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Abstract

The present work summarizes different sources of biomass used as raw material for the production of biogas, focusing
mainly on the use of plants that do not compete with the food supply. Biogas obtained from edible plants entails a developed
technology and good yield of methane production; however, its use may not be sustainable. Biomass from agricultural waste
is a cheap option, but in general, with lower methane yields than those obtained from edible plants. On the other hand, the
use of algae or aquatic plants promises to be an efficient and sustainable option with high yields of methane produced, but it
necessary to overcome the existing technological barriers. Moreover, these last raw materials have the additional advantage
that they can be obtained from wastewater treatment and, therefore, they could be applied to the concept of biorefinery.
An estimation of methane yield per hectare per year of the some types of biomass and operational conditions employed is
presented as well. In addition, different strategies to improve the yield of biogas, such as physical, chemical, and biological
pretreatments, are presented. Other alternatives for enhanced the biogas production such as bioaugmentation and biohythane

are showed and finally perspectives are mentioned.
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Introduction

Climate change has been directly related to fossil fuel com-
bustion, which generates CO, and it is the energy production
predominating worldwide since the last century (DeMarco
2017). Due to this, research done on the subject to obtain
diverse clean energies has been intensified, with a particular
focus on renewable energy sources in the few last decades.
The use of biomass from edible plants to biofuels produc-
tion has been a topic of debate, because it could increase
the compete for availability of agricultural lands and water
bodies and displace food crops. Because of this, works have
been carried out to explore the use of different biomass
sources for biogas production that will not compete with
the food supply and, at the same time, could contribute to
the development of sustainable processes.
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As a result of the concerned mentioned above of food
crops competing with biogas crops, the interest to obtain
biogas from lignocellulosic biomass through anaerobic
digestion has increased owing to the fact that anaerobic
digestion is one of the most abundant sources of renew-
able biomass in the world, and methane is one of the main
products. Through anaerobic digestion, complex poly-
mers can be transformed in simple molecules and finally
in biogas, which is mainly formed by CH, (60-70%) and
CO, (30-40%) (Brennan and Owende 2010). The enzymatic
capacity of anaerobic microorganisms is utilized for break-
ing down organic matter through complex interactions that
occur among microorganisms. The manner in which those
microorganisms interact can define the performance and
effectiveness of the process. Biogas obtained in this way is,
therefore, a renewable form of energy that may contribute
to mitigate environmental pollution (Jiang et al. 2011), and
simultaneously can be utilized to produce electricity, heat,
or fuel for vehicles.

However, the obtaining biogas from lignocellulosic
biomass is difficult, because lignocellulose is recalci-
trant to microbial or enzymatic biodegradation, due to its
structure and composition (Hendriks and Zeeman 2009).
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Lignocellulosic biomass is composed mainly by cellulose,
hemicellulose, and lignin. Cellulose is a biopolymer formed
of crystalline and amorphous parts, while hemicelluloses
are amorphous and have heterogeneous complex structures
formed by different polymers such as pentoses, hexoses,
among others. Hemicellulose serves as a connection between
cellulose and lignin; and, therefore, it provides more rigid-
ity (Laureano-Perez et al. 2005). Lignin is an amorphous
aromatic heteropolymer whose function is to provide sup-
port and impermeability to the plant as well as resistance to
microbial attack and oxidative stress (Hendriks and Zeeman
2009). Due to this structural complexity, lignin is difficult
to break down.

The aim of this work is, first, to present an update review
on biogas production from different types of biomass such as
edible plants, agricultural waste, and non-food plant species,
focusing mainly on the use of aquatic plants and algae. Sec-
ond, it is also presented different strategies which have been
used to improve the process, for instance chemical, physical,
physicochemical, and biological pretreatments. The applica-
tions of alternative techniques such as bioaugmentation are
presented too.

Production of biogas from different biomass
sources

The production of biogas is an attractive alternative for
energy production in terms of energy yield. The total supply
of biomass in 2014 was estimated at 59.2 EJ representing the
10.3% of all energy supply globally (WBA 2017). Forestry,
agriculture, and municipal solid-waste sectors contribute 87,
10, and 3%, respectively, to the supply of biomass (WBA
2017). Biofuels can be classified according to the type of
biomass from which they come from: first-, second-, and
third-generation biofuels. First-generation biofuels are those
that come from edible plants. Second-generation biofuels
come from agricultural waste and non-edible plants. Finally,
third-generation biofuels are those that come from algal
biomass. Biofuels of second and third generations are also
called advanced biofuels, because their production does not
compete with food supplies and, in many cases, are produced
from biomass resulting from remediation processes.

Edible plants

The first generation of biofuels is obtained from terres-
trial crops such as grains (rice, wheat, and corn), pota-
toes, and sugarcane, among others (Brennan and Owende
2010). Biogas obtained from this type of biomass presents
advantages, since it uses the highest technological develop-
ment and it also has competitive cost and scalable process.
Biogas production from energy crops has been suggested
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to give more net energy yield per hectare per year (up to
two times), in comparison with obtaining bioethanol from
wheat (Borjesson and Mattiasson 2008). In Table 1, sev-
eral examples of feedstock for the first-generation biogas
production are shown, including operational conditions
and methane yield. The studies presented in this table were
conducted under mesophilic conditions at temperature rang-
ing 30-38 °C, at a interval of pH between 7 and 8 with
hydraulic residence time (HRT) of 30—60 days, the operating
conditions used were close to the optimal values reported
to favor the methane production (Chandra et al. 2012). In
Table 1, it is shown that the highest methane yield per hec-
tare is reached when maize is used. This means that utiliz-
ing of maize as a raw material to obtain biogas will require
a smaller surface area compared to crops such as barley.
Maize is one of the most used crops from which a high yield
of methane formation can be obtained. A modern study in
Germany showed that maize is the most common co-sub-
strate used with manure in biogas plants (Weiland 2006).
Sugar beet and sorghum are other types of crops which can
have the higher values of yield methane per hectare per year
(Table 1). On the other hand, extensive agricultural areas are
required to obtain a sufficient quantity of biogas to be able
to gain ground in the use of fossil fuels and, consequently,
this could cause a competition with food crops in terms of
the land and water that is required (Correa et al. 2017). Con-
sequently, the use of edible plants as raw material for the
generation of biogas is not a sustainable process.

Non-edible plants or wastes

The second-generation biogas is produced from lignocellu-
losic biomass derived from agricultural waste, forest waste,
municipal and industrial waste, and non-edible plants such
as grass and aquatic plants. Moreover, all these resources
share the characteristic that they are formed from non-food
resources. This type of biomass presents advantage of low
cost and abundance; nonetheless, it is not yet cost-effective
attractive by a number of barrier techniques that require to
be surpassed (Naik et al. 2010). Among the different bar-
riers which limit their commercialization are: government
policies, added value from non-fuel co-products, high pro-
duction costs, and competition with fossil fuels (Chen and
Smith 2017).

Agricultural wastes

Biogas production from different agricultural wastes through
anaerobic digestion has increased worldwide due to not com-
pete with food supply, and is environmentally friendly. Fur-
thermore, this method present other advantages like contrib-
uting to reduce pollution produced by organic waste, waste
ceasing to be garbage, and becoming value-added products
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Table 1 Different feedstock for the production of first-generation biogas and its performance

Biomass Inoculum Operation condi- Type of Pretreatment Methane Methane yield®, Crop yield t References

tions reactor yield m>ha~! year™! DS ha”! year™

Maize and Mixture of ~ 37.5°C Batch assays Ensiling 349.5 mL - - Haag et al.

amaranth microor- (100 mL techniques CH, g‘1 (2015)
ganisms syringes) ODM

Maize Sludge 36 °C, 30 days Batch assays — 379.0 mL 3411-7505 10-22%¢ Pakarinen

gl vs etal. (2011)

Maize silage Methano- 37°C,pH 7.2, Batch (1 L)  Microbial 393.3 mL 3933-8652 10-225¢ Poszytek et al.

genic 21 days consortium g~ (2016)
with high
cellulolytic
activity
Zea mays Anaerobic 39 °C, Continuously Ensiling 330.0 mL 2970-6536 10-220¢ Klimiuk et al.
(maize) sludge HRT =60 days stirred tank CH, g’l (2010)
reactors VS
(CSTRs)

Sorghum Digestates 35 °C, 30 days Batch (2L Silage 341.0- 6479.0-7182 19¢ Herrmann
Glass ves- 378.0 mL etal. (2011)
sel) ¢ 1 ODM

Barley Inoculum 37°C Batch Milled 314.8 mL 1416 5d Himanshu

from g_l VS et al. (2017)
anaerobic
reactor
Sugar beet Digestate 35°C, pH 8.1, Batch (2 L) Silage 350.4— 4905-5591 14¢ Herrmann
30 days 399.4 mL. etal. (2016)
¢~ ODM

Sunflowers  Digestate 35°C, pH 8.1, Batch (2L)  Silage 210- 2100-3147 10-11%¢ Herrmann

30 days 286.1 mL et al. (2016)
g~ ODM

Winter Digestate 35°C, pH 8.1, Batch (2L) Silage 269.2— 1346-3277 5-10%¢ Herrmann

wheat 30 days 327.6 mL et al. (2016)
¢ 1 ODM

ODM organic dry matter

Calculated value assuming 90% volatile solid content
bGissén et al. (2014)

“Schievano et al. (2015)

4Markou et al. (2017)

Stiirmer et al. (2011)

that are converted into clean energy. Agricultural waste
includes the non-edible portions of plant, such as the leaves,
corn stover, straw, etc. Large quantities of crop residues are
generated from agricultural activities annually worldwide. In
2006, it was estimated that 75.73 million tons of dry matter
was produced from 20 crops in Mexico (Valdez-Vazquez
et al. 2010). Furthermore, this process contributes to the
management of agricultural waste, which, not having been
treated properly, is decomposed and methane is released to
the environment of non-controlled manner.

In Table 2, several feedstocks from agricultural waste are
shown It can be observed that mesophilic or thermophilic
conditions were employed, at pH range of 6.5-7 with TRH
from 30 to 63 days. The methane yield obtained per unit g
VS from corn stover is 1.8 higher than the one obtained from

rice straw, but the yield per unit hectare of the rice straw is
greater than corn stover. In other words, corn stover will take
up more agricultural lands in comparison with rice straw.
This means that to have a complete scenery of the perfor-
mance of the process, it is necessary not only to calculate
the yield per unit weight of biomass used, but also to know
the yield per surface unit. In addition, the methane yield
obtained per hectare per year from Miscanthus sacchariflo-
rus reaches value that is even higher than the value obtained
from wheat winter (Fig. 1). Miscanthus is a plant species
that has been identified as an ideal fuel crop because of the
ease of its growth and harvest and it produces high dry mat-
ter content (McKendry 2002). In general, the methane yield
per hectare obtained from agricultural waste is lower than
the one obtained from crop grains such as maize (Fig. 1).
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Fig. 1 Methane yield per hectare per year of different types of bio-
mass

However, its use does not put the supply of food at risk, so it
is necessary to develop a technology that allows the increase
of methane yields from this type of raw material. In this
sense, it is recommended to utilize a pretreatment to enhance
the accessibility of holocelluloses (Monlau et al. 2013a).

Floating, submerged, or emergent aquatic plants

Floating aquatic plants are considered to be invasive plants
owing to their rapid and uncontrollable growth. However,
aquatic plants can be used in the phytofiltration to remove
pollutants; for example, one phytofiltration lagoon at scale
pilot has been used for the removal of COD, reaching values
in the range of 47.8-88.0%, depending on the season (Olguin
et al. 2017). Aquatic plants perform the removal of con-
taminants through physical, chemical, and microbiological
process which take place in the roots (Akinbile and Yusoff
2012). Moreover, aquatic plants can be used as a source of
biomass for biogas production; nonetheless, it is required
to be careful, so the growth of these plants is controlled
at all times. In addition, it has been suggested that aquatic
plants are a good option as feedstock for biogas production,
due to the possibility to obtain from them a high content of
volatile fatty acids (Hernidndez-Garcia et al. 2015). In this
way, biomass produced through the phytofiltration process
or the biomass of aquatic plants harvested in sites like lakes
or freshwater bodies can be used as feedstock for biogas
production. However, it is desirable for their controlled pro-
duction and the way in which the concept of biorefinery can
be applied. The controlled use of aquatic plants does not put
the food supply at risk, because it does not compete with
water or crop land. The utilization of aquatic plants presents
two disadvantages: their low mechanical strength and high
moisture content that reached values of 95% (Koyama et al.
2017a). In Table 3 methane production from several aquatic
plants is shown; the studies were carried out in a tempera-
ture range of 30-38 °C and interval of pH between 7 and 8.

In addition, highest yield of methane was obtaining from
Elodea nuttallii.

The other additional advantage that comes with using
aquatic plants is that they contain a greater amount of bio-
degradable protein than other plants (Kobayashi et al. 2015).
However, a few studies have been carried out with floating or
submerged aquatic plants. Of these works, the most studied
plant is Eichhornia crassipes, while other species of aquatic
plants have been studied to a lesser extent. Jiang et al. (2014)
evaluated seven species of wetland aquatic plants, and their
results showed a negative correlation between biogas pro-
duction and hemicelluloses or lignin content, whereas the
correlation between biogas production and starch carbohy-
drate content was positive. The authors reported that the
greatest biogas production was obtained from Colocasia
tonoimo Nakai, and it reached up to 629.4 mL g! volatile
solid (VS). Koyama et al. (2017a) evaluated the effect of
dissolved lignin (05 g L™!) extracted with an alkaline pre-
treatment of an aquatic macrophyte (Potamogeton maacki-
anus) on methanogenesis, acidogenesis, and hydrolysis.
They found that regarding acidogenesis and methanogen-
esis, the efficiency decreased up to 15%, while the hydrolysis
decreased up to 35% at the higher concentration tested (5 g
L~!) with respect to the control. In other words, it seems
that the production of biogas was inversely proportional to
the lignin content.

In addition, co-digestion of cow manure with sewage
sludge and Eichhornia crassipes has been evaluated, the
finding that accelerated the reaction and improved meth-
ane content (Tasnim et al. 2017). Moreover, Yadav et al.
(2017) evaluated biogas production from the co-digestion of
duckweed with cattle dung, where different proportions were
studied for maintaining an optimal C/N ratio of between 25
and 30; the best mixing for biogas production was a relation
of 1:1. On the other hand, Ali et al. (2014) suggested the
combination of different plants (cob heart and Eichhornia
crassipes) combined with a pretreatment that consisted of
delignification with Volveriella diplasia and Phanerochaete
chrysosporium, which could be a good source of energy and
fertilizer. However, it was observed that the seeds of Eich-
hornia crassipes can be recovered after the process of anaer-
obic digestion with germination values of 1.00%, which is
why its use may not be completely safe (Albano et al. 2015).
Therefore, more studies are needed to evaluate the potential
risks, as well as to evaluate other aquatic plants that have
been studied to a lesser extent, because they could be good
alternatives for biogas production.

The development and strengthening of this technology
could represent some great advantages: first, the treatment
of contaminated water bodies, and second, obtaining of
biomass which could potentially assist in the generation
of cheap and sustainable energy. If we compare the yield
per hectare obtained from E. crassipes, we can see that
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Table 3 Different aquatic plants used as feedstock for the production of biogas

Biomass Inoculum Operation condi- Type of CH, conver-  Yield Methane Crop yield  References
tions reactor sion effi- yield?, m? tDS ha
ciency (%) ha=!year™!  year™!
Ipomoea Cow dung Agitation manual Batch assays — 290 mL - - Adanikin et al.
aquatica slurry twice daily, working biogas kg (2017)
and Eich- 25.5-35.5°C, volume of VS days‘1
hornia 119 days 15 dm?
crassipes
Typha lati- Anaerobic 37 °C, 60 days Batch assays - 151 mL CH, 2147 15.8° Nkemka et al.
folia sludge g 'vs (2015)
Eichhornia  Sludge of 38 °C, pH 7-8 Pilot scale, - 140 mL CH, 7560-12,600 60-100° O’Sullivan
crassipes wastewater batch g 'vs et al. (2010)
Eichhornia Sludge 35°C Batch - 170 mL CH, 9180-15,300 60-100° Gao et al.
crassipes g’l VS (2013)
Cabomba Sludge of 38 °C, pH 7-8 Pilot scale, - 109 mL CH, - - O’Sullivan
wastewater batch g 'vs et al. (2010)
Elodea nut-  Anaerobic 37 °C and Batch assays 61.4 299 mL CH, - - Koyama et al.
tallii sludge 100 rpm, g ' TS (2014)
14 days
Egeria densa Anaerobic 37 °C and Batch assays  60.6 234 mL CH, 7020 30¢ Koyama et al.
sludge 100 rpm, g ' TS (2014)
14 days
Potamogeton  Anaerobic 37 °C and Batch assays  72.2 156 mL CH, 528.8-1332.4 3.39-8.54° Koyama et al.
malaianu sludge 100 rpm, g ' TS (2014)
14 days
Duckweed Cattle dung 38 °C, pH 7.2, Batch - 580 mL days™' - - Yadav et al.
(aquatic 55 days (2017)
plant):cattle
dungina
1:1 ratio
Egeria densa  Anaerobic 35°C, 300 rpm, Semi- - 231 mL CH, 6930 304 Kobayashi
sludge HRT=45days continuous g ' vs et al. (2015)
reactor
Potamogeton ~ Anaerobic - Semi- 53.6 2559 mL CH, 857.5-2185 3.39-8.54° Koyama et al.
maackianus ~ sludge continuous g 'vs (2017b)
operation

HRT hydraulic retention time

Calculated value assuming 90% volatile solid content
"Weller et al. (2016)
“Mishima et al (2008)
dRoberts et al. (1999)
°Guo et al. (2013)

it can even be higher than the one obtained from maize;
consequently, we can say that aquatic plants can have great
potential to produce energy (Fig. 1). However, efficient
technologies for cultivation and harvesting in contaminated
water bodies must be sought; being careful that growth is
controlled to avoid environmental problems. If they are cul-
tivated in artificial lagoons, then it is necessary to create an
efficient and sustainable infrastructure that does not involves
high construction and operational costs. It is desirable for
the design of lagoons that occupy a small area and allow
a high yield biomass high. Furthermore, the development
of strategies to control the cultivation of aquatic plants is
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necessary; likewise, pilot-scale studies are required to deter-
mine whether the application of this technology is feasible
of carrying it out.

Algae biomass

In the last few years, the interest for obtaining biofuel
from algal biomass has considerably increased, as they
are considered the third-generation biofuels. Algae are
organisms that can be classified in macroalgae and micro-
algae. These photosynthetic organisms transform inor-
ganic carbon (CO,) or simple compounds directly into
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higher organic compounds, and have simple nutritional
requirements: light, sugars, CO,, N, P, and K (Brennan
and Owende 2010; Ghimire et al. 2017). The macroalgae
are multicellular organisms, while microalgae are unicel-
lular organisms. The use of microalgae biomass presents
several advantages: they can grow up to 10 times faster
that terrestrial plants (Kroger and Miiller-Langer 2012);
they can be cultured without competing with food pro-
duction; they can grow in wastewater using the nutrients
present in them; therefore, the biogas production can be
coupled wastewater remediation (Mahdy et al. 2016).
In addition, the residual biomass algae generated from
processes for liquid biofuel production can be used as a
feedstock in anaerobic digestion for biogas production
(Ghimire et al. 2017). Moreover, the study of microalgae
has recently been increased due to microalgae biomass
being considered a lignocellulosic-type feedstock that has
a lignin-deficient cell wall that allows more permeability
in comparison with other types of lignocellulosic biomass
(Chen et al. 2013).

Microalgae cultures fix the CO,, contributing to mitigate
environmental pollution, which can be economically attrac-
tive (Brennan and Owende 2010). Different studies have
shown the use of different types of microalgae for biogas
production, obtaining yields per hectare per year higher to
those found when edible plants are used (Table 4). However,
some factors can affect the formation of biogas, such as the
C/N ratio; for example, it has been suggested that it is pos-
sible to balance C/N in the optimum interval between 20
and 25 for the co-digestion of algal sludge and agricultural
waste (Yen and Brune 2007). The temperature affects meth-
ane production and can generally be enhanced when this is
increased (Gonzalez-Fernandez et al. 2012).

Microalgae present differences in the structure and com-
position of the cell wall among species and this composition
can affect the biogas production, so this is related to the ease
or difficult in which the cell wall is degraded. The resistance
of the cell wall is attributed to two polymers, namely, spo-
ropollenin and algaenan (Gonzélez-Fernandez et al. 2012).
Strains with no cell wall or protein-based cell could be eas-
ily broken; for example, Chlamydomonas reinhardtii is an
easily degradable specie, while Scenedesmus obliquus is a
difficult degradable species (Mussgnug et al. 2010). These
and other differences among microalgae hinder the develop-
ment of a technology that could be applicable to all species,
and perhaps, it would be more convenient to analyze them by
groups with similar characteristics. In addition, the design of
culture media was investigated: a nitrogen-limited medium
was formulated to produce low protein biomass; during
anaerobic digestion, the nitrogen-limited biomass was char-
acterized by a stable process with a low concentration of
inhibitory compounds and methane productivity of 5.7 times
higher compared with the nitrogen-replete biomass (Klassen

et al. 2017). This could indicate that the formulation of the
culture medium is an important factor that could provide
biomass with characteristics that favor biogas production.

On the other hand, a study by Correa et al. (2017) dis-
cussed the possible impacts of microalgae production
systems on biodiversity. The authors concluded that such
systems exert less pressure on biodiversity per unit of fuel
generated compared to the first-generation biofuels. This
is due to direct or indirect reductions of land-use change,
water consumption, or use of pesticides. Therefore, the use
of microalgae biomass as a feedstock for biogas produc-
tion has a great potential as an alternative clean, efficient,
and sustainable energy. In addition, other advantages that
encompass the use microalgae for biogas production are: low
energy consumption, use of residual biomass, wastewater
treatment, among others. On the other hand, the disadvan-
tages are that the use of microalgae to obtain energy is eco-
nomically not feasible due to the high costs of cultivation,
harvest, and operation (Jankowska et al. 2017). However,
the microalgae are raw material with good energy potential
and could reach a high methane yield per hectare (Fig. 1).
Therefore, it is necessary to develop new and efficient tech-
nologies in the use and feasible and cost-effective cultivation
of microalgae.

Macroalgae has been studied to a lesser extent than micro-
algae biomass for biogas production. Marine macroalgae
present a low content of lignin and are a source of feedstock
biomass for biogas production, which has been proposed as
an alternative for durable energy production (Karray et al.
2016). Tedesco et al. (2014) evaluated the potential of Lami-
nariaceae biomass for biogas production through the appli-
cation of mechanical pretreatment that enhanced in a 53%
methane yield in comparison with untreated samples. Ulva
rigida (marine macroalgae) has been used for biogas produc-
tion utilizing enzymatic pretreatment and reached values of
biogas production of 1175 mL g~! COD (chemical oxygen
demand) (Karray et al. 2016).

Another studied macroalgae is Chaetomorpha linum,
which was investigated because of its potential use in the
co-production of bioethanol and biogas in the biorefinery
(Yahmed et al. 2016). The authors observed that digestion
of C. linum with an enzyme preparation reached a maximum
yield of 0.22 g g~ ! dry substrate.

The use of marine macroalgae (mixture of 20% brown
and 80% red algae) as a feedstock in an industrial scale
biogas plant with co-digestion of chicken manure was evalu-
ated throughout the life cycle, resulting that the co-digestion
of algae with chicken manure had a positive impact on the
reduction of emissions (Ertem et al. 2017). The authors
proposed the possibility of substituting energy crops with
macroalgal biomass in bioenergy production to mitigate the
negative environmental effects. However, the use of mac-
roalgae in anaerobic digestion could be problematic in the
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long run due to the potential of high salinity and possible
sand accumulation (Laurens et al. 2017). Therefore, it is
necessary to carry out more research that allows to overcome
these barriers.

Strategies to improve biogas production
Pretreatments
Physiochemical pretreatments

Many factors affect the biodegradability of lignocellulosic
biomass, such as crystallinity, grade of polymerization,
surface area, solubility, and lignin content (Monlau et al.
2013b). Several studies have evaluated the use of various
physical, chemical, and biological pretreatments to get better
biodegradation of lignocellulosic biomass and to increase
methane production. The choice of pretreatment depending
on the characteristics and structure of biomass, and it should
increase the formation of biodegradable substrates, without
the loss of matter during process. The physical and chemi-
cal methods include mechanical, extrusion, steam explosion,
liquid hot water, organosolvents, ionic liquids, ozonolysis,
among others. Mechanical pretreatment (grinding or mill-
ing) has the aim of reducing particulate size for increas-
ing the surface area, reducing crystallinity, and the grade of
polymerization (Galbe and Zacchi 2007). Thermal pretreat-
ment consists of heating the biomass to high temperatures
depending on the process: for liquid hot water and steam
explosion, temperatures of 230 and 260 °C, respectively, can
be reached (Monlau et al. 2013b). Liquid hot water consists
of heating water at a high temperature and high pressure;
this pretreatment was utilized for pretreating sugarcane press
mud, reaching the highest yield of methane at 150 °C and
20 min, that represents an increase of 63% compared with
untreated substrate. However, at temperatures of 200 and
210 °C, the methane yield was diminished due to the pos-
sible formation of refractory compounds (Gonzélez et al.
2014). Steam explosion is a physicochemical method that
consists of the biomass exposed to a steam at high tem-
perature and pressure, and it has been proposed as a cost-
effective pretreatment for the degradation of lignocellulosic
biomass, but, sometimes, the xylan fraction is partially
degraded and inhibitory compounds can be formed during
the process (Garcia-Aparicio et al. 2006). Another physical
pretreatment is extrusion, which consists of raw biomass
that being passed through an extruder with the application
of pressure and high temperature (Ravindran and Jaiswal
2016); in this way, the biomass is disrupted.

In the chemical acid pretreatment, the aim is to solubilize
hemicellulose by breaking ether bonds in lignin by mak-
ing the cellulose accessible (Knappert et al. 1981). While

the alkaline pretreatment is used to cleave ester bonds in
lignin and can be suitable for the treatment of herbaceous
plants, because they contain large quantities of alkali—labile
lignin phenols (Buranov and Mazza 2008). Koyama et al.
(2017a) reported that strong delignification properties of
alkaline pretreatment can produce phenolic compounds
that can inhibit the anaerobic digestion of lignocellulosic
biomass (Koyama et al. 2017a). Furthermore, it has been
suggested that dry chemo-mechanical methods increase
substrate macroporosity and enhance microbial xylanase
activity (Lazuka et al. 2017). Organosolv pretreatment is
a method that utilizes organic solvents such as methanol,
ethanol, acetone, or ethylene glycol mixed with or without
an inorganic catalyst at high temperatures (Ostovareh et al.
2015). The organosolv pretreatment (using ethanol) was
successfully used to produce biogas from sweet sorghum
stalks with a methane yield of up to 270%, which is the
highest compared with the methane yield from untreated
substrates (Ostovareh et al. 2015). Other chemical methods
are the oxidative pretreatments (H,0,, O; FeCl,;), which are
utilized to solubilize lignin and hemicellulose to increase
the hydrolysis of cellulose (Monlau et al. 2013b). The ozone
method particularly has shown good results in the treatment
of different types of biomass like microalgae biomass, where
the methane yield was increased up to 66% with respect to
biomass without pretreatment (Cardefia et al. 2017). These
physical and chemical methods may require expensive and
special equipment or high energy input and may produce
certain inhibitors [such as 5-hydroxymethylfurfural (HMF)]
that could have a negative effect on subsequent process fer-
mentation (Taniguchi et al. 2005). Another disadvantage
is that when used temperatures higher than 170 °C, some
recalcitrant compounds can be formed in the liquid phase
(Monlau et al. 2013a). Moreover, additional treatments, such
as a chemical method, are sometimes required to neutralize
the pretreated biomass, which can increase the cost of the
process. Table 5 shows several pretreatments that have been
used. In general, regardless of the biomass utilized, the pre-
treatments increase the methane yield from 19 to 89%. How-
ever, not all the pretreatments were successful, and when
the alkaline treatment with calcium hydroxide was used, a
decrease of 14% was observed.

Biological pretreatments

The biological pretreatment is an alternative technique
more environmentally friendly, with a low energy demand
(Liu et al. 2014). Biological pretreatment consists of the
utilization of pure microorganisms, consortia, or enzymes
to increase the biodegradability of lignocellulosic biomass
and thus increases the production of biogas. Enzyme pre-
treatment is a fast method, which can be carried out in a
few hours (Table 6), due to the enzymes being smaller than
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Table 5 Different physiochemical pretreatments applied to the production of biogas

Biomass Inoculum Pretreatment System Anaerobic Degradation  Yield*? Yield®? References

digestion of lignin (%)

Agave Anaerobic 2% (w/w) HCl and Batch 32°C,pHS - 026 LCH, - Arreola-Vargas
tequilana granular 2hat90°C g~ coD et al. (2015)
bagasse sludge

Hay Sludge Calcium hydroxide Batch 35°C - 280 mL CH, 320mL CH, Fernandes

Straw (85 °C) (40 days) g 'vs g ' vs et al. (2009)

Ammonium 320 mL CH, 250 mL CH,
(120 °C) g ' vs g ' vs
(straw)
Corn stover  Effluent of Steam explosion Batch 37 °C for - 217.5 155.4 Siddhu et al.

Biogas (SE) 28 days mL CH, mL CH, (2016)
Plant Thermal potassium g lvs g 'vs

hydroxide (KOH 243 mL CH,

at 60 °C) g 'vs

Sunflower Hydrothermal Batch 37 °C for Upt020.9% 234mLCH, 124mL CH, Hesami etal.

stalk (180 °C for 1 h) 45 days g ' vs g ' Vs (2015)
Isopropanol-based 278 mL CH,
organosolvent g ' Vs
(160 °C for
30 min+H,SO,)

Wheat straw  Sludge waste- Alkaline autoclav- Batch 35 °C, - 286 mL CH, 224 mL CH, Bolado-Rod-

Sugarcane water ing 30 days g ' Vs gt vs riguez et al.
bagasse 420mL CH, 222mLCH, (2016)

g 'vs gl vs
Wheat straw  Effluent Urea (1% w/w) Batch 35°C, - 305.5 mL 210.4 mL Yao et al.
anaerobic 120 rpm CH, ¢! CH, ¢! (2018)
\& VS

HRT hydraulic retention time
AP After pretreatment

BPBefore pretreatment

microorganisms. In addition, enzymes have the best mobil-
ity, solubility, and the best interactions with the substrate
(Romero-Giiiza et al. 2016). The biological hydrolysis of
cellulose is carried out by enzymes with exogluconase,
endogluconase, and p-glucosidase activities, while hemi-
celluloses hydrolysis requires a lot of enzymes, including
endo-xylanase, endo-mannanase, a-glucuronidase, among
others (Wei 2016). In enzymatic pretreatment, a significant
formation of total phenolic compounds (TPC) was observed;
when willow was used, values until of 195 mg L' of TCP
were reached in a liquid fraction; without reaching inhibi-
tory levels for the process of anaerobic digestion (Schroyen
et al. 2015). The authors indicate that the highest TPC val-
ues correspond to substrates with higher lignin content. In
addition, the authors reported an increase in 24% methane
yield from corn stover when enzymatic pretreatment was
used compared to untreated corn stover (Table 6). However,
enzymatic pretreatment has a higher cost and sometimes
requires other pretreatments, such as sterilization, but with
the advantage of being a fast method.

On the other hand, fungal pretreatment is a low energy
method with low chemical requirements, and it decreases the
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production of undesirable products (Sun and Cheng 2002).
This is carried out by fungi such as white, brown, and soft
rot. White rot fungi can produce enzymes with high hydro-
lytic capacity for biodegradation of lignocellulose, such
as lignin peroxidase, manganese peroxidase, and lacasse.
Pleurotus ostreatus and Trichoderma reesei were used to
improve the biodegradability of rice straw; the pretreatment
P. ostreatus was most effective at 75% moisture and reached
33.4% of lignin removal and a methane yield of up to 120%
higher than the control without pretreatment (Mustafa et al.
2016). Other biological alternatives are the application of an
aerobic upstream process using Trichoderma viride, obtain-
ing an increase of up to three times the yield of methane
from a mixture of organic waste (Mutschlechner et al. 2015).
In addition, other combined pretreatments have been used;
for example, cassava peels were evaluated using a com-
bined alkaline and enzymatic pretreatment for bioethanol
production followed by biogas production; the combined
pretreatment improved the methane yield by up to 56% with
respect to the control (Moshi et al. 2015). However, the
fungal pretreatment presents some disadvantages, such as a
long processing time of up to 30 days, precise conditions of



Page 110f 18 233

3 Biotech (2018) 8:233

juoweanaid a1ojog s

juownjeanaid 193y av

s&ep ¢ ‘Do 8T 18

SA -8 skep 87 (vaodstuizaqns sis

(#107) e 0RyZ  SA |_3THOTWOT  "HOTW 9'vr—6'vE - Do LE “YIIRG c0T8v1 T91-8'6 -doriodiia)) reung sSurwwn prex
skep g
skep O0g ‘o 87 18 (SMpauiso

(9107) e 10 ByeIsnIN SA (-8 "HO TW LZ] SA ;-8 "HD TW €97 SA -3 Tw £9¢ Do LE YoIRg v'ee - Smoana]d) [e3ung MEI)S 20T
49 Do 0€ 18 (40102
-18424 S2]OUIDL] pUR

(ST0Q) 'Te 1° uakoIryds YHD TW L' 161 YHD TW $°8€T skep ¢ ‘yoreg - —  9seoo®[) dnRWIAZUY JOA0}S UIOD)
wdi1 00z
‘UTLIFD, Sy I®
(9100 SA -3 Mens skep ¢f (ese[n[[a0) onew

‘Te 10 BmoaydABNUI Y se3o1q TW $8°0S - ou | _Sqw zze ‘L HA D, SE ‘yoreg 8°0C - -Azua + 2110 POy MEI)S 0Ty
wdi1 00z
‘qTLI0) D, SY I®
(9102 SA -3 Mens skep ¢f (ese[n[[a0) onew

‘Te 10 BmoaydABNUW Y se3o1q TW $8°0S - ou | Squwegre ‘L HA D, S¢ ‘yoreg 1°€9 —  -Azuo 4+ o11EX0 POV MEI)S 0Ty
skep 87

SA -8 SA sAep ¢ punore pue Do 87 18 (sadunjaa wny

(9102) 'Te 10 Yere] YHO Tw 6L 6zl -8 "HD TW 7691 SA -8 Tw86¢ L HA Do LE ‘yored 1453 6C puynuaup]]) [eSung  -vSuoja uoildoisy
skep o€ *Do 8T
e (wniiodsosayd
SA SA SA -8 skep ¢ 212DY20.42UDY )

(#100) ey | _8'HD TW ST -8 THOTW 169 TW Q0§ 03 350D Do LE “YIIRG 9'CcC ¥'ze  Iueuneanerd reSung 3e[IS 12A0)S UI0D)

(%)
(%) uuSi jo  esoqnEoIWIAY
S90UAIRJIY agA A seoy - yonsaSIp olqorseuy  uonepeiSaq  Jo uonepeise( jusuBaNRIg sseworg

se3oiq jo uononpoid ay) 03 pardde syjuouneanaid [eor3o[o1q JuardyIq 9 3d|qeL

\

nger

g rluw @ SPr

lase &
ST5 00

el
KAC



233 Page120f18

3 Biotech (2018) 8:233

growth, and loss of organic matter as a result of the micro-
bial activity.

Another treatment utilized is ensiling, which is generally
used to store wet biomass before being processed (Franco
et al. 2016). In the ensilage, the microorganisms transform
soluble carbohydrates to lactic acid, acetic acid, propionic
acid, and butyric acid. During this process, the pH decreases
to values of below 4, inhibiting the growth of microorgan-
isms and favoring conservation of feedstock (Weiland 2010).
However, the results also suggest that ensiling can improve
methane production under specific conditions (Franco et al.
2016). In this sense, Haag et al. (2015) observed that meth-
ane yields from residues of amaranth ensiling were signifi-
cantly higher than the ones corresponding to amaranth resi-
dues without ensiling by up to 31% more. Liu et al. (2014)
reported that daily biogas generation and methane yield from
corn stover silage were around of twice more than of corn
stover. However, the improper handling of silage can lead to
a loss of methane production of up to 40% (Zimmer 1980).
Indeed, good production performance depends on many fac-
tors, such as the type of lignocellulosic biomass, particle
size, humidity, environmental conditions, and others. Silage
has the additional advantage of having raw material available
throughout the year that does not depend on the temporary
periods of cultivation.

In addition, bacteria with high hydrolytic capacity are
used as biological pretreatment. Several bacteria have been
reported to have celluloses synthesis capacity, such as Pseu-
domonas, Escherichia coli, Salmonella, and others (Zogaj
et al. 2001; Ude et al. 2006). Muiioz et al. (2014) evalu-
ated nine bacterial strains with endoglucanase activity for
methane production from the biodegradation of microalgae;
they observed an increase in the yield of methane of up to
158.7%. Moreover, Poszytek et al. (2016) constructed a
microbial consortium with high cellulolytic activity, called
MCHCA, for biodegradation of maize silage; they found that
biogas production was increased by up to 38%.

Several studies have proposed the use of different com-
binations of pretreatments to improve methane production.
For example, Matsakas et al. (2017) evaluated various pre-
treatment combinations: organosolv alone, organosolv plus
dilute acid, and organosolv combined with dilute acid and
cellulolytic enzymes. The authors observed short treatment
times, and the highest yield was obtained when cellulolytic
enzymes were used. However, it must be taken into account
that the more steps involved in a process, the greater the cost
of production, making the process economically unattractive
and difficult to compete with fossil fuels. Therefore, it is
necessary to develop simple, inexpensive, and efficient pre-
treatments that allow sustainable and economic processes.

The choice of pretreatment will depend on the character-
istics of the biomass. Chandra et al. (2012) have indicated
that the most suitable substrates for the production of biogas
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are those with higher contents of carbohydrates, proteins,
and fats. In this sense, maize has a high carbohydrate content
of around 74.5 g per 100 g (Mejia 2003); to degrade this
type of crops with a biological pretreatment such as silage
may be sufficient to obtain good yields. In lignocellulosic
crops, the most biodegradable components are cellulose and
hemicellulose, while lignin is more recalcitrant. There is a
wide variety of options to degrade lignocellulosic biomass
being the alkaline thermal treatment one of the most recom-
mended as one of the pretreatments which allow to obtain
methane yield increased by 63.9% without being necessary
to reach very high temperatures (Table 5), and, at the same
time, it can be economically feasible. Another pretreatment
that presents a good effectiveness and accessible technology
is the fungal pretreatment; by means of this treatment, the
yield of methane has doubled from rice straw, but require
long time of treatment (Table 6).

Bioaugmentation

Bioaugmentation is a feasible strategy that implies the
introduction of specific exogenous microorganisms into a
microbial community. Bioaugmentation is a strategy used
for improving the start-up of a reactor (Ma et al. 2009),
improving the performance of the process, or increasing the
degradation capacities of a consortium (Goud et al. 2014).
Bioaugmentation is an attractive technology that presents
various advantages, such as requiring no prior pretreat-
ment, therefore, simplifying the process, and it can allow
the development of more economical processes (Wei 2016).
Furthermore, bioaugmentation has been utilized to recover
reactors that have presented failures due to the accumulation
of volatile fatty acids during anaerobic digestion (Town and
Dumonceaux 2016), as well as due to the utilization of high
load rates.

Regarding the use of bioaugmentation to increase the pro-
duction of biogas from lignocellulosic biomass, microorgan-
isms have been used alone or in mixtures of microorganisms
with high lignocellulosic degradative capacities. Entero-
bacter ludwigii was introduced in an anaerobic process and
increased biogas yield by 47% in comparison to when no
E. ludwigii was added externally (Goswami et al. 2016).
Moreover, microorganisms with high lignocellulolytic
activity, such as Clostridium stercorarium and Bacteroides
cellulosolvens, have been used for consortium enrichment
and to enhance the degradation of cellulose, hemicellu-
loses, and lignin in association with a thermal pretreatment
(100-150 °C): they reached degradation of 78.2, 89, and
33.7%, respectively, and methane production was increased
up to 246%, compared with a process without pretreatment
(Hu et al. 2016). Another study reported that routine bio-
augmentation with a cellulolytic culture for a treatment of
cellulosic waste in the acid phase of a two-phase anaerobic
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digestion improved the formation of methane by 15% in
comparison with a one-time bioaugmentation (Martin-Ryals
et al. 2015). However, Acs et al. (2015) suggested that for
bioaugmentation, using a single strain added to a microbial
community, it is possible to obtain an improvement in biogas
production. Methane production from brewery spent grain
was improved through bioaugmentation with Pseudobutyriv-
ibrio xylanivorans Mz5T up to 17% with respect to control
(Cater et al. 2015).

However, most studies have been carried out in controlled
environments, where it is possible to ensure the survival
of exogenous microorganisms (EIl Fantroussi and Agathos
2005). On the other hand, it is possible that exogenous
microorganisms added to the system have only a small con-
tribution to process efficiency, due to their metabolic capa-
bilities being insufficient to integrate to the indigenous bac-
terial population and are, therefore, flushed from the system.

Biohythane

The biological production of hydrogen presents low sub-
strate conversion efficiency; in dark fermentation (Nath and
Das 2004), but a significant proportion of volatile fatty acids
(VFA) are also formed. VFA produced in this process can be
later converted to methane through anaerobic digestion. In
this way, it is possible to produce hydrogen and methane in
two consecutive stages: in the first stage, hydrolysis and aci-
dogenesis are carried out, producing VFA and hydrogen; in
the second stage, the remaining organic material is converted
to methane and CO,. This process consists of a two-stage
production of hydrogen followed by methane production,
which is known as biohythane (Cheng and Liu 2012). Bio-
hythane is a type of clean energy that has advantages such
as the reduction of fermentation time and a better control
of the process due to the separation of the hydrogen and
methane production stages (Liu et al. 2013; Monlau et al
2013b; Si et al. 2016). These two stages present great differ-
ences between them in terms of environmental, nutritional,
and physiological conditions (Kongjan et al. 2011). The first
stage of the process is carried out at a pH range of 5-6 and a
hydraulic retention time (HRT) of 1-3 days, while the sec-
ond step is carried out at a pH range of 7-8 and a HRT of
15-20 days (Mamimin et al. 2015).

Different lignocellulosic substrates have been utilized
for obtaining biohythane, such as cornstalk, cattail, sugar-
cane, among others (Kumari and Das 2016; Si et al. 2016;
Nkemka et al. 2015). In addition, different pretreatments
have been evaluated to improve biohythane production. For
example, it has been proposed to use a system called hydro-
thermal liquefaction, which has the function of converting
biomass in a solid state to a liquid state. Using this method,
good efficiency can be obtained with a high organic loading

rate (Si et al. 2016). However, the formation of fermentation
inhibitors, such as 5-hydroxymethyl furfural and furfural,
also occurred during this process. Another alternative that
has been suggested is bioaugmentation with an anaero-
bic fungus in a two-stage system for increased production
rates of biohythane from corn silage (Nkemka et al. 2015).
Kumari and Das (2016) evaluated the obtaining of hydrogen
and methane from sugarcane, utilizing a fungal pretreatment,
and results showed an improvement in hydrogen and meth-
ane yields of 40.3 and 86.9%, respectively, in comparison
with raw sugarcane. The authors attributed the low yield of
sugarcane without pretreatment to the crystalline structure
and the presence of a lignin barrier, which prevented the
interaction of microorganisms with the substrate.

Moreover, a novel system developed recently uses an
electrochemical process to capture the CO, present in biogas
and thus generates a mixed biohythane product with a lower
content of CO, (from 40% to less than 15%). In this way, a
biogas with a higher heat value of up to 669 kJ mol~! can
be obtained (Huang et al. 2017). The production of meth-
ane and hydrogen in two consecutive stages is an promising
process, due to could be increase methane yield, enhanced
quality of the biogas over, and furthermore, it is environ-
mental friendly.

Future perspectives

The production of biogas through the use of lignocellulosic
biomass as a renewable energy source is both sustainable
and environmentally friendly. However, this process still has
various technological barriers which should be overcome,
such as the development of methods to enhance the biodeg-
radation of lignocellulosic biomass to diminish production
costs. In this sense, different processes have been proposed
to make the substrate more bioavailable for microorganisms.
Different chemical, physical, and biological pretreatments
have been used, the latter ones of which generate fewer
inhibitory byproducts. However, to date, most proposed
processes include more than one pretreatment to mineral-
ize lignocellulosic biomass, increasing the number of steps,
and, therefore, increasing the cost of biogas production. In
this context, the development of an easy, accessible, and
economical technology is required.

On the other hand, the yield of methane obtained is
largely influenced by the biomass used, with grain crops
having the good yield per unit area, but their use may not
be sustainable. While it is possible to obtain a high yield of
methane from aquatic plants and algae, work must be done
to develop a technology that permits large-scale production
of these raw material. In addition, some other strategies can
also be applied, such as: (a) Development of efficient tech-
nologies for cultivation and harvesting of the biomass; (b)
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the search for new biomass sources that are more biodegrad-
able and that do not compete with the food supply; (c) the
utilization of the degradation capacities of microorganisms
to metabolize lignocellulose and reduce the number of steps
in the process and thus make the process cheaper; (d) the
development or adaptation of processes that allow obtaining
the maximum possible biomass products, such as methane,
hydrogen, electricity (biocell), fertilizers, among others.
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