used in this study, lower values for both R2
and RMSE gives the best fit with the results of the BMP experiment. In
both pretreated and untreated experiments, the cone model gave the
best fit in comparison with observed cumulative biogas yield with R? of
0.9941 and RMSE of 0.9522.

4.7. Proposed regression equation

For the results of this study, a regression analysis was done with the
aid of a commercial software package (Data fit 9.0) while employing the
observed values from the cumulative biogas yield in both experiments i.
e. pretreated and untreated El-g in co-digestion with PM taking into
action the number of experimental d. Equation 7 summarizes the biogas
yield (Do) which depends on the substrates i.e. El-g and PM, their
combinations and the hydraulic retention time.

Do = A + BX; + CXy + DX + EX} + FXi1Xp + GX° +
HX3 + IX1 X2 + JX3X27

Where: Dy = Biogas yield

X; = the hydraulic retention time in d,

Xg = the ratio of the reactor which range between 1 and 2 for Reactor
1 given by X2 = 1, and for Reactor 2 given by X2 = 2

A to J = Constant values

Equation (2) gives the cumulative biogas yield for both pretreated
and untreated El-g in co-digestion with PM. Based on this, a proposed
biogas yield of 432.5 and 327.3 m® CH,/kg VS was made for from the co-
digestion of pretreated and untreated El-g and PM. From this, the R2
value for the proposed equation was 0.9533 with RMSE value of 2.6416.
This shows high stability of the proposed model since the R? value is
above 0.9 which is equivalent of 90% [50]. Figs. 2 and 3 shows the
graphical representations of the model’s prediction for the biogas yield
from both pretreated and untreated co-digestion of El-g with PM.

5. Conclusion

The study showed that Elephant grass (Pennisetum purpureum) is a
suitable candidate for biogas generation in co-digestion with piggery
manure. The chemical and structural composition of the grass present
enormous nutrients and elemental composition needed for microbial
fermentation for the production of bioenergy. The application of alka-
line pretreatment caused a pronounced solubilization of the structural
materials as lignin and hemicellulose contents of El-g were reduced by
69% (from initial value of 29.6 to a final value of 9.2 (% m.m™!) and
58% (from initial value of 24.3 to a final value of 10.3 (% m.m ')
respectively while the content of cellulose was increased by 33% (from
initial value of 27.3 to a final value of 40.6 (% m.m™ 1) as a result of the
application of the pretreatment. The pretreated experiment produced
25.2% more biogas than the untreated experiment. The study also re-
veals that co-digestion with piggery dung enhanced the biogas-
producing capacity of Pennisetum purpureum, as a high quantity of gas
was produced resulting from the synergy of both substrates in terms of
carbon-nitrogen ratio and availability of required methanogenic bac-
teria. Therefore, the use of alkaline pretreatment for El-g is hereby
solicited in its biotechnological conversion to biogas which can be used
for various energy supplies especially in regions where the grass is
abundant and where it is been regarded as a weed. The co-digestion of
the plant with poultry manure which is another abundant and cheap
bioresource is therefore advocated especially in developing world

CRediT authorship contribution statement

0.J. Ojediran: Carried out the project administration and supervi-
sion. S.0. Dahunsi: Conceptualization, Supervision, Resources, Visu-
alization, Writing and Editing. V. Aderibigbe: Formal analysis,
investigation and Resources. S. Abolusoro: Data curation. A.T. Ade-
sulu-Dahunsi: Methodology, Investigation and Visualization. E.L.

Fuel 302 (2021) 121209

Proposed model

Logistic kinetic equation

Fitzhugh model

Cone model

Gompertz model

2

©

0 295 300 305 310 315 320 325 330 335

Measured Biogas Yield M Predicted Biogas Yield

Fig. 2. Observed and predicted biogas yield from the anaerobic co-digestion of

pretreated Elephant grass and poultry manure.

Proposed model

Logistic kinetic equation

Fitzhugh model

Cone model

Gompertz model

2

©

0 295 300 305 310 315 320 325 330 335

Measured Biogas Yield M Predicted Biogas Yield

Fig. 3. Observed and predicted biogas yield from the anaerobic co-digestion of
untreated Elephant grass and poultry manure.

Odekanle: Formal analysis, writing, reviewing and final editing. O.J.
Odejobi: Validation, Visualization. R.A. Ibikunle: Investigation, Soft-
ware. J.0. Ogunwole: Writing — review and editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors appreciate the efforts of the technical staff in the Envi-
ronmental Laboratory of the Civil Engineering Department of Landmark
University, Kwara State, Nigeria.

References

[1] Akhator EP, Obanor Al, Ezemonye LI. Electricity generation in Nigeria from
municipal solid waste using the Swedish waste to- energy model. J Appl Sci
Environ Manage 2016;20:635-43.

[2] Poulsen TG, Adelard L. Improving biogas quality and methane yield via co-
digestion of agricultural and urban biomass wastes. Waste Manage 2016;54:
118-25.

[3] Dahunsi SO, Oranusi S, Efeovbokhan VE. Cleaner energy for cleaner production
Modeling and optimization of biogas generation from Carica papayas (Pawpaw)
fruit peels. J Clean Prod 2017;156:19-29.

[4] Dahunsi SO, Oranusi S, Owolabi JB, Efeovbokhan VE. Synergy of Siam weed
(Chromolaena odorata) and poultry manure for energy generation: effects of pre-
treatment methods, modeling and process optimization. Bioresour Technol 2017;
225:409-17.

[5] Dahunsi OS, Oranusi S, Efeovbokhan EV. Anaerobic mono-digestion of Tithonia
diversifolia (Wild Mexican sunflower). Energy Conv Manage 2017;148:128-45.

[6] Dahunsi SO, Oranusi S, Efeovbokhan VE. Pretreatment optimization, Process
control, Mass and Energy balances and Economics of anaerobic co-digestion of


http://refhub.elsevier.com/S0016-2361(21)01088-7/h0005
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0005
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0005
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0010
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0010
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0010
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0015
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0015
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0015
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0020
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0020
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0020
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0020
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0025
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0025
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0030
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0030

0.J. Ojediran et al.

[7

—

[8

—

[9

[}

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Arachis hypogaea (Peanut) hull and poultry manure. Bioresour Technol 2017;241:
454-64.

Dahunsi SO, Oranusi SU, Efeovbokhan VE. Bioconversion of Tithonia diversifolia
(Mexican sunflower) and poultry droppings for energy generation: optimization,
mass and energy balances, and economic benefits. Energy Fuels 2017;31(5):
5145-57.

Yong JY, Klemes JJ, Varbanov PS, Huisingh D. Cleaner energy for cleaner
production: modeling, simulation, optimization and waste management. J Clean
Prod 2016;111:1-16.

Dahunsi SO, Oranusi S, Owolabi JB, Efeovbokhan VE. Comparative biogas
generation from fruit peels of fluted pumpkin and its optimization. Bioresour
Technol 2016;221:517-25.

Dahunsi SO, Oranusi S, Owolabi JB, Efeovbokhan VE. Mesophilic anaerobic co-
digestion of poultry dropping and pawpaw peels: modelling and process parameter
optimization study. Bioresour Technol 2016;216:587-600.

Tampio E, Marttinen S, Rintala J. Liquid fertilizer products from anaerobic
digestion of food waste: mass, nutrient and energy balance of four digestate liquid
treatment systems. J Clean Prod 2016;125:22-32.

Chuichulcherm S, Kasichan N, Srinophakun P, Saisriyoot M, Thanapimmetha A.
The use of ozone in a continuous cyclical swing mode regeneration of Fe- EDTA for
a clean biogas process from a swine farm waste. J Clean Prod 2017;142:1267-73.
Song M, Shin SG, Hwang S. Methanogenic population dynamics assessed by real-
time quantitative PCR in sludge granule in upflow anaerobic sludge blanket
treating swine wastewater. Bioresour Technol 2010;101:523-8. https://doi.org/
10.1016/j.biortech.2009.03.054. PMID: 19369072.

Yin D, Liu W, Zhai N, Feng Y, Yang G, Wang X, Han X. Production of bio-energy
from pig manure: a focus on the dynamics change of four parameters under
sunlight-dark conditions. PLoS ONE 2015;10(5). https://doi.org/10.1371/journal.
pone.0126616.

Gaworski M, Jabtoniski S, Pawlaczyk-Graja I, Ziewiecki R, Rutkowski P,
Wieczynska A, et al. Enhancing biogas plant production using pig manure and corn
silage by adding wheat straw processed with liquid hot water and steam explosion.
Biotechnol Biofuels 2017;10(1). https://doi.org/10.1186/s13068-017-0922-x.
Wang XJ, Yang GH, Feng YZ, Ren GX, Han XH. Optimizing feeding composition
and carbon—nitrogen ratios for improved methane yield during anaerobic co-
digestion of dairy, chicken manure and wheat straw. Bioresour Technol 2012;120:
78-83. https://doi.org/10.1016/j.biortech.2012.06.058. PMID: 22784956.
Clayton WD, Govaerts R, Harman KT, Williamson H, Vorontsova M. World
Checklist of Poacease. Richman, UK: Royal Botanical Garden, Kew; 2013.
Danquah JA, Roberts CO, Appiah M. Elephant grass (Pennisetum purpureum): a
potential source of biomass for power generation in Ghana. Cur J Appl Sci Technol
2018;30(6):1-12. https://doi.org/10.9734/CIAST/2018/45224.

FAO, Food and Agricultural Organization 2015. Grassland Index. A searchable
catalogue of grass and forage legume, FAO, Rome, Italy.

Lane J. EPA Okays Arundo Napier grass for renewable fuels. Biofuels Digest; 2013;
Available: http://www.biofuelsdigest.com/bdigest/2013/07/05/epa-oks-arundo-
napiergrass-for-renewable-fuels. (Accessed 7 May, 2020).

Adekalu K, Olorunfemi I, Osunbitan J. Grass mulching effect on infiltration, surface
run off and soil loss of three agricultural soils in Nigeria. Bioresour Technol 2007;
98(4):912-7.

Dalkilic K, Ugurlu A. Biogas production from chicken manure at different organic
loading rates in a mesophilic-thermopilic two stage anaerobic system. J Biosci
Bioeng 2015;120(3):315-22.

Xiao W, Chen X, Zhang Y, Qu T, Han L. Product analysis for microwave-assisted
methanolysis of lignocellulose. Energy Fuels 2016;30(10):8246-51.

Wilawana W, Pholchan P, Aggarangsi P. Biogas production from co-digestion of
Pennisetum purpureum cv. Pakchong 1 grass and layer chicken manure using
completely stirred tank. Energy Proc 2014;52:216-22.

Dahunsi SO, Osueke CO, Olayanju TMA, Lawal AL Co-digestion of Theobroma cacao
(Cocoa) pod husk and poultry manure for energy generation: effects of
pretreatment methods. Bioresour Technol 2019;283:229-41.

Prapinagsorn W, Sittijunda S, Reungsang A. Co-digestion of napier grass and its
silage with cow dung for bio-hydrogen and methane production by two-stage
anaerobic digestion process. Energies 2018;11(1):47. https://doi.org/10.3390/
en11010047.

Okewale A, Babayemi A. Anaerobic co-digestion of elephant grass, pig and poultry
droppings for the production of biogas. J Renew Energy Smart Grid Technol 2018;
13:1.

Dussadee N, Reansuwan K, Ramaraj R. Potential development of compressed bio-
methane gas production from pig farms and elephant grass silage for transportation
in Thailand. Bioresour Technol 2014;155:438-41.

Mathiasson A. Perspectives for Biogas within the Europian Union. J Clean Prod
2017;129:410-6.

Liu X, Wang W, Gao X, Zhou Y, Shen R. Effect of thermal pretreatment on the
physical and chemical properties of municipal biomass waste. Waste Manage 2012;
32(2):249-55.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determination of
Ash in Biomass. Laboratory Analytical Procedures (LAP). Natl. Renew Energy Lab.
1-8 Report No. TP-510-42622.

Sluiter A, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determination of Extractives
in Biomass. Laboratory Analytical Procedures (LAP). Natl. Renew. Energy Lab.
1-12 Report No. TP-510-42619; 2018.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D, 2012.
Determination of Structural Carbohydrates and Lignin in Biomass. Laboratory
Analytical Procedures (LAP). Natl. Renew Energy Lab. 1-18 Report No. TP-510-
42618.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Fuel 302 (2021) 121209

Bazoti SF, Golunski S, Pereira Siqueira D, Scapini T, Barrilli ET, Alex Mayer D, et al.
Second-generation ethanol from non-detoxified sugarcane hydrolysate by a rotting
wood isolated yeast strain. Bioresour Technol 2017;244:582-7.

Dahunsi SO, Adesulu-Dahunsi AT, Osueke CO, Lawal Al, Olayanju TMA,
Ojediran JO, et al. Biogas generation from Sorghum bicolor stalk: effect of
pretreatment methods and economic feasibility. Energy Rep 2019;5:584-93.
APHA. Standard Methods for the Examination of Water and Wastewater. American
Public Health Association, Washington, DC, USA; 2017.

Monlau F, Barakat A, Steyer JP, Carrere H. Comparison of seven types of thermo-
chemical pretreatment on the structural features and anaerobic digestion of
sunflower stalks. Bioresour Technol 2012;120:241-7.

Oladejo OS, Dahunsi SO, Adesulu-Dahunsi AT, Ojo SO, Lawal Al, Idowu EO, et al.
Energy generation from anaerobic co-digestion of food waste, cow dung and
piggery dung. Bioresour Technol 2020;313:123694. https://doi.org/10.1016/j.
biortech.2020.123694.

Dahunsi SO, Olayanju A, Izebere JO, Oluyori AP. Data on energy and economic
evaluation and microbial assessment of anaerobic co-digestion of fruit rind of
Telfairia occidentalis (Fluted pumpkin) and poultry manure. Data Brief 2018;21:
97-104.

Dahunsi SO, Oranusi S, Efeovbokhan VE, Olayanju A, Zahedi S, Ojediran JO, et al.
Anaerobic conversion of Chromolaena odorata (Siam weed) to biogas. Energy Rep
2018;4:691-700.

Dahunsi SO, Oranusi S, Efeovbokhan VE, Zahedi S, Ojediran JO, Olayanju A, et al.
Biochemical conversion of fruit rind of Telfairia occidentalis (fluted pumpkin) and
poultry manure. Energy Sources, Part A: Recov Util Environ Effects 2018;40(23):
2799-811.

Dahunsi SO. Liquefaction of pineapple peel: pretreatment and process
optimization. Energy 2019;185:1017-31.

Dahunsi SO. Mechanical pretreatment of lignocelluloses for enhanced biogas
production: Methane yield prediction from biomass structural components.
Bioresour Technol 2019;280:18-26.

Dahunsi SO, Adesulu-Dahunsi AT, Izebere JO. Cleaner energy through liquefaction
of Cocoa (Theobroma cacao) pod husk: pretreatment and process optimization.

J Clean Prod 2019;226:578-88.

Veluchamy C, Kalamdhad AS. Enhanced methane production and its kinetics
model of thermally pretreated lignocellulose waste material. Bioresour Technol
2017;241:1-9.

El-Mashad HM. Kinetics of methane production from the co-digestion of
switchgrass and Spirulina platensis algae. Bioresour Technol 2013;132:305-12.
https://doi.org/10.1016/j.biortech.2012.12.183.

Budiyono D, Syaichurrozi I, Sumardiono S. Kinetic model of biogas yield
production fom vinasse at various initial pH: Comparison between modified
gompertz model and first order kinetic model. Res J Appl Sci Eng Technol 2014;7:
2798-805.

Deepanraj B, Sivasubramanian V, Jayaraj S. Experimental and kinetic study on
anaerobic digestion of food waste: The effect of total solids and pH. J Renew
Sustain Energy 2015;7(6):063104. https://doi.org/10.1063/1.4935559.

Kafle GK, Chen L. Comparison on batch anaerobic digestion of five different
livestock manures and prediction of biochemical methane potential (BMP) using
different statistical models. Waste Manage 2016;48:492-502. https://doi.org/
10.1016/j.wasman.2015.10.021.

Rathaur R, Dhawane SH, Ganguly A, Mandal MK, Halder G. Methanogenesis of
organic wastes and their blend in batch anaerobic digester: experimental and
kinetic study. Proc Saf Environ Prot 2018;113:413-23. https://doi.org/10.1016/j.
psep.2017.11.014.

Prajapati KK, Pareek N, Vivekanand V. Pretreatment and multi-feed anaerobic co-
digestion of agro-industrial residual biomass for improved biomethanation and
kinetic analysis. Front Energy Res 2018;6:1-18. https://doi.org/10.3389/
fenrg.2018.00111.

Latinwo GK, Agarry SE. Modelling the kinetics of biogas production from
mesophilic anaerobic co-digestion of cow dung with plantain peels. Int’l J Renew
Energy Dev 2015;4:55-63. https://doi.org/10.14710/ijred.4.1.55-63.

Yusuf MOL, Ify NL. The effect of waste paper on the kinetics of biogas yield from
the co-digestion of cow dung and water hyacinth. Biomass Bioenergy 2011;35(3):
1345-51. https://doi.org/10.1016/j.biombioe.2010.12.033.

Vilchez-Vargas R, Geffers R, Suarez-Diez M, Conte I, Waliczek A, Kaser VS, et al.
Analysis of the microbial gene landscape and transcriptome for aromatic pollutants
and alkane degradation using a novel internally calibrated microarray system.
Environ Microbiol 2013;15(4):1016-39.

Muyzer G, Dewaal EC, Uitterlinden AG. Profiling of complex microbial populations
by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-
amplified genes-coding for 16s ribosomal-RNA. Appl Environ Microbiol 1993;59:
695-770.

Boon N, De Windt W, Verstraete W, Top EM. Evaluation of nested PCR-DGGE
(denaturing gradient gel electrophoresis) with group-specific 16S rRNA primers for
the analysis of bacterial communities from different wastewater treatment plants.
FEMS Microbiol Ecol 2002;39:101-12.

Desloover J, De Vrieze Jo, Van de Vijver M, Mortelmans J, Rozendal R, Rabaey K.
Electrochemical nutrient recovery enables ammonia toxicity control and biogas
desulfurization in anaerobic digestion. Envion Sci Technol 2015;49(2):948-55.
Holliger C. Methane production of full-scale anaerobic digestion plants calculated
from substrate’s biomethane potentials compares well with the one measured on-
site. Sustainability 2017;5. https://doi.org/10.3389/fenrg.2017.00012.

Zonta Z, Alves MM, Flotats X, Palatsi J. Modeling inhibitory effects of long chain
fatty acids in the anaerobic digestion process. Water Res 2013;47:1369-80.


http://refhub.elsevier.com/S0016-2361(21)01088-7/h0030
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0030
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0035
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0035
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0035
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0035
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0040
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0040
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0040
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0045
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0045
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0045
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0050
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0050
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0050
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0055
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0055
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0055
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0060
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0060
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0060
https://doi.org/10.1016/j.biortech.2009.03.054
https://doi.org/10.1016/j.biortech.2009.03.054
https://doi.org/10.1371/journal.pone.0126616
https://doi.org/10.1371/journal.pone.0126616
https://doi.org/10.1186/s13068-017-0922-x
https://doi.org/10.1016/j.biortech.2012.06.058
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0085
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0085
https://doi.org/10.9734/CJAST/2018/45224
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0105
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0105
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0105
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0110
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0110
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0110
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0115
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0115
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0120
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0120
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0120
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0125
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0125
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0125
https://doi.org/10.3390/en11010047
https://doi.org/10.3390/en11010047
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0135
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0135
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0135
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0140
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0140
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0140
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0145
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0145
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0150
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0150
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0150
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0170
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0170
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0170
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0175
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0175
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0175
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0185
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0185
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0185
https://doi.org/10.1016/j.biortech.2020.123694
https://doi.org/10.1016/j.biortech.2020.123694
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0195
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0195
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0195
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0195
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0200
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0200
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0200
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0205
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0205
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0205
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0205
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0210
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0210
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0215
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0215
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0215
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0220
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0220
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0220
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0225
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0225
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0225
https://doi.org/10.1016/j.biortech.2012.12.183
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0235
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0235
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0235
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0235
https://doi.org/10.1063/1.4935559
https://doi.org/10.1016/j.wasman.2015.10.021
https://doi.org/10.1016/j.wasman.2015.10.021
https://doi.org/10.1016/j.psep.2017.11.014
https://doi.org/10.1016/j.psep.2017.11.014
https://doi.org/10.3389/fenrg.2018.00111
https://doi.org/10.3389/fenrg.2018.00111
https://doi.org/10.14710/ijred.4.1.55-63
https://doi.org/10.1016/j.biombioe.2010.12.033
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0270
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0270
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0270
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0270
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0275
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0275
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0275
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0275
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0280
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0280
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0280
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0280
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0285
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0285
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0285
https://doi.org/10.3389/fenrg.2017.00012
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0295
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0295

0.J. Ojediran et al.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Clark WM, Rose WC, Yke DDVANSL, Vigneaud VDU, Dunn MAXS, Hastings AB,
et al. Biochemical preparations. Bioresour Technol 2017;222:498-512. https://doi.
org/10.1016/j.biortech.2017.05.068.

Lahlou Y. School of science and engineering design of a biogas pilot unit. Appl
Thermal Eng 2017;109:423-31.

Cai F, Yan H, Zhang R. Prediction of methane production performances based on
determination of organic components for different vegetable wastes. Int’l J Agric
Biol Eng 12 (2019), 154-159. https://doi.org/10.25165/j.ijabe.20191203.4705.
Li P, Cai D, Luo Z, Qin P, Chen C. Effect of acid pretreatment on different parts of
corn stalk for second generation ethanol production. Bioresour. Technol. 2016;206:
86-92.

Cai D, Li P, Chen C, Wang Y, Hu S. Effect of chemical pretreatments on corn stalk
bagasse as immobilizing carrier of Clostridium acetobutylicum in the performance of
a fermentation-pervaporation coupled system. Bioresour. Technol. 2016;220:
68-75.

Croce S, Wei Q, D’Imporzano G, Dong R, Adani F. Anaerobic digestion of straw and
corn stover: the effect of biological process optimization and pretreatment on total
bio-methane yield and energy performance. Biotechnol Adv 2016;34(8):1289-304.
Tan F. Determination of the biogas potential from animal waste. J Sci Eng Res
2018;5:92-6.

[67]

[68]

Fuel 302 (2021) 121209

Degueurce A, Tomas N, Le Roux S, Martinez J, Peu P. Biotic and abiotic roles of
leachate recirculation in batch mode solid state anaerobic digestion of cattle
manure. Bioresour Technol 2016;200:388-95.

Riggio S, Torrijos M, Debord R, Esposito G, van Hullebusch ED, Steyer JP, et al.
Mesophilic anaerobic digestion of several types of spent livestock bedding in a
batch leachbed reactor: substrate characterization and process performance. Waste
Manage 2017;59:129-39.

Further reading

[69]

[70]

[71]

Dahunsi SO, Olayanju TMA, Adesulu-Dahunsi AT. Data on optimization of
bioconversion of fruit rind of Telfairia occidentalis (Fluted pumpkin) and poultry
manure for biogas generation. Chem Data Coll 2019;20:100-92.

Haryanto A, Hasanudin U, Afrian C, Zulkarnaen I. Biogas production from
anaerobic co-digestion of cow dung and elephant grass (Pennisetum purpureum)
using batch digester. IOP Conf Series: Earth Environ Sci 2018;141:012011. https://
doi.org/10.1088/1755-1315/141/1/012011.

Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. Characterizing bacteria and
methanogens in a balloon-type digester fed with dairy cattle manure for anaerobic
mono-digestion. Pol J Environ Stud 2019;28(3):1287-93. https://doi.org/
10.15244/pjoes/76180.


https://doi.org/10.1016/j.biortech.2017.05.068
https://doi.org/10.1016/j.biortech.2017.05.068
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0305
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0305
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0315
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0315
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0315
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0320
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0320
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0320
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0320
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0325
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0325
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0325
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0330
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0330
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0335
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0335
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0335
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0340
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0340
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0340
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0340
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0345
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0345
http://refhub.elsevier.com/S0016-2361(21)01088-7/h0345
https://doi.org/10.1088/1755-1315/141/1/012011
https://doi.org/10.1088/1755-1315/141/1/012011
https://doi.org/10.15244/pjoes/76180
https://doi.org/10.15244/pjoes/76180

	Valorization of Pennisetum purpureum (Elephant grass) and piggery manure for energy generation
	1 Introduction
	2 Materials and methods
	2.1 Material collection and pretreatment
	2.2 Digester
	2.3 Analytical procedure
	2.4 Biochemical methane potential (BMP) tests
	2.5 Anaerobic digestion
	2.6 Energy balance assessment
	2.7 Kinetic studies
	2.8 Analysis of microbial community
	2.9 Statistical analysis

	3 Results
	3.1 Physicochemical characteristics of feedstock
	3.2 Gas production
	3.3 Kinetic model and regression study

	4 Discussion
	4.1 Physicochemical component of biomass
	4.2 Energy balance assessment results
	4.3 Gompertz model
	4.4 Cone model
	4.5 Fitzhugh model
	4.6 Logistic kinetic equation
	4.7 Proposed regression equation

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References
	Further reading


