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A B S T R A C T

In this study, mechanical pretreatment was applied to six different lignocelluloses in two different treatment
phases and the prediction of their methane yield was done from biomass chemical composition.
Physicochemical, proximate and microbial analyses were carried out on both pretreated and untreated biomass
using standard methods. Mechanical pretreatments caused the breakdown of structural materials in all the used
biomass which was characterized by reduction of the lagging time during anaerobic digestion and the sub-
sequent increase in methane yield up to 22%. The different loading rate of biomass had no effect on the overall
methane yield increase. Both single and multiple linear regressions models were used in order to correlate the
chemical composition of the biomass with their methane potentials and a fairly high correlation (R2=0.63) was
obtained. The study also showed that the pretreatments are economically feasible. Therefore, its further ap-
plication to other biomass is encouraged.

1. Introduction

Lignocellulosic biomass forms the major organic component of the
earth’s vegetation cover and they are generally regarded as profound
feedstock for renewable and sustainable biofuels production (Faostat,
2016). The conventional practice of biomass burning is not en-
vironmentally friendly in that in contribute majorly to the incidence of
environmental pollutions in the areas of global warming and climate
change. Therefore, the bioconversion of lignocelluloses to biofuels such
as biogas, bioethanol, biodiesel and others has several environmental
benefits including CO2 neutrality and reduction of emissions (Hayashi
et al., 2014). Anaerobic digestion is one of the efficient technologies for
biofuels production but it is undoubtedly the most promising due to its
energetic potentials over liquid biofuels (Dahunsi et al., 2017a,b).

However, the structural make-up of lignocellulosic biomass make
them less suitable as substrates for anaerobic digestion. They are mostly
with different shapes, sizes, moisture contents and varied levels of
lignin, cellulose, hemicellulose and fixed solids (Venturin et al., 2018).
Besides, this composition of lignocelluloses brings about the rate lim-
iting phenomenon during the hydrolysis stage of anaerobic digestion as
the hydrolytic microbes take ample time to enzymatically degrade the
biomass due to their complex inherent properties (Tsapekos et al.,
2018). For these reasons, there is need to pretreat lignocelluloses before
they are introduced into the anaerobic digester in order to overcome

the possible operational challenges that usually arise prominent among
which is clogging, floating layers and recalcitrance of solid to enzymatic
breakdown (Katukuri et al., 2017).

Several pretreatment methods have been experimented on several
biomass with different outcomes in terms of biomass deconstruction
and ultimate biogas/methane yield. These include mechanical, phy-
sical, chemical, biological and combined pretreatment methods.
Mechanical pretreatment is one of the famous methods which has been
reported to possess the capacity to efficiently improve the inherent
features of lignocellulosic biomass by reducing their sizes, disrupting
their surface configurations among others (Tsapekos et al., 2017a).
Another advantage of this method is that it is the most suitable for
industrial applications (Carrere et al., 2015). Biomass deconstruction
using mechanical method is usually via the application of shear and/or
compression forces which is equally a function of the materials used in
the construction of the comminution device. As a matter of fact, the
coarseness or smoothness of material used for the construction of a
comminution device goes a long way to either retard or improve the
efficiency of biogas production from a lignocellulosic material
(Tsapekos et al., 2015).

Furthermore, the characteristics of a particular lignocellulosic bio-
mass is of great importance in determining the efficiency of pretreat-
ment in order to achieve higher bioenergy yield (Dahunsi et al.,
2018a,b) as the success of most biomass’ biodegradability is a function
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of the cell wall composition especially in terms of lignin content. This is
why in most cases, ensiled biomass are often preferred for high methane
production mainly because the carbohydrates content of such biomass
have been previously fermented into intermediate acids such as lactic
acid while the biomass was being ensiled. In the current energy lit-
erature, there is a well-established correlation between the character-
istics of lignocellulosic biomass and their biodegradability, whereas
there is no such relationship between biomass chemical composition
and their methane potential (Dandikas et al., 2015) which is a source of
tangible information about the biodegradability of a biomass (Charnier
et al., 2016; Fitamo et al., 2017; Dandikas et al., 2018; Edwiges et al.,
2018).

Another important aspect of mechanical pretreatment is the dur-
ability and robustness of equipment which ensures the overall success
of the process in the long run and which is equally important to avoid
damage or deterioration of equipment during real-life applications. This
is because mechanical pretreatment equipment are prone to damage
when they erroneously handle large materials such as stones and metals
instead of the target materials i.e. lignocellulosic biomass. There is
therefore need to control and optimize the operation of mechanical
pretreatment machines as this would immensely reduce the energy
input while also increasing their output in handling lignocelluloses
prior to anaerobic digestion process (Tsapekos et al., 2017a,b).
Herrmann et al. (2012) has earlier reported that the type of commi-
nution equipment used in a machine determines the energy balance of
anaerobic digestion process treating different biomass. This therefore
calls for the adoption of appropriate technology in the design of
equipment for mechanical pretreatment of biomass so as to enhance
substrate’s biodegradability.

Therefore, this study aimed at evaluating the efficacy of two me-
chanically-based approaches of pretreating three different grasses:
Elephant grass (Pennisetum purpureum), Wild Mexican Sunflower
(Tithonia diversifolia) and Siam weed (Chromolaena odorata) for the
purpose of enhancing methane production. Performance of the pre-
treatment was based on the different speeds of rotation and loading of
biomass. The choice of the three grasses was due to their huge avail-
ability in most marginal lands and they all serve as stubborn weeds of
crops in most cropping systems of the world. Besides, these grasses are
of low fodder value and are therefore of little use but rather constitute
environmental challenges which forms the basis for their usage as
biofuel biomass. This study further evaluated the correlation between
the chemical characteristics of these biomass and their methane yield in
order to develop substantial model for predicting their biodegrad-
ability. Finally, due to the importance of using an efficient prediction
tool in the assessment of the energy output from a biogas generating
plant using lignocelluloses, a robust model was developed in this study
taking into accounts datasets from the different biomass.

2. Materials and methods

2.1. Inoculum

The inoculum used in this study was obtained from the digestate of
a running mesophilic biogas digester within the campus. After collec-
tion, it was immediately transported to the Microbiology laboratory
and carefully sorted in order to get rid of particles which exceed 10mm
in size and was thereafter incubated for 10 days at mesophilic tem-
perature so as to remove background methane production. Analysis of
the inoculum showed the physicochemical constituent to be: pH of
7.98, total solids of 21.9 ± 0.2 g/L, volatile solids of 14.2 ± 0.1 g/L,
total Kjeldahl Nitrogen of 4.4 ± 0.1 g-TKN/L, ammonium nitrogen of
3.3 ± 0.1 g NH4+ -N/L, and total volatile fatty acids of 0.8 ± 0.1 g/L.

2.2. Biomass selection and preparation

In order to achieve the aim of defining the relationship between the

chemical composition of lignocellulosic biomass and their methane
potentials, three typical lignocellulosic plants were selected which are:
Elephant grass (Pennisetum purpureum), Wild Mexican Sunflower
(Tithonia diversifolia) and Siam weed (Chromolaena odorata). All samples
were collected from the Teaching and Research Farm of Landmark
University, Omu-Aran, Kwara State, Nigeria and were transported to
the Environmental Engineering Laboratory where the study was per-
formed. In all, two varieties of Elephant grass i.e. Morado and King
grass were selected; three varieties of Sunflower i.e. Tithonia diversifolia,
Tithonia rotundifolia and Tithonia tubiformis were selected while only
one variety of Siam weed i.e. Chromolaena odorata was selected making
a total of six different biomass types used in this study. In order for the
biomass to be ensiled, they were all kept at room temperature (25 °C)
for two days for partial drying after which they were kept in sealed
plastic bags under anaerobic conditions devoid of any biological ad-
ditives/preservative over a period of sixty days. At the end of the fer-
mentation process, all samples were milled to size of 2mm and their
chemical compositions were determined.

2.3. Biomass pretreatment

The evaluation of mechanical pretreatment for all the biomass used
in this study was carried out in two phases based on the structures of
the comminuting apparatus so that their impact on the biomass’ bio-
degradability can be evaluated. The first phase involved the use of a
machine equipped with a plastic sweeping brush rotating at different
driving speeds placed diametrically opposed to a steel mesh conditioner
so that the plastic brush roller will vehemently exert pressure on the
biomass and move it towards the equipment that is rotating in a reserve
manner. The steel roller on the other hand was constantly rotating in
the same speed so as to continuously convey the biomass towards the
brush roller. The movement of the biomass to the pretreatment unit was
made easy via a conveyor belt moving at the driving speed of a mover
in a real life situation i.e. 10 km/h. This was done so as to mimic a large
scale pretreatment procedure. The second pretreatment phase was a
little different from the first in that a corrugated roller with surface
made of coarse steel was made to rotate towards a stable coarse shell so
as to enhance the deconstruction done to the surface of biomass. In both
treatments, a total of 1.8 kg/m2 biomass was treated which was meant
to simulate the same process for a full-scale harvesting machine in a
conventional Tithonia diversifolia field (Tsapekos et al., 2018). Besides,
the operation was also carried out at different loads using different
quantities of biomass.

2.4. Biochemical methane potentials (BMP) test and batch digestion

The biochemical methane potential test was carried out based on
the best responses from the pretreatments of the biomass. The BMP tests
were carried out with the aid of 250mL batch reactors attached to
500mL eudiometer tubes in triplicates for each sample with 10%
(m.v−1) volatile solids at mesophilic temperature i.e. 37 °C following
the VDI standards 4630 (2006). Record of biogas production was taken
until stability was achieved when the daily biogas yield was≤1% of
the total biogas production in the experiment. The batch anaerobic
digestion of each biomass (Pretreated and untreated) was thereafter
carried out using a chain of the Computer controlled anaerobic digester
(EDIBON) was used in this experiments.

2.5. Analytical methods

2.5.1. Proximate characterization of biomass
The standard method for analysis of water and wastewaters (APHA,

2012) was used in determining the concentrations of total and volatile
solids in all samples (Pretreated and untreated). For the measurement
of pH, 1 g of each sample was dissolved in 20 cm3 of water and was
incubated at 25 °C for a period of 30min and the supernatant was used
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for pH measurement using the HI 2211 pH/ORP Meter electrode
(Hanna Instruments, Germany). A TOC analyzer (SSM-5000A Shi-
madzu, Japan) was employed in the determination of total organic
carbon (TOC) content of all samples while the total Kjeldahl nitrogen
(TN) was determined by using a standard Kjeldahl method. Determi-
nation of phenolics was done with the aid of an ultra-high performance
liquid chromatography (Nexera XR, Shimadzu, Japan) (Planinić et al.,
2016). Concentrations of volatile fatty acids (VFAs) were determined
using standard method earlier described (Panjičko et al., 2017).

2.5.2. Structural characterization of biomass
The structural composition of all pretreated and untreated samples

was determined. In doing this, the content of major structural compo-
nents such as lignin, cellulose, hemicellulose and arabinan were de-
termined using a standard method (Sluiter et al., 2008). Similarly, the
extractable materials in the different samples of the biomass were de-
termined via extraction in a Soxhlet extractor for 6 h whereas; samples
were burnt in a muffle furnace in order to determine the concentration
of fixed solids following the method of Sluiter et al. (2008).

In determining the contents of the structural materials, the dried
sample (0.3 g) was treated with 3mL of 72% sulfuric acid (v.v−1) in a
thermostatic bath at a temperature of 30 °C for 1 h and the resulting
filtrate was used for the determination of carbohydrate (Sluiter et al.,
2012). The liquid chromatography coupled with mass spectrometer
(LC–MS) (SHIMADZU, Japan) operated with AMINEX® BIORAD
HPX87H column in refractive index detector (DIR-10A) was used to
analyze carbohydrates. The mobile phase in this analysis was
0.005mol.L−1 sulfuric acid in an isocratic mode, at 45 °C, with an in-
jection volume of 20 μL and flow of 0.6mL.min−1. Calibration curves
were used to finally determine the concentrations of the compounds
using specific LC–MS standards (Bazoti et al., 2017).

For the concentration of furfural and hydroxymethylfurfural, the
same LC–MS described above was used but in this case was equipped
with a diode array detector (DAD) and operated with C18 column. In
this, the mobile phase was 1:8 acetonitrile/water to which 1% acetic
acid was added, and the experiment carried out at an oven temperature
of 30 °C in an isocratic mode with an injection volume of 20 μL and flow
of 0.8mL.min−1. Calibration curves were subsequently used to de-
termine the concentration of the compounds. All samples were analyzed
in triplicates.

2.6. Assessment of economic viability of pretreatments

There is a need to establish the economic viability of pretreatment
in order to justify the investment into the procurement of acid and al-
kali besides the cost of obtaining energy used for the pretreatment. In
doing this, the balance between production and usage of energy was
done by comparing the cost of obtaining thermal energy with the ad-
ditional energy that will be obtained from the additional biogas as a
result of the applied pretreatments. The purpose was to evaluate the
possibility that the extra biogas obtained would suffice for the cost of
thermal energy. The thermal energy required (TER) for pretreating each
biomass was determined via Eq. (1):

= ×m Sh Tfinal TinitialTER 
3600 (1)

where:
m=mass substrate (1000 kg);
Sh=specific heat of water
T= Temperature

2.7. Analysis of microbial community

In order to analyze the microbial community, 45mL each was taken
from all samples and effluents on days 6, 12, 18, 24 and 30 respectively
and stored at −20 °C. The total DNA extraction from all samples was

done according to the method of Vilchez-Vargas et al. (2013) followed
by conventional PCR in order to target the total bacterial population
using the total bacterial primers P338f and P518r (Boon et al., 2002).
Agarose gel electrophoresis was thereafter used to evaluate the purity of
the extracted DNA and PCR products which was followed by Real-time
PCR analysis using a StepOnePlus™ Real-Time PCR System (Applied
Biosystems, Carlsbad, CA). The total bacterial population was then
analyzed (Desloover et al., 2015). The quality of the Real-time PCR
products was checked by examining the different parameters which
were obtained with the StepOnePlus software V2.3. Analysis of each
sample was done in triplicate.

2.8. Analysis of data

Assessment of the possible effect that the pretreatments may have
on the kinetics of the biomass’ degradability during the digestion pro-
cess in this study was done with the Gompertz equation as modified
below:

= × × +S t M exp
M

t( ) exp Rmax e
0

( ) 10 (2)

where:
S(t)=cumulative yield of methane at time t (mLCH4/g VS),
M0=CH4 yield (mL/gVS),
Rmax=maximum CH4 production rate (mL/gVS/d),
ƛ= lag phase (day),
e=Euler’s constant (2.7183).
In doing this, the accuracy of prediction of the models used was

measured using the determination coefficient (R2) and the root mean
square error (RMSE) (Tsapekos et al., 2015). This was followed by the
determination of statistical significance differences among the me-
chanically pretreated and untreated samples using Tukey post hoc test
at 95% confidence interval (p < 0.05) and one-way ANOVA. The
Graphpad Prism (Graphpad Software, Inc., San Diego, CA) was used in
this testing. After this, the normal distribution of the samples was
evaluated using the Kolmogorov–Smirnov test at 95% confidence in-
terval (p < 0.05). The correlation among the chemical components of
biomass was determined by descriptive statistics. Also, the prediction of
methane yield from all biomass was done by multiple linear regression
analysis. In order to ensure accuracy of the prediction, calculation of
the coefficient of variation (CV) and normalized root mean square error
(NRMSE) were also carried out using the XLSTAT software (Addinsoft,
New York, NY).

3. Results and discussion

3.1. Biomass characteristics before and after pretreatments

The structural characteristics of all biomass used in this study before
and after pretreatments is shown in Table 1. From the table, the com-
position of total lignin in the untreated biomass samples was between
27.2 and 40.6% m.m−1 with the highest found in Chromolaena Odorata
while the lowest was found in Tithonia tubiformis. For cellulose, the
composition was between 26.6% m.m−1 for Pennisetum purpureum
(Morado) and 36.4% m.m−1 for Tithonia diversifolia. For hemicellulose
composition in the untreated biomass, the lowest (9.8% m.m−1) was
found in Pennisetum purpureum (Morado) while the highest (12.4%
m.m−1) was found in Chromolaena odorata. For araninan, the lowest
composition (3.4% m.m−1) was recorded for Pennisetum purpureum
(King grass) while the highest (5.4% m.m−1) was found in Tithonia
tubiformis. Protein composition of all the biomass was highest in Chro-
molaena odorata with 4.8% m.m−1 while the lowest composition (2.2%
m.m−1) was found in Pennisetum purpureum (Monado). These results are
very similar to the findings of Cai et al. (2016), who analyzed the
structural component of corn stalk and reported values of 21.4, 43.4
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and 19.5% for lignin, cellulose and hemicellulose respectively. Simi-
larly, Li et al. (2016), reported the values of 20, 34 and 24% for lignin,
cellulose and hemicellulose respectively from the structural analysis of
the different parts of corn stalk.

After the application of mechanical pretreatment to all the biomass
in this study, there was reduction in the composition of all four struc-
tural materials i.e. lignin, cellulose, hemicellulose and arabinan.
However, the protein contents increased in all samples but at different
rates. For lignin composition of the pretreated biomass, there was re-
duction of 51, 50, 48, 39, 40 and 54% for Pennisetum purpureum
(Monado), Pennisetum purpureum (King grass), Tithonia diversifolia,
Tithonia rotundifolia, Tithonia tubiformis and Chromolaena odorata re-
spectively. For cellulose composition, reductions of 54, 57, 55, 38, 59
and 52% were recorded for Pennisetum purpureum (Monado), Pennisetum
purpureum (King grass), Tithonia diversifolia, Tithonia rotundifolia,
Tithonia tubiformis and Chromolaena odorata respectively. For the com-
position of hemicellulose in all six biomass after pretreatment, there
were reductions of 47, 60, 59, 64, 50 and 65% respectively while the
composition of arabinan reduced by 14, 26, 27, 17, 22 and 38% re-
spectively in all six biomass. The protein content of all biomass in-
creased after the pretreatment which indicate the breakdown of com-
plex molecules of amino acids into their hydrolysable derivatives. The
increase in value was 33, 14, 8, 22, 22 and 32% for Pennisetum pur-
pureum (Monado), Pennisetum purpureum (King grass), Tithonia diversi-
folia, Tithonia rotundifolia, Tithonia tubiformis and Chromolaena odorata
respectively.

Table 2 shows the proximate composition of both pretreated and
untreated samples of all the biomass used in this study. It can be de-
duced from the table that all the biomass contains appreciable level of
nutrients elements and minerals needed for the survival and microbial
metabolism in a fermentation medium such as anaerobic digestion.
Across all six biomass, there is high composition of important nutrient
elements such as carbon, nitrogen, phosphorus, potassium, calcium,
and magnesium all of which were highest in the raw biomass of Tithonia
diversifolia and lowest in Pennisetum purpureum (Monado). After the
mechanical pretreatment, the levels of all these nutrient elements in-
creased signifying that the action of the pretreatment methods brought
about the tenderization of the biomass thereby yielding up the nutrient
that were initially locked up in the cells of the biomass. After pre-
treatment, the Tithonia diversifolia was still the richest in terms of nu-
trients and elemental composition while Pennisetum purpureum
(Monado) remained the least. In some previous research, application of
pretreatments have been reported to increase the nutrient composition
of lignocellulosic biomass which are known to be composed of nu-
merous nutrients but which are locked up in their tissues majorly due to
their complex nature in terms of the lignin-cellulose-hemicellulose
matrix (Dahunsi et al., 2017c,d,e,f). (See Table 3).

3.2. Result of BMP test

Table 1 also shows the methane yields from all samples (Pretreated
and untreated). In the phase of mechanical pretreatment, methane yield
of between 312 and 366mL/g VS were obtained from the six biomass.
The highest yield was achieved at the brush speed rotation of 800 rpm
while there was significant difference (p > 0.05) in other methane
yield values when compared with the untreated operations. This finding
agrees with the study carried out by Tsapekos et al. (2018) who re-
ported a negative proportional correlation between the biodegrad-
ability of biomass and the speed of machine employed for harvesting.
However, the same authors have earlier reported a positive correlation
between biomass biodegradability and machine speed as a sure means
to achieve breakdown of biomass’ structural components (Tsapekos
et al., 2017a,b). Much earlier, other authors have suggested that pre-
treatment efficiency is not directly proportional to machine’s rotational
speed but a function of the type of technology or implement used for
disruption (Boscaro et al., 2015).Ta
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In this study, there were some difficulties in the biomass flow
through the used plastic roller majorly due to the size. There is possi-
bility of improving this situation by operating the machine at moderate
rotating speed so as to avoid equipment blockade and to apply the
demanding shearing forces more efficiently. Mechanical pretreatment
in this first phase did not only slightly increase the yield of methane for
all biomass used (Fig. 1) but also influenced the kinetic parameters by
decreasing the rate limiting phenomenon usually encountered during
the hydrolysis stage of anaerobic digestion since the structural com-
ponents of the biomass have been disrupted by the actions of the ro-
tating brush. Therefore, the used Gompertz model as modified ensured
the increase in the rate of digestion during the anaerobic digestion for
each of the biomass as carried out in this study. In a previous study on
the full scale mechanical pretreatment of lignocellulosic biomass,
Tsapekos et al. (2017a) reported the significant reduction of laggingTa

bl
e

2
Pr
ox
im
at
e
co
m
po
si
tio
n
of
us
ed

lig
no
ce
llu
lo
se
s.

Pa
ra
m
et
er

Pe
nn
ise
tu
m
pu
rp
ur
eu
m
(M
or
ad
o)

Pe
nn
ise
tu
m
pu
rp
ur
eu
m
(K
in
g
gr
as
s)

Ti
th
on
ia
di
ve
rs
ifo
lia

Ti
th
on
ia
ro
tu
nd
ifo
lia

Ti
th
on
ia
tu
bi
fo
rm
is

Ch
ro
m
ol
ae
na
od
or
at
a

Pr
td

U
nt
r

Pr
td

U
nt
r

Pr
td

U
nt
r

Pr
td

U
nt
r

Pr
td

U
nt
r

Pr
td

U
nt
r

A
sh

Co
nt
en
t(
%
)

4.
1
±

0.
01

3.
6
±

0.
01

4.
6
±

0.
03

4.
2
±

0.
01

3.
9
±

0.
01

3.
6
±

0.
03

3.
6
±

0.
01

3.
4
±

0.
01

3.
5
±

0.
04

3.
2
±

0.
01

3.
3
±

0.
20

2.
9
±

1.
00

M
oi
st
ur
e
Co
nt
en
t(
%
)

83
.4
±

4.
01

71
.7
±

1.
01

84
.2
±

1.
01

74
.2
±

1.
01

81
.8
±

3.
00

71
.3
±

3.
05

87
.5
±

4.
01

73
.5
±

2.
01

86
.3
±

4.
00

73
.5
±

3.
05

89
.2
±

2.
02

62
.4
±

0.
02

To
ta
lC
ar
bo
n
(g
/k
g
TS
)

39
4.
3
±

9.
02

33
1.
5
±

4.
01

38
8.
7
±

4.
00

34
3.
3
±

6.
02

54
4.
3
±

9.
01

47
9.
9
±

8.
01

46
8.
5
±

5.
01

44
0.
5
±

5.
22

43
8.
3
±

4.
02

39
8.
5
±

5.
22

57
3.
4
±

9.
50

46
5.
9
±

1.
20

To
ta
lN

itr
og
en

(g
/k
g
TS
)

23
.5
±

4.
02

19
.6
±

0.
02

22
.3
±

1.
02

21
.6
±

0.
02

31
.9
±

3.
05

30
.3
±

0.
05

26
.8
±

1.
02

24
.8
±

0.
22

25
.1
±

2.
02

24
.2
±

0.
22

32
.1
±

0.
20

28
.1
±

0.
20

C/
N

17
17

17
16

17
16

17
18

17
16

18
17

U
ro
ni
c
ac
id
s
(%

VS
)

2.
2
±

0.
01

1.
0
±

0.
01

2.
0
±

1.
10

1.
2
±

1.
10

1.
8
±

0.
02

1.
47

±
0.
02

1.
6
±

1.
10

1.
2
±

1.
10

2.
5
±

1.
10

2.
2
±

1.
10

1.
6
±

0.
10

1.
4
±

0.
10

@
So
lu
bl
e
su
ga
rs
(%

VS
)

3.
9
±

1.
01

3.
6
±

0.
01

4.
8
±

1.
02

4.
1
±

1.
02

7.
9
±

0.
01

7.
6
±

0.
01

5.
2
±

0.
01

4.
9
±

0.
11

4.
9
±

0.
00

4.
6
±

0.
10

5.
9
±

0.
10

5.
8
±

0.
10

Ph
en
ol
s
(m
g
L−

1 )
0.
02

±
1.
01

–
0.
01

±
1.
01

–
0.
03

±
1.
01

–
0.
03

±
1.
01

–
0.
03

±
1.
01

–
0.
03

±
1.
02

–
To
ta
lP
ho
sp
ho
ru
s
(g
/k
g
TS
)

6.
5
±

0.
03

5.
4
±

0.
01

8.
6
±

0.
01

7.
1
±

0.
11

12
.5
±

1.
01

11
.3
±

0.
01

8.
9
±

0.
12

8.
2
±

0.
12

9.
4
±

1.
11

8.
0
±

0.
11

12
.1
±

0.
01

10
.5
±

0.
01

Po
ta
ss
iu
m
(g
/k
g
TS
)

7.
5
±

0.
01

6.
6
±

0.
01

7.
9
±

0.
05

7.
2
±

0.
01

14
.6
±

2.
01

13
.5
±

0.
01

10
.4
±

1.
01

9.
7
±

0.
11

8.
5
±

0.
01

7.
7
±

0.
11

13
.3
±

2.
01

11
.8
±

0.
01

Ph
os
ph
at
e
(g
/g

TS
)

1.
4
±

0.
01

1.
2
±

0.
01

2.
4
±

0.
01

2.
01

±
0.
01

2.
1
±

0.
01

1.
9
±

0.
01

2.
8
±

0.
11

2.
5
±

0.
11

2.
8
±

0.
11

2.
4
±

0.
01

1.
3
±

0.
10

1.
1
±

0.
20

Su
lp
ha
te
(g
/k
g
TS
)

44
.0
±

1.
00

40
.4
±

1.
00

47
.6
±

2.
00

46
.2
±

2.
00

64
.2
±

0.
01

86
.5
±

0.
01

93
.0
±

4.
20

91
.0
±

6.
10

82
.5
±

2.
10

78
.3
±

6.
10

58
.8
±

2.
02

56
.4
±

1.
02

Ca
lc
iu
m
(g
/k
g
TS
)

19
5.
4
±

2.
02

16
7.
1
±

2.
02

21
4.
6
±

5.
04

18
1.
4
±

0.
42

24
5.
1
±

8.
01

20
1.
1
±

4.
01

18
8.
7
±

4.
02

15
7.
2
±

1.
42

17
8.
1
±

0.
22

15
1.
5
±

1.
42

25
1.
5
±

4.
03

18
1.
8
±

2.
03

M
ag
ne
si
um

(g
/k
g
TS
)

51
.3
±

1.
02

45
.3
±

1.
02

54
.7
±

0.
02

50
.6
±

0.
02

68
.6
±

3.
01

65
.3
±

2.
01

58
.5
±

3.
02

53
.8
±

2.
02

55
.7
±

1.
02

50
.4
±

2.
02

66
.5
±

4.
01

62
.2
±

1.
10

Ir
on

(g
/k
g
TS
)

1.
2
±

0.
01

0.
2
±

0.
01

0.
3
±

0.
03

0.
2
±

0.
01

0.
6
±

1.
01

0.
6
±

0.
01

0.
4
±

1.
04

0.
3
±

0.
04

0.
5
±

0.
02

0.
4
±

0.
04

1.
4
±

0.
10

0.
44

±
0.
10

Zi
nc

(g
/k
g
TS
)

1.
6
±

0.
01

1.
2
±

0.
01

1.
7
±

0.
03

1.
1
±

0.
01

2.
8
±

1.
01

2.
1
±

0.
01

1.
8
±

0.
01

1.
2
±

0.
03

1.
6
±

1.
01

1.
2
±

0.
01

2.
7
±

0.
03

2.
5
±

0.
01

A
lu
m
in
iu
m
(g
/k
g
TS
)

27
.2
±

1.
01

26
.7
±

0.
01

27
.6
±

0.
02

25
.3
±

0.
02

37
.6
±

2.
01

35
.4
±

1.
01

26
.8
±

0.
01

22
.7
±

0.
03

29
.3
±

0.
03

25
.8
±

0.
01

39
.5
±

0.
05

37
.3
±

0.
01

Co
pp
er
(g
/k
g
TS
)

1.
6
±

1.
01

1.
2
±

0.
01

1.
8
±

0.
01

1.
3
±

0.
02

1.
9
±

0.
05

1.
6
±

0.
01

1.
6
±

0.
11

1.
0
±

0.
10

1.
3
±

0.
10

1.
2
±

0.
10

1.
6
±

0.
02

1.
3
±

0.
12

N
=
12
0;
C/
N
=
Ca
rb
on
/N
itr
og
en

ra
tio
.

Table 3
Effects of mechanical pretreatments and kinetics.

Phase One Road sweeping brush against crimper

Brush (rpm) Crimper
(rpm)

CH4 yield
(mL/g VS)

Rmax
(mL/g
VS/d)

ƛ d R2 (%) RMSE

P0 – – 206 ± 3.22 31 2.99 97 4.21
P1 200 1200 312 ± 6.03 34 3.43 99 4.45
P2 400 1200 320 ± 9.01 32 4.21 97 6.34
P3 1000 1200 346 ± 6.02 36 3.23 97 5.67
P4 1200 1200 307 ± 6.04 35 2.98 96 4.21
P5 600 1200 317 ± 5.01 34 3.45 98 4.26
P6 800 1200 366 ± 7.11 36 3.51 99 5.57

Phase Two Stable coarse shell against rotated corrugated roller (∼400 rpm)

Biomass load
(kg grass/m2)

CH4 yield
(mL/g VS)

Rmax
(mL/g
VS/d)

ƛ d R2 (%) RMSE

Q0 – 206 ± 3.22 32 1.78 96 10.31
Q1 1.32 387 ± 4.05 27 2.04 97 9.24
Q2 0.95 366 ± 8.10 32 1.67 98 11.25
Q3 1.21 426 ± 6.01 40 1.74 99 8.71
Q4 1.12 377 ± 6.00 36 1.83 95 12.34
Q5 0.88 367 ± 7.11 34 1.69 97 11.80
Q6 0.76 468 ± 12.-

01
28 1.58 98 9.82

Note: P0 and Q0=Untreated samples at both phases; P1 to P6 and Q1 to
Q6=mechanically pretreated biomass at both phases; Rmax=maximum CH4
production rate; ƛ= lag phase; R2= coefficient of determination;
RMSE= root mean square error.

Fig. 1. This figure shows the cumulative methane yield per kilogram of volatile
solids for the phase 1 of mechanical pretreatment of the lignocelluloses.
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during the hydrolysis stage of digestion process. The use of this type of
model that reduced the lagging period during digestion has been pro-
posed as appropriate and efficient for the estimation of process para-
meters during bioprocessing (Kafle and Chen, 2016). In order to eval-
uate the efficiency of the model, parameters such as the R2 and RMSE
were used. In all, there are high R2 values with corresponding low error
values. This shows that the model is reliable and accurate in predicting
the methane yield. Values similar to these have been reported in the
past (Raju et al., 2011).

The second phase of the mechanical pretreatment was carried out so
as to further study the biodegradability of the lignocelluloses by using
the same machine but with modifications i.e. replacement of the earlier
used plastic brush roller with a coarse corrugated roller. This was ne-
cessitated by the need to apply more shearing forces with the aid of
mesh gratings of coarse steel to bring about the desired changes to the
structures of the lignocellulosic biomass as previously demonstrated
forces using (Tsapekos et al., 2015). In this case, only one rotating
speed (∼400 rpm) was used since the first BMP test and the subsequent
anaerobic digestion could not establish a direct correlation between
biomass’ biodegradability and the speed of the used rotating roller
brush. In this second phase, the anaerobic digestion carried out showed
a significant (p < 0.05) improvement of the process via the use of the
modified pretreatment which is characterized by biogas yield increase
by 13–22% across all digestions (Fig. 2).

The loading of biomass into the machine was done at different
loading in order to evaluate the possible effect loading variability on
their biodegradability. The results however showed that no significant
(p > 0.05) effect of variation in biomass loading on the biodegrad-
ability of all the biomass used in this study especially in terms of me-
thane yield increase and shortening of lagging during hydrolysis stage
of digestion. Therefore, the efficiency of the mechanical pretreatment
was not affected by the biomass loading capacity. This also infers that
same level of efficiency could be achieved in practical real-life situation
in which large quantity of biomass is handled without any means of
optimization.

Tsapekos et al. (2017a) has earlier reported such large scale appli-
cation of mechanical pretreatment with similar apparatus used in this
study have been carried out on lignocellulosic biomass with the re-
sulting effect of structural degradation and up to 20% methane yield
enhancement while other researchers have even reported up to 62%
improvement in the yield of methane by applying mechanical-based
pretreatments to different lignocellulosic biomass (Rodriguez et al.,

2017). In a recent study, Tsapekos et al. (2017b) carried out the as-
sessment of the balance between produced biogas via mechanical pre-
treatment and the energy requirement of the machine. They reported an
overall improvement in the sustainability of the anaerobic digestion
using grass-based biomass with the use of a very efficient full-scale
machine. Overall, mechanical pretreatment as shown in this study is an
environmentally friendly approach to manage different biomass and
diverse waste streams since it has the capacity to cause structural da-
mage to the biomass thereby increasing the surface area for microbial
attack in the digesters (Tedesco et al., 2014).

Each biomass showed different rate of methane generation (Rmax)
as well as the date when the maximum yield was achieved (µmax)
which was highest in the digestion of pretreated Chromolaena odorata. It
was however not possible to directly draw a relationship between the
loading of biomass and kinetic parameters majorly due to heterogeneity
in each biomass’ variety, growth condition and changes that took place
from harvesting time through to the time ensiling and use for biogas
generation. Similar observations have been reported (Kreuger et al.,
2011; Molinuevo-Salces et al., 2013).

3.3. Correlation between biomass’ chemical composition and methane
potential

As shown in Table 1, the biomass used in this study possesses dif-
ferent chemical characteristics and their respective methane potentials
are also shown in the table. Considering the BMP values, there exist
wide gaps between the values which range between 200 and 468mL/g
VS. It has been previously opined that datasets with wide range of
values such as obtained in this study are suitable for drawing a corre-
lation between the chemical compositions of lignocellulosic biomass
and their subsequent methane potentials (Raju et al., 2011; Dandikas
et al., 2018). Since the values obtained for the C/N ratios did not follow
normal distribution, this parameter was not used in the mathematical
regression analyses. Two methods were used in the mathematical re-
gression analyses used in this study. First, a single linear regression was
employed with the most important structural component i.e. lignin with
fairly high calibration statistics as shown below:

= ×CH yield(mL/g VS) 506.63 7.56 Lignin(g/100 g VS)4 (3)

The R2 value obtained in this model was 0.55, the RMSE was 32mL/
g VS while the NRMSE was 17%. As seen here, the simple linear re-
gression model used in this study which considered the use of biomass
chemical composition did not give high estimation accuracy as ex-
pected but only serve as a time effective prediction model. Such ob-
servations have been reported by previous researchers who instead
have proposed the use of multiple linear regression models in order to
achieve higher prediction accuracy (Dandikas et al., 2014; Kafle and
Chen, 2016; Edwiges et al., 2018). Based on these suggestions, a mul-
tiple regression model was employed in this study with lignin, arabinan
and protein compositions as the regressors while the yield of methane
was used as the regressand since the composition of cellulose and
hemicellulose are considered insignificant (p < 0.05) for the model
(Dandikas et al., 2015). The model is as shown below:

= + ×
×

+ ×

CH yield(mL/g VS) 281.66 15.72 Arabinan(g/100 g VS)
3.50 Lignin(g/100 g VS)

28.46 Proteins(g/100 g VS)

4

(4)

By using this multiple regression, there was improvement in the
accuracy of prediction over the single linear model. The value of the R2

increased to 0.63, RMSE was 22mL/gVS while the NRMSE was 13%.
After this, the normal distribution of the residual was examined using
the Kolmogorov–Smirnov test in which the null hypothesis was ac-
cepted.

The method of correlating biomass chemical composition with their
potentials has been reported in some studies with different results. One

Fig. 2. This figure shows the cumulative methane yield per kilogram of volatile
solids for the phase 2 of mechanical pretreatment of the lignocelluloses. Note: P0
and Q0=Untreated samples at both phases. P1 to P6 and Q1 to
Q6=mechanically pretreated biomass at both phases.
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of such studies was carried out by Dandikas et al. (2015) using lignin,
hemicellulose and protein as variables in a multiple linear regression
model that resulted in a R2 value of 0.70 which is even higher in ac-
curacy than the result of the present study due to the use of large
number and varieties of grass whose harvesting were done at different
phases of growth which must have had a significant impact on the
parameters such as the lignin composition. Also, in Herrmann et al.
(2016), composition of lignin, protein, butyric acid and alcohols were
used as regressors and a slightly high prediction accuracy was achieved
with R2 of 0.64 and RMSE of 27mL/g VS which can also be attributed
to the use of a large set of data drawn from many plant species.

There is more similarity between the result of this current study and
that of Herrmann et al. (2016) in that only ensilaged biomass were used
unlike other studies that employed different lignocellulosic biomass
with heterogeneous dataset and which imparted on the prediction ac-
curacy of the models. This equally implies that the chemical composi-
tion of a particular lignocellulosic biomass is a sure factor in de-
termining its methane potential and to predict its biodegradability.

3.4. Microbial composition and volatile fatty acids (VFAs) dynamics

During the anaerobic digestion in all four different experiments,
several microorganisms were isolated and identified by the molecular
methods used. These include aerobes such as Bacillus pantothenticus,
Bacillus licheniformis, Bacillus stearothermophilus, Serratia ficaria, Serratia
plymuthica and Proteus vulgaris. Identified anaerobes include Clostridium
clostridioforme, Fusobacterium mortiferum and Porphyromonas assachar-
olyticum while the methanogen include members of the genera
Methanobacteriales, Methanosaetaceae, Methanomicrobiales and
Methanosarcinaceae. The presence of high microbial population and
activities in an anaerobic digester usually leads to the accumulation of
VFAs because the microorganisms produce a number of intermediate
acids that are well known to cause inhibition of the digestion process.
However, accumulation of these VFAs is largely dependent on the
balance between their production and consumption rates by the di-
gesters bacterial community. In the current study, acetate and propio-
nate are the predominant VFAs which were only slightly accumulated
except at the middle of the digestion process i.e. between the 12th 16th
days when their concentrations reached the peak in all four digestions.
This is an indication of imbalance between the first two stages com-
bined i.e. hydrolysis-acidogenesis and the last two stages combined i.e.
acetogenesis-methanogenesis (Riggio et al., 2017).

3.5. Energy balance

The combined heat and power (CHP) system was employed in the
computation of the balance of energy with thermal and electrical effi-
ciencies of 50% and 35% (Dahunsi et al., 2017a) (Table 4). The thermal
energy required for raising the temperature of 35 g TS L−1 mixture of
each of the biomass (Pennisetum purpureum (Monado), Pennisetum pur-
pureum (King grass), Tithonia diversifolia, Tithonia rotundifolia, Tithonia
tubiformis and Chromolaena odorata) and water from 25 °C to 55 °C was
therefore determined taking the specific heat of water to be
4.18 kJ kg−1 °C−1 neglecting heat loss (Dahunsi et al., 2017a,c). For all
the biomass, the 668, 696, 1,212, 798, 772 and 1,282 kWh t−1 TS
thermal energy gain was higher than the 346, 346, 323, 323, 322 and
335 kWh t−1 TS thermal energy that was initially required to carry out
the mechanical pretreatment for each biomass thus giving a net thermal
energy of 322, 350, 889, 475, 450 and 947 kWh t−1 TS. The highest net
thermal energy was obtained from the digestion of pretreated Chro-
molaena odorata while the lowest was from pretreated Pennisetum pur-
pureum (Morado). The possibility is there that this net energy can be
increased via the use of heat exchanger during the pretreatment or for
heating of the digester. Heat exchangers have been previously em-
ployed to increase the recovery of thermal energy up to about 80%
(Zabranska et al., 2006). Perhaps, full integration of thermal energy is Ta
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another prominent method for assessing the economic feasibility in this
study as earlier reported (Perez-Elvira and Fdz-Polanco, 2012).

In carrying out the assessment of electrical energy, an account was
only taken for the energy consumed during the mechanical grinding of
each biomass following earlier submissions (Menardo et al., 2012; Zhao
et al., 2018). For all the biomass, the net electrical energy of 460, 399,
497, 456, 439 and 523 kWh t−1 TS were obtained. This further con-
firms the economic feasibility of using mechanical pretreatment. The
net thermal and electrical energies obtained can be sold directly to
consumers or injected into the energy grid following standard en-
vironmental and governmental rules.

4. Conclusions

In this study, the application of mechanical pretreatment in two
different phases enhanced the breakdown of structural materials in all
the used biomass which was characterized by reduction of the lagging
time during anaerobic digestion and the subsequent increase in me-
thane yield up to 22%. However, the different loading rate of biomass
had no effect on the overall methane yield increase. Both the single and
multiple linear regressions models were used in order to correlate the
chemical composition of the biomass with their methane potentials and
a fairly high correlation was obtained. Further application of mechan-
ical pretreatments is recommended.
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