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Abstract: Future energy and environmental issues are the major driving force towards increased
global utilization of biomass, especially in developing countries like Pakistan. Lignocellulosic
residues are abundant in Pakistan. The present study investigated the best-mixed proportion of
mechanically pretreated lignocellulosic residues i.e., wheat straw and rice straw (WSRS), bagasse and
wheat straw (BAWS), bagasse, and rice straw (BARS), bagasse, wheat straw, and rice straw (BAWSRS)
through anaerobic co-digestion. Anaerobic batch mode bioreactors comprising of lignocellulosic
proportions and control bioreactors were run in parallel at mesophilic temperature (35 ◦C) for
the substrate to inoculum (S/I) ratio of 1.5 and 2.5. Maximum and stable biomethane production
was observed at the substrate to inoculum (S/I) ratio of 1.5, and the highest biomethane yield
339.0089123 NmLCH4/gVS was achieved by co-digestion of wheat straw and rice straw (WSRS) and
lowest 15.74 NmLCH4/gVS from bagasse and rice straw (BARS) at 2.5 substrates to inoculum ratio.
Furthermore, anaerobic reactor performance was determined by using bio-kinetic parameters i.e.,
production rate (Rm), lag phase (λ), and coefficient of determination (R2). The bio-kinetic parameters
were evaluated by using kinetic models; first-order kinetics, Logistic function model, Modified
Gompertz Model, and Transference function model. Among all kinetic models, the Logistic function
model provided the best fit with experimental data followed by Modified Gompertz Model. The
study suggests that a decrease in methane production was due to lower hydrolysis rate and higher
lignin content of the co-digested substrates, and mechanical pretreatment leads to the breakage of
complex lignocellulosic structure. The organic matter degradation evidence will be utilized by the
biogas digesters developed in rural areas of Pakistan, where these agricultural residues are ample
waste and need a technological solution to manage and produce renewable energy.

Keywords: anaerobic co-digestion; substrate inoculum ratio (S/I); kinetic models; lignocellulosic
waste; kinetic parameters; pretreatment

Highlights

â Mechanically pretreated wheat straw (WS), rice straw (RS), and sugarcane bagasse (BA)
â Anaerobic co-digestion of amalgamations
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â Optimal substrate to inoculum ratio of 1.5 yield maximum biomethane
â Logistic function model best fit evaluated by using biokinetic parameters

1. Introduction

Energy is a fundamental resource for all human activities, development in modern
society, and sustainability. The global increase in the world’s population and economic
activities ultimately leads to an increase in energy demands in the coming decades, which
have adverse effects and implications on the environment and ecosystem of the earth.
Excessive utilization of conventional energy resources resulted in environmental pollution
and degradation. To overcome these challenges, the scientific community focused on
renewable energy resources that are environmentally friendly, reliable, and are vastly
available. Developments and utilization of renewable energy have become common
several countries in the world are investing in securing huge budgets for research and
development, product development, and exploitation of energy [1].

Many developing countries like Pakistan are facing a severe energy crisis and are
focusing on the utilization of available indigenous energy resources to meet the growing
energy demands of the country. Pakistan’s energy sector depends on the conventional
methods for energy generation and imports crude oil of 14.5 US billion dollars which
makes it 20% of foreign exchange for the import of fossil fuel [2]. Pakistan is enriched
with solar, biomass, and wind energy resources. Biomass and bio-based energy can play
a central role in the elimination of energy crisis and is an important energy resource
due to its agriculture-based economy. Developed countries are utilizing waste in energy
systems for energy production, although developing countries like Pakistan lack the
appropriate methodology and execution of biomass as an alternative energy resource.
The majority of the world’s population lives in rural areas of developing countries they
have limited access to fossil fuels and therefore use biomass directly for space heating
and cooking purposes [3]. Bioenergy generation resources include crop residues, forest
residues, municipal solid waste, sewage sludge, food processing waste, and animal waste.
Pakistan’s total land constitutes 60% of agricultural land, and the main agricultural crops
include wheat, sugarcane, cotton, maize, and rice; these crops generate residues that are
utilized for bioenergy production.

Bioenergy production from crop residues is either through thermal conversion tech-
nologies (combustion, pyrolysis, and gasification) or through biochemical conversion
technologies (anaerobic digestion or co-digestion, fermentation, and transesterification).
The anaerobic digestion process degrades the organic substrate into two products, biogas
and digestate, Anaerobic co-digestion from organic waste and other feedstock through
digestion of two or more substrates [4]. Anaerobic Co-digestion has several advantages
like improved nutrient balance, methane production, and increases organic diversion and
system economics [4,5]. Biogas production through anaerobic digestion is challenging due
to the complex structure of lignocellulosic residues. Lignocellulosic crop residues have
a complex structure composed of cellulose (23–32%), hemicellulose (38–50%), and lignin
(10–25%). Lignin is a major component of such crops, and it endows the structural support
impermeability and resists the microbial attack, and is recalcitrant to digest by microbes
for renewable biochemical conversion [6].

During anaerobic digestion of lignocellulosic agricultural residues lignin inhibits
the methanogenic bacteria to produce methane, whereas cellulose plays a vital role in
the production of methane so, to enhance enzyme accessibility to cellulose pretreatment
is required, which could reduce the cellulose crystallinity, degrade lignin, and hemicel-
lulose and increase surface area or porosity so more bacteria could adhere to produce
maximum biomethane.

To overcome this challenge, lignocellulosic residues are pretreated and is co-digested
with other feedstock. Various methods for pretreatment are developed in mechanical,
thermal, biological, and chemical pretreatments, for this study the mechanical pretreatment
was given to the substrates [7]. The objective of mechanical pretreatment is the reduction
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of size and crystallinity of lignocellulosic material. Physical pretreatment is given by
grinding, hammer mill, knife mill, ball milling. For the reduction of particle size, the
grinders are used to reduce the crystallinity of the substrate and increase the porosity of
the substrate so that it could be easily degraded by the anaerobic bacteria. The decrease in
particle size leads to an increase of available specific surface and a decrease in the degree of
polymerization (DP) [8]. The milling causes also shearing of the biomass, pore-volume, or
porosity of lignocellulosic material and enhances the initial enzymatic hydrolysis rate [9].
An increase in digestibility takes place when the pore size of the substrate is large to easily
accommodate both large and small enzymes [10].

For a long time, there has been a growing attention for the effect of pretreatment on
lignocellulosic residues for enhanced methane production. Accordingly, in the present
study, we had investigated the potential of mechanically pretreated lignocellulosic residues
i.e., wheat straw, rice straw and sugarcane bagasse present in Pakistan and to analyze
their potential for biogas production through the anaerobic co-digestion process. Thus
far, previous studies had focused on anaerobic co-digestion of wheat straw, rice straw
with cow or cattle manure [11–13]. The chemical pretreatment and analyzed the optimal
proportion of treated wheat straw and cow manure for efficient methane production, co-
digested rice straw and dairy manure and assessed a wide range of feeding regimes on
biogas productivity and yields in rice straw anaerobic co-digestion. Accordingly in the
present study we used mechanical pretreatment described that mechanically pretreated
lignocellulosic waste can work at high solids loading which is ideal if the recommended
combination is used as a substrate in a small scale anaerobic digester [14,15]. Further-
more, physical properties like porosity and durability of wheat straw, sugarcane bagasse,
and rice straw have already been studied. Wheat straw is reported more porous and
denser; the cellular size of wheat straw is greater than those of rice straw and sugarcane
bagasse, so more bacteria could adhere to its surface and increase the production of bio-
gas [16,17]. Wheat straw is a potential residue to produce methane due to its permeable
nature [18]. In the present study, wheat straw was co-digested with the other lignocellu-
losic residues to determine the best ratio and residue with which it could give the highest
methane production.

Lignocellulosic biomass waste has been a problem to manage as well as its anaerobic
digestion is slow because of the high lignin content to increase the degradation rate cost-
effective pretreatment strategy is required to enhance the process efficiency [19]. Bagasse
produced by 70 sugar industries in the country has been found to be sufficient for the
generation of 5700 GWh of electricity. Major crop residues include cotton stalks, wheat
straw, rice straw, sugarcane trash, and corn stalk having production of 49.4, 34.581, 16.75,
7.83, and 5.325 million tons, respectively [20].

Lignocellulosic biomass has been used to produce Butanediol having potential use in
cosmetic products, pharmaceuticals, antifreeze agents, synthetic rubber, fuel additives, and
flavoring agents in food products [21]. However, bioplastics from lignocellulosic have an
attraction to address environmental pollution [22]. Besides the other agricultural residues
usage in developing countries like Pakistan, where 70% of the population do not have
access to clean fuel for cooking, their priority is biogas production from these agricultural
residues to access clean energy.

These lignocellulosic residues are not comprehensively examined in an anaerobically
co-digestion process with optimum process conditions. Moreover, more attention is given
to the kinetic characteristics of the digestion process, which includes the lag phase, hy-
drolysis rate, methane production rate, and methane yield. The study determines to focus
on the best combination of reactor operating parameters for anaerobically co-digested
lignocellulosic residues i.e., wheat straw and rice straw (WSRS), bagasse and wheat straw
(BAWS), bagasse and rice straw (BARS), bagasse, wheat straw, and rice straw (BAWSRS)
for biomethane production. The organic matter degradation information will be utilized as
a substrate commercially by industries or small-scale biogas digesters developed in rural
areas of Pakistan, where these residues are easily available and accessible.
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2. Material and Methods
2.1. Raw Material

In this study, three lignocellulosic materials were used wheat straw, rice straw, and
sugarcane bagasse. These raw materials were collected from a village near Dina Punjab,
Pakistan. These materials were selected as substrates due to their abundance, sound
potential for biogas production, and microporous structure after mechanical pretreatment,
which is suitable for the retention of microorganisms. Prior to use, substrates were air-dried
and then mechanically pretreated firstly, lignocellulosic waste was hewed and then ground
by using a laboratory grinder and were reduced to the size of 0.1 mm, and then installed in
anaerobic bioreactors.

2.2. Inoculum

The inoculum was transported to Biofuel lab of US Pakistan center for advanced
studies in Energy at National university of sciences and Technology (USPCAS-E NUST),
Islamabad, and was effluent of the operational biodigester producing biogas by treating
cow manure. The inoculum was stored in an airtight 5 L plastic bottle with anaerobic
headspace for degradation of easily degradable organic matter present in the inoculum.
Characterization of substrate and inoculum was performed by using Moisture Content
(MC), pH, Total Organic Carbon (TOC), Total Solids (TS), and Volatile Solids (VS).

2.3. Experimental Setup

The Biochemical methane potential (BMP) assays were used, triplicate batch fermen-
tation tests were carried out, depicted in Figure 1 [23]. Two batch experiments were
performed in parallel for a substrate to inoculum (S/I) ratio of 1.5 and 2.5.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 16 
 

 
Figure 1. Lab-Scale Biochemical Methane Potential Setup. 

The glass bottles used for batch assays had a total volume of 300 mL and, a working 
volume of 210 mL was sealed with silicon stoppers, metallic capping, and scotch tape. The 
working volume constitute of 210 mL (110 mL + 100 mL), where 100 mL was water and 
110 mL was packing volume (volume occupied by two lignocellulosic materials for reac-
tors other than bagasse, wheat straw, and rice straw (BAWSRS), reactor which is a combi-
nation of three lignocellulosic materials) and volume of inoculum, the composition of 110 
mL was different for both S/I ratios of 1.5 and 2.5. The packing volume for S/I ratio 1.5 was 
66 mL, which was determined by marking line on the bottle previously filled with water 
of 66 mL, and for S/I ratio 2.5, the volume was 33 mL. Bottles were filled according to the 
S/I ratio, and then water was added to sustain working volume. Further, the pH of reactors 
was checked and maintained to 7–7.5 by adding some drops of HCl 10 M solution. After 
this, nitrogen gas was purged for five min to maintain the anaerobic condition in the bot-
tle, and then the bottles were sealed. Lastly, a syringe of 25 mL was inserted for biogas 
collection. The incubation of reactors was carried out at the mesophilic condition (35 °C ± 
1 °C) for the growth of methanogenic bacteria. For comparative analysis, control reactors 
were run in parallel, for both ratios. The duration for both experiments was 60 days when 
the biogas curve stretched plateau phase. Moreover, Biogas volume was measured twice 
a week for both Experiment 1 and Experiment 2 using the plunger displacement method 
[23–25]. 

2.4. Analytical Measurements 
Volatile solids and total solids were enumerated in triplicate by following the stand-

ard American Public health association (APHA) method [26,27], pH was computed by pH 
meter of Hannah (Hanna HI 9829) at the digester temperature of 35 °C ± 1, TOC was cal-
culated by using the relation of VS/1.8 [28], TS and VS removal were calculated by using 
the Equation (1) [28]. Moreover, Biogas volume was measured twice a week for both Ex-
periment 1 and Experiment 2 using the plunger displacement method. Proximate analysis 

Figure 1. Lab-Scale Biochemical Methane Potential Setup.

The glass bottles used for batch assays had a total volume of 300 mL and, a working
volume of 210 mL was sealed with silicon stoppers, metallic capping, and scotch tape. The
working volume constitute of 210 mL (110 mL + 100 mL), where 100 mL was water and
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110 mL was packing volume (volume occupied by two lignocellulosic materials for reactors
other than bagasse, wheat straw, and rice straw (BAWSRS), reactor which is a combination
of three lignocellulosic materials) and volume of inoculum, the composition of 110 mL was
different for both S/I ratios of 1.5 and 2.5. The packing volume for S/I ratio 1.5 was 66 mL,
which was determined by marking line on the bottle previously filled with water of 66 mL,
and for S/I ratio 2.5, the volume was 33 mL. Bottles were filled according to the S/I ratio,
and then water was added to sustain working volume. Further, the pH of reactors was
checked and maintained to 7–7.5 by adding some drops of HCl 10 M solution. After this,
nitrogen gas was purged for five min to maintain the anaerobic condition in the bottle, and
then the bottles were sealed. Lastly, a syringe of 25 mL was inserted for biogas collection.
The incubation of reactors was carried out at the mesophilic condition (35 ◦C ± 1 ◦C) for
the growth of methanogenic bacteria. For comparative analysis, control reactors were run
in parallel, for both ratios. The duration for both experiments was 60 days when the biogas
curve stretched plateau phase. Moreover, Biogas volume was measured twice a week for
both Experiment 1 and Experiment 2 using the plunger displacement method [23–25].

2.4. Analytical Measurements

Volatile solids and total solids were enumerated in triplicate by following the standard
American Public health association (APHA) method [26,27], pH was computed by pH
meter of Hannah (Hanna HI 9829) at the digester temperature of 35 ◦C ± 1, TOC was
calculated by using the relation of VS/1.8 [28], TS and VS removal were calculated by
using the Equation (1) [28]. Moreover, Biogas volume was measured twice a week for
both Experiment 1 and Experiment 2 using the plunger displacement method. Proximate
analysis of substrates wheat straw, rice straw, and sugarcane bagasse is mentioned in
Table 1. Biogas was analyzed by Gas Chromatograph (Shimadzu GC-2010 plus), with
thermal conductivity detector (TCD) and molecular sieve 5A as a column the operational
temperature of column oven was 200 ◦C. Biogas sample of 4 mL volume was injected in
duplicate into GC autosampler for composition analysis. The initial column temperature
was set as 35 ◦C for 2 min and then ramped to 10 ◦C/min followed by a ramp of 150 ◦C,
which was maintained for 5 min to reach the temperature of 200 ◦C. Helium was used as
carrier gas. Curves were drawn by analyzing the experimental data on Origin software
version 8.0.

TS or VS Removal =
{

1 −
[VSdigestate ∗ (100 − VS f eed)

VS f eed ∗ (100 − VSdiestate)
]
∗ 100

}
(1)

Table 1. Proximate Analysis of Substrates.

Parameters Wheat Straw Rice Straw Bagasse Inoculum

Total Solids % 99 98.5 98 85
Volatile Solids % 83.33 62.42 80 58.6

Total Organic Carbon (TOC) % 46.29 34.46 44.44 32.555
Moisture Content % 1 1.5 2 90.6

pH - - - 6.6

2.5. Kinetic Modeling

Biogas production kinetics was modeled by using three models, (a) modified Gom-
pertz model, (b) logistic function model, (c) transference function model to estimate per-
formance parameters, and (d) first-order kinetics model was used for determination of
bio-kinetic parameter. Simulation of experimental data for the determination of the best fit
model was performed by using SPSS (IBM SPSS statistics 20), and graphical representation
was made by using Origin 8.0 software.
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(a) Logistic Function Model

M =
Mo

1 + exp
(

4Rm(λ−t)
Mo + 2

) (2)

(b) Modified Gompertz Model

M = Mo. exp
[
− exp(

Rm.e
Mo

(λ − t) + 1
]

(3)

(c) Transference Function Model

M = Mo
[

1 − exp
(
−Rm(t − λ)

Mo

)]
(4)

(d) First Order Kinetics

M = Mo (1 − exp (−kh *t)) (5)

RMSE =
[ 1

m ∑m
j=1

(
dj
Yj

)2] 1
2 (6)

where M (mL/gVS) is cumulative methane production, Mo (mL/gVS) refers to methane
yield potential, t is to be time (days) is the λ lag phase (day) i.e., minimum time required
for methane production, and Rm (mL/g VS. d) is the maximum methane production rate.
The Modified Gompertz Model and Logistic Function Model are sigmoidal function with
(S-shape) curves and are usually compared to illustrate exponential bacterial growth. With
these non-linear regression models’ methane production rate, lag phase and methane pro-
duction potential were determined by using experimental values of batch assays. Though
both models appear to be similar, the major difference among the two models is that the
curve of the modified Gompertz model is symmetrical, and that of the logistic growth
model is asymmetric [29]. The logistic growth model fits for methane production and
assumes that is the rate of methane production is directly proportional to the amount of
gas produced and to the maximum capacity of methane production, moreover, estimation
of growth rate for the population of cells is mostly done by using logistic growth model
(LF) [30,31]. In this study, the modified version of the logistic model is used, as shown in
Equation (2) [32]. The first-order kinetics model (Equation (5)) determines the cumulative
methane production and hydrolysis rate constant (kh), it is the crucial kinetic parameter,
and in the anaerobic digestion process, the hydrolysis is considered as the rate-limiting
reaction which governs the process. Simulation of the experimental data for the best fit
model was performed, and selection of the best-fitted model was based on the kinetic
parameters, which are R2 coefficient of determination, RMSE Root mean square error, Rm, λ
and % difference (
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) between the predicted and experimental values RMSE was calculated
using the Equation (6).

3. Results and Discussion
3.1. Reactor Performance

Methane content in biogas was measured to determine the performance of reactor
Figure 2a,b illustrates the methane production curve of both experiments for S/I ratio
1.5 and 2.5 comprising of all reactors (WSRS, BAWSRS, BARS, BAWS), the trend shows a
continuous rise in methane production, reactor WSRS has shorter lag phase when com-
pared with other reactors. For experiment 1(S/I ratio 1.5), methane production was started
within a week, efficient methane production was noticed by the reactor WSRS i.e., 41% on
the fourth day of the experiment, whereas the startup phase for other reactors BAWSRS,
BAWS was 29% and 37% on seventh and eleventh day respectively; for Experiment 2 (S/I
ratio 2.5), WSRS, BAWSRS, and BAWS produced methane at 17%, 11% and 3% on the
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fourth, seventh and twentieth day respectively. Reactor RSBA showed the lowest methane
production among all reactors in both experiments. Methane production for reactors other
than WSRS was determined to slow because hydrolysis was the rate-limiting step in both
experiments [33]. Hydrolysis of lignocellulosic material is mostly affected by its recalcitrant
structure among lignocellulosic materials shorter hydrolysis, and enhanced methane pro-
duction was observed for substrates having higher cellulose content, lignin concentration
of each substrate effects total biogas production as well as the initial hydrolysis rate [34],
the hydrolysis rate is shown in Table 4. Cellulose and hemicelluloses formulate almost
∼70% of the biomass and are linked to the lignin structural units all the way through
covalent and hydrogenic bonds; thereby, the structure formulated is tremendously rigid
and resistive against processing [35]. While comparing both ratios, a decrease in methane
production and hydrolysis rate was observed for reactors of S/I ratio 20. Maximum Kh
was observed for reactor WSRS (Experiment 1, S/I ratio 1.5) followed by BAWSRS.
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This suggests that an increase in substrate concentration would lower the hydroly-
sis rate and methane production. After the startup phase, the maximum methane pro-
duction recorded by reactors WSRS, BAWS, BARS, and BAWSRS (Experiment 1; S/I
ratio 1.5) was 70.63%, 64.5%, 65%, 69%, respectively. Similarly, maximum methane pro-
duction for reactors WSRS, BAWS, BAWSRS, and BARS (Experiment 2; S/I ratio 2.5) was
recorded as 68.5%, 58%, 65.5%, and 18%, respectively. Furthermore, the graph of cu-
mulative methane yield is shown in Figure 3a,b for both Experiments. The maximum
methane yield observed for all reactors WSRS, BAWS, BARS, and BAWSRS of Experi-
ment 1 were 393.08 NmLCH4/gVS, 177.96 NmLCH4/gVS, 188.299 NmLCH4/gVS, and
337.900 NmLCH4/gVS, respectively. Whereas, for Experiment 2, methane yield of reactors
WSRS, BAWS, BARS, and BAWSRS were 244.78 NmLCH4/gVS, 65.79 NmLCH4/gVS,
15.74 NmLCH4/gVS, and 151.34 NmLCH4/gVS, respectively. Among both experiments,
the combinations in Experiment 2 show an initial lag in methane production, the inhibition
is likely due to higher lignin content and an increase in organic loading ratio (increase
in the substrate concentration) [36]. Lignin has a recalcitrant structure that limits the
degradation of lignocellulosic waste whereas cellulose and hemicellulose degrade after
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the hydrolysis process, the degradation of cellulose and hemicellulose in lignocellulosic
material would govern methane production [37,38]. Moreover, the substrates used in the
present study show bagasse has higher lignin content and lower methane production.
Lignin is the protective barrier that provides support to the lignocellulosic structure and
resists any microbial attack and oxidative stress. Additionally, lignin is insoluble in water
hence, anaerobic bacteria require more time to adhere on the substrate to start the anaerobic
digestion. In the comparison of both experiments’ reactor WSRS yields higher methane
due to lower lag phase and lignin content, methanogenic bacteria degraded the lignin
faster as compared to other reactors. Additionally, mechanical pretreatment given to all
substrates increases surface accessible area, decreases crystallinity, and surface polymeriza-
tion to enhance biodegradability; these are the factors that fasten the hydrolysis rate [39].
Production of biomethane is correlated with the degradation or digestibility of organic
matter by anaerobic microorganisms. VS reduction is the amount of VS degraded by
the bacteria; higher degradation leads to more VS reduction, which ultimately results in
excessive biogas production [40]. Tables 2 and 3 illustrate the VS reduction and pH of all
reactors. For Experiment 1 (S/I ratio 1.5), reactor WSRS still has the potential to produce
biogas, whereas all other reactors have shown maximum biogas production according to
their potential due to utilization of carbon content present in substrates [41]. Moreover,
in Experiment 2 reactors, WSRS and BAWS showed maximum VS reduction whereas,
reactor BAWSRS still had the potential to degrade microorganisms and produce biogas.
Concentrating on the BARS reactor, the methane production was minimum, and the result
of maximum volatile solids reduction illustrates that the volatile solids fed into the reactor
were degraded by propionic acid bacteria rather than methanogenic bacteria, which results
in the accumulation of Volatile fatty acids (VFAs) [42]. It was observed that the performance
of a reactor was low in terms of methane production and pH during the digestion. The pH
profile of all reactors after anaerobic co-digestion is mentioned in Table 2. For Experiment 1
(S/I ratio 1.5), the reactors WSRS, BAWSRS BARS, and BAWS have a neutral pH of 7.0,
7.0, 6.95, and 7.8, respectively which means the methanogenic bacteria were active and
yields maximum methane according to the substrate’s potential [43]. For Experiment 2
(S/I ratio 2.5), the reactors WSRS, BAWSRS, and BAWS have neutral pH of 7.1, 7.0, and 7.1,
respectively. The optimum value of pH shows that methanogenic bacteria were active and
produced maximum methane [43].
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Table 2. pH and VS Reduction % after Co-digestion of S/I Ratio 1.5.

Reactors pH VS Reduction (%)

Control 1 7.0 88.9
WSRS 7.0 98.8
BARS 6.9 98.5
BAWS 7.8 98.1

BAWSRS 7.0 99.0

Table 3. pH and VS Reduction % after Co-digestion of S/I Ratio 2.5.

Reactors pH VS Reduction (%)

Control 2 7.1 87.0
WSRS 7.1 99.2
BARS 5.5 99.4
BAWS 6.5 97.7

BAWSRS 7.0 96.9

However, reactor BARS in the Experiment has provided the least pH value of 5.5 [44];
this pH value is observed during an acidic phase when Volatile fatty acids (VFAs). Mostly,
the propionic acid bacteria grow when the pH ranges from 4.6–6.0 [44,45] which inhibit
the bacteria to produce maximum biomethane production. Concentrating on methane
production, BARS has given minimum methane production [44]. The reactor’s performance
was analyzed based on methane content, pH, and VS reduction. While analyzing the
performance of all reactors in both experiments two factors have been observed. Firstly,
it was determined that reactors of the mixed substrate, if including bagasse, had shown
lower methane production due to higher lignin content. Secondly, the decrease in methane
production occurred when the substrate concentration was increased.

3.2. Application of Kinetic Modelling

The accumulated methane production curve was simulated using four models; first-
order kinetics, modified Gompertz model, logistic function model, and transference func-
tion model to analyze the best combination reactor and S/I that has potential for maximum
biomethane production. Parameters as hydrolysis rate constant, maximum methane pro-
duction rate, lag phase, biogas yield potential was studied; the fitness of these models
depends on bio-kinetic parameters (λ, R2, RMSE,

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 16 
 

BAWS 6.5 97.7 

BAWSRS 7.0 96.9 

However, reactor BARS in the Experiment has provided the least pH value of 5.5 [44]; 

this pH value is observed during an acidic phase when Volatile fatty acids (VFAs). Mostly, 

the propionic acid bacteria grow when the pH ranges from 4.6–6.0 [44,45] which inhibit 

the bacteria to produce maximum biomethane production. Concentrating on methane 

production, BARS has given minimum methane production [44]. The reactor’s perfor-

mance was analyzed based on methane content, pH, and VS reduction. While analyzing 

the performance of all reactors in both experiments two factors have been observed. 

Firstly, it was determined that reactors of the mixed substrate, if including bagasse, had 

shown lower methane production due to higher lignin content. Secondly, the decrease in 

methane production occurred when the substrate concentration was increased. 

3.2. Application of Kinetic Modelling 

The accumulated methane production curve was simulated using four models; first-

order kinetics, modified Gompertz model, logistic function model, and transference func-

tion model to analyze the best combination reactor and S/I that has potential for maximum 

biomethane production. Parameters as hydrolysis rate constant, maximum methane pro-

duction rate, lag phase, biogas yield potential was studied; the fitness of these models 

depends on bio-kinetic parameters (λ, R2, RMSE, ϓ and Rm) which are presented in Table 

4. The simulation of experimental values and predicted values were plotted in Figures 4 

and 5. Among all applied kinetic models, the best-fitted model was the logistic function 

model followed by the modified Gompertz model. The transference function model could 

not replicate the experimental data for all reactors, the coefficient of determination for all 

reactors have low values, whereas RMSE values are high in the TF model and the % dif-

ferences were very high therefore this model could not be the best-fitted model. The lo-

gistic model was best-fitted for both Experiments. The R2 values show that the predicted 

model was best fitted with experimental data, and the variance between predicted and 

experimental BMP’s was less than 10%, this low value demonstrates that the logistic 

model predicts the performance of reactors accurately. Furthermore, the lag phase sug-

gests the time required by methanogenic bacteria to produce methane. However, accord-

ing to our results of all reactors, the lag phase increases with an increase in organic loading 

ratio due to higher substrate concentration (solid substrate) which prolongs the hydrolysis 

process and increases the period of acclimation for microorganisms [5,46]. 

, and Rm) which are presented in
Table 4. The simulation of experimental values and predicted values were plotted in
Figures 4 and 5. Among all applied kinetic models, the best-fitted model was the logistic
function model followed by the modified Gompertz model. The transference function
model could not replicate the experimental data for all reactors, the coefficient of determi-
nation for all reactors have low values, whereas RMSE values are high in the TF model
and the % differences were very high therefore this model could not be the best-fitted
model. The logistic model was best-fitted for both Experiments. The R2 values show that
the predicted model was best fitted with experimental data, and the variance between
predicted and experimental BMP’s was less than 10%, this low value demonstrates that
the logistic model predicts the performance of reactors accurately. Furthermore, the lag
phase suggests the time required by methanogenic bacteria to produce methane. However,
according to our results of all reactors, the lag phase increases with an increase in organic
loading ratio due to higher substrate concentration (solid substrate) which prolongs the
hydrolysis process and increases the period of acclimation for microorganisms [5,46].
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Table 4. Summary of Kinetic Parameters.

Parameters
S/I 1.5 S/I 2.5

WSRS BAWS BARS BAWSRS WSRS BAWS BARS BAWSRS

Modified Gompertz Model

R2 0.972 0.977 0.977 0.981 0.981 0.983 0.975 0.984

RMSE 0.581 0.269 0.638 0.541 0.594 0.682 0.638 0.636

λ (days) 10 18 22 17 18 25 22 21

Rm mLCH4/VS. d 4.123 0.300 0.256 0.501 0.298 0.091 0.0181 0.1574

Predicted Methane Yield NmLCH4/gVS 338.878 154.768 163.010 295.993 215.493 57.732 13.560 133.583

Experimental Methane NmLCH4/gVS 393.008 177.965 188.299 337.900 244.785 65.793 15.748 151.345

Difference % (
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Considering the lag phase of all reactors in both experiments, the lowest lag phase
was observed for the Reactor WSRS due to lower lignin content. The maximum methane
production rate (Rm) increased with the decrease in the lag phase, and this is due to the
pretreatment, which breaks the structure of lignocellulosic material and makes room for
the acetogenic and methanogenic bacteria [47] The soundness of the modified Gompertz
model depends on the bio-kinetic parameters, and these parameters, analyzed by Modified
Gompertz Model, exemplifies a lower methane production with a longer lag phase due to
an increase in substrate concentration, the more substrates concentration, the longer the
hydrolysis phase would be. R2 values illustrate that the predicted model was fitted with
the experimental values that are shown in Figures 4 and 5. LF and GM models have almost
similar values, but the difference between the predicted model and experimental values
was nearly equal to 10% or more than 10%; that is why GM was not considered as the best
fit [48].

Based on the best fit, the reactor WSRS with a S/I ratio of 1.5 produces the highest
methane production and have the lowest lag phase, whereas insignificant variation in the
maximum rate of methane production was observed, the cumulative methane production
was from the experiment and predicted by the model was close to the logistic function
model and with the modified Gompertz model, but there was a huge variation in the data
when compared with transference function model.

4. Way Forward

The application of current work is the adoption of co-digestion technology for agri-
cultural residues to meet the energy demands for heating and cooking in a small-scale
rural community. The environmental and social impacts of the projects improve the social
well-being of the community.

Future prospects of the study involve further research and development to enhance
the efficiency and stability of the system for adoption at an industrial scale. The challenges
link with technology is the indigenous manufacturing of the bio-digesters and human
resource training.

5. Conclusions

Lignocellulosic materials are present in abundance, readily available, and are envi-
ronmentally friendly. The efficient use of such potential residues will result in cutoff the
menace of burning. In this study, three lignocellulosic materials were combined in different
proportions to determine the best reactor that produces maximum methane production.
Analysis of methane production trends during anaerobic Co-digestion of lignocellulosic
residues i.e., wheat straw and rice straw (WSRS), bagasse, and wheat straw (BAWS),
bagasse and rice straw (BARS), bagasse, wheat straw and rice straw (BAWSRS) revealed
variation in methane production by each reactor in both experiments. This variation was
induced due to different substrate concentrations, lignin content, and hydrolysis rate. The
study suggests that a decrease in methane production was due to a lower hydrolysis rate
and higher lignin content. From the experimental results can be inferred that the pH of all
reactors was neutral except for reactor BARS (S/I 2.5) due to the accumulation of volatile
fatty acids that inhibit the methanogenic bacteria to produce methane. Experimental results
were further validated by simulation of kinetic models estimating performance parameters.
Evaluation of kinetic models demonstrated that the logistic function model was the best
fit, and it reproduced the experimental data followed by the modified Gompertz model.
Comparison of both experimental and kinetic modeling results denotes that the optimum
methane production was exhibited by the reactor WSRS at the substrate to inoculum ratio
(S/I) 1.5, with lower lignin content and higher hydrolysis rate. These reactors possess the
optimum value of R2, maximum methane production (M) and low initial lag phase (λ),
RMSE, and
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