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1. Introduction

Carbohydrates from vegetal biomass (wood and agricultural biomass) are the focus of biorefinery
strategies [1]. In the search for a cheap, widespread and available carbon source not related to the food
market (second generation biomass), all efforts have been focused on lignocellulosic biomass as the
main substrate. However, lignocellulosic structures are difficult to depolymerize and pretreatments
are needed in order to access the readily degradable carbon.

On the other hand, anaerobic digestion is a technologically mature microbial process which has
been considered as a theoretically carbon-neutral process when vegetal biomass is used as a substrate.
Even a substantial reduction of greenhouse gases impact is possible if natural and decontrolled
anaerobic decomposition is considered as the usual fate of some types of waste (e.g., animal manures or
forestry residuals) [2]. In this issue, Muhayodin et al. [3] present a global study about the applicability
of anaerobic digestion as a process for reducing the greenhouse gases from rice straw as an example of
lignocellulosic material including a mass balance for nutrients. The anaerobic digestion of rice straw is
a clear case of reducing the impact of greenhouse gases. In data extracted from Scival®, the anaerobic
digestion/digester/methane production topic (T155) is ranked 7th of 1621 topics in the Environmental
engineering subject by prominence index based on Citation count, Scopus view count and average
CiteScore, with a percentile of 99.937 [4].

In the present Special Issue, a collection of research and review papers has been presented for
the discussion of the possibilities of anaerobic co-digestion of lignocellulosic biomass for bioenergy
production with a special emphasis on the pretreatment of biomass to enhance the biodegradability
and the subsequent biogas production. Five reviews have been included to provide a full dimension of
the topic.

2. Pretreatments in the Hotspot

As a reflection of the clear interest in pretreatment procedures for the improvement of the anaerobic
digestion of lignocellulosic biomass, the first half of the papers in the Special Issue are related to
pretreatments. The reviews by Sayara et al. [5] and Hernández-Beltrán et al. [6] contribute with
an overview on the possible types of pretreatment and the subsequent conditions of the anaerobic
digestion process for biogas production. In addition, the latter paper includes a techno-economic
and environmental analysis. Acid pretreatment is a highly effective chemical technique used to
disrupt the lignocellulosic matrix by cleavage of glucosidic bonds, where mild acid pretreatments
are the most promising technology [7]. Sorghum stalks from sixteen representative pedigreed
sorghum mutant lines were tested by Xu et al. [8] with a classical diluted acid pretreatment as a

Appl. Sci. 2020, 10, 7399; doi:10.3390/app10217399 www.mdpi.com/journal/applsci1
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previous step for enzymatic saccharification. The authors obtained a glucose recovery of 80–85% from
cellulose and hemicellulose with minimal degradation products, proposing a pre-washing step where
water-extractive content exceeded 35% (w/w), before being subjected to the acid pretreatment process
in order to avoid sugar losses or degradation. Furthermore, an effective option is the organosolv
pretreatment, which Sulbarán-Rangel et al. [9] verified using corncob wastes. The organosolv process is
a thermochemical delignification process that consists of breaking the internal lignin and hemicellulose
bonds of the lignocellulosic material with solvents. In this case, ethanol/acetic acid (1:10) was applied
as organosolv reagent to obtain the hydrolysates. Improvement in biogas production was four times
greater in the batch test. As a common co-substrate, animal manures are particulate organic-rich
materials with negative effects on the kinetics of the anaerobic process. The effect of enzymatic
(cellulase) pretreatment on particulate disintegration of this waste was studied by Tassew et al. [10].
Moreover, the review by Ahmed et al. [11] offers an in-depth insight into hydrothermal pretreatment
with a section dedicated to inhibitors formed by the delignification process (mainly furfural and
5-HMF) and strategies to overcome it.

3. Anaerobic Co-Digestion Process

Aboudi et al. [12] presented a study of the mesophilic anaerobic co-digestion of lignocellulosic
material (exhausted sugar beet pulp) with animal manures (pig and cow) in reactors fed in
semi-continuous mode. This mixture shows the huge potential of co-substrates to improve the
methane yield (70 and 31% increase in methane production, respectively) by mitigating the inhibitory
effect of volatile fatty acids at high loading rate conditions. The tests were analyzed from a novel
perspective, evaluating the uncoupling of anaerobic phases (hydrolysis, acidogenesis/acetogenesis
and methanogenesis) through the calculation of indirect carbon-related parameters such as acidogenic
substrate carbon (ASC). In the same way, Gómez-Quiroga et al. [13] refer to a similar study with
the same type of lignocellulosic material (exhausted sugar beet pulp) under thermophilic operating
conditions, where batch tests were assayed, showing that the activity of acetoclastic methanogens was
especially affected at thermophilic conditions while organic matter solubilization was more efficient.
As a final colophon, the review of Sarker et al. [14] focuses on the different types of bioreactors and
configurations for the anaerobic process.
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Abstract: Open field burning and tilling the rice straw (RS) back into the fields causes environmental
threats by contributing to the increased greenhouse gas emissions. Energy and nutrient recovery
from RS through anaerobic digestion (AD) is an effective solution for its utilization. Although RS has
good methane potential, its characteristics make it a difficult substrate for AD. This paper reviews the
characteristics of RS, mass balance, and distribution of nutrients into liquid and solid digestate in
the AD. The present review also discusses the effect of temperature, co-digestion, mixing, inoculum,
organic loading rate, recycling liquid digestate, the addition of trace elements, and their bioavailability
on the enhancement of biogas/methane yield in the AD of RS. In addition, the digestion of RS at
various scales is also covered in the review.

Keywords: anaerobic digestion; rice straw; nutrients; recycling; digestate

1. Introduction

Rice is ranked as the third-largest crop in the world [1] and it is one of the most important staple
foods of humans [2]. Rice straw (RS) is an agricultural residue obtained at the time of harvesting of the
rice crop [2]. The rate of RS generated per ton of rice crop varies from 0.4 to 4.0 [3–5] due to cultivated
rice variance, cultivation technique, and harvesting method [3]. According to the International Rice
Research Institute (IRRI), an average of 1.1 ton of RS are generated with each ton of rice produced
(range of 0.7–1.4) [6]. There has been an increasing trend in rice production and in the generation of RS
in the last decade. A total of 686 million tons of rice and approximately 754 million tons of RS were
produced in 2009 [7] while their production was 769 million tons and 846 million tons in 2017 globally,
according to the Food and Agriculture Organization of the United Nations [7].

RS is used for feeding animals, heating homes, construction of buildings, and making paper.
However, probably the largest share of straw is left unused in the fields [2]. Open-field burning and
tilling the RS back into the fields are the common practices for its disposal. Both cause environmental
threats by contributing to the increased greenhouse gas emissions [8,9]. Furthermore, the incorporation
of RS in the soil increases foliar diseases, which resulted in reduced crop yields [10].

Conversion of RS into more valuable products like methane, ethanol, nutrient-rich soil conditioner,
or biofuels are better options compared to its conventional utilization as energy challenges and
environmental concerns can be addressed together [2]. The conversion can be done by thermochemical
or biological processes [11]. The thermochemical processes like gasification [1], combustion [12],
and pyrolysis [13] have been used as energy recovery methods but can cause a threat to the environment.
Composting is a biological process that has been used for the conversion of RS into a valuable fertilizer
with other substrates [14,15]. Anaerobic digestion (AD) is another biological process which converts

Appl. Sci. 2020, 10, 2047; doi:10.3390/app10062047 www.mdpi.com/journal/applsci5
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biomass into various biofuels or platform chemicals such as methane, ethanol, hydrogen, etc. [1]. It is
considered to be one of the most environmentally friendly processes [2]. Moreover, AD technology
can be used economically for dry and wet biomasses on a variety of scales, and it requires less input
energy as compared to thermochemical processes [16]. Moreover, RS is a bulky material because of its
low density (70 kg/m3) which makes it difficult to transport to a storage place for energy recovery by
thermochemical processes [17].

During the AD process in biogas technology, organic material is degraded biologically by
microorganisms in the absence of molecular oxygen and converted into biogas. The biogas contains
primarily methane (CH4) and carbon dioxide (CO2) with small quantities of water vapor (H2O(g)),
ammonia (NH3), and hydrogen sulfide (H2S) [11]. Appels et al. [18] explained the AD in four stages:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Since carbon (C) bound in organic matter
is released as CH4 and CO2 during the AD, the C/N ratio of the remaining digestate decreases [19].
Additionally, the plant availability of N is enhanced through the AD process, as organically bound N is
mineralized into ammonium (NH4

+) which is readily available [20].
The utilization of RS for the recovery of nutrients and energy through AD technology is more

desirable than its common disposal practices (open-field burning and tilling in soil). AD technology can
be viable for RS because of its high generation rate and potential to reduce greenhouse gas emissions.
Energy recovery through AD of food crops is controversial since the demand for food is expected to
rise due to an increasing world population [21]. RS as an agricultural residue and does not affect the
food security. Furthermore, the calculated and measured biogas and methane yields of RS render it
an attractive substrate for AD [22].

According to Baserga [23], biogas and methane potentials of RS can be calculated based on the
crude nutrients (ash, fat, fiber, N-free extracts, protein), resulting in 409–415 and 207–211 L/kg VS,
respectively [24]. The CH4 yield measured under different experimental conditions were reported
from 92 to 280 L/kg VS with various inocula and temperatures [11]. Other authors reported different
CH4 yields in their studies such as 226–281 L/kg VS [25] and 100–300 L/kg VS [26].

In addition, many emerging factors advance the utilization of RS for energy recovery through AD,
like the usage of appropriate inocula and pretreatment methods. Researchers have become increasingly
interested in the AD of RS as the Web of Science ® shows an increasing trend of published papers with
“anaerobic digestion” and “rice straw” as topics for the last 10 years as shown in Figure 1.
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Figure 1. Web of Science®bibliometric study with topics “anaerobic digestion” and “rice straw” from
1991 until December 2019. The number of publications from 1991 to 1999 was 6; from 2000 to 2008 was
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Apart from its availability and CH4 potential, RS has a complex, lignocellulosic structure and
ligno-carbohydrate complexes that create a barrier for the microbial conversion, which make it a difficult
substrate to decompose by AD [4,27]. Other challenges associated with mono-digestion of RS are
the unbalanced nutritional composition (high C/N ratio) [28], low content of essential trace elements
(TEs) [29], and its floatation behavior in wet AD systems [30]. Therefore, RS has not been used as
an attractive substrate for the recovery of energy and nutrients through AD.

Significant research and development have taken place in the last 10 years in the field of AD of
RS as evidenced by the number of published papers in the scientific literature, as shown in Figure 1.
In 2013, Mussoline et al. [11] reviewed the AD of RS. This review provides insights only into certain
aspects such as greenhouse gas emissions from rice fields, energy recovery potential of RS, various
pretreatment strategies to enhance biogas from RS, optimal nutrient balance, and microbiological
considerations. However, new knowledge and technologies are continuously unfolding in the field of
AD of RS for energy and nutrients recovery.

The process parameters such as temperature, organic loading rate (OLR), and mixing are
fundamental in the AD and here referred to as “factors”. The other process techniques, such as adding
co-substrates, usage of appropriate inoculum in a suitable amount, recycling liquid digestate (LD),
the addition of TEs, and their bioavailability, are also relevant to the AD of RS and termed as “methods”
in this review. The objectives of this paper are to provide an overview of the effect of these factors
and methods on the enhancement of energy recovery (biogas/methane yield) from RS through AD.
Additionally, the mass balance of nutrients and their distribution into LD and solid digestate (SD)
during AD are discussed in this review. Moreover, the digestion of RS at various scales is also part
of the current paper. The focus is the detailed highlighting of these aspects in this review and those
studies with other similar substrates have also been included for comparison where fewer studies with
RS were available.

The effects of various pretreatment techniques on the optimization of AD of RS have been discussed
in the review conducted by Mussoline et al. [11]. The enhancement in biogas yield from lignocellulosic
substrates including RS by using various pretreatment methods (mechanical, chemical, biological,
and physiochemical) has been reviewed recently by Hernández-Beltrán et al. [31]. Moreover, a recent
review conducted by Ahmed et al. [32] discusses the optimization of the AD of lignocellulosic substrates
by hydrothermal pretreatment. These studies reviewed the effect of various pretreatment methods on
the enhancement of energy recovery from RS and other similar substrates and, hence, have not been
included in this review. Some aspects of the AD of RS have been reviewed by Mussoline et al. [11] in
2013, and some are discussed in this paper. Therefore, Table 1 indicates the part of the AD discussed by
Mussoline et al. [11] and the part which is presented in the current review to show the complementarity.

RS is a difficult substrate to degrade under anaerobic conditions due to its complex structure [27].
It is critical to achieve a stable AD process to get efficient biogas production. The project “BIORIST”
aimed at designing technically feasible and innovative RS digestion processes. During a 3 year project
phase, the process technology was developed and successfully tested in a pilot-scale plant [33].

This paper focuses on factors supporting a stable AD process with RS as an input substrate to
produce biogas. This will help to further enhance process technology which mostly exists at a laboratory
or pilot-scale to full-scale application. All further post-treatments or optimizations such as biogas
purifications can be regarded once a stable biogas technology for RS is established. Further processing
of the biogas to biomethane is not considered here, although various post-treatments exist to increase
the proportion of valuable biomethane from biogas up to the quality of natural gas. These treatments
include water scrubbing, cryogenic separation, physical absorption, chemical absorption, pressure
swing adsorption, membrane technology, in-situ methane enrichment, hydrate formation, biological
methods, and photoautotrophic methods [34,35]. However, the detailed description of the principles
of these treatments is not the scope of this review.
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Considering the low number of published data on the experience of pilot- and farm-scale plants
for RS digestion resulting from missing implementation of AD of RS, an economic comparison is not
reasonable and therefore excluded from this review.

Table 1. Aspects of anaerobic digestion (AD) of rice straw (RS) discussed in both studies.

Categories Mussoline et al. [11] This Review

Environmental concerns
Emissions of greenhouse gas from
rice fields

Product

Mass balance of nutrients and their
distribution into liquid digestate (LD) and
solid digestate (SD) in the AD of RS

Potential Biogas production potential of RS AD of RS at various scales

Influence

Effect of the following parameters
on the AD of RS

• Temperature
• pH
• Nutrients balance
• Total solids

Effect of the following factors and
methods on the enhancement of energy
recovery from the AD of RS

• Temperature
• Co-digestion
• Inoculum
• Mixing
• Organic loading rate (OLR)
• Recycling LD
• Addition of trace elements (TEs)
• Bioavailability of TEs

Pretreatment

Effect of the following
pretreatment alternatives to
enhance biogas potential of RS

• Mechanical size reduction
• Biological treatment
• Acid treatment
• Alkaline treatment

Microorganisms
Effect of various microorganisms
on the AD of RS

2. Characteristics of RS

RS is produced when harvesting rice crop, and it can be collected from the field once it contains
a dry matter of more than 75%.

RS looks like flat fibers having approximate dimensions of 20−60 cm in length and 0.5 cm in
width [4].

The general characteristics of RS such as total solids (TS), volatile solids (VS), total carbon (TC),
total nitrogen (TN), and C/N ratio are usually reported as a single value or mean values with a variation
in the literature. The original data is further processed to generate median, maximum, minimum,
and quartiles as shown in Figure 2. Box plots of TS and VS are smaller, and the whiskers do not extend
as far, indicating that these properties do not differ much over the various analyzed studies, while the
C/N ratio is different for the RS used in these studies with spread-out data points [10,26,28,36–42].
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Figure 2. Statistical evaluation of RS characteristics reported in the literature. “n” is the number of
values to calculate the median, maximum, minimum, and quartiles [10,26,28,36–42].

Other nutrients and TEs, like Phosphorus (P), Calcium (Ca), Magnesium (Mg), Potassium (K),
Sodium (Na), Nickel (Ni), Copper (Cu), Zinc (Zn), Iron (Fe), etc., are usually not analyzed in the RS,
except in two studies (Table 2).

Table 2. Nutrients and TEs in RS reported in the literature. (“± “ stands for the standard deviation of
the mean as reported by the authors).

References Unit P Ca Mg K Na Ni Cu Zn Fe

[36] (mg/kgTS) 1082 ± 118 6669 ± 17 1572 ± 12 9676 ± 23 712 ± 11 4.4 ± 0.6 18.3 ± 1.2 54.3 ± 1.6 320 ± 24
[37] (mg/kgTS) - 1940 ± 23 990 ± 10 25,050 ± 13 1230 ± 80 - - - -

3. Nutrients Balance and Distribution into Liquid and Solid Digestate during Anaerobic Digestion

AD is an appropriate technology to convert agricultural residues into biogas [37] and to transform
the nutrients contained in the substrates into plant-available forms so that the final digestate can be
used as fertilizers [43,44]. The effective use of nutrients available in the digestate is a way to improve
the overall efficiency of AD technology [37]. The mass balance of nutrients in the AD is crucial for
the quantification of their recovery potential [45]. It is also essential to evaluate the fate of nutrients
like N, P, K, Ca, Mg, and Sulfur (S) and their distribution into LD and SD to assess the agronomic,
environmental, and economic benefits of AD technology [46].

The mass balance of nutrients has been investigated in the AD of different substrates [37,46–49].
The recovery rate (RR) of nutrients is defined as the amount of nutrients available in the digestate after
the AD process relative to their initial value (before the AD) and expressed as a percentage (%) [37].
The RR is usually calculated by the authors and provided in the studies.

Various substrates have been used in the studies for the investigation of the mass balance of
nutrients. The categories are defined here on the basis of the nature of the substrates. The category
“straws” consists of rice, corn, and wheat straw while, “manures” contains swine, cattle, and chicken
manure. The RR of N from various studies using different substrates is summarized in Table 3.
N showed up to 82% RR for different substrates used in these various experiments at different scales,
specifically, 93–100% for manures [37,46], 98.4% for pig slurry (PS) [47], 85–91% for straws [37],
90.8% for organic fraction of municipal waste (OFMSW) [48], and 82–94% for mixed substrates [48,49].
Total N is often reported to be conserved during AD [43]. However, the primary cause of less than
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100% RR of N may be gaseous NH3 migration with the biogas flux [48,49]. The RRs of N in these
studies are comparable; however, the results of one study are contradictory, as the amount of total
N in the digestate after AD was 8–23% higher than before AD [45]. The authors explained that the
amount of hydrolyzed microalgae and the quantity of N released to the aqueous phase might have
been overestimated since all the parameters were calculated as the difference between the microalgae
tests and the control test [45].

Table 3. RR of nutrients during AD of various substrates.

Substrates RR of N RR of P RR of K RR of Ca RR of Mg RR of S References

Straws 85–91% 91–97% - - - - [37]
Manures 93–100% 74.5–97% 101.9% 91.3% 81.3% 32.3% [37,46]

PS 98.4% 64% 106.2% 56% 67.5% 83.4% [47]
OFMSW 90.8% 94% 94% - - - [48]

Mixed substrates 82–94% 70–94% 95–98% - - - [48,49]
Microalgae 108–123% 99–100% - - - - [45]

RR, Recovery rate; AD, Anaerobic digestion; Straws (Rice straw, corn straw, wheat straw); Manure (Swine
manure, cattle manure, chicken manure); PS, Pig slurry; OFMSW, Organic fraction of municipal solid waste;
Mixed substrates, (swine manure, maize silage, triticale, sorghum, barley thresh from beer industry, molasses,
bakery-industry waste, and olive mill sludge; swine manure, cow manure, milk whey, and rice culture by-products;
cow manure, blood, fish, paper pulp, out of date beverages, and grease trap waste).

There is also a wide range (64–100%) of RRs of P when the different substrates are used in AD
(Table 3). A RR of P of up to 91% during AD is not considered far from 100% [37], while up to 75% [46]
and 64% [47] of P RR have been observed in two studies. The retention of the sludge in psychrophilic
anaerobic sequencing batch reactors (PASBR) could be the possible reason for such a low RR of P [46].
In another study, crystal lining was observed on the opening of the digesters, and scanning electron
microscopy (SEM-EDS) clearly showed them to be composed of P, Ca, Mg, and Mn (Manganese) [47].

K is conserved in the digestate in all these studies during the AD as shown in Table 3.
There are a few studies found addressing the mass balance of Ca, Mg, and S in AD. For example,

on average, 8.7% of Ca, 18.7% of Mg, and 67.7% of S were retained in the bioreactors. However,
the authors did not find statistically significant Ca and Mg retention in the digesters except for S [46].
Significant retention of Ca and Mg with 44% and 32.5% has been found in another study as they
crystallize as carbonates and phosphates [47].

Li et al. [37] investigated the mass balance of nutrients (N and P) during the AD of RS in batch
experiments. The RRs of N and P were 85–91% and 91–97%, respectively. The mass balance of other
nutrients (K, Ca, Mg, and S) were not investigated in this study. This is the only study found in which
RS was used and mass balance of nutrients (N and P) was performed, thus indicating the scarcity of
nutrient mass balance on AD of RS.

The ranges of all nutrients’ RRs for specific substrates are shown in Table 3. The results mentioned
in Table 3 are reported as a single value or as a range in the studies. The arithmetic mean is first
determined based on the minimum and maximum values if the data points in the study are available
as a range. Then these means are further used to calculate the overall average RR of N and P in the
AD irrespective of a specific substrate. The results of 12 and 14 experiments are used to calculate the
average RR of N and P, respectively, in AD, which is shown in Figure 3. It is assumed that the RR of
N is not 100% due to its release over the gas phase, whereas P is suspected to crystalize with other
elements and remains on the reactor walls [47]. The overall average RRs of Ca, Mg, and S was not
calculated because only two studies were available.
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Figure 3. Calculated mass balance of N and P in percent, relative to the input amount. N is assumed to
be released in the the gas phase; P is assumed to remain in the digesters as it forms crystals with other
elements. The standard deviation of the mean is displayed as “±”. The results of 12 [37,46–49] and
14 [37,45–49] experiments are used to calculate the average RR of N and P, respectively.

Concerning the effect of AD on the RR of nutrients, Figure 3 shows that 92.5% of N and 89.3% of P,
on average, are recoverd. It can be concluded that N, P, and K are conserved in the digestate, as their
RRs are close to 100%.

The separation of digestate into LD and SD with the use of separation techniques like press screws
have been considered simple and low-cost practices for the management of the digestate from biogas
plants and have been widely used in the European Union [43]. It has been reported that LD has
a higher concentration of N in the form of ammonia, and it can be used as a fertilizer to substitute
mineral fertilizer to some extent [43]. Moreover, the N/P ratio tends to increase in the LD because of
separation, therefore, reducing the accumulation of P in the soil, as it offers a more balanced nutrient
content for the crops [50]. The resulting SD generally used in the soil as an organic amendment [51],
and it is also exported to other nearby farms to provide the solution of the excess of nutrients problem
in that farm [52].

Tambone et al. [52] investigated thirteen full-scale biogas plants fed with a variety of substrates to
study the distribution of nutrients into LD and SD after the usage of the screw press as a separation
technique. Their results indicated that, on average, 87% of N measured as Total Kjeldahl Nitrogen
(TKN) was available in the LD. In another study conducted on a full-scale biogas plant, treating
the PS revealed that 85% of output N was also found in the LD [47]. Li et al. [37] carried out AD
experiments in batch mode to study the distribution of N and P into LD and SD. They used three
kinds of straws (rice, corn, wheat) and three kinds of manures (swine, cattle, and chicken) in their
experiments. Their results indicated that on average, 34% of initial N was available in LD and 53% in
SD, while the difference between initial and final N in case of straws was 9–15%. Similarly, for the
manures, on average, 36% of initial N was available in LD and 59% in SD, while the difference in
initial and final N after AD was 3–7% (as presented in Table 4). One possible reason for different
proportions of nutrients in LD among these studies could be the usage of varying separation techniques
like centrifugation [37], settling [46], and press screw [52].
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Table 4. Distribution of nutrients into LD and SD. “n” is the number of experiments to calculate the
standard deviation of the mean (±).

Substrate Separation Technique AD Mode
N P

References
LD (%) SD (%) LD (%) SD (%)

Straws (n = 3) Centrifuge Batch 33.7 ± 6.8 53.0 ± 9.7 82.5 ± 2.1 14.4 ± 3.8 [37]
Manures (n = 3) Centrifuge Batch 36.0 ± 39.9 59.2 ± 38.6 8.8 ± 7.7 85.7 ± 10.0 [37]

PS (n = 1) Screening Full-scale 85 3 90 10 [47]
Mixed Substrates (n = 13) Screw press Full-scale 86.8 ± 6.2 13.1 ± 6.2 71.6 ± 12.0 28.3 ± 12.0 [52]

SM ( n=1 ) Settling PASBR 61.8 ± 3.3 34.5 ± 2.3 33.5 ± 2.5 62.3 ± 7.0 [46]

LD, Liquid digestate; SD, Solid digestate; AD, Anaerobic digestion; Straws (Rice straw, corn straw, wheat straw);
Manures (Swine manure, cattle manure, chicken manure); PS, Pig slurry; Mixed substrates (PS, energy crops,
cornmeal, milk whey, agro-industrial residues, cow slurry, molasses, poultry manure); SM, Swine manure; PASBR,
psychrophilic anaerobic sequencing batch reactor.

Results obtained by Tambone et al. [52] indicated that the P available in LD accounted for 72% of
the output (measured as P2O5). When the straws and PS used as substrates, 82% and 90% of P were
available in the LD, respectively [37,47]. For manures, a significant portion of P (86%) was available
in the SD [37]. One possible explanation could be that the P in the manures precipitate in solid form.
This phenomenon is more likely due to a higher concentration of Mg and Ca which precipitates P [53].

A total of 14 full-scale AD plants, six batch experiments (three for straws and three for manures),
and one PASBR were used in these studies to investigate the distribution of nutrients into LD and SD
as presented in Table 4. The LD contained about 34–87% of N and 9–90% of P.

There is a wide range of nutrients (N and P) available in LD and SD. The explanation could be
the usage of different separation techniques, various substrates, and different modes of AD. More
studies need to be conducted to draw better conclusions about the distribution of nutrients into LD
and SD. As data on the mass distribution of Ca, K, Mg, and S to LD and SD is scarce. Only N and
P have been considered in this study. For RS, only one batch study was available on nutrients mass
balance and LD/SD distribution. Future research into the mass balance of other important nutrients
(Ca, K, Mg, and S) for RS co-digestion with manure or other suitable substrates, at pilot-scale or
farm-scale plants, would help to evaluate the overall efficiency of AD technology and thus support
establishing a mechanism to use the digestate.

4. Enhancement of Energy Recovery (Biogas/Methane Yield) from the Anaerobic Digestion of
Rice Straw

The effects of the “factors” and “methods” on the improvement of energy recovery from AD of RS
are discussed in the following section of this review.

4.1. Temperature

Temperature is one of the most significant parameters affecting activities, survival, and growth of
microorganisms in the AD [54]. It also influences the biogas yield and digestate quality [55] in both
batch and continuous mode of digestion. Temperature is a crucial parameter to maximize the efficiency
of the AD but also in regards to economic input [11]. Generally, there are three different temperature
ranges at which anaerobic bacteria can grow. These are: psychrophilic (10−30 ◦C), mesophilic (30–40 ◦C),
and thermophilic (50–60 ◦C) [56].

Contreras et al. [25] conducted a study in which RS was digested for 36 days at 37 ◦C and 55 ◦C
in the presence of mesophilic and thermophilic inocula, respectively. The cumulative CH4 yield was
226 L/kg VS at 37◦C (with average 56% CH4 content) and 281 L/k VS at 55 ◦C (average CH4 content:
67%). At thermophilic conditions, RS produced approximately 25% more CH4 than at mesophilic
conditions. Similar results have been obtained by Sathish et al. [54] who co-digested RS with press
mud in digesters of 1 m3 capacity. Sathish et al. [54] pointed out that cumulative biogas yield for
the duration of 20 days under thermophilic conditions (45–55 ◦C) was 34% higher than mesophilic
conditions (25–40 ◦C). RS mono-digestion has also been evaluated by Lianhua et al. [57] at mesophilic
(35 ◦C) and thermophilic conditions (55 ◦C) at different TS (7.5% and 20%) in batch tests. Under wet AD,
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their results showed the CH4 yield of 120 and 136 L/kg VS at mesophilic and thermophilic conditions,
respectively. While CH4 yield was 123 and 76 L/kg VS at mesophilic and thermophilic conditions,
respectively, under dry AD. Yu et al. [42] investigated the effect of increasing temperature from 39 to
50 ◦C on the biogas yield from a 300 m3 digester. The RS was added daily to the digester. The biogas
yield increased by approximately 100% (from 200 L/kg TS to 402 L/kg TS) when the temperature of the
system increased from 39 to 50◦C. Moreover, the CH4 content was improved from 50% to 60%.

The studies mentioned above investigated the effect of mesophilic and thermophilic conditions on
the biogas/methane yield. The biogas/methane yields at both temperatures in these studies [25,42,54,57]
are shown in Figure 4. About 13–100% more methane is yielded at thermophilic as compared to
mesophilic conditions in the four experiments, while in one AD test, 62% more methane was produced
at mesophilic conditions.
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Figure 4. Effect of temperature on biogas/methane yield [25,42,54,57].

The effect of increasing temperature on the CH4 yield from co-digestion of dairy manure (DM),
chicken manure (CM), and RS has been investigated [26], and the results are shown in Figure 5. RS was
co-digested with DM, CM, and also in a mixture with both manures in batch digesters at 20, 30, 40,
50, and 60 ◦C. CH4 yield continuously increased by increasing the temperature. CH4 yield in three
mixtures was on average 2.5 times higher at 40 than at 20 ◦C, while only about 1.2 times higher at 60
than at 40 ◦C. No significant difference was observed in CH4 yields between 50 and 60 ◦C [26].

The results of these studies demonstrate that psychrophilic AD of RS has the lowest CH4 yield
compared to mesophilic and thermophilic conditions. It illustrates the critical role of temperature in
AD digester concerning energy recovery. Compared to mesophilic conditions, the AD of RS under
thermophilic conditions yielded up to 100% more biogas yields. Moreover, the quality of biogas in
terms of CH4 content is also higher at higher temperatures. Thus, optimal energy recovery from the
AD of RS is attained under thermophilic conditions.

Apart from the advantages of higher energy recovery, there are some disadvantages to the
thermophilic AD process. For instance, variation in temperature should not exceed 0.6 ◦C/day to
maintain a stable digestion process [18]. The mesophilic process is more robust and less sensitive to
environmental changes than the thermophilic process [58].
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Figure 5. Effect of temperature on methane yield. Values are presented as the mean of three replicates
(n = 3). DM, Dairy manure; CM, Chicken manure; RS, Rice straw [26].

4.2. Co-digestion of RS

RS is a promising substrate for AD because of its high biogas potential [11]. Untreated RS has
a higher amount of total C (e.g., 35–47% TS) and very low content of N (e.g., ≤ 1% TS) with a typical
C/N ratio of approximately 47–75 [10,39]. Optimum C/N ratio ranges from 20 to 30 [59,60]. As the
optimal C/N ratio is crucial for efficient AD, an external source of N is required for the digestion of RS.

The term co-digestion describes the simultaneous digestion of a mixture of two or more substrates.
Co-digestion offers various advantages like improved system stability, adjusted C/N ratio, a better
nutrient balance, dilution of toxic compounds, improved buffer capacity, increased biodegradation,
adjusted moisture content, a supply of TEs, and increasing OLR. It can therefore, enhance volumetric
biogas recovery [61–63] and improves the fertilizer value of the digestate [64]. These advantages of
co-digestion are presented in Figure 6. Co-digestion of RS with different animal manures is considered
a more cost-effective method for nutrition regulation than the addition of N-containing chemical
reagents like ammonium bicarbonate or urea [40].
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Figure 6. Advantages of anaerobic co-digestion [61–63].
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Ye et al. [39] attained about 55%, 72%, and 47% higher biogas yield compared to RS mono-digestion
when kitchen waste (KW) and pig manure (PM), were co-digested with RS at a mass ratio of 0:2:1,
0.4:1.6:1, and 0.8:1.2:1, respectively. Similar results were obtained by Zhan-Jiang et al. [65], where 70%
more biogas was recovered in co-digestion of RS with food waste (FW) as compared to mono-digestion
of RS. RS digested with goat manure (GM) performed best, with a mass mixing ratio of 50:50 (vs. 100:0,
90:10, 70:30, 30:70, 10:90 and 0:100) and yielding a 83% higher biogas yield than RS only [66].

Similarly, co-digestion of RS with various co-substrates such as cow manure (CoM), PM, CM,
paper mill sludge (PMS), piggery wastewater (PWW), and municipal sewage sludge (MSS) has been
reported by other researchers. The results of these studies (Table 5) show the enhancement in energy
recovery from the co-digestion of RS compared to its mono-digestion [22,28,41,67,68].

Table 5. Effects of co-digestion on the methane yield of RS with other substrates.

Substrate tHR (Days) AD Mode Temperature (◦C) C/N CH4 Yield (L/kg VS) CH4 Enhancement (%) References

RS

40 Batch 37 ± 1

47.5 177.3 -

[28]RS + CoMa 19.5 181.1 2
RS + CoMa 22.4 196 10.5
RS + CoMa 26.6 183.5 3.5

RS

35 Batch 37 ± 1

47.5 178 -

[41]RS + PMa 20.6 268.1 50
RS + PMa 23.4 267.2 50
RS + PMa 27.7 241.2 35.5

RS

35 Batch 37 ± 1

47.5 178 -

[67]RS + CMa 14.8 240.5 35
RS + CMa 17.8 250.3 40.6
RS + CMa 22.4 206.1 15.8

RS

90 Batch 35 ± 1

- 46 -

[22]RS + PMS - 340 640
RS + PWW + PMSa - 335 628
RS + PWW + PMSa - 302 556

RS
30 Batch 35

- - 26% more biogas in
co-digestion [68]

RS +MSS -

AD, Anaerobic digestion; RS, Rice straw; CoM, Cow manure; PM, Pig manure; CM, Chicken manure; PWW,
Piggery wastewater; PMS, Papermill sludge; MSS, Municipal sewage sludge; a, Substrates added with different
ratios to achieve different C/N; tHR, Hydraulic retention time.

Co-digestion of RS can be realized with several different co-substrates as the results of the
above-mentioned studies illustrate. It enhances biogas yield from 26% to 83% and also the CH4

yield from 2% to 640% relative to RS mono-digestion when optimized for the appropriate C/N ratio.
Co-digestion of RS with proper C/N ratio, which can be achieved by mixing one or even more substrates
in a suitable amount, is a good approach for the enhancement of energy recovery. This approach can
be applied in pilot-scale or farm-scale plants.

4.3. Inoculum

The starting of the AD system is a vital and delicate stage to achieve a successful operation [69].
Inoculum contains active microorganisms and is added to the digester to initiate the AD [38,70].
Usual inoculum is from digested sludge of active biogas plants or organic animal material [71].
A suitable inoculum can improve the biogas yield by increasing the degradation rate, stabilizing the
AD, and also shorten the start-up time [72]. Other positive aspects of inoculum are contained N and
micronutrients [73]. The micronutrients can enhance the enzyme activity [74] while the extra N can be
provided to meet the needs of the methanogens [38]. Therefore, the sources of inoculum, its treatments
and the substrate to inoculum ratio (S/I) are important for the AD of RS. The term S/I ratio determines
the amounts of substrate and inoculum that should be added in the AD batch digester to prevent the
inhibition by avoiding the overlarge portion of the substrate [75].

Gu et al. [38] found that the sources (digested dairy manure, digested swine manure, digested
chicken manure, digested municipal sludge, anaerobic granular sludge, and paper mill sludge) of the
inoculum can significantly affect the AD of RS. The digested dairy manure resulted in the highest biogas
yield of 325 L/kg VS as it provided suitable nutrients and the highest enzyme activities. RS inoculated
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with other inocula attained biogas yields of 30–280 L/kg VS. In addition, Gu et al. [38] also suggested
that a suitable inoculum can also provide N, macronutrients, and micronutrients for the AD.

Haider et al. [69] compared five S/I ratios, i.e., 0.25, 0.5, 1.0, 1.5, and 2.0 for anaerobic co-digestion
of FW and rice husk using the fresh cow dung as inoculum and the biogas yields were 557, 458, 267,
97 and 71 L/kg VS, respectively. The highest biogas yield was obtained at S/I ratio of 0.25. Higher
S/I ratios are attributed to the presence of a higher amount of biodegradable substrate and a lower
amount of inoculum. Furthermore, the authors reported an accumulation of volatile fatty acids (VFAs)
at higher S/I ratios (1.5 and 2.0), indicating insufficient activity of methanogenic bacteria.

In another study, the inoculum was diluted in order to compare the effect of inoculum dilution on
the CH4 yield of pretreated RS at various S/I ratios (2, 4, 6, 8, and 10). The original inoculum (I0) was
collected from the anaerobic digester of a wastewater treatment plant. Io was diluted twice with the
recycled water to achieve the diluted inoculum (I2). When I0 was used as inoculum, the CH4 yields
were 238, 190, < 50, < 50, and < 50 L/kg VS at S/I ratios of 2, 4, 6, 8, and 10, respectively. While the yields
were 193, 187, 176, 144 and < 50 L/kg VS when I2 was used in the digesters. These results evidenced
that I2 had better dilution capacity for acidic compounds and mass transfer performance due to the
availability of additional water in the inoculum. These characteristics of I2 improve methanogenic
activity [76].

Deng et al. [70] studied the effects of co-inoculating RS with ruminal microbiota (RM) and
anaerobic sludge (AS). Five co-inoculum mixtures were prepared with RM: AS as 1:1, 1:2, 2:1, 1:0,
and 0:1 based on VS content, while the S/I ratio in all mixtures was approximately 0.25. The results
showed that the co-inoculation had almost threefold higher CH4 yield than the digestion of RS in the
presence of RM alone.

Kim et al. [77] pointed out that heat treatment (heating the sludge at 100 ◦C for 15 min and then
cooling to room temperature to enrich the spore-forming bacteria of the Clostridium species) of sewage
sludge, which was used as inoculum for the AD of RS, caused less biogas yield in comparison to
untreated sludge.

It is demonstrated from the results of the studies that the source of inoculum affects the biogas
yield. Digested dairy manure proved to be optimal inoculum for RS among the various sources of
inocula. Biogas/methane yields tend to decrease with increasing S/I ratios. A high amount of substrate
relative to inoculum may cause problems in AD, such as the accumulation of VFAs and lower biogas
production rate. Heat treatment may cause the inoculum to be less effective. The use of co-inoculation
seems to increase the biogas yield from the AD of RS.

4.4. Organic Loading Rate (OLR)

Process stability and efficiency are proved to be the basic criteria to evaluate the performance of
AD [78]. OLR is an important operation parameter that greatly influences the performance of the AD,
and it can be described as the amount of substrate added to the digester per day per unit volume. OLR
is expressed as Equation (1):

OLR =
C

tHR
(1)

where C is the feeding concentration of substrate in g.VS/L, and tHR is the hydraulic retention time in
days (d).

Higher OLR can produce higher biogas because of the higher quantity of substrate for digestion [79].
With a higher OLR, the rate of hydrolysis/acidogenesis could be higher than methanogenesis, and the
accumulation of VFAs can eventually cause process failure [80]; therefore, a suitable OLR is always
necessary for stable operation.

Thermophilic co-digestion of RS with animal manures ( PM, CoM, and CM) was carried out
at different OLRs of 3.0, 3.6, 4.2, 4.8, 6.0, 8.0, and 12.0 g VSL−1 d−1 by Li et al. [40]. Results from
co-digestion of RS and PM illustrated that a stable biogas yield, on average, 434 L/kg VS was achieved
without inhibition by ammonia or VFAs while, for the co-digestion of RS with CoM, the average yield
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was 455 L/kg VS at all OLRs. In contrast, the AD process was inhibited by ammonia when the OLR
was ≥ 6 g V S L−1 d−1 during the co-digestion of RS with CM and the specific biogas yield was 422 L/kg
VS at 4.8 g VSL−1 d−1.

Similarly, the effect of various OLRs on the anaerobic mesophilic co-digestion of RS with the
PM [41], CoM [28], and CM [67] have been investigated, and at 6−8, 6, and 4.8 g VS L−1 d−1, there was
no inhibition in the digesters due to the accumulation of VFAs or ammonia, respectively. However,
co-digestion of RS with PM and CoM was severely inhibited by VFAs at OLR of 12 g VS L−1 d−1.
The co-digestion of RS with CM was inhibited at OLR ≥ 6 g VS L−1 d−1 due to the accumulation
of ammonia.

The effect of various OLRs on the yield of biogas from the AD of RS, and their recommended
values from the literature are summarized in Table 6.

Table 6. Effects of OLR on the biogas yield in AD of RS.

Substrate Temperature (◦C)
OLR

(g VS L−1 d−1)

OLR
(g VS L−1 d−1)
Recommended

Biogas
Yield

(L/kg VS)
References

RS + PM 35 ± 0.5 0.4, 0.8, 1.3, 1.9, 2.5,
and 3.1a 2.5a 460b [81]

RS + PM 37 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

6.0–8.0
Inhibition by VFAs at 12.0 400–450 [41]

RS + CoM 37 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

6.0
Inhibition by VFAs at 12.0 380 [28]

RS + CM 37 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

4.8
Inhibition by FAN at

6.0–12.0
380 [67]

RS + PM 55 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

12.0
No inhibition 434 [40]

RS + CoM 55 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

12.0
No inhibition 455 [40]

RS + CM 55 ± 2 3.0, 3.6, 4.2, 4.8, 6.0,
8.0, and 12.0

4.8
Inhibition by FAN 422 [40]

RS, Rice straw; PM, Pig manure; CoM, Cow manure; CM, Chicken manure; FAN, Free ammonia; VFAs, Volatile
fatty acids; a, OLR measured in kg COD/ (m3 d); b, methane yield measured as L CH4/ kg CODremoved.

The recommended OLRs for commercial co-digestion of RS with PM, CoM, and CM at mesophilic
conditions are 6.0–8.0, 6.0, and 4.8 g VS L−1 d−1, while recommended values for thermophilic conditions
are 12.0, 12.0, and 4.8 g VS L−1 d−1. From the results of these studies, it can be concluded that a choice
of a suitable OLR is necessary for attaining a good biogas yield from the AD of the RS. The optimal OLR
is influenced by the type of substrate (e.g., manure) and the operating temperature. Higher OLRs with
stable biogas yield can be attained at thermophilic conditions compared to mesophilic ones. Moreover,
the cause of inhibition is also different in different co-digestion systems. For CM, the process inhibits
by free ammonia; VFAs inhibit co-digestion of PM and CoM at higher OLR. The co-digestion system
of RS assisted with in situ removal of ammonia can be considered to avoid inhibition by ammonia
at higher OLRs [40]. The methods considered for the removal of ammonia are immobilization and
adaptation of microorganisms, ultrasonication, microwave, hollow fiber membranes, and microbial
fuel cell applications [82].

4.5. Mixing

Mixing is an important operational factor that determines the performance of the AD. It enhances
the mass transfer of organic substrates to microbial biomass due to the homogenization of the content
in the digester [83]. Moreover, mixing facilitates the removal of trapped gas bubbles in the digester,
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preventing the sedimentation of heavy particles and establishing uniform temperature [18]. However,
intense continuous mixing disrupts the structure of microbial flocks, which disturbs the syntrophic
relationship between organisms and leads to a reduction in biogas yield, instability of the digester,
and increased vulnerability to shock loadings [83,84]. Therefore, it is crucial to provide optimal mixing
for efficient and stable AD [85].

Generally, gas circulation, mechanical pumping, and mechanical stirring are used for mixing [86].
Mechanical stirring is widely used in process industry operations involving various solid–liquid flows
because of its higher homogeneity in practice [87]. Moreover, mechanical agitators are the most efficient
mixing device in terms of power consumption [88].

The effect of mixing has been mostly studied for municipal solid waste, biosolids [89,90],
and manures [83,91]. It is not well understood how mixing affects the AD of agricultural crop residues
such as RS [85]. Hence, the optimized mixing parameters for the well-investigated traditionally used
substrates could be very different for crop residues, including RS [87].

RS, like other lignocellulosic substrates, has a complex chemical structure. RS also has
some specific physical characteristics like low density, high water holding capacity, poor fluidity,
and heterogeneity [87,92]. RS floats on the surface in the digester and does not mix properly, especially
when biogas is entrapped in the slurry. Due to poor mixing, the substrate does not get good contact
with the microorganisms, thus reducing degradation and, ultimately, lowering biogas yield [92].

Kim et al. [85] conducted batch experiments using RS as a substrate to study the effect of periodic
mixing (once a day, once a week, twice a week), continuous mixing (50, 150, and 300 revolutions per
minute (rpm)), and no mixing on the CH4 yield. Their results showed that the differences in CH4

yield were not statistically significant among the periodic and no mixing conditions, while the total
CH4 yield for the 50, 150, and 300 rpm continuous mixing conditions were 13%, 25%, and 38% lower
than for no mixing conditions. Kim et al. [85] also investigated the effect of three modes of continuous
mixing during the AD of RS in three continuously stirred tank reactors (CSTR). The three applied
regimes were: (R1) one digester with continuous mixing at 50 rpm, (R2) second digester with manually
mixing of once a day, and (R3) the third digester was operated at 50 rpm continuous mixing with
occasional high speed (150 rpm) mixing events. They concluded that the CH4 content in biogas in R2
(53%) was slightly higher than in R1 (51%), while in R3, it dropped to a minimum value of 7%.

Shen et al. [87] carried out a study to improve the mixing of RS during AD to achieve higher
biogas yield by computational fluid dynamics (CFD) and experimental tests. The experiments were
performed at different stirring rates (40, 80, 120, and 160 rpm) to investigate their effect on biogas
yield in CSTR. The highest biogas yield was achieved at a stirring rate of 80 rpm. It was higher than
that of other stirring rates by about 19% (40 rpm), 10% (120 rpm), and 12% (160 rpm). Tian et al. [92]
utilized the results of Shen et al. [87] for identifying proper agitation intervals to prevent floating layer
formation during AD of corn stover (CS) and to improve the biogas yield. Shen et al. [87] studied the
effect of various stirring rates (40, 80, 120, and 160 rpm for 5 min each time) on biogas yield of RS, while
Tian et al. [92] further investigated the effect of various agitation intervals (continuous; after 2, 4, 8,
and 12 h for 5 min for each time) with different OLRs (1.44, 1.78, and 2.11 g TS L−1 d−1) on the biogas
yield from AD of CS in CSTRs. The results of the study showed that, at lower OLR of 1.44 g TS L−1

d−1, there was no floating layer observed in the digesters when the time interval for the agitation was
continuous for 2 h, 4 h, and 8 h, while the performance of AD was adversely affected at 12 h. Moreover,
the biogas yield for the digester agitated after 12 h was 418 L/kg TS, which was 2%, 9%, 3%, and 0%
lower than those digesters stirred continuously, for 2 h, 4 h, and 8 h, respectively. The optimal agitation
intervals shifted to 6 h and 2 h when the OLRs increased to higher levels of 1.78 g TS L−1 d−1 and 2.11 g
TS L−1 d−1, respectively. When the agitation time intervals were more extended than optimal, floating
layers were observed in the digesters, especially at higher OLR of 2.11 g TS L−1 d−1. The results of
studies investigating the effects of various mixing conditions on biogas yield from the AD of RS and
other straw have been summarized in Table 7.
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Table 7. Effects of mixing on the biogas yield in AD of rice and other straw.

Substrate Digester Type
Mixing Mode

(Mixing Interval [h]/
Stirring Period [min])

Mixing Speed
OLR

(g TS L−1 d−1)
Biogas Yield

(L/kg TS)
References

RS CSTR
Periodic

(2 h/5 min)

40 rpm

-

299

[87]
80 rpm 370

120 rpm 332

160 rpm 327

MS Batch

No mixing - - 414

[93]Once a day - - 491

Twice a week - - 482

CS CSTR

Continuous

80 rpm 1.44

427

[92]

(2 h/5 min) 459

(4 h/5 min) 430

(8 h/5 min) 420

(12 h/5 min) 418

CS CSTR

Continuous

80 rpm 1.78

487

[92]

(2 h/5 min) 508

(4 h/5 min) 505

(8 h/5 min) 454

(12 h/5 min) 416

CS CSTR

Continuous

80 rpm 2.11

423

[92]

(2 h/5 min) 433

(4 h/5 min) 429

(8 h/5 min) 378

(12 h/5 min) 335

RS, Rice straw; MS, Maize stover; CS, Corn stover; CSTR, Continuously stirred tank reactor; rpm, Revolutions
per minute.

The results in Table 7 show that periodic mixing is better as compared to continuous mixing.
The stirring rate of 80 rpm lasting for the 5 min provides proper mixing in the digesters. It has also
been observed that higher OLR led to the rapid formation of a floating layer. The agitation interval
with highest biogas yields has been identified as 2 h at OLRs of 1.44, 1.78, and 2.11 g TS L−1 d−1 during
the AD of straw in CSTRs.

The results of these reported studies verified that the proper agitation speed, mixing time, and the
mixing intervals can achieve higher biogas yield. In contrast, the very intense mixing can affect the
process adversely. These results are useful for operating the digesters treating the RS or other straw in
an efficient and cost-effective way.

4.6. Recycling Liquid Digestate (LD)

A separation machine (press screws) is usually used to separate the digestate from the digester
into LD and SD. The SD is rather simple to handle as it is generally used as fertilizer after composting
or even directly. However, the utilization or treatment of LD is a challenge. LD can be used as liquid
fertilizer or can be disposed of in the water streams after treatment; however, the most promising
option is its recycling to the digester [94].

The recycling of LD can help to improve the moisture content for some high solid substrates [94]
and provides a range of nutrients and vitamins needed by the microorganisms [95]. However,
the excessive recycling may result in process inhibition by the accumulation of VFAs, ammonia,
and nonbiodegradable intermediates [94,96,97].

Hu et al. [94] investigated the effect of recycling LD during the AD of MS in the CSTR.
They compared three scenarios: No recycling of LD serving as a reference, while in the other two
digesters, direct recycling and recycling after aeration carried out. Their results showed that there was
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no significant difference in CH4 yield, CH4 content, substrate reduction, or pH in all three modes. This
indicates that recycling did not adversely affect system stability.

Pezzolla et al. [98] evaluated the effect of the frequency of LD recycling on the biogas yield in the
solid-state AD of straw with PS. They compared the impact of different recycling frequencies—once
per day, twice per day, and four times per day—with a control system (no recycling). The results
suggested that recycling LD had a positive effect on biogas yield when it was more than twice per day.
The highest cumulative biogas yield was achieved at a recycling frequency of four times per day.

Mussoline et al. [36] aimed to define and optimize the operational parameters of a farm-scale
anaerobic batch digester (13,000 m3) using RS and PWW as substrates where recycling of LD was one
of the important strategies. Increasing recycling rates of LD (from 0.04 to more than 0.14 m3/m3straw
d−1) resulted in increasing biogas yield. Higher recycling rates are recommended, but these are limited
by the accumulation of VFAs which can inhibit the methanogenic process.

The effect of LD recycling in various proportions (relative to recovered amount), with different
frequencies and with varying post-treatments on the biogas/methane yield in the AD of various
substrates is shown in Table 8.

Table 8. Effects of recycling LD on the biogas/methane yield in AD of various substrates.

Substrate Recycling Scenarios Effect on AD
Effect on

Biogas/Methane Yield
References

RS + PWW Increasing the rate Increase microbial growth Increase [36]

MS
No

Direct
Aerated

No adverse effect on system
performance and stability No significant increase [94]

Mixture (PS and straw)

No recycling
1 x day
2 x day
4 x day

Enhanced alkalinity,
buffer capacity,

and methanogenic activity
Increase [98]

WS
No

After centrifugation
After filtration

Higher nutrients and
microbial concentration 21% increase [99]

WS
No

After centrifugation
After filtration

The process could be
sustained for a longer time
due to dilution of nutrients

21% increase [100]

WS + SS
No

After centrifugation
After filtration

Enrichment of nutrients Increase [100]

WS +MN
No

After centrifugation
After filtration

Process collapse without
recycling while stable

with recycling
Increase [100]

LG 0%, 10%, 20%, 30%, 40%, 50%,
and 60% of recovered LD

Provision of methanogenic
bacteria and trace elements

Maximum biogas with
60% LD [101]

DM 30%, 50%, and 80% of
recovered LD

No adverse effect on
performance and
system stability

No significant increase [96]

AS 0%, 50%, and 100%, of
recovered LD

Inhibition at 100% while 50%
provides stable operation Increase with 50% LD [102]

CS + OFMSW
0.3, 0.6, 1.2, 2.4, and 4.8 (daily

recycling volume/total
recovered volume)

Improved hydrolysis
and mass transfer

Accumulation of VFAs
Highest methane at 0.3 [103]

AD, Anaerobic digestion; LD, Liquid digestate; RS, Rice straw; PWW, Piggery wastewater; MS, Maize stover;
Mixture, PS and straw; WS, Wheat straw; SS, Sewage sludge; MN, Macronutrients (N and P); LG, Lawn grass;
DM, Dairy manure; AS, Alfalfa silage; CS, Corn straw; OFMSW, Organic fraction of municipal solid waste.
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The studies presented in Table 8 show different results of the recycling of LD on the biogas
or methane yield in the AD of various substrates. The results of the two studies show no increase
or decrease in the biogas yield due to LD recycling, whereas the authors explained that there is no
adverse impact of recycling on the process stability [94,96]. Some authors obtained higher biogas yield
with the recycling of LD. They attributed this to increase microbial growth, enhanced buffer capacity,
higher alkalinity, increased methanogenic activities, higher nutrients availability, and improved
hydrolysis [36,98–100]. In some other studies, the biogas yield improved at a lower rate of LD recycling,
and it reduced when more LD was recycled. The accumulation of VFAs and the dilution of essential
nutrients were named as causes [100,102,103].

From these studies, it can be concluded that it is technically feasible to recycle part or all of the LD
to the AD system. It is also possible that the process cannot be sustained for a longer time due to the
dilution of nutrients. Co-digestion of straw with nutrients rich substrates combined with recycling LD
is an excellent approach to achieve a stable AD system. In addition, an appropriate amount of LD is
required because its excessive recycling may cause process failure due to the accumulation of VFAs.
Therefore, LD recycling may enhance system stability and biogas yield.

4.7. Addition of Trace Elements (TEs)

Several specific TEs such as iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), molybdenum
(Mo), selenium (Se), and tungsten (W) are essential for enzyme cofactors involved in the biochemistry
of CH4 formation [104] and needed in a balanced AD [105]. However, the availability of TEs in higher
amounts can cause inhibition to anaerobic organisms due to the disruption of an enzyme’s structure
and function [106]. Therefore, an appropriate amount of TEs is required to avoid the inhibition by
maintaining effective growth and metabolism of microorganisms. Moreover, it has been found from
the literature that the degree of inhibition depends upon several factors such as the total concentration,
pH, redox potential, and chemical forms of the elements [107,108].

Recently, Mancini et al. [29] added different TEs (Co, Ni, and Se) in various mass fractions to study
the enhancement of CH4 yield in the AD of RS. The results showed a 12% improvement in the CH4

yield with the addition of these TEs. In another similar study, Cai et al. [109] observed 18% more CH4

yield when Fe was added to the batch AD of RS. A study conducted by Mancini et al. [110] using RS as
a sole substrate showed different results as compared to these similar studies [29,109]. The authors did
not observe any enhancement in CH4 yield due to the addition of Fe and Co. They concluded that it
is likely due to the presence of the elevated TEs in the inoculum used in the study. The effect of the
addition of various TEs on the methane yield in the AD of straws is summarized in Table 9.

The results of the abovementioned studies show that research on several TEs has been carried
out for single and multiple elements, while Fe, Ni, and Co are the most investigated. The addition of
TEs has been successfully used to enhance biogas and CH4 yield in the AD of various straw types.
Specifically, the enhancement in CH4 yield of 0–18% has been observed due to the addition of TEs
(Fe, Ni, Co, and Se) to the AD of RS. Similarly, up to 62% enhancement in CH4 yield observed with the
addition of TEs to other straw (CS) (Table 9).

Literature data on the impact of TEs addition on the enhancement of CH4 yield in the AD of RS
is scarse. There were only three studies found investigating the effect of the addition of Fe, Ni, Co,
and Se. Two studies show that the addition of TEs improves the CH4 yield while the third study shows
there was no improvement. Therefore, there is a need for future work in this area to understand the
effect of the addition of other TEs as well. Likely, the addition of suitable elements in an appropriate
combination and amount would enhance the CH4 yield in the AD of RS as evidenced by other straws.
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Table 9. Effect of addition of TEs on the methane yield in the AD of RS and other straws.

Substrate TEs AD Mode
Adjusted

Amount of TEs
Units

Maximum Methane Enhancement
(at Adjusted Amount)

References

RS Co Ni Se Batch
9.0−45.0
9.0−45.0
1.0−5.0

mg/kg TS 12%
(Ni: 45) [29]

RS Fe
Co Batch 205

18 mg/kg TS 0% [110]

RS Fe Batch

92,464:1, 18,492:1
9246:1, 1849:1
925:1, 185:1

92:1, 18:1, 9:1

VS:Fe
18%

(925:1) [109]

MSa
Fe
Ni
Co

Batch
0.10−0.20
0.005−0.01

0.004−0.009
mg/g VSS 35% b

(Fe: 0.1 Ni: 0.005 Co: 0.004)
[111]

MSa
Ni
Co
Mo

Batch
0.1−0.5
0.1−0.5

0.05−0.25
mg/L 36%

(Ni: 0.5 Co: 0.5 Mo: 0.25) [112]

CS
Fe
Ni
Co

Batch
1−10

0.2−0.6
0.05−0.4

mg/L 62%
(Fe: 1 Ni: 0.4 Co: 0.4) [113]

MS Fe Batch
50.0, 200.0,
1000.0 and

2000.0
mg/L 15%

(200.0–1000.0) [114]

PSa Fe Batch 0.5, 1.0, 5.0 and
10.0 mg/L 18% b

(10.0)
[115]

PSa Ni Batch 0.2, 0.8 and 2.0 mg/L >18% b

(0.8 and 2.0)
[116]

PSa Cu Batch
30.0

100.0
500.0

mg/L 44% b

(30)
[117]

TEs, Trace elements; AD, Anaerobic digestion; RS, Rice straw; MSa, Maize silage; CS, Corn stover; MS, Maize
straw; PSa, Phragmites straw, b, Biogas enhancement.

4.8. Bioavailability of Trace Elements (TEs)

The presence of a particular TE in the AD does not necessarily imply that it can be taken up by
microorganisms and incorporated into the catalytic center of the enzymes [118]. Bioavailability is
defined as the degree to which a substance is available for metabolic activities [119]. The bioavailability
of TEs can be grouped and approximated by sequential extraction techniques [120]. Water-soluble
and exchangeable fractions of TEs are commonly considered as highly bioavailable. TEs bound in
carbonates, sulfides, or organic complexes are less bioavailable as their mobility depends on the
aqueous solubility of the compounds. The residual fraction is not available to microorganisms because
it is non-extractable and non-dissolvable [120]. Ortner et al. [120] examined the applicability of the
sequential extraction technique on slurries of AD plants. These slurries were obtained from three
biogas plants: an agricultural biogas plant utilizing PM and MSa, a plant using grass silage (GS) and
MSa, and a plant processing the slaughterhouse waste (SHW). Their results are presented in Table 10.

22



Appl. Sci. 2020, 10, 2047

Table 10. Water-soluble and exchangeable fractions (relative to a total concentration of TE) of TEs in
the AD of various substrates.

Substrates
AD Mode

Temperature (◦C)
TE

Water-Soluble and
Exchangeable
Fractions (%)

References

RS Batch
37 ± 2 Fe, Co 23, 48 [110]

RS Batch
35 ± 2 Fe 1.7−3.1 [109]

MS Semi-continuous
37 ± 1 Fe, Ni, Co, and Mn 14, 29, 36, and 70a [121]

SHW Semi-continuous
38

Ni, Co, and
Mo 62, 62, and 68 [118]

SHW 38 Fe, Ni, Co, Cu, Zn,
and Mo

54, 52, 48, 57, 54,
and 72 [120]

GS +MSa 48
Fe, Ni, Co, Cu, Zn,

and
Mo

22, 36, 24, 46, 43,
and 0 [120]

PM +MSa 40 Fe, Ni, Co, Cu, Zn,
and Mo

27, 62, 60, 29, 28,
and 62 [120]

AD, Anaerobic digestion; TE, Trace element; RS, Rice straw; MS, Maize straw; SHW, Slaughterhouse waste; GS,
Grass silage; MSa, Maize silage; PM, Pig manure; a, also include carbonates fraction of TE.

Fe has been added alone and incombination with Co to determine whether their bioavailability
could be a limiting factor for CH4 yield using RS as a substrate in the presence of agro-zootechnical
digestate as an inoculum in a study carried out by Mancini et al. [110]. The results pointed out that
the amount of highly bioavailable Fe was increased from 11% to 23% when it was added alone and
from 11% to 20% when it was dosed with Co. Similarly, Co addition resulted in an increase of the
highly bioavailable fraction from 8% to 48%. The CH4 yield was the same with and without the
addition of TEs. Therefore, the direct relationship between the increased highly bioavailable fractions
of TEs and enhanced CH4 yield in the AD of RS was not observed. Cai et al. [109] conducted a similar
study to investigate the changes in five fractions of Fe to assess its bioavailability and whether the
system was deficient in Fe during the AD of RS. Their results indicated an overall very low (1.7–3.1%)
bioavailability of Fe, and most of the Fe was not readily available to microorganisms in the digestion
system. Thus, there was a deficiency of bioavailable Fe which may have reduced CH4 yield.

The effect of the bioavailability of Fe, Ni, Co, and Mn on the CH4 yield from the AD of MS in the
semi-continuous CSTR was studied by González-Suárez [121]. The results indicated a decreasing trend
of highly bioavailable fractions of TEs over time. At the end of the experiment (after 96 days), the highly
bioavailable fractions of Fe, Ni, Co, and Mn decreased by 23%, 32%, 33%, and 20%, respectively,
compared to day 1. The results confirm that fewer TEs were directly available for microbial uptake at
the end of the process leading to an 11% decrease in CH4 yield.

The results of the studies summarized in Table 10 show that the sequential extraction is a useful
method to assess the bioavailability of TEs available in various AD systems. The determination of the
bioavailability of TEs is a more appropriate approach compared to total available amounts concerning
their requirement to monitor the process to achieve a stable and efficient process.

The results of one study show the direct relationship between the reduced amount of highly
bioavailable fractions of TEs and reduction in CH4 yield in the AD of MS. While, in another study,
the CH4 yield has not enhanced due to the increased amount of highly bioavailable fractions of TEs in
the AD of RS. Therefore, the relationship between the higher amount of highly bioavailable fractions
of TEs and enhanced CH4 yield is not clear. Moreover, specifically for RS, only Fe and Co have been
investigated to assess the effect of bioavailability on the CH4 yield. A large fraction is not available
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for microbial uptake during the AD of RS and this aspect should be considered for an appropriate
supplementation of TEs to achieve enhanced CH4 yield.

5. Pilot-scale and Farm-scale Plants for AD of RS

Energy recovery in the form of biogas/methane from agricultural residues is highly interesting
for the agricultural sector, as it is an option to produce local energy, replace fossil fuels, and thus,
become self-sufficient and sustainable in terms of energy supply [122]. Introducing AD plants into the
farm system, treating the animal manures along with the straws for the recovery of energy has a great
potential to reduce the demand for fossil energy and reduction of greenhouse gas emissions [123].

Numerous bench-scale experiments have been carried out on RS digestion to define the optimal
temperature [25,26,42], substrates for co-digestion [39,65,66], mixing intensities and duration [87,92],
OLR [28,40,41], sources of inoculum [38], S/I ratio [69], recycling LD to the digester [36,98], addition of
TEs and their bioavailability [110]. Bench-scale studies are important to understand the principles
but it is challenging to design and operate a farm-scale plant based on these microcosms [124].
Besides, the monitoring of a farm-scale plant is necessary to obtain detailed information and a better
understanding of technology [125]. It also helps to discover practical operational aspects such as the
length of start-up phase and energy and co-substrates input and to check if the system is sustainable
on a long-term basis [36,125]. These aspects are often missed in lab tests.

Mussoline et al. [124] conducted a batch pilot-scale study using untreated RS and PWW to define
TS, straw-to-wastewater ratio, digestion temperature, and digestion time. RS was co-digested in two
pilot-scale batch digesters with different amounts of PWW (Digester A: 50 kg dry straw, 150 L PWW,
20% TS; Digester B: 50 kg dry straw, 60 L PWW, 20% TS) for 189 days. The digestion temperature
inside the digester A was between 30 and 40 ◦C. The digester B was initiated with ambient conditions
(20–25 ◦C) and constant heating was applied later on to maintain mesophilic temperatures. The CH4

yield from digester A was 231 L/kg VS and from the digester, B was 12 L/kg VS. The lower temperature
and lesser amount of PWW were the limiting factors for lower CH4 yield from digester B. The amount
of PWW was not sufficient to establish a stable microbial community. The results of digester A were
compared with the results of another study [57] of the same magnitude where the pretreated RS was
digested. The pretreated (cutting into 7–8 cm pieces and treated with white-rot fungi) RS requires
only 89 days for digestion while the untreated RS needs 189 days. Moreover, the pretreated RS can be
adequately digested at ambient temperature (19–30 ◦C), while the untreated RS requires the mesophilic
conditions in the presence of approximately 67% more PWW [57].

Other than RS, André et al. [126] studied the dry AD of roadside grass (RSG) with manure in
a pilot-scale plant at 37 ◦C with three digesters. The overall average CH4 yield (226 L/kg VS) from
three digesters obtained in this study [126] was similar to the yield obtained by Mussoline et al. [124]
during the co-digestion of RS with PWW. A pilot-scale plant was successfully operated with a stable
AD process treating RS and manure in the BIORIST project [24]. No further studies were found to
compare the performance of AD of RS with other substrates at the pilot scale.

Data from a farm-scale system treating RS is limited to one study [36]. During the initial loading
event, 727 t of RS and 285 t of PWW was loaded in a batch digester. Approximately 1300 t of water
was added to the digester overtime during the first year. The co-digestion of RS with PWW was
completed after 422 days, and the cumulative energy production was 295 MWh. The results showed
a start-up period of 200 days and the authors attributed this long phase to high straw to wastewater
ratio, low ambient temperature (<15 ◦C), and low recycling rate of LD (< 0.04 m3/m3straw d−1).
Similarly, Wandera et al. [127] investigated the performance of a full-scale biogas plant treating the MS.
The digester had a capacity of 400 m3 and was operated at a temperature ranging from 55 to 60 ◦C.
They obtained a CH4 yield of 200 L/kg TS.

The abovementioned studies indicate the importance of pilot-scale experimentations to define
the operational parameters such as heat input, TS, straw to wastewater ratio, digestion temperature,
digestion time, loading frequency, and wastewater volume for the farm-scale plants treating RS.
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Although the literature reporting data on the AD of RS in farm-scale plants is scared. The implementation
of a farm-scale plant using RS co-digested with other suitable substrates (PWW, manures) is possible
as evidenced by studies that co-digestion performs better than mono-digestion. The farm-scale biogas
plants are good candidates for the utilization of RS to recover energy, to facilitate the development of the
agriculture economy and to provide local energy. However, further investigation is needed for a better
understanding of the process. Moreover, reseach about the economical viability of farm-scale AD
plants for RS should be conducted and published, covering all financial cost of capital and operation,
including the logistics of RS and other co-substrates.

6. Conclusions

RS generation will continue to increase as rice production continues to rise to provide food for
a still growing global population. The AD of RS is a viable option for the recovery of energy and
nutrients. The nutrients (N, P, and K) are mostly conserved in the digestate during the AD, and their
significant portion is available in LD. The effective use of nutrients available in the digestate is a way
to partially substitute fertilizers for the amendment of agricultural land.

The AD of RS at thermophilic conditions results in higher biogas/methane yield and higher CH4

content in biogas as compared to mesophilic conditions. In contrast, the mesophilic process is more
robust and less sensitive to environmental changes. Using a suitable inoculum and co-substrate in
an appropriate amount enhances biogas/methane yield in the AD of RS by providing nutrients balance,
dilute toxic compounds, adjust moisture content, improve buffer capacity, and stability of the system.
Optimal selection of mixing (speed, time, and intervals), OLR, recycling LD, and TEs (with appropriate
amount) also enhances the biogas/methane yield.

Pilot-scale plants and experiments are necessary to design and define operational parameters
for farm-scale biogas plant treating RS. Technically, the implementation of farm-scale biogas plants
utilizing RS together with other suitable substrates such as PWW or other livestock manure is possible.
It will provide energy and nutrients recovery to the local farm. However, the economic feasibility of
such a plant should be evaluated.
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AD Anaerobic digestion
AS Alfalfa silage
AS Anaerobic sludge
C/N Carbon-to-nitrogen ratio
CFD Computational fluid dynamics
CM Chicken manure
CoM Cow manure
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CS Corn stover/straw
CSTR Continuously stirred tank reactor
DM Dairy manure
FW Food waste
GM Goat manure
GS Grass silage
IRRI International Rice Research Institute
KW Kitchen waste
LD Liquid digestate
LG Lawn grass
MN Macronutrients (N and P)
MS Maize stover/straw
MSa Maize silage
MSS Municipal sewage sludge
OFMSW Organic fraction of municipal solid waste
OLR Organic loading rate
PASBR Psychrophilic anaerobic sequencing batch reactor
PM Pig manure
PMS Paper mill sludge
PS Pig slurry
PSa Phragmites straw
PWW Piggery wastewater
RM Ruminal microbiota
rpm Revolutions per minute
RR Recovery rate
RS Rice straw
RSG Roadside grass
S/I Substrate-to-inoculum ratio
SD Solid digestate
SEM-EDS Scanning electron microscopy
SHW Slaughterhouse waste
SM Swine manure
SS Sewage sludge
TC Total carbon
TEs Trace elements
tHR Hydraulic retention time
TKN Total Kjeldahl nitrogen
TN Total nitrogen
TS Total solids
VFAs Volatile fatty acids
VS Volatile solids
WS Wheat straw
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Abstract: Anaerobic digestion (AD) has become extremely popular in the last years to treat and
valorize organic wastes both at laboratory and industrial scales, for a wide range of highly produced
organic wastes: municipal wastes, wastewater sludge, manure, agrowastes, food industry residuals,
etc. Although the principles of AD are well known, it is very important to highlight that knowing the
biochemical composition of waste is crucial in order to know its anaerobic biodegradability, which
makes an AD process economically feasible. In this paper, we review the main principles of AD,
moving to the specific features of lignocellulosic wastes, especially regarding the pretreatments that
can enhance the biogas production of such wastes. The main point to consider is that lignocellulosic
wastes are present in any organic wastes, and sometimes are the major fraction. Therefore, improving
their AD could cause a boost in the development in this technology. The conclusions are that
there is no unique strategy to improve the anaerobic biodegradability of lignocellulosic wastes, but
pretreatments and codigestion both have an important role on this issue.

Keywords: feedstock and degradation pathway; AD systems; pretreatment technologies; process
stability; codigestion

1. Introduction

Organic wastes are produced in large amounts worldwide. Mismanagement of such wastes
will lead to various problems for both human beings and the environment. Among the different
technologies used to treat this type of waste is the anaerobic digestion process (AD) [1]. This process is
a biological treatment that allows the decomposition and stabilization of a wide spectrum of organic
wastes, from complex lignocellulosic materials to easily degradable food waste, while simultaneously
producing renewable energy, recovering fibers and nutrients for soil amendments, and offsetting
greenhouse gas emissions [2,3].

The AD process is a well-established technology that transforms the organic fraction into renewable
fuels, such as methane. However, the process is recognized as a complex one, and many research
studies have indicated that hydrolysis and methanogenesis can be the rate-limiting steps in AD
because of the accumulation of undesirable volatile fatty acids (VFA) [4–6]. Nevertheless, controlling
and optimizing the major operational parameters can improve the process efficiency and obtain
stable methane generation. Recently, numerous studies have been performed to enhance the biogas
production and to mitigate the inhibition effect caused by various compounds and situations. In this
regard, pretreatment methods of feedstock, including physical, chemical, biological, thermal, and
combined approaches, were investigated to overcome kinetic disadvantages and increase process
potential, mainly for lignocellulosic biomass, as this kind of waste represents a promising source of
alternative energy since it has high potential for biogas production [7,8].

Appl. Sci. 2019, 9, 4655; doi:10.3390/app9214655 www.mdpi.com/journal/applsci33



Appl. Sci. 2019, 9, 4655

Monodigestion of substrates has been applied in AD, and this approach proves to work effectively
for a narrow range of generated wastes, especially for easily degradable fraction waste. However,
introducing a mixture of different substrates together, which is known as codigestion, is able to
improve the process performance and make it the more attractive alternative in waste management
hierarchy. In this context, codigestion provides a great chance for recycling a wide spectrum of wastes,
supporting the synergic effects of microbial activities through improving nutrient balance (mainly
carbon/nitrogen (C/N) ratio), and consequently, the enhancing the process stability in general [9].
Various mixtures of agricultural wastes, municipal wastes, industrial wastes, sewage sludge, etc.,
have been investigated by researchers using the codigestion approach and satisfactory results have
been obtained [10]. Importantly, selecting an adequate co-substrate and mixing ratio, organic loading
rate, co-substrate characteristics, and co-substrate-prompted inhibitions are essential factors to be
considered, as they may greatly influence the process performance [11].

This current review provides a comprehensive overview of the process of AD, which is considered
to be one of the most viable options for recycling the organic fraction of solid waste. Feedstock and
degradation pathways, AD systems, pretreatment technologies, process stability, and codigestion for
lignocellulosic materials are introduced and discussed thoroughly in this review.

2. Overview of AD Process

2.1. Feedstock for AD

A wide variety of feedstock can be processed through AD. However, lignocellulosic biomass, as it
has a high potential for biogas production, represents a promising source for alternative energy [8].
This type of feedstock is abundantly available and can be found in different wastes, such as agricultural
residues (crop residues), wood, and grass. About 181.5 billion tons of lignocellulosic biomass are
produced annually worldwide [12]. Nevertheless, process inhibition is commonly noticed during
the digestion of such materials caused by the complexity of their structure, which contains about
10–25% lignin [13]. Accordingly, pretreatment is often needed before use in AD for biogas production,
or alternatively it can be codigested with other feedstock [14]. Solid-state AD (ss-AD) digesters are
ideally suited for such feedstock [15]. Consequently, more attention is being directed to this process,
as it provides promising solutions either for waste management or for introducing a renewable
energy source.

2.2. Feedstock Degradation Pathway

AD plays a key role in the recovery of renewable energy in the form of biogas and nutrients from
waste materials. The degradation process of feedstock passes through sequential and distinct phases
or steps, as shown in Figure 1. During these phases, the rate and characteristics of the generated gas
reflect the microbial processes taking place in the reactor. The four main phases successive phases are
set out below.

2.2.1. (a) Hydrolysis

Macromolecules, which include proteins, carbohydrates, and lipids, are the main components of
organic substrates, and under anaerobic conditions they are initially broken down to monosaccharides,
namely amino acids, long chain fatty acids, and glycerol, respectively. The efficiency of this step is
based on the presence and active action of hydrolytic and fermentative microbes (e.g., Clostridium,
Proteus Vulgaris, Bacillus, Bacteriodes, Micrococcus, Staphylococcus) to excrete extracellular enzymes.
The presence of a variety of extracellular enzymes, including amylase, cellulase, protease, and lipase,
which are exerted by bacteria, are mandatory as catalyzers for the decomposition of each macromolecule.
For instance, hydrolytic enzymes (e.g., cellulase, β-glucosidase, xylanase) or complex enzyme systems
(e.g., cellulosome) attack polysaccharides, protease degrades proteins, and lipase is suitable for breaking
down lipids [16,17]. Hydrolysis is known to be a rate-limiting step, especially for lignocellulosic
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substrates [18], because of the presence of lignin, which along with cellulose and hemicellulose units
forms a rigid three-dimensional complex compound. This physical barrier protects the biomass from
the enzymatic attack. Thus, the existence of microbes with augmented enzymatic activity is mandatory
for an efficient decomposition, especially in the case of lignocellulosic materials [19].

Figure 1. Schematic diagram of substrate decomposition through anaerobic digestion.

2.2.2. (b) Acidogenesis

Acidogenesis is the second step of AD, where the hydrolyzed products of macromolecules are
subjected to the fermentation step following different metabolic pathways. Different facultative
and obligate anaerobic bacteria (Lactobacillus, Escherichia, Staphylococcus, Bacillus, Sarcina, Veillonella,
Desulfobacter, Desulforomonas, Eubacterium limosum, etc.) are involved in this step to produce volatile fatty
acids (VFA), hydrogen, carbon dioxide, and alcohols. Sugars and amino acids are the main substrates
of this step. Results of glycerol fermentation are propionate production and biomass generation [19,20].
Acidogenic microorganisms produce high concentrations of hydrogen during this phase, which may
cause inhibition of the production of acetate.

2.2.3. (c) Acetogenesis

During acetogenesis, different syntrophic oxidation reactions convert the longer fatty acids into
acetate (by homoacetogenic microorganisms) and hydrogen and carbon dioxide, and products of
acidogenesis are utilized by hydrogen producing acetogens, using carbon dioxide and hydrogen ions
as electron acceptors (e.g., Syntrophomonas wolfei). This bioconversion process is not exergonic, and
thus, a syntrophic relationship with methanogens (as they remove hydrogen during the production of
methane) is mandatory to keep the hydrogen partial pressure low in order for acetogenic reactions to
be energetically favorable [19,21].
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2.2.4. (d) Methanogenesis

In this final step, acetotrophic and hydrogenotrophic methanogens (Methanobacterium,
Methanobrevibacerium, Methanoplanus, Methanospirillum, Methanosaeta, Methanosarcina) work on
converting acetate (by acetoclastic methanogens) and hydrogen and carbon dioxide (carbon
dioxide-reducing and hydrogen-oxidizing methanogens) into methane and carbon dioxide. The larger
portion of methane is derived from the conversion of acetate and the rest is primarily produced from
H2 and CO2 [20]. Alternatively, hydrogen and carbon dioxide may be produced through syntrophic
acetate oxidation coupled with hydrogenotrophic methanogenesis. Extended methane production can
be conducted via the hydrogenotrophic pathway based on process characteristics [22,23].

Generally, maintaining a synchronized state between different degradation steps is crucial
throughout the process and any fluctuation or decrease in the activity of one or several microbial groups
could severely influence the process performance and efficiency, and could even lead to process failure.

2.3. Anaerobic Digestion of Substrates under Thermophilic and Mesophilic Conditions

In the AD process, temperature is recognized as one of the key important factors that affects
the entire process performance [20]. As general rule, the performance of the process is increased
with the increase in temperature [20,24]. For instance, the rate of anaerobic degradation processes,
and particularly enzymatic and coenzymatic activities responsible for the rates of hydrolysis and
methanogenesis, are highly affected by the dominant temperature. Additionally, some other factors,
such as gas transfer rates and settling characteristics of biosolids, are significantly affected by the
temperature [25,26].

For the AD process, two main temperature regimes are usually applied—mesophilic (37 ◦C) and
thermophilic (55 ◦C). Mesophilic bacteria are supposedly more robust and can tolerate higher changes
in environmental parameters, including temperature. Because mesophilic digestion takes place at a
lower temperature, digestion in this temperature regime requires longer retention time and yields less
biogas; however, mesophilic digesters remain attractive because of their stability and lower heating
energy costs compared to thermophilic digesters [14,24]. On the other hand, thermophilic digestion
operates at a higher temperature, and consequently reaction rates and kinetics are enhanced, leading
to the possibility of higher loading rates, thus increasing biogas production [14,27,28]. Moreover,
thermophilic digestion is known to have higher levels of pathogen removal [29]. Nevertheless, this
method, is more sensitive to toxic substances and changes of operation parameters [24].

2.4. Solid-State (ss) and Wet-State Anaerobic Digestion

Wet AD and solid-state AD (ss-AD) are considered the two main types of anaerobic technologies
that have been employed to digest solid organic matter for biogas production. The classification between
the two technologies is based principally on the particular content of total solids (TS) concentration at
below or higher than 15%, respectively [30,31].

2.4.1. Wet-State AD

In wet digestion processes, the feedstock is slurried with the addition of water to the mixture
in order to be within the desired level (TS less than 15%), and normally this can be achieved by
adding water either by recirculation of the liquid effluent fraction or by codigestion with wetter wastes.
The latter is more preferable, as it provides a chance to mix various waste streams, such as sewage
sludge or manure and OFMSW [32–35]. The less complicated mechanical equipment needed and the
opportunity to reduce the inhibitory effect of some substances as they become diluted by water are
considered advantages when applying this process. On the other hand, complicated pre-treatment,
high consumption of water and energy for heating, and the reduction of working volume caused by
the sedimentation of inert materials remain as obstacles in this process [36–38]. Continuous stirred
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tank reactors (CSTR) are generally used in wet digestion processes, in which mechanical mixers or a
combination of mechanical mixing and biogas injection are employed [37].

2.4.2. Solid-State AD (ss-AD)

Solid-state anaerobic digestion (ss-AD) provides the ability to process high-solid-content substrates;
typically, with a solid content above 15%. The process is recognized as robust and advantageous
compared to wet AD because it requires less energy for heating, less water, smaller digester volume,
minimal material handling, and because of its low moisture content, the digestate of ss-AD is more
coherent and can be used as fertilizer or pelletized fuel, which is much easier to handle than the effluent
produced by wet AD [14,34,35]. These advantages contributed to the large industrial development of
ss-AD, with the rapid emergence of full-scale plants [31]. Nonetheless, it should be noted that regardless
of the various advantages of ss-AD technology and advancements in system design, there are still a
number of aspects that need to be deeply investigated and improved for further commercialization of
the technology.

Water content is noted as a key factor in deriving microbial activity, and low content of this
parameter in ss-AD would lead to accumulation of the microbial end products, and thus inhibition of
methanogenesis [38]. In this regard, and because of slow mass transportation, longer retention time
(up to three times) has been documented for ss-AD compared to wet AD [38–40]. According to [41],
water availability presents two distinct forms: (i) “free water”, which can act as a solvent for soluble
compounds and salts; and (ii) “bound water”, which is unable to act as a solvent, as it has more
structural bonding (chemical and physical interactions) than liquid or free water. The variation in the
composition and structure of the organic matter has a major role in determining the dominant form of
water and consequently the rate of degradation. In this context, it should be considered that when the
TS content increases, the quantity of free water decreases; thus, rheological behavior of the substrate
is modified and the diffusion of metabolic compounds within the substrate at a macroscopic level is
lowered [42,43], meaning the transport of soluble content within the substrate can become a limiting
factor [43].

As illustrated in the literature, substrate degradation and consequently biogas production are
reduced by increasing the TS content [38,39,42]. One study [44] demonstrated that an increase from
20% to 30% in TS content was associated with a decrease in organic waste degradation by 17%. Also,
another study [45] reported reduced methane yields and cellulose hydrolysis rates of lignocellulosic
biomass in ss-AD compared to those of wet AD. The limitation of ss-AD might be explained by the
slow diffusion of dissolved inhibitory products inside the organic matrix causing local accumulation at
the microbial scale [46–48]. In a recent study [38], methanogenesis inhibition was observed at high
solid content levels, which was attributed to gas transfer limitation, and more particularly by a local
accumulation of gases (H2 and CO2) leading to VFA accumulation. In this context, and because of
thermodynamic reasons, anaerobic oxidation (acetate formation) can only take place at low partial
hydrogen pressure, meaning the balance between the hydrogen-forming and hydrogen-consuming
microorganisms is very important. In order to avoid stress in the acidogenic bacteria, the partial
pressure of the hydrogen gas should always be less than 1–4 atm [49].

Solid-state AD under mesophilic and thermophilic conditions has been investigated, and
mesophilic AD is considered more stable and better established than thermophilic AD [14]. However,
for lignocellulosic wastes, thermophilic conditions usually show better initial performance than
mesophilic AD, since high temperatures improve the hydrolysis of substrates, being “the major
rate-limiting step” [14]. It was found that VFA generation and feedstock degradation were faster in
a thermophilic digester than in a mesophilic digester, and that 95% of the methane yield potential
was achieved in 11 and 27 days under thermophilic and mesophilic conditions, respectively [50].
The fermentative microbial activities are enhanced under thermophilic ss-AD; therefore, more care
must be taken, as this behavior may cause accumulation of VFAs and result in inhibitory effects on the
AD process [51].
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High energy input for heating under thermophilic ss-AD should be considered, as it may offset
the higher methane production yields and rates [7,52]. Accordingly, net energy production and the
performance of ss-AD under different temperatures should be evaluated and optimized for feasible
process operation. In this regard, even though thermophilic ss-AD of switch grass showed greater
methane yield than mesophilic ss-AD, the latter had higher net energy production than thermophilic
conditions because of reduced initial heating requirements after inoculation [52].

Throughout the literature, the feasibility of two-stage reactors has been confirmed regarding
energy balance. For instance, in a two-stage AD system treating OFMSW, better energy balance
was obtained, where higher gross energetic potential was related to the higher performance in the
methanogenic reactor rather than the hydrogen production from the first stage [1]. Furthermore, in a
similar reactor treating thin stillage, optimizing the process was able to increase the energy balance
by 18.5% [53,54], and better energy balance with a surplus of 2.17 kJ/day was also documented in a
two-stage reactor treating sewage sludge as compared to a single-stage reactor [27].

3. Pretreatment of Feedstock to Enhance Biogas Production

Some wastes are found in large quantities in the waste stream, but they are difficult to degrade via
microorganisms because of the complexity of their structure [13]. These wastes include lignocellulosic
substrates, keratins, or high ammonia content materials. However, these wastes, when properly
pretreated, can be a valuable source for biogas production. Appropriate pretreatment facilitates and
increases the microbial accessibility to nutrients found within the mixture, thus speeding up biomass
utilization during the anaerobic digestion process [55]. Different technologies or approaches have been
applied in an attempt to overcome the problem and to increase the biogas production. According to [49],
the selection criteria for any pretreatment technology should consider the following important points:
(1) cost-effectiveness, (2) the microbial accessibility to nutrients, (3) any inhibition in biogas production,
(4) energy requirements, and (5) eco-friendliness. In the following subsections, the main pretreatment
technologies are discussed, and Table 1 provides a summary of research conducted in this field.

3.1. Physical or Mechanical Pretreatment

For lignocellulosic materials, physical or mechanical pretreatment methods are usually employed
to promote microbial accessibility to hydrolysable polymers and to reduce the cellulose crystallinity
and its degree of polymerization. This includes a change in the structure or appearance of the materials
using different techniques [56,57]. The process includes crushing or breakdown of the feedstock
particles, resulting in increased surface area that provides more contact between the substrate and
the microorganisms, and presumably increases the process efficiency [57]. Comminution, such as ball
milling, is a physical pretreatment method that increases the feedstock surface area and decrystallizes
cellulose. Indeed, ball milling was found to be an effective pretreatment, with similar glucose yield
and superior carbohydrate yield to steam explosion pretreatment. In this context, the effect of grinding
on wheat straw was investigated, and the results showed that ball milling samples yield 46% total
carbohydrates and 72% glucose as a result of the reduction in the cellulose crystallinity from 22% to
13% [58]. Ball milling was also applied to non-degraded digestate in order to feed it back into the
digestion process [59]. Enhanced methane production of 9% was reported in the case of two-stage
maize silage digestate, and an increase of 17% was detected when using two-stage hay/straw digestate.
Irradiation is also an effective pretreatment method that disorganizes the structure of the biomass cell
wall and decreases the crystallinity of the cellulose [60]. Solubilization of microalgae as a substrate
for biogas production was evaluated using microwave pretreatment. The biogas production rate was
increased by 27–75% at specific energy rates of 21.8, 43.6, and 65.4 MJ/kg TS.

The advantages of this method are that there is no risk of forming inhibitory compounds, and
there is improvement in the methane yield in some cases caused by size reduction. However, the
main disadvantage is the high energy requirements [55]. In some cases, this method is not viable as a
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stand-alone pretreatment for industrial applications, but it can be combined with other pretreatments
that are more cost-effective.

3.2. Chemical Pretreatment

This method depends mainly on breakdown or destruction of organic compounds using acids,
alkalis, and oxidants, and its efficiency is highly affected by the substrate characteristics [61]. Importantly,
this type of pretreatment is less recommended for easily biodegradable substrates, as it can be associated
with accumulation of VFAs, which ultimately leads to inhibition of the methanogenesis step [57].

During acid pretreatment, hemicellulose is hydrolyzed into monosaccharides, while the lignin
condensates and precipitates [55,61,62]. The process is effective for substrates with high lignocellulosic
content as it breaks down the lignin, and also because the hydrolytic microbes are capable of
acclimating to acidic conditions [61]. Strong acidic pretreatment may result in the production of
inhibitory by-products, such as furfural and hydroxymethylfurfural (HMF) [62–64]. The use of diluted
acids combined with thermal methods is normally recommended to avoid the formation of such
inhibitory products [57]. In this regard, and with mesophilic anaerobic digestion of wheat plant, diluted
sulfuric acid pretreatment at 121 ◦C confirmed that methane yield could be increased by 15.5% higher
than that of the untreated wheat plant after pretreatment for 120 min [65]. Also, in semi-continuous
digestion experiments conducted for 12 days at 35 ◦C using HCl at pH 2 for subsequent digestion
of waste-activated sludge (WAS), an increase of 14.3% in methane yield was achieved compared to
untreated substrates [66].

The aim of alkali pretreatment is to enhance the enlargement of the solid particles, thus increasing
the surface area, meaning the substrate becomes more accessible for microbial activities. Solvation and
saponification are the main reactions during this process [55,57,62,63,67]. This process is considered
more effective for materials with low lignin contents, such as agricultural residues, herbaceous crops, and
hardwoods, than on softwood, which has high lignin contents [68]. Basic compounds, such as calcium
oxide, ammonia, and sodium hydroxide, are used to solubilize lignin in this process [62]. The effect
of alkaline (NaOH) pretreatment on ensiled sorghum forage was investigated in semi-continuous
digesters. The researchers observed that pretreatment with 10 g NaOH/100 g TS increased the methane
yield by 25% compared to untreated sorghum, without experiencing any inhibition of the process [69].
Additionally, the effect of trace element (TE) addition and NaOH pretreatment on the AD of rice straw
was investigated in batch tests. Co, Ni, and Se were added to the raw rice straw at different dosages.
The NaOH pretreatment was applied to the rice straw, both alone and in combination with the addition
of TEs, in order to evaluate potential synergistic effects of the pretreatment and the TE supplementation
on the biogas production yields. The obtained results showed that the alkaline pretreatment was
more effective than the TE addition in increasing the cumulative biogas production, causing a 21.4%
enhancement of the final biomethane yield, whereas the increase due to TE dosing was not statistically
significant. The analysis of volatile fatty acids (VFAs) confirmed that the NaOH pretreatment resulted
in a higher production of VFAs, indicating increased hydrolysis, while TE addition did not cause
significant changes in the VFA concentrations [70].

3.3. Biological Pretreatment

Biological pretreatments mainly depend on using microorganisms, such as bacteria and fungi,
to degrade the lignin fraction [3,62,71]. Such pretreatment is gaining popularity because of its cost-
effectiveness as a natural process that does not require chemicals or energy, in addition to being an
environmentally friendly method. However, careful selection of the suitable microbial consortium for
efficient pretreatment of biomass is a critical step [72]. Additionally, it is important to highlight that
the process is slow and requires longer residence times, which is often not practical for large-scale
applications [3,62,71,73].

The effect of bacterial-based biological pretreatment on liquefaction of microalgae Chlorella vulgaris
with cellulose-secreting bacteria prior to anaerobic digestion was studied [74]. The results showed that
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bacterial pretreatment enhanced the bioavailability of biomass, and hence methane generation, with
methane yield being almost double that of control. Furthermore, the BMP test to evaluate the potential
effect of enzymatic pretreatment on pulp mill biosludge with protease from B. licheniformis found that
an increase of 26% in biogas yield could be achieved under the studied conditions [75].

3.4. Thermal Treatments

This approach enhances the anaerobic process through hydrolyzing complex organic constituents,
where the structure of the materials (mainly the cell membrane) is disintegrated under a certain
temperature and pressure. Nowadays, different thermal pretreatment techniques using various
temperatures (50–250 ◦C) are being studied and employed to improve the hydrolysis rate of AD
feedstock. Among them is liquid hot water treatment, where the water is maintained as a liquid at high
temperatures (160 to 230 ◦C) and under high pressures (>5 MPa) [55,62]. Another option is the use of
thermal pretreatment as “an isochoric or constant volume process”, where the material is placed in a
sealed container and heated without applying extra external pressure [72]. On the other hand, steam
treatment involves exposure of the biomass to high temperatures of up to 240 ◦C and pressure for a
few minutes, thereby causing disruption in the structure of the material [55,73]. Another method is
autohydrolysis, which is fundamentally based on hydrolyzing hemicelluloses using highly pressurized
liquid hot water at 200 ◦C.

Besides high energy demand and operation at high pressure, the main disadvantage of these
processes is the potential formation of inhibitors, such as furfural and soluble phenolic compounds,
which inhibit the production of methane [55]. Concerning the lignocellulosic substrates, temperatures
exceeding 160 ◦C cause not only the solubilization of hemicellulose but also the solubilization of lignin.
The released compounds are mostly phenolic compounds that are usually inhibitory to anaerobic
microbial populations [55]. The formation of inhibitors during liquid hot water pretreatment is
relatively low because of the high water input [76]. In order to minimize the formation of these
inhibitors, the addition of external compounds is needed to keep the pH in the range of 4 to 7 [55].
Thermal pretreatment at high temperatures (>170 ◦C) might lead to the creation of chemical bonds
and result in the agglomeration of the particles [77]. One of the most known phenomena is the
Maillard reaction, which occurs between carbohydrates and amino acids, resulting in the formation
of complex substrates that are difficult to biodegrade. This reaction can occur in extreme thermal
treatment at temperatures exceeding 150 ◦C, or with longer treatment times at lower temperatures
(<100 ◦C) [1,53,54,78].

Table 1. AD pretreatment methods.

Pretreatment
Process

Substrate Conditions Results Ref.

Physical

Straw

Milling straw particles to
different sizes of 0.25
mm, 1 mm, and 10 mm
over 62 days.

Highest methane production for
straw with 10 mm particle size (192 ±
25 Nm L/g VS), which was associated
with straw biodegradability of 43%.

[40]

Fruit and
vegetable waste

Three sonication times of
9, 18, and 27 min,
operating at 20 kHz and
amplitude of 80 μm on
the substrate.

Highest methane yield at 18 min
sonication with specific energy if 2380
kJ/kg TS for 12-day batch period,
while longer exposure to sonication
led to lower methane yield.

[79]

Olive mill solid
residue

Microwave irradiation at
a power of 800 W and
temperature if 50 ◦C.

Maximum methane yield of 395 ml
CH4/g VS for an applied specific
energy of 7660 kJ/kg TS.

[80]

OFMSW Extrusion pretreatment.
Biogas yield of 800 L/kg VS,
containing about 60% methane
content.

[81]
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Table 1. Cont.

Pretreatment
Process

Substrate Conditions Results Ref.

Chemical

Cotton stalk
residues

Alkali hydrogen
peroxide (AHP),
treatment at 37 ◦C for 61
days.

Highest methane yield of 192.4 mL/g
VS after 3% AHP pretreatment, yield
improved by 254.3% over the
untreated waste.

[82]

Agriculture
straw

3% H2O2 and 8%
Ca(OH)2, treatment at 37
± 1 ◦C for 35 days.

Highest methane yields of 216.7 and
206.6 mL CH4/g VS using acid and
alkaline, which are 115.4% and 105.3%
greater than untreated waste,
respectively.

[83]

Sunflower oil
cake

170 ◦C, 1% (weight)
sulfuric acid
concentration.
Mesophilic method.

Biogas yield of 302 ± 10 mL CH4/g VS
at 170 ◦C), 50% greater than untreated
waste.

[84]

Biological

Food waste and
brown water

Composting or
microaeration.

Microaeration pretreatment improved
methane yield by 10–21%, caused by
enhancement of hydrolysis.

[85]

Chicken
feathers

Aerobically pretreated
for 2–8 days with Bacillus
sp. C4, a bacterium that
produces both α- and
β-keratinases.

445 ml CH4/g VS methane, 124% more
than untreated feather. [86]

Napier grass Microbial consortium:
WSD-5. CH4 yield was increased by 49%. [87]

Organic waste
Soft rot fungi Trichoderma
viride, 4 days treatment
at 25 ◦C.

Up to 400% increase in methane
production compared with controls. [88]

Paddy straw
White rot fungi Fusarium
sp., 10 days treatment at
30 ◦C (70 % moisture).

53.8% increase in biogas production. [89]

Organic waste
Soft rot fungi Trichoderma
viride, 10 days treatment
at 22 ◦C (70% moisture).

More than two-fold increase in
methane production. [90]

Thermal

Wheat straw

Different thermal
pretreatment
temperatures of 120, 140,
160, and 180 ◦C.

Highest biogas yield of 615 ml/g VS
(53% increase) and volatile solids
reduction of 69% at 180 ◦C, compared
to untreated material.

[91]

Activated
sludge

Steam explosion at 170
◦C, autoclaved at 70, 100,
and 125 ◦C.

A linear relationship was found
between the thermal treatment
temperature in the autoclave and
biogas production of aerobic granules,
but steam explosion was more
effective.

[92]

Hay Steam explosion at
160–220 ◦C. CH4 yield increased by 16%. [93]

The aforementioned technologies have been applied as pretreatment methods in anaerobic
digestion, and Table 1 provides some examples where these technologies have been successfully
employed. However, it is worth mentioning that a combination of different technologies has been
employed in many cases.
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4. AD Stability or Inhibition

The anaerobic process is a sensitive process, where any variation or fluctuation in the optimum
operational conditions could affect or even inhibit the process. In this regard, and in order to
ensure stable conditions, it is important to achieve or maintain a balance between the acidogenic and
methanogenic microorganisms. Usually, the inhibition of the anaerobic process is evidenced by the
decrease in steady-state methane yield rates.

4.1. Effect of Ammonia

Ammonia, which is the end-product of anaerobic digestion of proteins, urea, and nucleic acids [94],
plays a major role in the performance and stability of the anaerobic digestion process [6]. Optimal
ammonia concentration ensures sufficient buffer capacity for the methanogenic medium, especially for
nitrogen-rich organic feedstock. However, excess ammonia concentration is usually reported as the
fundamental cause of digester failure when it exceeds the inhibition threshold levels [95–99]. Inhibition
is caused by total ammonia nitrogen (TAN) concentration, which is a combination of free (unionized)
ammonia nitrogen (FAN) and ionized ammonium nitrogen (NH4

+) [6,100–102].
TAN concentrations between 1500–7000 mg N/L were found to be inhibitory for anaerobic

digestion [98,103]. This broad range of inhibiting concentrations might be explained by different causes,
including differences in substrates composition, inoculum origin, environmental and operational
conditions (temperature, pH), and acclimation periods [97]. However, it should be noted that any
probable inhibition by ammonia in the anaerobic digestion process should not only be directly attributed
to the TAN concentration, but to the FAN levels, as this is believed to be the prime cause of inhibition
of methanogenic microflora [104,105].

4.1.1. Mechanism of Inhibition by Ammonia

Microorganism growth and maintenance of an appropriate level of alkalinity within the AD
reactor are both fundamentally based on ammonia concentration, and as such it is noted as a decisive
element in the process stability [6]. The reason behind considering FAN as the main cause of inhibition
is related to its high permeability to bacterial cell membranes [106]. The diffusion of FAN into microbial
cells upsets the balance of the intracellular pH of methanogens, leading to lower levels or inhibition
of enzymatic reactions and abnormal material transportation [107]. Another possibility is caused
by the hydrophobic ammonia molecule, which may diffuse passively into bacterial cells, causing
proton imbalance or potassium deficiency [108]. In general, and to avoid toxicity from ammonia, it is
recommended that the concentration should never reach the range of 1500–3000 mg/L [109].

4.1.2. Mitigating Ammonia Inhibitory Effects

Even though the ammonia inhibition mechanism has been determined by different researchers,
unfortunately until now there has been no direct approach to avoid ammonia toxicity, especially when
it exceeds the threshold inhibition level [6]. However, some measures could be employed to mitigate
ammonia inhibition, which are described below.

(a) Inoculum Selection and Adaptation of Microorganisms

The inoculum source and adaptation of methanogenic consortia to high ammonia levels have been
recognized as effective and feasible tactics for enhancing the anaerobic digestion process. In this context,
acclimation of acetoclastic methanogens to high concentrations of TAN reduce their susceptibility to
any increase in TAN and improve their tolerance to a wider range of pH levels [96]. Methane was
successfully produced in dry fermentation of chicken manure at about 8000 to 14,000 mg TAN/kg after
adaptation time of 254 days at 37 ◦C and pH of 7.3–8.8. It was concluded that spontaneous acclimation
of the methanogenic biomass to high concentrations of ammonia could occur and result in production
of methane, even under a high TS content (25%) and high concentration of ammonia [6,35,96,97,110].
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The research conducted in [111] investigated the effect of six different inoculum sources on the
digestion of rice straw using BMP tests under the same conditions, and significant differences in the
biogas yields were observed, caused by the different inocula sources. Methane yields were 180 mL/g VS,
160 mL/g VS, 75 mL/g VS, 125 mL/g VS, 15 mL/g VS, and 5 mL/g VS for dairy manure, swine manure,
chicken manure, granular sludge, municipal sludge, and paper mill sludge inocula, respectively.
Reactors inoculated with digested manure had higher methane yields compared to others, and this was
attributed to the availability of macro- and micronutrients in manure, which enhanced the digestion of
rice straw. One study [112] demonstrated that using diary manure digester effluent as the inoculum
improved methane yields from corn stover up to 30% and 100% compared to inoculum obtained from
food waste and sewage sludge digesters, respectively. This variation was attributed to the higher
populations of hydrolytic microbes in dairy manure effluent. Also, best inoculum selection was able to
reduce the lag phase from 20–30 days to 2–5 days [113].

(b) Substrate/Inoculum Ratio (S/I)

Providing an optimal substrate to inoculum (S/I) ratio is considered to be important in AD
process. However, this ratio may vary with types of substrates under consideration, because while
the digestion of food waste may be susceptible to VFA accumulation because of its composition and
high biodegradability, other substrates may have buffering capacities that reduce the potential VFA
accumulation [114,115]. In ss-AD of lignocellulosic biomass, a wide range of S/I ratios have been
investigated under both mesophilic and thermophilic conditions. Ratios between 2 to 3 (VS basis)
were found to be relatively robust for ss-AD mesophilic conditions, whereas a relatively high S/I ratio
was preferred under thermophilic conditions. For instance, the highest biogas yield for corn stover
in mesophilic ss-AD was obtained with an S/I ratio of 2.43 (VS basis), while the highest yield under
thermophilic conditions was achieved at an S/I ratio of 4.58 [7,116–118]. According to [115], and in
accordance with the proposed guidelines by Holliger et al. [119], a minimum S/I of 0.5 is recommended
for highly degradable substrates, such as food waste, while an S/I of 1 may be used for less degradable
substrates, such as lignocellulosic waste. As will be illustrated in the following sections, other
parameters, such as pH and C/N ratio, also directly affect ammonia toxicity [6,120,121]. Importantly,
other different approaches have been studied to control ammonia inhibition during the AD process,
for example anammox, which is fundamentally based on a reaction driven by a specialized group of
planctomycete-like bacteria that convert (oxidize) ammonium to nitrogen gas, where nitrite is used as
the electron acceptor under anoxic conditions [122]. Other approaches are struvite precipitation [123]
and the use of zeolite as support media for the immobilization of microorganisms in different high-rate
reactor configurations. Furthermore, zeolite has also been used as an ion exchanger for the removal of
ammonium in anaerobic digestion due to the presence of Na+, Ca2 +, and Mg2 + cations in its crystalline
structure. Also, carbon fiber textiles (CFT) were used as supporting materials for better retention of
microorganisms. Nevertheless, these approaches were reported to be expensive at large scale [124,125].

4.2. Effect of Organic Loading Rate (OLR)

Providing an adequate OLR helps to ensure a stable digestion process and an optimum biogas
yield during the process [126]. Feedstock composition will determine the level of biochemical activities
that will take place in the digester. Consequently, overload or undersupply will affect the process
performance [6].

Anaerobic stability depends on the harmonic relations between acid formers and methane
formers [127], and these two types of microorganisms differ widely in terms of physiology and
nutritional needs [128]. In the case of easily degradable substrates with low buffering capacity, high
loading rate will lead to formation of VFAs, pH will be dropped, and methanogenic bacteria will be
inhibited [19,22,23,49,129]. For commercial biogas production, protein-rich feedstocks are preferred
over other materials as they have high bio-methane potential (BMP) [130,131]. Unfortunately, high
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loads of such materials are often associated with process instability because of the release of ammonia
nitrogen (NH3-N) [6,97,132], causing inhibition of the process.

4.3. Carbon to Nitrogen (C/N) Ratio

In order to optimize biogas production, introducing substrates with an optimal C/N ratio is
essential for the entire process and basically for providing sufficient and adequate nutrients levels
for microorganisms [133]. Higher concentrations of ammonia are formed with low C/N values,
and eventually this will result in hindrance of microbial growth. On the other hand, during the
fermentative stage, a C/N ratio above the optimal value will lead to production of large amounts of
VFAs. Furthermore, the C/N ratio can reduce the TAN level only if the TAN concentration is slightly
more than the threshold inhibitory level; action should be taken promptly, before the inhibition of the
process [6].

Table 2 provides the C/N ratios of different substrates. The optimal C/N ratios of various substrates
attained from different AD processes will likely be different, and the AD process is more stable when
the C/N ratio ranges from 20 to 30 [14,134]. During the anaerobic codigestion process, substrates are
added to maintain the C/N proportion within digesters [135]. To unify a specific range, including the
existing carbon of the easily degradable part and excluding the carbon that is not specifically affected
by microorganisms, an available C/N ratio is proposed [126]. By maintaining the C/N ratio at 17:1 [136],
enhanced methane generation by around 3.8- and 1.5-fold was achieved compared with perennial
ryegrass alone and waste activated sludge (WAS) alone, respectively.

Table 2. C/N ratio of some substrates [137].

Substrate C/N Ratio Substrate C/N

Kitchen waste 26:30 Grass cutting waste 11:15
Food waste 2:18 Rice straw 50:68
Cattle manure 15:26 Wheat straw 51:151
Poultry manure 4:16 Corn straw 51:57
Sheep manure 20:34 Sawdust 199:501
Vegetable waste 8:36 Algae 74:101
Slaughterhouse waste 21:36 Sugar cane waste 139:151

Additionally, it is worth mentioning that organic wastes used for biogas production are generally
rich in lignocellulose-type resistant materials [14]. Thus, special pretreatments (Section 3) are required
to utilize such wastes under short retention times with anaerobic organisms [138]. Therefore, significant
amounts of “invalid carbon” in these materials affect the calculation of C/N. Thus, C/N calculation
shows only the general characteristics of organic waste materials, not the actual substances utilized by
anaerobic microbes.

4.4. pH Value

Growth and enzymatic activities of the microorganisms and solubilization of organic matter are
affected by pH value [127,139–143]. Providing an optimal pH value during the different phases was
the key reason some reactors were divided into two phases, with an acidogenic and methanogenic
phase [144,145]. Moreover, pH affects the distribution of total ammonia nitrogen (TAN) between toxic
NH3 and innocuous NH4

+ [146]. Optimum performance of the anaerobic microorganisms will be
reached with neutral pH (6.8–7.2) [147]. Importantly, pH affects the distribution of total ammonia. It
was noticed that at a higher pH of 8.5, unionized ammonia was highly (2473 mg/L) associated with poor
biogas production, which confirms the ammonia toxicity, in particular for leather fleshing waste [148].
By contrast, it was reported that at pH of 4.5 the ammonia nitrogen was minimal (510 mg/L), but high
VFA (26,803 mg/L) inhibited the methanogens [6].
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4.5. Concentration of Ions

Some metal ions, including sodium (Na+), potassium (K+), calcium (Ca2+), ferric (Fe3+), and
magnesium (Mg2+), are formed because of the breakdown of organic matter or introduced with the
pH adjustment (alkali and acid reagents used in pretreatment). Excessive concentrations of such ions
would lead to decreased microbial growth or would even cause toxicity, as they cause dehydration of
bacterial cells due to osmotic pressure [149,150].

Mg2+ was found to be inhibitory to methanogenesis when it reaches 720 mg/L. Also, high
concentrations (> 100 mM) of the magnesium ion can cause disaggregation of methanogens; thus,
the conversion of acetate is inhibited [151]. Nevertheless, Ca2+ was moderately inhibitory to
microorganisms in concentrations above 300 mg/L. However, excessive amounts of Ca2+ can cause
precipitation of carbonates and phosphates, which results in scaling of the reactors, pipes, and biomass;
thus, it reduces the specific methanogenic activity and results in a loss of buffer capacity [152–154]. K+

concentrations above 3 mg/L are toxic to microorganisms [97], and Fe3+ was reported to inhibit 52–82%
of methanogenesis activities with concentrations of 21 mg/L or above, because Fe3+ could deactivate
enzymes of microorganisms by reacting with their functional groups [155].

4.6. Sulfide

In the anaerobic process, sulfate is reduced to sulfide by sulfate-reducing bacteria [156].
The produced sulfide could inhibit the process, either by toxicity from the competition for a common
organic matter substrate that cause stress for methanogenesis, or through the toxicity of sulfide to
various bacteria population [127,157,158].

5. Codigestion of AD

As discussed in the aforementioned sections, providing optimal operating conditions is a crucial
point for an effective AD. It is well-known that the deficiency of some nutrients could lead to low
performance or even the inhibition of the process [53]. In this regard, codigestion arises as an
efficient and cost-effective way to overcome some of the difficulties during this process [14,134,135].
The codigestion process simply involves mixing two or more substrates together, which would improve
the utilization of nutrients through balancing them (mainly the C/N ratio), enhancing the microbial
diversity, improve buffer capacity, and dilute inhibitors; consequently, codigestion may achieve positive
synergistic effects and lead to higher methane yield than monodigestion of substrates [53,159,160].
In this context, lignocellulosic biomass is categorized as a great prospect for anaerobic digestion due
to its high content of cellulose and hemicellulose. However, its elevated C/N ratio (Table 1) and the
complexity of its biomass structure (contains 10–25% lignin) inhibits the anaerobic digestion process
when it is used individually [13,161,162]. On the other hand, animal waste, such as manure, contains
high amounts of organic nitrogen [163,164], which would lead to accumulation of ammonia, and
potentially inhibition of the microbial activities because of a low C/N ratio [134,148,163,165]. Therefore,
monodigestion of lignocellulosic biomass or animal wastes would result in less stable performance and
low methane production as a result of the inappropriate C/N ratio. Creating an optimum C/N ratio
through codigestion of lignocellulosic biomass with appropriate animal waste can maximize methane
production and make the AD process more stable [162,164].

Cellulose, hemicellulose, and C/N ratio potential values for rice straw, wheat straw, corn stover,
and switch grass are 32%, 24%, and 47; 38%, 21%, and 60; 37%, 22%, and 63; and 38%, 26%, and
93, respectively. These values indicate the high potential of these substrates to produce biogas,
however, they are still considered difficult to digest, as they contain a significant fraction of lignin,
whereas the codigestion of these substrates with a highly nitrogen-rich substrate, such as manure,
would result in a successful way to utilize these materials in an anaerobic digestion process, since the
materials complement each other when used together and the potential for inhibition is reduced [166].
Additionally, for the codigestion of hay with soybean processing waste at 25:75 ratio under solid-state
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AD process, the methane yield was 258 L/kg VS, which is 50% and 148% higher than the amount
obtained by each substrate individually [117]. Co-digestion of barley straw with pig manure produced
233.4 L/kgVS methane, but it produced only 192 L/kg VS methane when it was codigested with cow
manure [167]. Corn stover and dog food at an equal ratio (1:1) produced a methane yield of 304.4 L/kg
VS, which led to an increase of 129% compared to corn stover alone and 9% compared to dog food
digestion alone [116]. Rice straw with swine manure, wheat straw with chicken manure, corn stover
with chicken manure, and crop silage with cow manure produced 350, 235, 223–298, and 249 L/kg
VS methane, respectively, in an AD codigestion process with optimum C/N ratio. In this context,
codigestion resulted in a 31% increase of the expected yield, which was calculated from the methane
potential of the individual fractions [168]. Food waste codigestion with sewage sludge can produce
a high yield of biogas of 708 L/kg VS [169]. In Table 3, other examples of codigestion experiments
are resumed.

Table 3. Codigestion of lignocellulosic biomass with other feedstock for methane production
under ss-AD.

Lignocellulosic
Biomass

Co-Substrate Mixing Ratio Temp (◦C) CH4 (L/kg VS) Ref

Yard waste Food waste 4:1 36 120 [46]
Swine manure Corn stover NA 35 350 [170]
Hay Soybean processing waste 1:1.3 37 258 [117]
Agricultural wastes Chicken manure 7:3 55 502 [163]
Cattle manure Palm pressed 1:3 37 346.2 [171]
Cattle manure Silage of cardoon 85:15 37 308 [172]
Cow manure Rice straw 1:1 37 383.5 [173]
Cattle manure Corn stover NA 37 228 [167]
Cow manure Kitchen waste 1:1 35 179.8 [174]
Cattle manure Wheat straw 95:5 55 351 [175]

6. Conclusions

In summary, the results compiled in this review clearly demonstrated that lignocellulosic wastes
can be important sources of renewable methane through anaerobic digestion. Among all the proposals
used to overcome the problems of these wastes in this process, which are mainly related to the
hydrolysis step, pretreatments and codigestion seems to be the more suitable strategies. Regarding the
operational conditions, inhibition must be considered, but solid-state anaerobic digesters have proved
to be a great alternative to classical AD stirred reactors. It is evident that the state-of-the-art of this
approach is still not completely developed, but it seems to be the correct approach for lignocellulosic
wastes. Finally, it is clear that these wastes are the most abundant sources of organic matter on earth,
and therefore, all approaches to convert them into renewable energy are a step toward sustainability
and climate change mitigation.
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Abbreviation

Full Name

AD Anaerobic Digestion
BMP Biochemical Methane Potential
FAN Free Ammonia Nitrogen
OFMSW Organic Fraction of Municipal Solid Waste
ss-AD Solid State Anaerobic Digestion
TAN Total Ammonia Nitrogen
TS Total Solids
VFA Volatile Fatty Acids
VS Volatile Solids
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Abstract: Lignocellulosic biomass is recalcitrant due to its heterogeneous structure, which is one of the
major limitations for its use as a feedstock for methane production. Although different pretreatment
methods are being used, intermediaries formed are known to show adverse effect on microorganisms
involved in methane formation. This review, apart from highlighting the efficiency and limitations
of the different pretreatment methods from engineering, chemical, and biochemical point of views,
will discuss the strategies to increase the carbon recovery in the form of methane by way of amending
pretreatments to lower inhibitory effects on microbial groups and by optimizing process conditions.
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1. Introduction

Rapid growth in human population, biodiversity, and natural resources losses, environmental
pollution, and climate change [1] have led researchers and policy makers to pay attention to sustainable
energy policies for reduction the effect of greenhouse gas emissions [2]. In addition, depletion of fossil
reserves is occurring at faster rate as there is an accelerated increase in the consumption of fossil fuels
due to industrialization and motorization of the world [3].

Today, fossil fuels still serve as the primary global energy resource and account for more than
88% of the primary energy usage [4] and their combustion result in the emission of greenhouse
gases, especially CO2 [5]. Thus, replacing fossil fuels with renewable sources of energy provides the
opportunity to tackle these phenomena by limiting the increase of global temperature [6]. Renewable
energy is defined as the contribution of renewable energies to the total supply of primary energy,
including the equivalent of primary energy from hydroelectric sources (excluding storage by pumping),
geothermal, solar, wind, tidal, and wave energy. It also includes the energy derived from solid biofuels,
biodiesel, other liquid biofuels, biogas and the renewable fraction of municipal waste. Likewise,
biofuels are defined as fuels derived directly or indirectly from biomass [7]. Biomass as referred as
the fourth largest energy source (after coal, oil, and natural gas), and the largest and most important
renewable energy option today and can be used to produce different forms of energy [8]. Biomass
has the advantage to be considered as carbon neutral because the quantity of CO2 released during
combustion is the same as that absorbed by the plant during photosynthesis [9]. The largest potential
feedstock for bioenergy production is lignocellulosic biomass, which represents the most economical
and highly renewable natural source in the world.
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1.1. Classification of Types of Lignocellulose

Lignocellulosic biomass is a biological material obtained from living or recently living organisms [7].
A brief summary of different types of lignocellulosic residues generated in Mexico are presented in
Table 1.

Table 1. A brief summary of lignocellulosic residues generated in Mexico.

Lignocellulosic Residues Amounts of Residues Produced per Year in México

Straw from rice, wheat, soy, oats & corn 78,534,119.08 tons
Stump, sawdust, plant & tree branches 8.2 million m3 as rolls

Sugar beet & Sugarcane residues 16,935,954.03 tons
Urban solid residues 102,895 tons

Municipal sewage sludge 7200 million m3

Residues from nuts, pistachios, peanuts & pine nuts 74,249.575 tons
Manure from cows, pigs, poultry, turkey & sheep 142,139,944.5 tons

The amount of residues produced per year in Mexico were obtained from the data on crop production, which was
multiplied with the coefficient of waste generated for each residue. Data on production was consulted from the web
portal of Agri-Food and Fisheries Information Service (SIAP), Government of Mexico [10].

1.2. Chemical Composition of Lignocellulosic Biomass

During the growth, plant biomass produce primary and secondary walls; primary wall is involved
in structural functions like protection, signal transduction, and interactions with neighboring cells;
besides, it contains low proportion of cellulose but a greater presence of pectin, meanwhile, secondary
wall is composed principally of lignocellulose [11] (see Figure 1).

Figure 1. Composition of the cell wall in plants. (a) primary wall, (b) secondary wall.

Lignocellulosic biomass is composed of three main biopolymers: cellulose, hemicellulose and
lignin [12]. The individual composition of different lignocellulosic substrates on dry basis is presented
in Table 2 and the structure is presented in Figure 2.
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Table 2. Composition of different lignocellulosic substrates; cellulose, hemicellulose, and lignin content
(%) on dry basis.

Lignocellulosic Substrates
Composition (% Dry Basis)

Cellulose Hemicellulose Lignin References

Bamboo stem 43.04 22.13 27.14 [13]
Birch 40.1 ± 0.6 17.5 ± 0.2 24.2 ± 0.1 [14]

Corn cob 42.0 ± 0.1 45.9 ± 0.9 2.8 ± 0.2 [15]
Corn stalk 36.4 ± 0.1 30.3 ± 0.1 6.9 ± 1.4 [16]

Corn stover 42.21 22.28 19.54 [17]
Corn straw 49.3 ± 1.8 28.8 ± 1.4 7.5 ± 0.4 [18]

Cotton Stalk 41.6 ± 0.5 23.6 ± 0.4 23.3 ± 0.7 [19]
Eucalyptus 52.07 ± 2.6 24.51 ± 1.1 25.2 ± 1.1 [20]

Empty fruit bunch 34.9 26.64 31.1 [21]
Giant reed 41.5 ± 2.6 20.5 ± 0.6 18.4 ± 1.4 [22]

Grass 47.12 ± 3.2 36.01 ± 3.17 11.55 ± 0.3 [23]
Maize straw 38.33 ± 0.8 29.76 ± 1.35 3..82 ± 0.5 [24]

Meadow grass 41.28 ± 5.3 28.14 ± 3.2 30.14 ± 7.9 [25]
Miscanthus 36.3 ± 2.1 22.16 ± 1.9 22.55 ± 2.5 [26]
Oat straw 35.0 28.2 4.1 [27]

Oil palm empty fruit bunch 38.5 ± 1.9 26.1 ± 1.1 11.6 ± 1.6 [28]
Pinewood 38.2 ± 0.3 24.1 ± 0.7 34.4 ± 0.3 [29]

Poplar 46.0 ± 0.1 16.7 ± 0.1 26..6 ± 0.3 [14]
Rice hulls 36.0 12.0 26.0 [30]
Rice straw 37.8 ± 0.2 29.6 ± 0.7 14.8 ± 0.4 [31]
Rye Straw 36.5 ± 0.1 NR 21.3 ± 0.1 [32]

Sawdust waste 31.5 ± 1.3 26.1 ± 2.1 24.9 ± 1.7 [33]
Sorghum straw 26.93 ± 1.2 32.57 ± 1.9 10.16 ± 1.8 [34]

Spruce 24.7 ± 0.2 10.2 ± 0.1 35.0 ± 0.3 [35]
Sugarcane bagasse 46.1 ± 0.7 20.1 ± 0.9 20.3 ± 0.6 [36]

Sunflower stalk 34 ± 0.6 20.8 ± 0.8 29.7 ± 0.6 [37]
Water hyacinth 36.84 ± 0.8 27.7 ± 0.2 10.7 ± 0.4 [38]

Wheat straw 43.4 26.9 22.2 [39]
Willow sawdust 35.6 ± 0.9 21.5 ± 0.9 28.7 ± 0.2 [40]

NR: Not Reported.

 
Figure 2. Structure of lignocellulosic biomass and its biopolymers; cellulose, hemicellulose, and lignin.
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Cellulose is the major component of plant cell structure and is a homo-polymer made of
β-1,4-glycosidic bonds, which give stiffness and stability, characteristic to l structure of the cell wall [41].
The principal unit of cellulose, D-pyran glucose, makes the crystalline and amorphous regions in
the cellular arrangement. The orientation and direction that have the chains of cellulose is of vital
importance and determine their function. In the primary wall are the first type of alpha helical,
(lower molecular weight than the secondary wall) allowing the cell storing sugars and fluids [42].
On the other hand, secondary wall cellulose chains are rigid and straight to give the molecular structure
to the cell [43].

Lignin is formed from the oxidation of phydroxycinnamyl alcohols: p-coumaryl, coniferyl,
and sinapyl. The formation of lignin involves three routes of biosynthesis: the shikimate pathway,
the phenylpropanoid pathway and the synthesis of monolignols [46]. The units of lignin formation are:
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) [47]. The structure formed by three-dimensional
and amorphous heteropolymers of lignin helps the cell in situations of stress, whether due to structural
or metabolic damage, also serves as protection of the cell wall against pathogens [48].

2. Biogas as a Sustainable Energy

The implementation of biomass as sources of renewable energy technology is considered as
sustainable technology in meeting energy needs and as well as to minimize the emission of greenhouse
gases. In addition, biomass use presents the advantage of cost–benefit viability and reduce the waste
flow into the environment [49].

The production of biogas from lignocellulosic substrates through the transformation of volatile
organic solids (VS) by anaerobic digestion is proven to be an alternative source of energy. The potential
of biogas from waste can substitute current use of natural gas in many regions [50]. Biogas is
produced through a bioprocess involving four steps—i.e., hydrolysis, acidogenesis, acetogenesis,
and methanogenesis—using a microbial consortium containing many different types of bacteria and
archaea [51] as shown in Figure 3. Composition of biogas slightly varies depending on the type of
feedstock used in anaerobic digestion. It is mainly composed by CH4 (40–75%) and CO2 (25–60%),
with minor impurities such as H2S, NH3, among others [52]. Furthermore, CO2, the second major
component can be sequestered and used to produce chemicals [53].

 
Figure 3. Steps and microorganisms involved in biogas production.

Hemicellulose can also be found in the primary cell wall in contrast to the cellulose which is
present mainly within the secondary wall [44]. It is in turn the second most abundant polysaccharide
compound in nature. It has as sub units D-xylose, mannose, L-arabinose, galactose, and glucuronic
acid which have links "β-1,4-glycosidic bonds in main chains; "β-1.2 -,"β - 1.3-, "β-1.6-glycosidic bonds;
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with a number, less than 200 units of polymerization (polyxylose, galactoglucomannan, glucomannan).
Xylan is the main polysaccharide present in hemicellulose in plants [45].

However, the heterogeneity in chemical composition of lignocellulosic biomass implies
an important technological and operational challenge [54] and use of either mechanical, chemical,
physiochemical, or biological pretreatments has been shown to improve their biodegradability [55].

3. Pretreatment Methods in the Chain of Biogas Production

Pretreatment or fractionation is an important tool to alter the structure of lignocellulosic biomass
to make the holocellulose (cellulose + hemicellulose) bioavailable for bioconversion [56].

The main objective of pretreatment is the disruption of the physical barriers of the cell wall to
depolymerize and to reduce the cellulose crystallinity [57]. Regardless of the type of biomass,
pretreatment has been identified as the crucial step, both technically and economically, in the
bioconversion of lignocellulosic biomass for its use in biorefinery [58]. The pretreatment method must
have to be economical as both for operating and capital costs could be more than 40% of the total
processing cost [59].

A large number of pretreatment methods for biomass have been studied, which can be broadly
classified into (1) mechanical processes and this refers to reduce particle size; (2) chemical processes
through the use of diluted acids, alkalis, or organic solvents; (3) physicochemical processes such as
steam explosion and hot water; and (4) biological processes through the use of microbial consortia or
by enzymatic means [60] as shown in Figure 4.

Figure 4. Pretreatment methods to increase the bioavailability of lignocellulosic biomass.

3.1. Mechanical

The mechanical pretreatment is the reduction of the particle size by methods such as milling,
chipping, or grinding [61]. Mechanical pretreatment is well-known method to improve biogas
production, however it is yet considered to be an expensive method, due its high energy
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requirements [62]. The size reduction of lignocellulosic biomass is an essential step to increase
the accessible surface area and the porosity of the particles, besides reducing the crystallinity of the
cellulose and improves the efficiency of the next processing step and global production chain [63].
One advantage of mechanical pretreatment is that it does not produce any secondary inhibitory
substances, which suggest that could be suitable for methane production or any other bioprocess [64].
Dahunsi [64] reported that mechanical pretreatment applied to six different lignocelluloses caused
breakdown of structural material and increased the methane yield up to 22%. However, it is observed
that excessive size reduction of lignocellulosic biomass can lead to a lower efficiency of methane
production [61]. Process efficiency in terms of cost-energy, operational aspects such as the right particle
size, processing time of mechanical pretreatment, and the mechanical speed for size reduction must be
standardized. It can be observed from literature that there is no universal particle size suitable for
biomethanation process and it varies according to the type of the substrate and the process used for
biomethanation. Dumas et al. [65] found negligible differences in biogas yield of wheat straw having
the particle size in the range from 0.7 to 0.2 mm, and that the methane yield did not show any increase
at particle size of 0.048 mm. Sharma et al. [66] compared the effect of different particle size, viz., 0.088,
0.40, 1.0, and 6.0 mm of various agricultural residues—such as wheat straw, rice straw, Mirabilis leaves,
cauliflower leaves, Ipomoea fistulosa leaves, dhub grass, and banana peel—and observed that the highest
biogas yield was observed with residues having a particle size 0.88 mm. They further reported that
there was no statistical difference in biogas yield between 0.4 and 0.088 mm. However, De la Rubia et
al. [67] observed the highest methane yield in sunflower oil cake at particle size 1.4–2.0 mm, which was
17% higher than the particle size in the range of 0.355–0.55 mm. Chandra et al. [68] also observed the
particle size of 0.30 mm of wheat and rice straw did not show any significant increase in methane
yield in comparison to the particle size 0.75 mm of both straws. However, both particle sizes showed
an increase than the untreated particle size of 1.5 mm.

Tsapekos et al. [69] tested six different mechanical pretreatments, which generated particle size in the
range of 0 to>20 cm. They reported that the mechanical pretreatments which generated particle size larger
than >20 cm, equivalent to 33% and 41% of the total of biomass did not show any significant increase in
yield than untreated biomass. The methane yield was significant higher and improved by 25% where the
amount of biomass with particle size greater than >20 cm was the about only 22% of the total of biomass.
Similarly, Herrmann et al. [70] found a close correlation between particle length and methane yield while
comparing different particle length of the same crop material. Krause et al. [71] studied two different
particle sizes, <2 mm and >20–100 mm, in different substrates like softwood, hardwood, and cotton and
found that increase in methane yield was positively correlated with reduced particle size.

On the other side, the processing time on particle reduction is not only important in energy terms,
but also influence the efficiency of the bioconversion of lignocellulosic biomass [59]. Rodríguez et
al. [63] compared 30 and 60 min of mechanical pretreatment, and reported a 21% increase in methane
yield for 60 min and that 30 min pretreatment did not improve the methane yield. For the cost reduction
of the energy involved in mechanical pretreatments, the speed of the milling equipment must be
considered [72]. Tsapekos et al. [25] evaluated different speeds of milling, in the range of 200 to 1200
rpm on methane yield from meadow grass and observed that there was no difference due to the milling
speeds tested. They observed 27% increase in methane yield in treatments than the untreated biomass.

The methane yield from different mechanically pretreated lignocellulosic substrates is presented
in Table 3. It can be observed that different particle sizes were found to be optimum for different types
of lignocellulosic biomass. In the case of wheat straw, particle size of 2 mm increased the methane yield
to an order of 83% [73]. Likewise, barley straw presented an increase of 54% and 41% of methane yield
at particle size of 5 mm and 20 mm, respectively [73]. It can also be observed that particle sizes larger
and smaller than the range between 2 and 5 mm, presented a decrease in methane yield [68,73,74].
The observed variations on the effect of particle size, time, and speed of milling pointed out that
apparently the best strategy for the mechanical pretreatment depends on the type the lignocellulosic
material and a universal strategy cannot be recommended.
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Table 3. Effect of mechanical pretreatments on methane yield from lignocellulosic biomass.

Substrates Particle Size
Methane Yield

(Untreated)
Methane Yield

(After Treatment)
Reaction System References

Barley Straw
5 mm 240 mL/g VS 370 mL/g VS Glass reactor 2 L [73]
20 mm 240 mL/g VS 339 mL/g VS Glass reactor 2 L [73]
50 mm 240 mL/g VS 286 mL/g VS Glass reactor 2 L [73]

Crop feedstocks (winter
rye, sorghum, forage rye,

maize, triticale)
6–33 mm 278 mL/g ODM 403 mL/g ODM Stirred tank

reactor 3 L [70]

Maize stalks
2 mm 246 mL/g VS 272 mL/g VS Glass reactor 2 L [73]
20 mm 246 mL/g VS 254 mL/g VS Glass reactor 2 L [73]

Meadow grass
2 mm 297 mL/g VS 376 mL/g VS Bottle 0.5 L [25]

<200 mm - 347 mL/g VS
(increase 20%) Bottle 0.5 L [72]

0–200 mm 303 mL/g VS 372 mL/g VS Bottle 0.5 L [69]

Rice straw
0.3 mm 58.1 mL/g VS 62.7 mL/g VS - [68]
0.75 mm 58.1 mL/g VS 65.7 mL/g VS - [68]
50 mm 197 mL/g VS 203 mL/g VS Glass reactor 2 L [73]

Switchgrass 2–10 mm 127.4 mL/g VS 170.7 mL/g VS Bottle 0.5 L [75]

Water hyacinth

0.001 mm - Increase 20%
(from 50 to 70%) Digester 0.45 L [76]

0.05 mm - Increase 16%
(from 50 to 66%) Digester 0.45 L [76]

1.0 mm - Increase 10%
(from 50 to 60%) Digester 0.45 L [76]

2.5 mm - Increase 5%
(from 50 to 55%) Digester 0.45 L [76]

Wheat straw

0.3 mm 167.8 mL/g VS 245.6 mL/g VS Reactor 2 L [74]
1.2 mm 167.8 mL/g VS 264.7 mL/g VS Reactor 2 L [74]
0.3 mm 67.1 mL/g VS 70.3 mL/g VS - [68]
0.75 mm 67.1 mL/g VS 93.1 mL/g VS - [68]

0.088–0.759 mm 183.4 mL/g VS 252.8 mL/g VS Lab Flask [65]
2 mm 182 mL/g VS 334 mL/g VS Glass reactor 2 L [73]
50 mm 182 mL/g VS 285 mL/g VS Glass reactor 2 L [73]

Waste paper 60 min of
beating time 132 mL/g VS 215 mL/g VS Flask 0.5 L [63]

3.2. Chemical Pretreatments

Chemical pretreatment of lignocellulosic biomass with acids, alkalis, and organic solvents [77]
are considered as one of the most promising, since they can be quite effective in degrading more
complex-structured substrates [78]; further improves the bioavailability of carbohydrates by removing
lignin and/or by decreasing the degree of polymerization and cellulose crystallinity [79]. Chemical
pretreatment has gained larger attention because they usually less expensive and result in faster rates
and better efficiencies in enhancing the degradation complex organic molecules.

3.2.1. Acid

The main objective of dilute acid treatment is to achieve greater access to carbohydrate fractions
of cellulose by hydrolyzing the hemicellulose [80]. Low acid concentration at 0.2% to 2.5% v/v and
temperatures between 130 ◦C and 210 ◦C are employed [81], a common practice is the use of autoclave
at 121 ◦C for 1 h [82,83]. On the contrary, low temperature (room temperature) is used while using high
reagent acid concentration (above 30% v/v). High acid concentrations could cause corrosion problems
and as a result high maintenance costs [84] and further, generate inhibitor compounds at high rate
and therefore increase the purification costs. Many studies confirmed that the dilute acid treatment
is the most promising technology for lignocellulose pretreatment [85]. According to Syaichurrozi et
al. [86], pretreatment of Salvinia molesta pretreatment by 2%, 4%, and 6% v/v of sulfuric acid (H2SO4)
increased methane yield around 100% in comparison to untreated, however no yield differences were
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reported between the tested concentrations. Similarly, Song et al. [18] observed that 2% sulfuric acid
pretreatment of corn straw resulted in the highest methane concentration of 175 mL/g VS. Further,
they reported that use of 2% hydrochloric acid and 4% acetic acid yielded lower methane production
than sulfuric acid, of 163 and 145 mL/g VS respectively. Germec et al. [87] found that the optimum
acid concentration for pretreatment of spent tea leaves was 1.58% v/v. In relation to the temperature
and reaction time, Germec et al. [87] observed that 131◦C for 20 min was efficient than 121 ◦C for
1 h, which was also suggested by Saha and Cotta [83]. On the other hand, Syaichurrozi et al. [86]
recommended the dilute acid pretreatment at room temperature of 30 ◦C for 2 days.

3.2.2. Alkaline

Alkaline pretreatment shows high efficiency [88], especially in the delignification process [89].
Alkaline pretreatment produces a swelling reaction in the cell wall allowing an increase in the internal
surface area, and simultaneously decrease of polymerization degree and crystallinity of cellulose [84].
To take full advantage of these alkaline effects, critical process parameter such as alkaline loading,
reaction temperature, and quantity must be optimized [90].

High concentrations of alkaline reagent lead to degradation and decomposition of polysaccharides.
Low concentrations at low temperature and at atmospheric pressure are recommended [30].
Furthermore, it does not generate toxic compounds such as furfurals and hydroxymethylfurfurals
(HMF), and hence higher efficiency is observed in the biomethanation process.

Although, there is still discrepancy on the choice of alkaline reagent, in terms of the greatest
advantages, considering the cost of the reagent, performance, and manipulation [91], sodium hydroxide
is preferred because it catalyzes under mild conditions, effectively attacks the linkage between lignin
and hemicellulose in lignin-carbohydrate; in particular it cleaves the ether and ester bonds in the
lignocellulose structure and also effective in the cleavage of the ester and carbon-to-carbon bonds in
lignin molecules [92–94]. Jiang et al. [22] and Xihui et al. [95] optimized the NaOH loading rate to
increase the methane yield. Jiang et al. [22] varied the NaOH concentration between 0.5% and 2%
w/v for pretreatment of giant reed, and observed an increase in methane yield from 217 mL/g VS to
355 mL/g VS after pretreating at 2% w/v. Likewise, Xihui et al. [95] achieved the highest methane yield
of 201 mL/g VS from Pennisetum hybrid at 2% w/w of NaOH, and they tested the alkali pretreatment at
concentrations of 2%, 4%, 6%, and 8% w/w.

However, sodium discharge might be environmentally harmful as they can lead to negative impacts
such as soil salinization. KOH, although is three times more expensive than NaOH, it represents
is an alternative solution. Romero-Güiza et al. [96] reported an increase of 128% methane yield
from 0.7% w/w KOH pretreated wheat straw than the untreated wheat straw. Moset et al. [97]
compared NaOH and KOH pretreatment (0.5 to 8%) of wheat straw on biogas yield and reported the
highest methane yield of 374 mL/g VS and 370 mL/g VS with 2% NaOH and 0.5% KOH respectively,
and untreated straw recorded a methane yield of 303 mL/g VS. These results indicated that requirement
of lower concentration of KOH could offset its high cost. In addition, KOH is easily recovered, and its
discharge might have a potential soil amendment value since potassium is a nutrient required for plant
growth [96]. Thomas et al. [26] suggested the alternative option of using CaO. However, they observed
that NaOH was more efficient than CaO and increased the methane production in the range of 24 and
55% from the pretreated Miscanthus x giganteus, M. sacchariflorus, and M. sinensis, while the increase
was between 19 and 30% for Cao treated samples. However, CaO is an interesting alternative alkali
reagent as it is already used to mitigate soil acidity and is also less expensive than NaOH.

Calcium hydroxide is another common alkali reagent used, Gu et al. [98] tested five different
concentrations of Ca(OH)2: 6%, 8%,10%, 12%, and 15%, in which the highest biogas production from
obtained at 8% and 10% pretreated rice straw and recorded a biogas production of 564.7 mL/g VS and
574.5 mL/g VS, respectively, which is 34.3% and 36.7% higher than untreated biomass.
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3.2.3. Organosolv

Organosolv pretreatment emerges as the only technology capable of isolating each component
of the lignocellulosic biomass, attaining relatively pure lignin that can be sold as a by-product
or converted into higher-value products in a biorefinery concept [99]. Organic solvents—such as
methanol, ethanol, acetone, acetic acid, peracetic acid, and so on—are used with or without the
addition of a catalyst reagent [100]. The catalysts used include mineral acids (hydrochloric, sulfuric,
and phosphoric acids) and organic acids (oxalic, acetylsalicylic, and salicylic acids) [101]. Although
catalyst addition aids in higher pretreatment efficiency, use of a catalyst could have a negative impact
on the environment [102], i.e., chemical catalyst as acid causes acid-catalyzed degradation of the
monosaccharides into furfural and 5-hydroxymethyl furfural followed by condensation reactions
between lignin and the reactive aldehydes [103]. Acid catalysts are added in order to increase the rate of
lignin removal and decrease pretreatment temperature, because acid catalysts cleave acid-labile bonds
(α–aryl ether and arylglycerol–β-aryl ether bonds), which help stabilization of lignin fragments [101].
However, the use of chemical catalysts involves issues, such as equipment corrosion and the need of
processing downstream effluents, resulting in high water consumption [103]. Formic acid is a promising
catalyst as it is believed to have fewer corrosive effects than stronger mineral acids and further to avoid
production of inhibitors that are normally formed when acetic acid is employed [104].

The organosolv process causes hydrolysis of the internal bonds in lignin and between lignin and
hemicellulose. The organic solvents also cause hydrolysis of the glyosidic bonds in hemicelluloses and
to a smaller extent in cellulose [103]. The preferred conditions of organosolv process is generally in the
following ranges: a cooking temperature of 180–195 ◦C, a cooking time of 30–90 min and liquor to
solid ratio ranging from 4:1 to 10:1 [105].

As mentioned previously, organic acids have been suggested as an alternative to inorganic ones,
to avoid corrosion and decrease the energy demand during acid recovery. Amnuaycheewa et al. [106]
pretreated the rice straw with organic acids—such as acetic acid, citric acid, and oxalic acid—and make
a comparison with hydrochloric acid as inorganic acid. It was found that pretreatment with oxalic acid
reagent yielded 2.68 and 1.25 times higher reducing sugars than untreated and HCl-treated rice straw,
respectively. Further, the accumulated methane yields obtained from pretreatments of organic acids
were 2.47–2.53 times higher than the inorganic acid one.

A critical issue with organosolv pretreatment is the risk of operating at high pressure and the
solvents volatility due to their low boiling point of the organic solvents. A system of solvent recovery is
necessary to reduce the cost of operation and to avoid their residual inhibitory effect on microorganisms.
Teghammar et al. [107] recovered more than 98% of organic solvent N-methylmorpholine-N-oxide
(NMMO or NMO), which was used for pretreatment of softwood spruce, rice straw, and triticale straw
at 130 ◦C for 1–15 h. Further, they reported an increase in methane production between 400% and
1200%. Kabir et al. [108] studied the use of recycled NMMO for pretreatment of barley straw and
forest residues and observed similar performance as the fresh NMMO on barley straw. However,
pretreatment of forest residues with recycled NMMO resulted in 55% reduction of methane yield.

Among solvents, low boiling point alcohols, especially ethanol, have attracted more attention
because of their high effectiveness on lignocellulosic biomass, as well as the simplicity of their recovery
by distillation [109]. Other advantages are lower cost and lower toxicity to humans compared to
solvents as methanol [104,110].

3.2.4. Ionic Liquids

Ionic liquids are environmental friendly and represent a new class of solvents which have high
polarities, a low melting point, non-volatility, and design-ability [111]. Ionic liquid-based pretreatment
gained attention due to their effectiveness on a range of biomass types, even in the scale-up from lab
scale to small pilot scale, and their ability to disrupt lignin and decrystallize cellulose [112].

Ionic liquids have unique properties compared to traditional solvents, including a low vapor
pressure, which avoids atmospheric emissions by eliminating solvent losses through evaporation.
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They also have a relatively high thermal stability, low flammability, and possibility of recycling,
which contributes to the reduction of waste [111].

Ionic liquids can be easily prepared using different cations and anions, resulting in hydrophobic
or hydrophilic types, according to the desired application [113]. Cations of methylimidazolium and
methylpyridinium with allyl-, ethyl-, or butyl-chains are commonly used. Meanwhile, the most
effective anions are halogens, formates, acetates, amides, imides, thiocynates, phosphates, sulfites,
sulfonates, and dichloroaluminates [114]. Kim et al. [115] studied the transition of the crystalline
structure when lignocelluloses such as cotton stalks, hemp stalks, and acacia pruning were pretreated
with 1-ethyl-3-methylimidazolium acetate (EmimOAC) or 1-ethyl-3-methylmidazolium chloride
(EmimCl), and the results indicated that type of anion in the ionic liquid significantly influenced the
efficiency of lignin and hemicellulose removal. Acetate anion showed greater cellulose extraction from
lignocellulose substrates.

There are various parameters affecting the process of biomass pretreatment using ionic liquids:
for instance, physiochemical properties of ionic liquid, reaction time and temperature, ratio of biomass
to ionic liquid, biomass type, and water content of sample. Physiochemical property like viscosity is
probably the most negative parameter of the process because extremely viscous solution is formed
during pretreatment and significantly affect the industrial application of ionic liquids [116].

A disadvantage of ionic liquids is their high cost, therefore, a strategy to follow is the recycling
to compensate their high production costs [117]. To make ionic liquid pretreatment economically
feasible, [118] a recovery of >97% of ionic liquid used and >90% waste heat recovery is recommended.
Xu et al. [20] evaluated the efficiency of reuse of ionic liquids 1-allyl-3-methylimidazolium chloride
(amimCl) and 1-butyl-3-methylimidazolium acetate (bmimOAc) on eucalyptus and reported that
four reusing cycles were effective, where hydrolysis efficiencies of 54.3% for (amimCl) and 72.8% for
(bmimOAc) were observed. After their fourth reuse, ionic liquids showed deteriorations by relatively
lower sugar conversion and lignin removal. Gao et al. [35] evaluated the water hyacinth pretreated
with 1-N-butyl-3-methyimidazolium chloride [BmimCl]/dimethyl sulfoxide (DMSO) at 120 ◦C for
120 min and reported an increase in methane yield by 97.6% compared with non-pretreated water
hyacinth. The ionic liquids and co-solvents were successfully recovered.

On the other hand, Xie et al. [119] simulated a process for biogas upgrading using three
imidazolium-based ionic liquids 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[hmim][Tf2N], 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [bmim][Tf2N] and
1-Butyl-3-methylimidazolium hexafluorophosphate [bmim][PF6] and reported a 11% reduction in
energy consumption in [bmim][Tf2N], which suggest the promising potential of ionic liquid technology
for biogas upgrading.

3.2.5. Alkaline Hydrogen Peroxide

The alkaline reagent can be combined with hydrogen peroxide. The use of H2O2 improves the
enzymatic digestibility in a wide range of lignocellulosic biomass with the main intention of improving
the enzymatic hydrolysis yields [120]. H2O2 is used as a bleaching agent of lignocellulosic biomass.
During the pretreatment, many free radicals are released but has the advantage of not leaving residues
in the biomass because it degrades into oxygen and water and hardly forms secondary products.
Thus, an oxidative fragmentation occurs, as well as lignin removal from the lignocellulosic matrix by
attacking lignin side chains [121]. Alkaline hydrogen peroxide improves the performance in terms of
delignification and enzymatic digestibility than single alkali reagent [122]. However, this method is
limited due to the need to maintain constant pH during the process to avoid hemicellulose elimination,
and is one of the most important parameter to achieve process efficiency [117].

Alkaline hydrogen peroxide is a delignification process, but not only improves the
depolymerization of lignin, but also has the advantage of requiring mild conditions of temperature and
pressure [123], which reduces the formation of inhibitors [124]. Ayeni et al. [125] studied the operating
conditions of alkaline hydrogen peroxide pretreatment of sugarcane bagasse and reported optimum
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pretreatment conditions were 0.3% hydrogen peroxide concentration, 100 ◦C for 4.6 h. Siciliano et
al. [126] confirmed the use of low concentration of oxidant at room temperature significantly improved
the anaerobic treatability of olive mill residues and reported methane yield up to 0.328 L/g of COD
(chemical oxygen demand) removed. Similarly, Katukuri et al. [127] reported 49% increase in methane
yield over untreated substrate of Miscanthus floridulus by using 0.8% of H2O2.

On the other hand, Alencar et al. [128] evaluated the H2O2 recycling strategy and tested the
efficiency of recycled H2O2 in five successive reuse cycles and reported a decrease in efficiency at each
cycle of reuse than the previous.

Methane yield from different residues after pretreatment by acid, alkali, organosolv, and H2O2

treatment is presented in Table 4.

Table 4. Effect of different chemical pretreatments on methane yield from different
lignocellulosic biomass.

Subastrates Pretreatment Conditions
Methane Yield

(Untreated)
Methane Yield (After

Pretreament)
Reaction
System

References

Corn Straw

Sulfuric acid 2% v/v 100.6 mL/g VS 175.6 mL/g VS Flask 1 L [18]

Hydrochloric acid 2% v/v 100.6 mL/g VS 163.4 mL/g VS Flask 1 L [18]

Acetic acid 4% v/v 100.6 mL/g VS 145.1 mL/g VS Flask 1 L [18]

Hydrogen peroxide 3% v/v 100.6 mL/g VS 216.7 mL/g VS Flask 1 L [18]

Sodium hydroxide 8% v/v 100.6 mL/g VS 163.5 mL/g VS Flask 1 L [18]

Calcium hydroxyde 8% v/v 100.6 mL/g VS 206.6 mL/g VS Flask 1 L [18]

Ammonia 10% v/v 100.6 mL/g VS 168.3 mL/g VS Flask 1 L [18]

Cotton gin
waste

Citric acid 0.5 mmol/g VS substrate 95.4 mL/g VS 147.1 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 178.0 mL/g VS 247.5 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 172.5 mL/g VS 241.5 mL/g VS Flask
0.25 L [78]

Juice industry
waste

Citric acid 0.5 mmol/g VS substrate 180.4 mL/g VS 353.5 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 275.0 mL/g VS 385.6 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 214.3 mL/g VS 332.8 mL/g VS Flask
0.25 L [78]

Olive pomace

Citric acid 0.5 mmol/g VS substrate 200.1 mL/g VS 183.2 mL/g VS Flask
0.25 L [78]

Hydrogen peroxide 0.5 mmol/g VS substrate 178.7 mL/g VS 172.3 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 193.0 mL/g VS 157.5 mL/g VS Flask
0.25 L [78]

Salvinia
molesta

Silfuric acid 2% v/v 11.2 mL/g VS 16.6 mL/g VS Bottle
0.6 L [86]

Silfuric acid 4% v/v 11.2 mL/g VS 17.4 mL/g VS Bottle
0.6 L [86]

Silfuric acid 6% v/v 11.2 mL/g VS 17.8 mL/g VS Bottle
0.6 L [86]

Switchgrass Sodium hydroxide 7 g/L 112.4 mL/g VS 132.5 112.4 mL/g VS Bottle
0.5 L [75]

Water hyacinth

Silfuric acid 5% v/v; 60 min residence time 58 mL/g VS 64 mL/g VS Flask 1 L [129]

NMMO 85%
120 ◦C; 3 h 274 mL/g VS 304 mL/g VS Serum bottles

0.125 L [130]

Wheat straw

Ethanol 50%
180 ◦C; 1 h 274 mL/g VS 316 mL/g VS Serum bottles

0.125 L [130]

Sodium hydroxide 1.6% w/w 30C; 24 h 274 mL/g VS 315 mL/g VS Serum bottles
0.125 L [130]

Citric Acid 0.5 mmol/g VS substrate 159.1 mL/g VS 163.7 mL/g VS Flask
0.25 L [78]

Winert waste

Hydrogen 0.5 mmol/g VS substrate peroxide 171.3 mL/g VS 190.2 mL/g VS Flask
0.25 L [78]

Ethanol 0.5 mmol/g VS substrate 190.7 mL/g VS 239.5 mL/g VS Flask
0.25 L [78]
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3.3. Physicochemical Pretreatments

Physicochemical methods are used to solubilize lignocellulosic components of the structure
based on temperature and moisture content and to make the lignocellulosic material easily exposed
for hydrolysis step, and avoiding the formation of inhibitors. Although these methods are more
complicated to implement, their significant effect on the pretreatment of lignocellulose feedstock
promises high yield in the subsequent bioprocesses [131]. In general, physical pre-treatment requires
greater energy expenditure, making it an expensive process and consequently not very profitable on
an industrial scale. Therefore, this review focusses on process optimization and the conditions to
reduce energy-time-costs of this process.

3.3.1. Steam Explosion

Steam explosion consists of exposure to hot steam for few minutes, followed by an explosive
decompression of the biomass, which is effective in breakage of the fibrous rigid structure of straw
and woody biomass [132,133]. To facilitate auto hydrolysis reactions, the biomass is treated with
saturated steam at a temperature of 160–260 ◦C and at a corresponding pressure of 0.69–4.83 MPa
for several seconds up to few min [59,133]. The difference between pretreatment with steam and the
explosion with steam, is the rapid depressurization and cooling of biomass at the end of the steam
explosion, which causes hydrolysis of hemicellulose into water soluble oligomers or to individual
sugars [134]. Nges et al. [135] used steam explosion pretreatment on Miscanthus lutarioriparius under
conditions of 0.3 M NaOH and at 0.5 mm particle size, and reported 57% increase in methane yield in
comparison with the untreated substrate. Li et al. [136] evaluated steam explosion pretreatment on
Miscanthus lutarioriparius under five different conditions: 0.5 MPa 153 ◦C 5 min, 1.0 MPa 180 ◦C 5 min,
1.5 MPa 198 ◦C 3 min, 1.5 MPa 198 ◦C 5 min, and 1.5 MPa 198 ◦C 10 min to improve the anaerobic
biodegradability and reported 5.9%, 19.9%, 51.3%, 49.7%, and 49.8% increase in biochemical methane
potential respectively.

3.3.2. Hydrothermal

Of late, hydrothermal pretreatment has gained importance, as it is efficient in penetration of the
biomass, cellulose hydration, and removal of hemicellulose and part of lignin. The major advantages
are that there is no requirement of chemicals and corrosion-resistant material for the reactor [137].
Typically, it can remove most of hemicellulose and part of lignin in biomass by degrading them into
soluble fractions and loosen the recalcitrant structure as well [138]. The temperature is the most
important factor influencing the pretreatment effect [139]. Typically, hydrothermal pretreatment is
conducted in range of 90–260 ◦C [130]. Phuttaro et al. [140] suggested hydrothermal pretreatment
at 175 ◦C for 15 min of reaction time on Napier grass increased the methane yield by 25% than the
untreated. They also reported the formation of inhibitors like 5-hydroxymethylfural and furfural at
200 ◦C, which significantly inhibited methanogenesis. Similarly, Rajput et al. [141] tested 120, 140,
160, and 180 ◦C for pretreatment of wheat straw and established that the optimal temperature for
hydrothermal pretreatment of wheat straw was 180 ◦C, which showed a 53% increase in the methane
yield in comparison with untreated. Hashemi et al. [142] pretreated hydrothermally Safflower straw at
120, 150, and 180 ◦C for 1, 2, and 5 h and the highest biomethane yield was obtained at the least severe
pretreatment conditions (120 ◦C for 1 h), which showed 98.3% improvement in comparison to the
untreated straw. On the other hand, Luo et al. [143] examined hydrothermal pretreatment of rice straw
at different temperatures from 90 to 130 ◦C. Both 100 ◦C and 130 ◦C pretreatments presented similar
methane yield of 127.6 and 124.6 mL/g VS, respectively, which were 22.90% and 19.83% higher than
untreated rice straw. Antwi et al. [144] evaluated hydrothermal pretreatment on cocoa pods residues
at temperatures in the range of 155–220◦C and at reaction time between 5 and 15 min and reported
an optimum methane yield of 526.38 mL/g VS at 150 ◦C for 15 min and opined that higher severity
conditions resulted in lower biogas yield.
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3.3.3. Ammonia Fiber Explosion (AFEX)

AFEX is a physicochemical pretreatment under varying water loading, ammonia loading, reaction
temperature, and residence time. In this pretreatment, liquid ammonia and the steam explosion process
are applied. The advantage of this process is that it does not require small particle size for efficiency
and further, inhibitors are not formed during the process. However, the limitation is that less efficiency
has been reported in the pretreatment of high lignin containing biomass [61].

To reduce costs and protect the environment, ammonia is recycled after pretreatment. Wang et
al. [145] achieved 99.3% of efficiency in ammonia removal after pretreatment of wheat straw at 0.70%
ammonia and at 105 ◦C. They observed the methane yield of 538.1 mL/g VS after pretreatment,
which was 31.9% higher than untreated wheat straw. Hashemi et al. [146] carried out a detailed study
using 10% v/v of aqueous ammonia pretreatment on sugarcane bagasse and at varying temperatures in
the range of 50 to 70 ◦C, reaction time of 12 and 24 h and ethanol addition at different concentrations of
5, 25, and 50% v/v. They reported that the highest methane yield of 299.3 mL/g VS compared with
105.6 mL/g VS of untreated material was obtained under process conditions of 70 ◦C for 12 h with 10%
ammonia and 50% ethanol.

The effect of physiochemical treatment on biogas yield is presented in Table 5. It can be observed
that steam explosion pretreatment of Miscanthus lutarioriparius at 198 ◦C for 3 min recorded an increase
in methane yield of 51%, but no differences were found by increasing the pretreatment time to 5 and
10 min [135] Luo et al. [143] employed hydrothermal pretreatment of the rice straw at 100 ◦C for 10 min
and observed 222% increase in methane yield.

Table 5. Effect of different physicochemical pretreatments on methane yield from different
lignocellulosic biomass.

Substrates Pretreatment Conditions
Methane Yield

(Untreated)
Methane Yield

(After Treatment)
Reaction System References

Cocoa pods
residues Hydrothermal 150 ◦C 196.3 mL/g VS 289.3 mL/g VS Bottle 0.5 L [144]

Harvested hay Steam explosion 175 ◦C; 10 min 243 mL/g VS 281 mL/g VS Digester 0.25 L [134]

Miscanthus
lutarioriparius

Steam explosion 0.5 MPa; 153 ◦C;
5 min 181.2 mL/g VS 192.3 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.0 MPa; 180 ◦C;
5 min 181.2 mL/g VS 217.9 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
3 min 181.2 mL/g VS 274.1 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
5 min 181.2 mL/g VS 272.0 mL/g VS Reactor 0.5 L [136]

Steam explosion 1.5 MPa; 198 ◦C;
10 min 181.2 mL/g VS 272.2 mL/g VS Reactor 0.5 L [136]

Reed biomass
Steam explosion 160 ◦C; 5 min 188 mL/g VS 226 mL/g VS Digester 0.25 L [147]

Steam explosion 200 ◦C; 15 min 188 mL/g VS 355 mL/g VS Digester 0.25 L [147]

Rice straw Hydrothermal 100 ◦C; 10 min 92 mL/g VS 280 mL/g VS Glass Bottle 1 L [143]

Safflower straw Hydrothermal 120 ◦C; 60 min 96.5 mL/g VS 191.4 mL/g VS Glass bottle 0.118 L [142]

Sugarcane
Bagasse

Ammonia
10% + ethanol 50%; 70 ◦C; 24 h 105.6 mL/g VS 299.3 mL/g VS Bioreactor 0.118 L [146]

Wheat straw

Hydrothermal 120 ◦C; 60 min 388.9 mL/g VS 483.3 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 140 ◦C; 60 min 388.9 mL/g VS 511.2 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 160 ◦C; 60 min 388.9 mL/g VS 552.7 mL/g VS Serum bottle 0.3 L [141]
Hydrothermal 180 ◦C; 60 min 388.9 mL/g VS 611.7 mL/g VS Serum bottle 0.3 L [141]

Ammonia
0.7%; 55 ◦C 407.8 mL/g VS 491.7 mL/g VS Reactor 0.25 L [145]

Ammonia
0.7%; 105 ◦C 407.8 mL/g VS 538.1 mL/g VS Reactor 0.25 L [145]

3.4. Biological Pretreatments

Biological pretreatment offers an alternative choice to replace chemical pretreatment; however,
its very slow reaction rate is unattractive from commercial point of view [148]. Different microorganisms
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are used for lignocellulose pretreatment, such as; white, brown, and soft rot fungi. Although, brown rot
fungi participates in lignin decomposition [149], white rot fungi are well known and most effective
microorganism for delignification process [150]. In general, most of the fungi degrading lignocellulose
secrete accessory enzymes like cellobiose dehydrogenase, aryl alcohol oxidase, glyoxyl oxidase, copper
oxidase, and hydrolytic enzymes, which cause the simultaneous or selective degradation of cellulose
and hemicellulose along with lignin. These enzymes provide free radicals and intermediates that help
in lignin and polysaccharide degradation [151]. Schroyen et al. [152] evaluated the impact of biological
pretreatment with different enzymes such as laccase, manganese peroxidase, and versatile peroxidase,
at different incubation times—0, 6, and 24 h. Pretreatments did not yield high concentrations of
phenolic compounds, inhibitors of methane production. The laccase enzyme showed 25% increase in
biomethane production after 24 h of incubation, meanwhile, pretreatment with peroxidase enzymes
increased biomethane production by 17%, but aided in reducing the incubation time from 24 to 6 h.
Liu et al. [153] evaluated fungal pretreatment of two forest residues, viz., hazel and acacia branches
and as well as two agricultural residues, viz., barley straw and sugarcane bagasse using Ceriporiopsis
subvermispora in order to improve the methane production. They reported that manganese peroxidase
and laccase produced by the fungus increased the methane yield by 100% in comparison to untreated
hazel. Although fungal pretreatments of lignocellulosic biomass are environmentally and economically
friendly, it is a relatively time-consuming process and Liu et al. [153] observed that a special bioreactor
should be designed to create aerobic and aseptic conditions for fungal pretreatments. It is also
reported that selection of substrate specific and as well as effective strain and culture conditions
can reduce treatment time and carbohydrate losses [154]. Dollhofer et al. [155] reported that biogas
production from lignocellulosic biomass can be accelerated after pretreatment with Neocallimastix
frontalis, an anaerobic fungus isolated from rumen fluid of a cow and of a chamois.

The byproducts formed after biological pretreatments normally do not inhibit subsequent
hydrolysis, since the pretreatment is carried out at moderate reaction conditions, and also has other
environmental benefits like low inputs (energy, chemicals) and outputs (inhibitors and wastes) [156].
However, as mentioned earlier, its process time is long compared to the others [148,157]. As a result,
several studies select different microbial populations for hydrolysis of their specific substrates [158].
Shah and Ullah [39] selected strains producing lignin peroxidases and laccases and decreased 48.2%
of lignin from wheat straw within 7 days of batch incubation; and observed 407.1% increase of the
methane yield in comparison with the untreated wheat straw.

Microbial pretreatment, when compared to enzymatic pretreatment, demonstrates much better
outcome in anaerobic digestion process due to their higher functional diversity and tolerance to
environmental factors—i.e., temperature and pH. Barua et al. [38] isolated bacterial strains from soil
(Bordetella muralis VKVVG5), the gut of silverfish (Citrobacter werkmanii VKVVG4), and millipede
(Paenibacillus sp. VKVVG1); and employed these bacterial strains to accelerate hydrolysis of water
hyacinth. Citrobacter werkmanii VKVVG4 pretreatment of water hyacinth at a density of 109 CFU/mL
for 4 days increased the solubilization by 33.3%. On the other hand, several others report the use of
anaerobic lignocellulose degrading consortia. Kong et al. [159] reported that anaerobic consortium
TC-5 resulted in 45.7% degradation of wheat straw and showed an increase of 22.2% and 36.6% of
methane yield under mesophilic and thermophilic conditions, respectively. Rumen fluid was found to
be effective in increasing the yield from rapeseed stems and leaves by 47% within 24 h of treatment
time [160]. Yuan et al. [19] used a thermophilic microbial consortium MC1 to pretreat the cotton stalk.
The results indicated that the concentrations of soluble chemical oxygen demand and volatile organic
products increased significantly in the early stages of the pretreatment, reaching the maximum methane
yield of 128 mL/g VS after 6 days of MC1 pretreatment. However, with 122 mL/g VS, the methane
yield was not significantly different. Ali et al. [33] observed a 72.6% increased higher methane yield
over control from saw dust treated with a microbial consortium LCDC isolated from rotten sawdust.
They also reported a significant reduction of lignocellulose compounds within 10 days of pretreatment.
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Enzymatic pretreatment by using oxidative and hydrolytic enzymes produced by bacteria and
fungi such as exo-, endo- glucanases, cellobiase, xylanase, pectinase; ligninolytic enzymes such as
laccase, manganese, and versatile peroxidases; as well as α-amylases and protease is advantageous in
comparison to bacterial/fungal pretreatments [161]. The enzymatic pretreatment method is gaining
more interest due to the relatively short reaction time and the low nutrition requirement for the
enzymatic reactions. In addition, the enzymatic pretreatment does not require expensive equipment for
the processing. However, the activity of the enzymes and the efficiency of their reactions depends on
several factors including the composition of the lignocellulosic substrate, temperature, pH, incubation
time, and bioreactor configuration [157]. Additionally, the high enzyme cost remains a challenge facing
the economic feasibility of this pretreatment methods for improved biogas production at an industrial
scale [157,161]. However, the efficiency is well documented by Brémond et al. [162], who reported
an increase of the methane yield by 111% from mix of corn stover after 18 h of reaction time using
a blend of cellulase enzymes.

The conditions and effect of biological pretreatment on methane yield from different lignocellulosic
substrates is presented in Table 6. In general, biological pretreatment shows an increase up to 50% in
comparison with untreated lignocellulosic biomass.

Table 6. Effect of different biological pretreatments on methane yield from different
lignocellulosic biomass.

Substrates
Pretreatment
Conditions

Methane Yield
(Untreated)

Methane Yield
(After Treatment)

Reaction
System

References

Corn stover

Fungi, Pleurotus eryngii,
30 days 301.5 mL/g VS 360.4 mL/g VS Bottle

0.25 L [148]

Fungi, Pleurotus
ostreatus, 30 days 294.3 mL/g VS 300.6 mL/g VS Bottle

0.25 L [148]

Fungi, Trametes
versicolor, 30 days 362.2 mL/g VS 222.83 mL/g VS Bottle

0.25 L [148]

Rapeseed stems
and leaves Rumen fluid, 24 h 485.5 mL/g VS 507.9 mL/g VS Reactor

1 L [160]

Sawdust Microbial consortium,
10 days 89.9 mL/g VS 155.2 mL/g VS Digester

5 L [33]

Water Hyacinth
Microbial, Citrobacter
werkmanii VKVVG4
109 cfu/mL; 4 days

338 mL/g VS 373 mL/g VS Bottle
1 L [38]

Wheat straw

Fungus culture,
0.3 OD; 7 days 78.1 mL/g VS 396.1 mL/g VS - [118]

Microbial consortium,
TC-5,

12 days
229.8 mL/g VS 314 mL/g VS Reactor

0.18 L [159]

Willow
sawdust

Fungal, Leiotrametes
menziesii, 30 days 95.5 mL/g VS 62.4 mL/g VS

Serum
bottle
0.16 L

[40]

Fungal, Abortiporus
biennis, 30 days 95.5 mL/g VS 136.7 mL/g VS

Serum
bottle
0.16 L

[40]

3.5. Other Pretreatments

Several other pretreatments such as ozonolysis, microwave irradiation, and high voltage pulse
discharge have also been reported recently to increase the methane yield from lignocellulosic biomass.
Ozonolysis is one of the most promising chemical oxidative pretreatments for lignin degradation with
minimal losses of hemicellulose and cellulose contents [163], but most of the reported literature is on
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its application related to pulp. Dománski et al. [164] reported a specific methane production of 291
LCH4/kg VS using ozonolysis pretreatment of rye straw with an ozone dose of 100 g O3/m3 for 60 min.

Microwave irradiation is known as an efficient technique in disrupting complex structures such as
sludge and thereby increases the accessibility and bioavailability to enhance methane production [165].
Zhao et al. [166] reported a methane yield of 221 mL/g of water hyacinth after a pretreatment of 500 W
for 14.6 min, which was about 38.3% more than the substrate pretreated with hot water. However,
after an economic analysis, they reported that it is not economically viable. Previously, Pellera and
Gidarakos [167] observed that pretreatment of winery waste, cotton gin waste, olive pomace, and juice
industry waste by microwave did not show an increase in methane production. However, they observed
that structural changes in cotton gin waste and olive pomace, whereas increased solubilization in the
case of winery and juice industry waste. Kainthola et al. [168] evaluated the microwave pretreatment
at different temperatures and exposure time, the ranges were 130–230 ◦C and 2–5 min, respectively.
They obtained a specific methane yield of 325.7 mL/g VS of microwave pretreated rice straw, which was
equivalent to a total net energy gain of 2388.5 J/g VS. They further reported that high heating rate with
less residence time reduced the formation of inhibitory compounds.

High voltage pulse discharge has been a promising strategy for pretreatment of wastes and can
shorten the processing time, from 24 h to 30 min, and the operation is more convenient than acid and
alkaline pretreatments in the sense that there is no need to adjust pH after pretreatment [169]. Zou et
al. [169] showed that methane production was higher by 50% from on food wastes in comparison with
acid and alkaline pretreatments. Baijuan et al. [170] reported a gas production of 9587 mL, 27% higher
than the untreated hybrid Pennisetum by applying a high voltage plus discharge for 60 min.

3.6. Combined Pretreatments

An appropriate combined pretreatment would not only improve the digestibility of lignocellulosic
materials at a relatively low operating cost but also maximize the utilization of the lignocellulosic
components [171]. A number of studies have shown that a combination of two pretreatments such
as biological pretreatment with chemical or physical methods is more effective when compared to
pretreatments with a chemical or biological method alone [172]. Although fungal pretreatment can
provide a cost-effective feasibility for methane production, the low rate of hydrolysis and the reaction
time of the process have made this method commercially inapplicable, but in combination with
other pretreatment methods like mechanical or chemical there is an improvement to overall process
productivity [173]. A study conducted by Mustafa et al. [174] used a combination of milling and
biological pretreatment of rice straw with Pleurotus ostreatus, resulted in 30.4% of lignin removal and
reported a methane yield of 258 mL/g VS, which is equivalent to 165% increase in methane yield
compared to untreated rice straw. Gomez-Tovar et al. [27] used mild acid pretreatment (2% of HCl)
in combination with an enzymatic pretreatment, which solubilized 96.8% of hemicellulose, 77.2% of
cellulose, and 42.2% of lignin from oat straw; additionally, this combination produced a variety of
sugars that could serve as substrates in the biomethanation process.

In general, chemical, physicochemical, or biological pretreatment is followed after mechanical
pretreatment to improve the efficiency [75]. However, the combination is not restricted to different
types of pretreatment, it can be even the use of two different chemical treatments; i.e., pretreatment
with dilute acid for hemicellulose hydrolysis and then a pretreatment with dilute alkali for lignin
removal; or alkaline hydrogen peroxide pretreatment is the combination of alkali reagent plus oxidant
reagent [60]. Chen et al. [175] suggested combining dilute acid treatment of lignocellulose with dilute
alkali to eliminates the need for acid/ base neutralization of lignocellulose biomass, which could also
reduce the inhibitory effect of degradation products. The most common pretreatment combinations
are physicochemical and thermochemical [176]. Sharma et al. [177] compared dilute acid and alkaline
pretreatment, both at temperature of 150 ◦C and reported the maximum yield of 38 g/L of reducing
sugars at 0.8 M sodium hydroxide after 30 min of incubation time, compared to 31 g/L of reducing
sugars using dilute acid.
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In some cases, even a combination of three pretreatments can be efficient. Moset et al. [97]
combined mechanical, thermal, and chemical pretreatments for wheat straw. The advantage of the
combination of three pretreatments was that there is no need for vigorous mechanical pretreatment with
regard to particle size, reduced the concentration of chemicals required and low temperature process
is sufficient to achieve greater efficiency. It clearly suggests that combination of right pretreatment
conditions help to improve the energy and the economic balance of pretreatment step.

Table 7 summarizes the pretreatments addressed in which the mechanism of action on
lignocellulosic biomass is pointed out, as well as the percentage of improvement for each. It can be seen
that mechanical pretreatment improves up to 83% methane yield and can be seen as a pretreatment
to be carried out in the first instance, to subsequently combine with other pretreatment to achieve
a greater improvement.

Table 7. A brief summary on the effect of pretreatment methods on methane yield from
lignocellulosic biomass.

Pretreatment Method Mechanism of Action
Methane Yield

Increase (%)
(Substrate)

References

Mechanical Milling, chipping,
grinding

Increases accessibility and surface
area. Reduces the crystallinity of

cellulose

Up to 83
(Wheat straw) [73]

Chemical

Acid Hydrolyze hemicellulose Up to 74
(Corn straw) [18]

Alkaline
Lignin removal, decrease of
polymerization degree, and

crystallinity of cellulose

Up to 105
(Corn straw) [18]

Organosolv Allow isolation of each
lignocellulose component

Up to 400
(Softwood spruce,

rice straw and
triticale straw)

[107]

Ionic liquids Disrupt lignin and decrystallize the
cellulose

Up to 97
(Water hyacinth) [35]

Alkaline hydrogen
peroxide

Lignin removal and improves
enzymatic digestibility

Up to 115
(Corn straw) [18]

Physiochemical

Steam explosion Hydrolyze hemicellulose and
breakage the lignocellulos structure

Up to 88
(Reed biomass) [147]

Hydrothermal Ligning and hemicellulose removal Up to 204
(Rice straw) [143]

AFEX
Lignin removal, decrystallize

cellulosa, and hydrolyze
hemicellulose

Up to 183
(Sugarcane bagasse) [146]

Biological
Fungal,

microbial,
enzymatic

Delignification process and lignin
decomposition

Up to 400
(Wheat straw) [39]

3.7. Limitations

It can be observed that the efficiency of pretreatment methods depends on the feedstock and its
composition. It is a complex issue to determine the optimal pretreatment method(s) of lignocellulosic
biomass. Regardless of the pretreatment method to be employed, the particle size reduction of
lignocellulosic biomass is the most common primary pretreatment method employed. Though,
in general, the mechanical pretreatment is significantly related to increase methane yield, one of
the disadvantages of mechanical process is its inability to remove the lignin, a critical barrier with
regard to bioavailability of carbohydrates for biomethanation. Neumann et al. [176] suggested that
lignocellulosic biomass must be reduced to 1–2 mm to eliminate limitations during hydrolysis; however,
size reduction is a very expensive operation that consumes about 33% of the total electricity demand

73



Appl. Sci. 2019, 9, 3721

for the whole process. Considering the high energy requirement of mechanical pretreatment and the
rise of energy cost, it is not economically sustainable. Thus, reducing the energy requirements and
increasing efficiency of grinding and milling of biomass would help to improve the economics of the
whole process.

In the case of chemical pretreatment, cost of reagents, and operation such as the extra step for
neutralization and the requirement for corrosion resistant reactors are the known limitations [178].
Additionally, the formation of inhibitory compounds is a point to be considered since it can inhibit or
significantly reduce the conversion efficiency of hydrolyzates of lignocellulosic biomass to methane.
Thus, achieving higher efficiency and lowering the formation of inhibitory compounds at by combining
lower concentration of chemical reagents with other pretreatments could aid in cost reduction. In the
case of alkali pretreatment, it is effective in solubilization of lignin and the presence of a small amount
of residual alkali in the treated biomass aids in neutralizing the pH reduction during the acidogenesis
phase of biomethanation process. Therefore, alkaline pretreatment is more compatible with subsequent
anaerobic digestion when compared to acid pretreatment [179].

On the other hand, organic solvents permit the recovery of individual components of lignocellulosic
biomass, which make an improvement in capital cost in a biorefinery concept. However, large amounts
of downstream wastes and specialized equipment are limitations [102]. Ionic liquids are superior to
organic solvents for use in a wide range of applications and in extreme conditions [100], however,
the cost and the need for recycling need is a limitation.

In spite of the advantages, biological pretreatments also have several major drawbacks such
as specific growth conditions, larger space, longer treatment time, and loss of carbohydrates [178].
Biological pretreatment presents low formation of inhibitory compounds and in general its inhibition
effect in the subsequent step of anaerobic digestion is low, when compared with chemical and
physiochemical pretreatments.

3.8. Modeling and Parameters Optimization

Anaerobic digestion is a multi-step process that can be affected by many process conditions such as
pH, temperature, substrate composition, pretreatment method, and digestion time. The optimization
of these parameters may ensure high yields of biogas production [180]. Serious consideration should
be given to the type of the substrate selected for biogas production because it can affect the amount
and quality of the biogas obtained [181].

Although, the lignocellulosic material preparation procedures and pretreatment processes prior
to anaerobic digestion are widely investigated, it is not possible to precisely predict the effectiveness of
a pretreatment method on certain lignocellulosic substrate as many parameters control the process.
However, the use of mathematical models can help to know the interrelationship between the
parameters involved and predict the phenomena occurring in the process [182]. The kinetic of the
anaerobic digestion provides information about the effect of the inhibitory compounds generated by
the pretreatment method on the biodegradability. There are several models of the kinetic analysis
of biogas production process being the Gompertz model, a model well known to study the kinetic
behavior considering the inhibition parameter in the anaerobic digestion process. The Gompertz
equation is used to estimate the biogas yield potential, duration of the lag phase, and maximum biogas
production rate. However, when the hydrolysis reaction is the rate-limiting step of the overall process,
as in the anaerobic degradation of some lignocellulosic substrates, the first order model is commonly
used to estimate the extent of the reaction, and the hydrolysis constant [183].

Dahunsi [64] assessed the possible effect of mechanical pretreatment on the kinetics of the
degradability of elephant grass, wild Mexican sunflower, and siam weed during the digestion
process using a modified Gompertz equation and reported that the pretreatment reduced the lag
period and increased the methane yield by around 22%. They positively correlated the chemical
composition of lignocellulosic substrates to their methane potentials by employing single and multiple
linear regressions models. Mancini et al. [130] also employed the first order model and a model
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based on modified Gompertz equation to evaluate three different chemical pretreatments and their
effect on methane yield from wheat straw. They reported that pretreatment using organic solvent
N-methylmorpholine N-oxide (NMMO) showed a significant biomethane production than untreated
wheat straw and observed that it could be due to the increase in available surface area due to the
pretreatment. Bolado-Rodríguez et al. [183] evaluated different physico-chemical pretreatments on
the production of biogas from sugarcane bagasse and wheat straw, and reported that a combination
of first order and a modified Gompertz equation provided valid information on the availability of
substrate, hydrolysis, and effect of inhibitory compounds. Łukajtis et al. [184] proposed a quadratic
equation to optimize process parameters such as concentration of chemicals, temperature, reaction
time, and particle size in alkaline pretreatment of Salix viminalis L, based on the results obtained.

Although the biomass type is one of the most important factors in biogas production, it is
important to identify the optimal levels of operational parameters of the reactor to increase the methane
yield [185]. In this regard, a widely accepted model of the anaerobic process is the ADM1. It describes
the process by analyzing 28 parameters and using 19 ordinary differential equations. Unfortunately,
it may consume lots of time, and sometimes not possible due to economic and other factors. Rieke et
al. [186] developed an alternate model based on four parameters, instead of the 28 of the ADM1 model
and only two additive differential equations of first order and reported that the difficulties associated
with ADM1 model in switching to different substrate due to the large number of parameters and
equations could be overcome in this new model, and further reduced the simulation time needed.

3.9. Techno-Economic and Environmental Aspects

Techno-economic feasibility is one of the most important parameters for the commercial viability of
biofuels production from lignocellulosic substrates [187]. It is expected that biomass pretreatment cost
represents between 19% and 22% in a biofuel production chain [118]. Several authors have established
techno-economic analysis of different pretreatments to elucidate the profitable conditions under the
concept of a biorefinery. Vasco-Correa and Shah [188] compared the techno-economic feasibility of
commercial scale fungal pretreatment of four feedstocks—perennial grasses, corn stover, agricultural
residues other than corn stover, and hardwood—and observed that the sugar production costs were
1.7, 1.6, 2.0, and 2.8 $/kg for perennial grasses, corn stover, agricultural residues other than corn stover,
and hardwood, respectively. Regarding to chemical pretreatment, Baral and Shah [118] evaluated
the production of fermentable sugars from corn stover, switchgrass, and poplar to access the process
improvement that would enable the commercialization of ionic liquids pretreatment. Unit sugar
production costs ($/kg) for ionic liquids pretreatment of corn stover, switchgrass, and poplar were
estimated to be 2.7, 3.2, and 3.0, respectively. In addition, other study assessed the economic and
technical benefits of steam explosion, dilute sulfuric acid, ammonia fiber explosion, and biological
(enzymatic hydrolysis) pretreatments in corn stover [189]. The results showed an estimated sugar
production costs of ($/kg) 0.43, 0.42, 0.65, and 1.41 for steam explosion, dilute sulfuric acid, ammonia
fiber explosion, and biological (enzymatic hydrolysis) pretreatments, respectively. On the other
hand, Brandt et al. [190] provided economic analysis for converting softwood biomass into sugars
using a fully mechanical pretreatment, using a three-stage milling process. The concentrated sugar
syrup production cost was estimated in $0.496/kg of sugar. However, the environmental impact and
sustainability of the pretreatment processes are not widely reported. Prasad et al. [191] carried out
life cycle assessment analysis on four different pretreatments—viz., liquid hot water, steam explosion,
dilute acid, and organosolv—using GaBi software and reported that dilute acid pretreatment performed
the worst in all impact categories. Although, other three pretreatments performed similarly, liquid
hot water significantly reduced the CO2 emissions and the total sugars production was two times
greater than organosolv and steam explosion pretreatments. However, Safarian and Unnthorsson [192]
reported that steam explosion pretreatment is the most promising and beneficial technology in terms
of economical, environmental and energy points of views and was followed by hot water method for
production of bioethanol from paper and timber wastes. Though in terms of technical performance,
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dilute acid pretreatment was ranked highly, it is not preferable due to low energy performance,
high production cost and high emission of greenhouse gases. Similarly, dilute alkali treatment also
ranked highly on the technical side of bioethanol production, is not preferable due to high emission of
greenhouse gases and other environmental impacts. Recently, Soam et al. [193] reported that an addition
of low dosage alkali pretreatment to enzymatic pretreatment reduced the enzyme dosage by 23–39%,
but observed a negative environmental impact. This clearly suggest that further studies are needed
to select right combination of pretreatments and operation conditions of these combinations need to
be standardized in order to reduce environmental impacts and costs involved in the pretreatment
process. Recently, Rajendran and Murthy [194] also observed that it is important to do a realistic
techno-economic and environmental impact analysis of anaerobic digestion processes as there is a need
to include process mapping, create a database, and identify profitability indicators and geographic
locations of the biogas plants.

4. Conclusions

Lignocellulose substrates are the main feedstocks for biogas production and this anaerobic
digestion process help in sustainable management of wastes and as well as is one of the main
sources of renewable bioenergy. However, the structure of lignocellulosic residues still present
technological barriers due to their limited bioavailability and pretreatment of this recalcitrant substrates
is a key to improve the performance of anaerobic digestion technology. However, as can be seen,
the major limitations are the cost of energy, operational cost, and formation of inhibitory compounds,
which significantly affect the downstream bioprocess of generating biogas or other value-added
products. Though, combination of different pretreatments offers possible solution, it needs to be
specific for the type of substrates and the type of downstream bioprocess to produce bioenergy and
other products. To achieve a techno-economic viability of the use of lignocellulose substrates, the idea
of integrated biorefineries in which two or more bioproducts are generated in the same platform could
be a promising concept.
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Abstract: Chemical composition of biomass, especially carbohydrate content, is a critical indicator
of a biomass source’s potential for biofuel applications. This study characterized physico-chemical
properties of stalks from 16 representative pedigreed sorghum mutant lines. The objectives of this
study were to evaluate the recovery of sucrose and its hydrolysis products, glucose and fructose,
during dilute sulfuric acid pretreatment at conditions typically used for lignocellulosic biomass, and to
determine the relationship between water-extractive contents and sugar recovery after pretreatment.
Dilute acid-pretreated sorghum stalks had enzymatic saccharification of >82.4% glucose yield
for all treated samples with more than 82.3% cellulose recovery and 85% hemicellulose removal.
A single-step, one-pot process was recommended for sorghum mutant stalks with low water-extractive
content (<35%, w/w) to reduce processing cost and minimize wastewater disposal since the majority of
sugars will be recovered after dilute acid pretreatment with minimal degradation products. However,
for sorghum mutant stalks with high water-extractive content (>35%, w/w), a pre-washing step
is beneficial to recover the water-soluble sugars before subjecting to the pretreatment process in
order to avoid sugar losses during the pretreatment stage. Thus, different processing technologies
should be applied to lignocellulosic biomass with various water-extractive contents and water-soluble
sugar concentrations.

Keywords: sorghum mutant; biomass; soluble sugars; dilute acid pretreatment; one-pot process

1. Introduction

Bioethanol is currently used as an alternative liquid fuel for transportation in the United States of
America (USA) and Brazil. Ethanol with an octane rating of 113, can function as an octane booster to
reduce engine knocking and contribute to national energy security by reducing oil imports. Bioethanol
is a sustainable alternative fuel, which can be derived from various sustainable feedstocks, including
sugar-based crops, starch-based crops, and cellulosic biomass [1–3]. Cellulosic biofuels provide
environmental benefits not available from grain- or sugar-based biofuels and are considered as a solid
foundation to meet the needs for transportation fuels in a low-carbon economy, albeit with electrified
vehicles and other technical advances [4].

Sorghum (Sorghum bicolor L. Moench) is a C4 photosynthetic species with high productivity and
drought tolerance, ranking the fifth among widely grown cereal crops globally [5]. Unique characteristics
of sorghum position the crop as a viable bioenergy source, including high biomass yield and
high sugar content, high moisture-use efficiency and strong drought tolerance, a well-established
management system, and breeding potential for genetic improvement [6,7]. Sweet sorghum contains
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high fermentable sugars such as sucrose, glucose, and fructose in the stalk which can be extracted
easily and directly fermented to bioethanol; in contrast, hybrids of grain sorghum provide starch for
bioethanol production. Sweet sorghum, previously used as a syrup, is now being researched for use in
sugarcane processing facilities to produce ethanol (1.5 generation biofuel), while biomass sorghums
contain a significant amount of structural carbohydrates which can be hydrolyzed and fermented to
biofuel [7,8]. After pressing sorghum stalks, approximately 50% of water-soluble sugars and 100%
water-insoluble structural carbohydrates remain in the bagasse; thus, recovery of all the residual sugars
can significantly improve the process economics and increase the overall productivity [9,10].

Lignocellulosic biomass is the most abundant renewable source for biofuel production, mainly
consisted of cellulose, hemicellulose, and lignin. Cellulose-based biomass such as sorghum stalk
must be pretreated in order to open its complex structure for enzymatic hydrolysis and subsequent
fermentation [11–15]. Currently, pretreatment methods mainly include physical methods, chemicals
methods, biological methods, and a combination of methods. Numerous pretreatment methods
were developed to overcome the recalcitrant structure of sorghum biomass, such as ball milling,
steam explosion, liquid hot water, dilute acid, lime, ammonia, organic solvent, and ionic liquid
pretreatments [16–19]. Challenges of using the current pretreatment processes include incomplete
separation of cellulose and lignin, which results in reduced subsequent enzymatic saccharification
efficiency, formation of inhibitors (such as acetic acid, furans, or phenolic compounds) that affect
ethanol fermentation, and increased usage of chemicals and energy-intensive processes, as well as
high cost of waste disposal [20–22].

A two-step process, consisting of prewashing and a subsequent pretreatment process was
recommended to extract considerable amounts of water-soluble sugars to avoid sugar losses or
degradation during the pretreatment stage [23]. However, the economic viability of adding an
extraction step is questionable due to the increased process cost due to high water usage [24]. Instead,
a single pretreatment step without the pre-extraction processing, i.e., a “one-pot” process, was proposed
to recover the water-soluble sugars and improve the enzymatic digestibility of cellulosic biomass.
The improved digestibility was based on the possibility that sucrose or its immediate hydrolysis
products, glucose and fructose, will survive the pretreatment step and will be available to fermentative
microorganisms [25].

The objective of this research was to evaluate the recovery of sucrose and its hydrolysis products,
glucose and fructose, during dilute sulfuric acid pretreatment process at conditions typically used to
pretreat lignocellulosic biomass. Sixteen representative stalk samples (sorghum stalks without panicle
and leaves) from pedigreed mutant sorghum lines with various water-extractive contents (18 to 52%)
were selected from a pedigreed sorghum mutant library consisting of 6000 individually mutagenized
M4 seed pools for the proposed one-pot process test and determination of the relationship between
water extractive contents and sugar recovery after pretreatment.

2. Materials and Methods

2.1. Materials

Stalk samples from 16 pedigreed sorghum mutant lines, including wild-type sorghum
used as control, were selected from a large sample pool provided by the Plant Stress and
Germplasm Development Unit of the US Department of Agriculture Agricultural Research Services
(Lubbock, TX, USA). Sorghum stalks were manually harvested. Sorghum stalks were ground (<1 mm)
using a cutting mill (SM 2000, Retsch Inc., Newton, PA, USA) and placed into a plastic bag kept at
room temperature. The moisture content was measured according to the convection oven drying
method described in NREL LAP Determination of Total Solids in Biomass [26]. One gram of sorghum
biomass was placed in a pre-weighed aluminum weighing dish and dried to a constant weight at
105 ◦C. Total solid percentage was defined as dry weight of sample per sample weight as received [27].

88



Appl. Sci. 2020, 10, 5472

All chemicals, such as 72% (w/w) sulfuric acid, pure ethanol 200 proof, and HPLC grade water, used for
this research were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Compositional Analysis

2.2.1. Extractives

Water and ethanol extraction was used to determine extractive content of the sorghum samples.
Five grams of sorghum biomass samples were put into a Soxhlet thimble and washed using distilled
water for 8 h according to the NREL Laboratory Analytical Procedure (LAP) Determination of
Extractives in Biomass [26]. Then, ethanol was added to continue extraction for another 16 h. Extractive
percentage was defined as dry weight of sample per sample weight as received. Water-soluble
extractives contain inorganic materials, non-structural sugars, and nitrogenous materials [27].

2.2.2. Structural Carbohydrates, Lignin, and Ash

The chemical composition of samples was determined according to the National Renewable
Energy Laboratory (NREL) procedure [26]. Extraction-free samples were placed into pressure tubes and
through a two-step acid hydrolysis with 72% (w/w) sulfuric acid at 30 ◦C for 60 min, followed by 4% (w/w)
dilute sulfuric acid at 121 ◦C for another 60 min. Carbohydrates such as cellulose and hemicellulose
were converted to monosaccharides glucose, fructose, xylose, and arabinose, which were determined
by high-performance liquid chromatography (HPLC) equipped with an RCM monosaccharide column
(300 × 7.8 mm) (Phenomenex, Torrance, CA, USA) and a refractive index detector, under a mobile
phase of 0.6 mL·min−1 water and a column temperature of 80 ◦C. Acid-soluble lignin in the hydrolysis
liquor was determined using an ultraviolet (UV)–visible spectrophotometer at 320 nm wavelength
blanked against distilled water [26]. Acid-insoluble lignin was weighed from the residue solids after
oven heating overnight at 105 ◦C and then at 575 ◦C using a muffle furnace for at least 6 h to measure
the ash content [27].

2.3. Dilute Acid Pretreatment

For dilute acid pretreatment, sulfuric acid (2%, w/v) was applied as a reaction medium, and reaction
temperature was kept at 120 ◦C for 60 min (Figure 1). Once the treatment was complete, the reactor
(Parr Instrument Co., Moline, IL, USA) was removed from the electric heater and placed into tap water
to cool down within 50 ◦C in 5 min. Then, the slurry was vacuum-filtered using Whatman Paper
(No. 4). Treated biomass was washed thoroughly with water and collected for composition analysis
and enzymatic hydrolysis to evaluate the effect pretreatment on sugar yields and other hydrolytes.

Mass recovery (%) =
Mtre

Mori
× 100%, (1)

Cellulose recovery (%) =
Mtre ×Ctre

Mori ×Cori
× 100%, (2)

Hemicellulose recovery (%) =

(
1− Mtre ×Htre

Mori ×Hori

)
× 100%, (3)

where Mtre is dry mass weight after pretreatment, Mori is original dry mass weight, Ctre is the cellulose
percentage of solid biomass after pretreatment, Cori is the cellulose percentage in raw material, Htre

is the hemicellulose percentage of solid biomass after pretreatment, and Hori is the hemicellulose
percentage in raw material.
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Figure 1. Flowchart of process designs: (A) two-step, two-pot process; (B): single-step, one-pot process.

The National Renewable Energy Laboratory (NREL) method for the determination of degradation
products in pretreatment hydrolysate was applied to measure the furfural and hydromethylfurfural
(HMF) concentration in biomass hydrolysates using HPLC. The injection volume was 20 μL; the solvent
was water containing 0.005 M sulfuric acid at a flow rate of 0.6 mL/min. The column and refractive
index detector (RID) temperatures were set at 60 and 45 ◦C.

2.4. Enzymatic Saccharification

After pretreatment, biomass (4%, w/v) was added to flasks to perform enzymatic hydrolysis
using Accellerase 1500, generously provided by Genencor Dupont, at the recommended dosage
(0.5 mL/g cellulose). Flasks were incubated at 50 ◦C in a rotary shaker (Model I2400, New
Brunswick Scientific Inc., Edison, NJ, USA) with a speed of 150 rpm. After 72 h of enzymatic
hydrolysis, supernatants were extracted by filtration and stored at 4 ◦C for further experiments.
Glucose concentration was measured by HPLC. All reactions were performed in duplicate. Glucose
yield was calculated as follows:

Glucose yield (%) =
Released sugar amount

Theoretical sugar amount in raw material
× 100%. (4)

2.5. Elemental Analysis

The elemental composition of sorghum stalks was determined using a CHNS/O Elemental
Analyzer (PerkinElmer 2400 Series II, PerkinElmer Inc., Waltham, MA, USA). Approximately 2 mg
of ground sorghum stalk packed with foil was burned under a pure oxygen atmosphere. The gases
including CO2, N2, SO2, and H2O were burned and separated in a quartz column containing copper
wires detected by a thermo-conductometer detector and reported as a percentage of initial dry weight
(w/w, db) [27].

2.6. Heating Value

The energy content of pedigreed sorghum mutant stalks was determined using a calorimeter
(IKA-Calorimeter C 200, IKA-Werke GmbH and Co. KG, Staufen, Germany) with a benzoic acid
standard. A crucible with approximately 1.00 g of biomass sample was placed into an adiabatic bomb.
After sealing the bomb, it was filled with oxygen and placed into the calorimetric equipment filled
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with water. The sample was ignited electrically through the cotton line. Powder sorghum stalks were
pressed into pellets in order to reduce experimental error caused by incomplete combustion resulting
from loose samples blown away during burning. The resultant water temperature increase allows the
calculation of high heating value of the sample [27]. The heat capacity of the calorimeter was measured
using benzoic acid as a reference standard.

2.7. Statistics

Analysis of variance and pairwise comparisons for the means using the Tukey adjustment at the
confidence level of 95% were performed with SAS (SAS Institute, Inc., Cary, NC, USA). Mean values
and standard deviations from the duplicated experiments are reported.

3. Results and Discussion

3.1. Physical and Chemical Properties of Pedigreed Sorghum Mutant Stalks

Sixteen sorghum mutant stalks with evenly distributed water-extractive contents ranging from the
lowest, 18%, to the highest, 52%, were selected for this study (Table 1). The carbon and oxygen contents
of selected samples ranged from 37.4% to 41.4% and 49.2% to 55.3%, respectively. The hydrogen
content was approximately 5% to 6%, and nitrogen and sulfur contents were typically less than 2%.
The wild-type sorghum samples (E25a and E25b, referred to as the control) contained relatively low
water-extractive content of 25.8% with an average of 39.4% carbon, 52.5% oxygen, 6.4% hydrogen,
0.8% nitrogen, and 1.3% sulfur contents (Table 1). The selected sorghum mutants with higher
water-extractive contents were expected to contain significantly larger portions of non-structural
carbohydrates, including sucrose, glucose, and fructose, as compared to the control wild-type sorghum
biomass (Table 2).

Table 1. Physico-chemical characteristics of sorghum stalks.

Sample
Identity

Water-Soluble
Extractive (%)

Carbon
(%)

Hydrogen
(%)

Nitrogen
(%)

Sulfur (%)
Oxygen

(%)
Heating Value

(J/g)

E18A 17.6 ± 0.6a 1 40.3 ± 0.8a 6.4 ± 0.2a 0.96 ± 0.3a 1.3 ± 0.3a 51.1 ± 0.6a 16,419.5 ± 21a
E18B 18.7 ± 0.8a 41.4 ± 0.9a 6.5 ± 0.3a 0.91 ± 0.2a 1.3 ± 0.2a 49.9 ± 0.7a 17,047.4 ± 31a
E20A 21.2 ± 0.9b 38.9 ± 1.3b 5.6 ± 0.2b 0.64 ± 0.3b 1.2 ± 0.2a 53.6 ± 0.8a 15,935.1 ± 26b
E20B 21.0 ± 0.8b 37.4 ± 0.7b 5.5 ± 0.4b 0.73 ± 0.1b 1.1 ± 0.1a 55.3 ± 0.4b 14,748.6 ± 19b
E25A 25.4 ± 1.3b 39.4 ± 1.6a 6.4 ± 0.1a 0.77 ± 0.2b 1.2 ± 0.1a 52.2 ± 0.5a 16,039.3 ± 21b
E25B 26.3 ± 1.6b 39.4 ± 0.7a 6.4 ± 0.2a 0.73 ± 0.3b 1.3 ± 0.2a 52.2 ± 0.6a 15,953.4 ± 18b
E30A 30.3 ± 1.8c 39.5 ± 0.6a 6.4 ± 0.3a 1.10 ± 0.2c 1.5 ± 0.2b 51.5 ± 0.7a 16,651.4 ± 25a
E30B 30.3 ± 1.6c 41.1 ± 1.5a 6.5 ± 0.4a 1.83 ± 0.3c 1.5 ± 0.2b 49.2 ± 0.6c 17,327.4 ± 24a
E35A 35.3 ± 2.2d 38.9 ± 1.8b 5.8 ± 0.5b 0.72 ± 0.1b 1.2 ± 0.1a 53.4 ± 0.8a 16,071.9 ± 29b
E35B 35.3 ± 2.1d 39.9 ± 0.9a 5.2 ± 0.2b 0.92 ± 0.2a 0.9 ± 0.1c 53.0 ± 0.9a 16,510.8 ± 28a
E40A 40.3 ± 2.3d 38.6 ± 0.8a 5.6 ± 0.3b 1.07 ± 0.1a 1.1 ± 0.2a 53.6 ± 0.6a 16,085.9 ± 28b
E40B 40.8 ± 1.9d 38.3 ± 0.7a 5.9 ± 0.5a 0.68 ± 0.1b 1.2 ± 0.1a 53.9 ± 1.1d 16,144.3 ± 22b
E45A 45.1 ± 2.3e 37.6 ± 0.5a 5.8 ± 0.4b 1.01 ± 0.2a 1.2 ± 0.2a 54.4 ± 1.2d 16,035.2 ± 17b
E45B 46.4 ± 2.1e 39.0 ± 0.6a 5.9 ± 0.6a 1.00 ± 0.2a 1.2 ± 0.1a 52.9 ± 0.8a 16,461.8 ± 26a
E52A 52.7 ± 2.5e 39.7 ± 0.8b 5.5 ± 0.3b 0.78 ± 0.1b 1.1 ± 0.1a 52.9 ± 0.5a 16,594.9 ± 25a
E52B 53.4 ± 2.6e 40.0 ± 1.3b 5.8 ± 0.4b 0.70 ± 0.1b 1.8 ± 0.2d 51.8 ± 0.7a 16,436.9 ± 21a

Note: Samples E25A and E25B are wild-type sorghum used as control; the remaining samples are pedigreed
sorghum mutant stalks. 1 Column means with different letters than the control are significantly different at the
0.05 level.
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Table 2. Water-soluble sugars in the raw biomass and recovery of sugars after pretreatment.

Sample
Identity

Raw Biomass Pretreatment Hydrolysate

Glucose
Recovery

(%)

Fructose
Recovery

(%)

Water-Soluble Sugars (g/L) Water-Soluble Sugars (g/L)
Sugar

Degradation (g/L)

Sucrose Glucose Fructose Glucose Fructose Xylose Arabinose HMF Furfural

E18A 0.13a 1 0.1a 0.08a 0.16a 0.14a 4.3a 0.56a 0a 0.07a 97.4a 97.0a
E18B 0.16a 0.16a 0.07a 0.23a 0.14a 4.42a 0.51a 0.04a 0.06a 96.2a 93.9a
E20A 0.12a 0.08a 0.07a 0.14a 0.12a 4.28a 0.59a 0.02a 0.06a 96.9a 92.8a
E20B 0.26a 0.11a 0.09a 0.23a 0.20a 3.9a 0.52a 0.03a 0.05a 96.4a 91.5a
E25A 0.27a 0.15a 0.16a 0.28a 0.28a 4.07a 0.55a 0.04a 0.05a 98.8a 95.4a
E25B 0.28a 0.17a 0.19a 0.3a 0.31a 3.99a 0.81a 0.07a 0.06a 97.3a 94.4a
E30A 0.57b 0.49a 0.47a 0.77b 0.69b 3.52b 0.66a 0.24a 0.06a 99.8a 91.8a
E30B 0.77b 0.4a 0.42a 0.73b 0.68b 4.12a 0.75a 0.23a 0.06a 93.5a 84.9b
E35A 1.42b 0.78b 0.89b 1.39b 1.33b 3.51b 0.53a 0.39b 0.05a 93.8a 83.5b
E35B 0.82b 0.83b 1.07b 1.21b 1.29b 3.49b 0.54a 0.38b 0.05a 97.9a 87.4b
E40A 1.78b 0.78b 0.95b 1.48b 1.51b 3.17b 0.53a 0.45b 0.04a 89.1b 82.5b
E40B 1.63b 1.23b 1.44b 1.82b 1.52b 3.11b 0.44b 0.48b 0.04a 89.4b 67.7b
E45A 3.36b 1.32b 1.29b 2.55b 1.68b 2.66b 0.49b 0.55b 0.05a 85.5b 56.9b
E45B 3.05b 1.24b 1.40b 2.39b 1.78b 2.52b 0.40b 0.66b 0.04a 87.0b 61.2b
E52A 5.20b 1.15b 1.10b 3.20b 2.06b 2.28b 0.37b 0.79b 0.03b 86.0b 56.1b
E52B 4.75b 1.17b 1.08b 2.85b 2.06b 2.39b 0.34b 0.72b 0.04a 81.0b 60.1b

Note: Samples E25A and E25B are wild-type sorghum used as control; the remaining samples are pedigreed
sorghum mutant stalks. 1 Column means with different letters than the control are significantly different at the
0.05 level.

Biomass samples with high carbon content are generally predicted to exhibit high caloric energy.
The control samples had a mean heating value of 15,996.4 J/g, relatively lower than other selected
sorghum mutant samples, especially those with higher water-extractive content. The heating value
of selected sorghum mutant samples was positively correlated to the carbon content (R2 = 0.66),
while negatively correlated with the oxygen content (R2 = 0.69). The heating value is critical for
biomass pyrolysis evaluation and provided as comprehensive information for alternative use.

3.2. Sugar Recovery after Dilute Acid Pretreatment

The control sample contained minimal amounts of water-soluble sugars with approximately
0.28 g/L sucrose, 0.16 g/L glucose, and 0.18 g/L fructose (totally <3%, w/w of dry biomass) (Table 2).
The content of water-soluble sugars in sorghum stalks increased as water-extractive content increased.
Significantly larger amounts of water-soluble sugars were detected in sorghum mutant stalks with
higher water-extractive content, as high as 4.98 g/L sucrose, 1.16 g/L glucose, and 1.09 g/L fructose
(approximately 36%, w/w of dry biomass).

Sucrose present in sorghum stalks was completely hydrolyzed during the dilute acid pretreatment
since no sucrose remained after treatment. Sucrose is a non-reducing disaccharide composed of
β-d-fructose and α-d-glucose. In commercial industrial production, sucrose is hydrolyzed to monomers
under typically low temperature (<120 ◦C) to minimize fructose and glucose degradation [24].
Both glucose and fructose are usually degraded when temperatures are higher than 106 ◦C and
pH is less than 2.0, which is similar to the conditions present during dilute acid pretreatment of
lignocellulosic biomass. The primary degradation pathway is dehydration of the sugars, glucose and
fructose, to 5-hydroxymethylfurfural (5-HMF), which hydrolyzes and further degrades to levulinic
and formic acid. Appreciable concentrations of sucrose hydrolysis products, glucose and fructose,
were detected after dilute acid pretreatment (Table 2). Glucose and fructose levels were as high as
3.2 g/L and 2.06 g/L, respectively, in sample E52A, which were significantly higher than the control
E25A and E25B. However, higher amounts of the sugar degradation product (approximately 0.79 g/L),
5-HMF, were detected in the pretreatment hydrolysate. A significant concentration of the hemicellulose
degradation product, xylose, was also detected in the pretreatment hydrolysate, ranging from 2.28 to
4.42 g/L. Relatively low amounts of xylose degradation product, furfural, were detected in all the
selected sorghum samples (Table 2).

92



Appl. Sci. 2020, 10, 5472

For wild-type sorghum, approximately 98% and 95% recovery was achieved for glucose and
fructose, respectively. However, as the water-soluble sugar content in the sorghum stalks increased,
significant amounts of sugars were lost during the dilute acid pretreatment, especially for fructose.
When the water-extractive content was greater than 35% (w/w), fructose recovery was usually less than
60% and 5-HMF concentration was significantly higher (>0.7 g/L). In contrast, the glucose recoveries of
all the selected sorghum samples were higher than 80%, which further proved that fructose was easier
to degrade than glucose, as found in other studies [24,25].

For sorghum mutants with high water-extractive content (>35%, w/w), a pre-washing step was
beneficial to recover the present water-soluble sugars before performing the pretreatment process in
order to avoid sugar losses or degradation during the pretreatment stage [23,28]. However, for those
sorghum mutants with less water-extractive content, a single-step, one-pot process was recommended
to reduce processing cost and minimize wastewater disposal since a majority of sugars can be recovered
after dilute acid pretreatment with minimal amount of degradation products.

For high water-extractive biomass, an integrated bioprocess of combined advanced solid-state
fermentation technology (ASSF) and alkaline pretreatment can be used to convert all the present
sugars, including sucrose and structural carbohydrate. This process allows soluble sugars in the
biomass (e.g., sweet sorghum stalks) to be converted into ethanol by ASSF using crushed stalks directly,
and then ethanol distillation combined with alkaline pretreatment is simultaneously performed using
a single distillation reactor. This integrated one-pot process can significantly reduce the production
cost and minimize the wastewater pollution [29].

3.3. Chemical Composition of Pretreated Solid Biomass

For raw biomass, the maximum cellulose content of the selected 16 sorghum mutants was 31.3%,
whereas the minimum was only 18.1%. The average cellulose content was 24.6% with a standard
deviation of 4.8% (Table 3). Large variations of hemicellulose content were also observed from 14.7%
to 26.6%, with an average of 20.4% and standard deviation of 4.20%. Relatively low amounts of lignin
content were observed in this study, ranging from 6.6% to 13.9% with a mean value of 10.4% and
standard deviation of 2.3%, as compared to corn stover and herbaceous grass [3,12].

Significant amounts of hemicellulose were hydrolyzed into xylose and arabinose after the
dilute acid pretreatment. Hemicellulose content after the dilute acid pretreatment was reduced to
approximately 6%, which resulted in significantly higher cellulose and lignin content. The majority of
hemicellulose (>85%) was hydrolyzed during the pretreatment, which could increase the pore size
and provide greater access for enzymes to digest cellulose [7,23]. Lignin relocation and removal were
reported to enhance the enzymatic hydrolysis of treated sweet sorghum bagasse [30,31]. Kim and Day
reported that sweet sorghum bagasse contained 45% cellulose, 27% hemicellulose, and 21% lignin [32].
The maximum cellulose content after dilute acid pretreatment was 55.8%, whereas the minimum
was still as high as 47.0% with an average value of 50.7% and standard deviation of 2.2% (Table 3),
which were higher than the cellulose content of acid-treated sweet sorghum bagasse reported by
Yu et al. [33]. The increased cellulose content contributed to higher fermentable sugar concentration
after enzymatic hydrolysis as compared to the untreated biomass [34,35]. A relatively high proportion
of solid biomass was lost after dilute acid pretreatment, especially for those samples with high
water-soluble sugar percentages. For pretreated pedigreed sorghum mutant stalks, the maximum
solid recovery was 53.7%, and the minimum solid recovery was only 29.3% (E52A) (Table 3). However,
it was more important to preserve as much of the cellulose present in the pretreated biomass. Cellulose
recovery was defined as the cellulose ratio before and after pretreatment multiplied by the mass
recovery. All the sorghum samples obtained greater than 82.3% cellulose recovery with a maximum
recovery of 92.5%.
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3.4. Glucose Yield from Enzymatic Hydrolysis of Dilute Acid-Treated Solid Biomass

The reaction temperature in dilute acid pretreatment ranged from 120 to 160 ◦C, while sulfuric
acid levels were in the range of 0.5 to 2% (w/w) [12,35]. The yield of reducing sugars through enzymatic
hydrolysis was mainly influenced by acid concentration, reaction temperature, and reaction time.
Acid hydrolysis releases oligosaccharides and monosaccharides but also results in the formation
of degradation products such as aldehydes. In order to reduce the decomposition of the sugars,
a hydrolysis time of 60 min was used in this study. Dilute acid-pretreated sorghum stalks demonstrated
good enzymatic digestibility with more than 82.4% glucose yield for all the treated samples (Figure 2),
which showed that the dilute acid pretreatment condition of reaction temperature 120 ◦C for 60 min
with 2% (w/v) sulfuric acid was sufficient to disrupt the rigid cell-wall structure of sorghum biomass
and significantly improve the enzymatic hydrolysis of treated sorghum biomass. Half of the selected
sorghum mutants achieved greater than 90% glucose yields with a maximum glucose yield of 98.2%
for sample E40B.

Figure 2. Glucose yield of dilute acid-pretreated sorghum stalks.

4. Conclusions

The content of water-soluble sugars in pedigreed sorghum mutant stalks increased as
water-extractive content increased. The recovery of sugars including sucrose, glucose, and fructose
during dilute sulfuric acid pretreatment also increased as water-extractive content increased. More than
82.4% of enzymatic hydrolysis yield and more than 82.3% cellulose recovery and 85% hemicellulose
removal were achieved for all pretreated sorghum samples. To consider the effect of water-soluble
content on the bioconversion process, a single-step, one-pot process is recommended for sorghum
mutants with water-extractive content of equal or less than 35% (w/w), which can reduce the production
cost and minimize wastewater generation, since the majority of sugars can be recovered after
pretreatment with a minimum amount of degradation products. However, for sorghum mutants
with higher water-extractive content (>35%, w/w), a pre-washing step is recommended to extract the
exiting water-soluble sugars before subjecting to the pretreatment process in order to avoid sugar
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losses or degradation during the pretreatment stage. Thus, different processing strategies should
be considered for the lignocellulosic biomass with various water-extractive contents and various
water-soluble sugar levels.
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Abstract: This paper describes an organosolv pretreatment of corncob waste to improve its anaerobic
digestion for biogas production. Through a thermochemical process based on the use of ethanol and
acetic acid, it was possible to separate the fractions of lignin, considered to be a natural inhibitor of
anaerobic digestion processes. In addition, with this organosolv pretreatment, the available sugars in
the carbohydrates present as monosaccharides, or simple sugars, were depolymerised, facilitating
the digestion process. The obtained results include the chemical characterisation of the corncob, the
hydrolysate, and the mixture with cow manure, finding that these substrates have potential to be used
in anaerobic digestion. The total reducing sugars consumed were 96.8%, and total sugars were 85.75%.
It was clearly observed that with the use of pretreatment with organosolv, the production of biogas was
superior, because 484 NmL/gVS was obtained compared to the other reported treatments. It was also
observed that adding the hydrolysate organosolv increased the production because the values of the
control without hydrolysate were 120 NmL/gVS in the bottle experiment. When the experiment was
scaled to the 5L reactor, the total volumes of biogas that were accumulated in 15 days of production
were 5050 NmL/gVS and 1212 NmL/gVS with and without hydrolysate, respectively. This indicates
that the organosolv pretreatment of corncob waste is effective in improving biogas production.

Keywords: anaerobic digestion; methane; corn residue; organosolv pretreatment

1. Introduction

Energy demand, as well as the use of water resources, is growing proportionally as the population
increases. As a sustainable alternative, the use of renewable such as biogas has been proposed.
The process of biogas production involves anaerobic digestion, which is characterised as a process
that transforms organic matter into biogas (methane, 60%–70%; carbon dioxide, 30%–40%) [1,2].
Anaerobic digestion is a very complex process in terms of both the number of biochemical reactions
that take place and the microorganisms involved in them. In fact, many of these reactions occur
simultaneously [3]. During the process, several groups of microorganisms participate to carry out a
coordinated metabolism in four stages. The first is hydrolysis, where complex polymers present in the
organic matter are broken down into simple monomers. Fermentation occurs in the second step with
acidogenesis, which produces organic acids, and the third step is acetogenesis, which is the conversion
of organic acids to acetate. Propionate and butyrate are products of acidogenesis/fermentation.
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The fourth stage is methanogenesis, where microorganisms produce methane through the acetoclastic
and hydrogenotrophic pathways [4].

This fermentation process is usually hindered by various factors related to the nature of the
substrate, such as nutrient balance, pH, or the presence of toxins and inhibitors [5]. The organic matter
that can be used in the anaerobic digestion process is diverse [6]. Studies have reported various solid
wastes being used, such as waste sludge from water treatment plants, agricultural livestock waste,
and lignocellulosic waste [7]. With the aim of achieving an adequate final disposal of organic waste
and/or a reduction thereof in an environmentally sustainable way, it is relevant to conduct research on
the feasibility of a process of digestion of widely distributed organic waste and to stabilise it for the
production of gaseous biofuels [2].

As a lignocellulosic organic residue, corncob was chosen due to its high availability and limited use
otherwise. In Mexico, it is estimated that the annual quantity of residues fluctuates around 45 million
tonnes of dry material among the ten principal crops (corn, sorghum, wheat, beans, rice, barley, soy,
cotton, safflower, and sesame). Stubble and corncob represent 25,500,000 tonnes that are usually used
to feed livestock at times when traditional food is scarce [8]. Although corncob could be used as a
substrate for biogas production, its lignocellulosic nature presents difficulties for its direct use [9].

The specific pretreatment needed to improve anaerobic digestion depends on the type of organic
matter. In the case of lignocellulosic material, a large part of its composition is carbohydrates that are
not readily available because they are embedded in a lignin matrix, so pretreatment is necessary before
the digestion process [2,4,10]. Organosolv pretreatment is an economic and efficient method to improve
the anaerobic digestion process [11]. This is a method that utilises organic solvents such as methanol,
ethanol, acetone, or ethylene glycol mixed with or without an inorganic catalyst at high temperatures
to remove the lignin from the lignocellulosic material. In this way, the material is fractionated into
a liquid hydrolysate containing dissolved lignin and hemicellulose and a solid fraction known as
holocellulose, which comprises hemicellulose with cellulose [12]. The main advantage of organosolv
over other chemical pretreatments is that relatively pure and low-molecular-weight lignin is recovered
as a by-product, and the solvents that are used can be recovered and recycled to reduce the operation
costs [2,13].

The main objective of this study was to improve the performance of the anaerobic digestion of
hydrolysed corncob by applying organosolv pretreatment for biogas production. The effects of the
pretreatment parameters, that is, temperature and duration, on the methane yield were determined by
liquid-state batch anaerobic digestion assays. The biogas production concentration and total volume
were investigated for the pretreated substrate.

2. Materials and Methods

Corncob was obtained from the area of Nextipac, in the municipality of Zapopan Jalisco, Mexico.
The inoculum used was obtained from cow manure collected from a farm in the area of Tonalá, Mexico.
For the organosolv method, the following reagents were used: ethanol (CH3CH2OH un-denaturalised
96%), acetic acid (CH3COOH 99.7%), and 3.5 dinitrosalicylic acid (DNS), all of them supplied by
Sigma-Aldrich (Toluca, México).

2.1. Corncob Characterisation

The chemical characterisation of the corncob was determined using the standards of the Technical
Association of the Pulp and Paper Industry (TAPPI). The cellulose content was determined using the T
203 cm-99 standard. The acid soluble lignin content was determined using the T 222 om-02 standard.
The extractable compounds in acetone were determined according to T 280 pm-99, the extractable
compounds in water using T 207 cm-99, and the ash content with T 211 om-02 [14]. An elemental
analysis (C, H, N, and S) of the corncob was also performed. The elemental analysis was based on
the volatilisation of a sample by total combustion under an atmosphere of pure oxygen, releasing the
elements to be measured in the form of CO2, H2O, NOx, and SOx, respectively.
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2.2. Organosolv Hydrolysate from Corncob

An ethanol to acetic acid ratio of 1:10 was used as an organic solvent. The process included
high-temperature cooking inside a Jaime type reactor. This consisted of using 400 g (dry weight) of
corncob with 50% solution of ethanol (2 L of distilled water and 2 L of ethanol) and 12 mL of acetic
acid at a temperature of 175 ◦C and boiling for 2.5 h [15]. The liquid fraction, containing dissolved
lignin and hemicelluloses, was separated. The hydrolysate was then broken up to evaporate to remove
the lignin and to recover the used solvents.

To compare the results of the organosolv hydrolysate, a hydrolysate with soda was prepared,
which is a widely used pretreatment. First, 400 g (dry weight) of corncob and 70 g of NaOH in a ratio
of 1:10 with water as a solution were added in a Jaime type reactor at 195 ◦C for 1 h. As with the
organosolv treatment, the liquid fraction was taken after the cooking time.

2.3. Characterisation of Corncob Hydrolysate

The reducing sugars (RS) present in the hydrolysate were determined by the DNS colorimetry
method using a UV–visible spectrophotometer, for which a calibration curve was created from a
standard glucose solution (2.0 g. L−1) [16]. Total sugars (TS) were also determined by the colorimetric
phenol–sulphuric technique [17]. This technique is based on the formation of furfural (aldose) and
5-hydroxymethylfurfural (ketose) in a strongly acidic and dehydrating medium.

The determination of monosaccharides or individual sugars was determined by TAPPI Standard
T 249 cm-09 [14]. The carbohydrate composition of extractive-free wood and wood pulp was
determined by gas-liquid chromatography using Agilent 1200 equipment for high-performance
liquid chromatography (HPLC). The bromatological analysis was performed following the techniques
established by the Association of Official Analytical Chemists [18] and was performed by the Laboratory
of Chemical and Bromatological Analysis of CIAJ, Guadalajara. The percentages of moisture, ethereal
extract, crude protein, ash, and raw fibre were determined. During hydrolysis, the chemical oxygen
demand (COD) was also measured to determine the amount of hydrolysate to use to feed the bacteria
in the reactor. The COD was determined by using the colorimetric method according to standard
methods [19]. Volatile fatty acids (VFAs) were measured before the fermentation stage and at day 17 of
the fermentation stage by HPLC [20]. The inhibitory compounds, such as furfural, were also measured
at day 17 by HPLC [21].

2.4. Preparation of Inoculum from Cow Manure

A mixture was made in three equal parts with soil, cow manure, and water and left for stirring for
24 h at 37 ◦C for the microorganisms to achieve stabilisation in the conditions of development within a
mesophilic environment (between 34 and 36 ◦C). Organic composition parameters, such as total solids
(TS), volatile suspended solids (VSS), and pH [20], were evaluated.

2.5. Experimental Design

Batch anaerobic digestion experiments were carried out in three bottles with a liquid volume of
300 mL and then escalated to a Labfors batch-type biological reactor with a capacity of 5 L. To both
reactors was added a mixture of water, methanogenic inoculum of cow manure, and hydrolysed corncob
and non-hydrolysed corncob at a concentration of 10 g COD/L. Additionally, a blank test without
the addition of corncob hydrolysate was carried out. The process was performed in batches, and the
operating conditions were the following: pH 7, agitation 300 rpm, time 20 days, and temperature
36 ◦C. All tests were performed in triplicate, and the variables were controlled and monitored by an
automated system with sensors.

Biogas production was recorded with a gas meter, where the amount of gas generated for 20 days
was quantified. For gas production in the period of time when the accumulation of produced biogas
could be measured, a measurement unit of mL per day (mL/d) was used or quantified per unit of

101



Appl. Sci. 2020, 10, 2785

raw material in normalised biogas in mL per gram of volatile solid (NmL/g VS) to determine the
effectiveness of the anaerobic digestion process [22]. To analyse the composition of the biogas obtained
in the digestion process, biogas samples were taken and analysed with an Agilent Technologies
6820 GC gas chromatograph with a DB-35 capillary column to determine the type and percentage of
biogas generated.

3. Results and Discussion

The organosolv process is a delignification process that consists of breaking the internal lignin
and hemicellulose bonds of the lignocellulose material; in this case, a corncob. Table 1 shows the
chemical composition of corncob before performing the organosolv pretreatment: 45% cellulose, 34%
hemicellulose, 16% lignin, and 6% extractives. These values are comparable to the data published by
several authors, who indicated that the cellulose, hemicellulose and lignin ratios were 45%, 35% and
15%, respectively [23,24]. The high percentage of hemicelluloses in the corncob makes it a suitable
material for thermochemical pretreatments such as organosolv. The pretreated corncob had 22%
cellulose, 72% hemicellulose, 5% lignin, and 2% extractives, from which it could be verified that the
organosolv treatment solubilised and de-polymerised lignin and hemicelluloses, dividing them into
separate liquid streams (hydrolysate) and leaving behind solid fractions rich in cellulose for other
applications [25,26].

Table 1. Corncob characterisation.

Parameters Values% ± SD

Cellulose 45 ± 2.25

Hemicellulose 34 ± 1.7

Lignin 16 ± 0.8

Extractives 6 ± 0.29

Elemental analysis

C 46.6 ± 2.33

H 6.2 ± 0.31

O 46.8 ± 2.34

N 0.4 ± 0.02

Ash 1.74 ± 0.08

The percentages (%; w/w) obtained for C: 46.6 and N: 0.4, as shown in Table 1, are in agreement
with data reported in the literature (C: 41.7% and N: 0.1%) [22], suggesting that corncob is a material
that can be used in an anaerobic process. However, the C:N ratio of corncob is 61:0.5, which is
considerably higher than the optimal value reported in the literature for other biomasses used in
anaerobic digestion [3]. The decomposition of materials with high carbon content, greater than 35:1,
occurs more slowly, because the multiplication and development of bacteria are low, due to the lack of
nitrogen, but the biogas production period is longer. On the other hand, with a C:N ratio less than 8:1,
bacterial activity is inhibited due to the formation of an excessive ammonium content, which in large
quantities is toxic and inhibits the process [4].

3.1. Characterisation of Corncob Hydrolysate

To confirm the solubility of the simple sugars in corncob hydrolysate, the hydrolysate obtained after
the organosolv pretreatment was analysed. Table 2 represents the carbohydrates of the hydrolysate
corresponding to the available sugars for use by the inoculum. It is important to know that the
parameters as proteins constitute a very important substrate in the anaerobic digestion process because,
in addition to being a source of carbon and energy, the amino acids derived from their hydrolysis have
high nutritional value.
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Table 2. Bromatological analysis of corncob hydrolysate.

Parameters Values ± SD

Proteins (%) 0.20 ± 2.81

Fats (%) 0.77 ± 0.54

Ash (%) 0.47 ± 0.96

Carbohydrates (%) 5.95 ± 0.29

Table 3 shows the results of the sugars present in the organosolv hydrolysate and soda hydrolysate,
showing that, with the organosolv pretreatment, the total reducing sugars (TRS) were higher (65.84 g/L)
than the TRS with the soda pretreatment (4.64 g/L). This indicates that the hydrolysate is suitable for use
in the anaerobic reactor. As with the TRS, the concentration of total sugar in the organosolv pretreatment
was 157.7 g/L, which is higher than after the soda pretreatment (20.80 g/L), meaning that a greater
amount of total sugars was extracted. Organosolv pretreatment improved the formation of sugars or the
ability to subsequently form sugars by enzymatic hydrolysis, thus preventing the loss or degradation
of carbohydrates and avoiding the formation of inhibitors, the by-products of subsequent hydrolysis
and fermentation processes [27]. The non-reducing sugars obtained concentrations that exceeded the
totals of TRS, demonstrating an incomplete depolymerisation from the organosolv pretreatment.

Table 3. Characterisation of corncob hydrolysate.

Parameters Organosolv Hydrolysate Soda Hydrolysate

Total Reducing Sugars (g/L) 65.84 ± 3.29 4.64 ± 0.23

Total sugars (g/L) 157.7 ± 3.86 20.80 ± 1.04

Non-reducing sugars (g/L) 91.86 ± 4.56 16.16 ± 0.80

Sugars (Monomers)

Glucose (g/L) 6.23 ± 0.34 4.12 ± 0.20

Xylose (g/L) 4.12 ± 0.34 3.54 ± 0.17

Galactose (g/L) 2.42 ± 0.17 1.9 ± 0.09

Mannose (g/L) 1.66 ± 0.41 0.5 ± 0.02

Chemical oxygen demand (g/L) 690 ± 5.67 195 ± 6.56

The chemical oxygen demand (COD) of the corncob hydrolysate was 690 g/L. This result is
considered high when compared with soda hydrolysate (195 g/L) and lower results of residues
commonly present in the paper industry and its effluents without prior treatment, not exceeding
a value of 52 g/L, taking into account that thermochemical processes are also carried out in this
industry. The COD of the organosolv hydrolysate exceeded the results characteristic of residues
from other types of pretreatment, where values ranging from 179 to 193 g/L for soluble COD and
total COD, respectively, have been reported [28]. The COD increased with the organosolv process
because the organic solvents used for the removal of lignin in the corncob leave the hydrolysate rich in
depolymerised hemicelluloses (glucose, xylose, galactose, and mannose), thus increasing the organic
matter available for the digestion process.

3.2. Anaerobic Digestion Process

The percentage of total solids contained in the mixture with which the digester is loaded is an
important factor to consider to ensure that the process is carried out satisfactorily. The accessibility
of methanogenic bacteria within the substrate is increasingly limited as the solids content increases,
and the gas efficiency and production can therefore be affected. Table 4 shows the results of the
characterisation of the substrate of cow manure and corncob hydrolysate obtained in this project.
Experimentally, it has been shown that the load in semicontinuous digesters should not have more than
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8% to 12% total solids to ensure the proper functioning of the process, unlike discontinuous digesters,
which can handle between 40% and 60% total solids. In this case, the total solids value was 14.82%,
which is attributed to the cow manure [29].

Table 4. Characterisation of substrate (cow manure + corncob hydrolysate).

Parameters Values ± SD (%; w/w)

Solids totals 14.82 ± 2.81

Volatile solids 12.25 ± 0.54

Fixed solids 2.57 ± 0.96

Figure 1 shows the maximum value of biogas production in the bottles reactor obtained with the
hydrolysate corncob at 15 days compared with a control corncob without the hydrolysate organosolv
pretreatment and with different pretreatments in the bottles reactor reported by other authors [9,30,31].
Hua (2016) reported the effect of microbial pretreatment on the biogas production of non-sterile,
rotted silage maize straw, finding 305 NmL/gVS [30], while Perez-Rodríguez (2017) reported extrusion
and enzymatic hydrolysis, finding 279 and 290 NmL/gVS, respectively [9]. Shah (2018) reported
360 NmL/gVS using lime (Ca(OH)2) soaking as a pretreatment [31]. It was clearly observed that, with
the use of pretreatment with organosolv, the production of biogas was superior, because 484 NmL/gVS
was obtained compared to the other reported treatments. It was also observed that adding the
hydrolysate organosolv increased the production because the values of the control without hydrolysate
were 120 NmL/gVS.

Figure 1. Comparison of different pretreatments in the production of biogas from corncob.

Figure 2 shows a representative evolution in cumulative biogas production in the Labfors
batch-type biological reactor. In this section, the values found with and without corncob hydrolysate
are compared. The biogas production was observed to be very low for the first nine days in both cases,
but began from day 10. In the corncob hydrolysate test, the biogas production was higher than the
non-hydrolysate test. Biogas production was monitored until day 20, but there was no production
from days 15 to 20, so there was a constant line, and all the added organic substrate was consumed
by day 15. The total biogas accumulated in 15 days of production was 5050 ± 253 NmL/gVS and
1212 ± 120 NmL/g VS with and without hydrolysate, respectively. The increase in biogas production
was notable when the organosolv hydrolysate of corncob was added.
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Figure 2. Cumulative biogas production in daily and total accumulated intervals.

Table 5 makes clear that the concentration of total reducing sugars is one of the factors that can
affect methanogenic production in the anaerobic digestion process, directly and correlationally [32].
The consumption of TRS and total sugars during the anaerobic digestion was 96.8% and 85.75%,
respectively. The COD was reduced to 79% with a COD reduction of 7.9 g, which is proportional to
639.24 NmLbiogas/g COD. Clearly confirming the influence of sugars in biogas production, the sugar
content had the maximum reduction on the final day, demonstrating the potential of corncob residues,
rich in sugars, as viable substrates in biogas production.

Table 5. Results of concentrations of total reducing sugars (TRS), Total sugars (TS) and chemical oxygen
demand (COD) of the digestate with respect to the substrate.

Stage
TRS TS COD

(g/L) % (g/L) % (g/L) %

Initial hydrolysate 65.84 ± 3.92 100 157.70 ± 7.88 100 10 ± 0.01 100

Final digestate 2.11± 0.10 3.20 22.48 ± 1.2 14.25 2.10 ± 0.10 21

Total degradation 63.73 96.80 135.22 85.75 7.9 79

Table 6 shows the results obtained from the daily biogas production and composition. The biogas
composition was CH4 with a concentration of 35.7% to 72.80% (v / v), CO2 of 63.8% to 26.18%, and 0.5%
to 1% (v/v) for other biogas (H2, O2, etc.) during anaerobic digestion (15 days). The CH4 concentration
is in line with values reported by previous studies of the contents of biogas, ranging from 50% to 65%
(v/v) for CH4 and from 35% to 50% (v/v) for CO2 during sludge anaerobic digestion [33]. The production
of CH4 indicated the presence of methanogens, and the anaerobic digestion was effective.

Other important parameters during anaerobic digestion are the concentrations of volatile fatty
acids (VFA), which increased with respect to the values obtained in the recovery of the substrate
material. This is a clear indicator of the microbiological activity of the system during the time of
the experimentation with a single feeding and periodic evaluation of the volume of biogas. During
anaerobic degradation, complex organic matter is hydrolysed and fermented in low-molecular-weight
compounds, including short-chain fatty acids (C2-C6). As shown in Table 7, the VFAs found in both
the substrate (initial) and digestate (day 17) were acetic acid in the highest proportion, followed by
butyric and propionic acid and lesser quantities of furfural.
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Table 6. Composition of biogas produced.

Days Biogas Production (NmL/gVS)
Biogas Composition (%)

CH4 CO2 Other

2 30 35.70 63.80 0.50

10 640 51.40 47.88 0.72

11 1259 57.30 41.90 0.80

12 2240 70.60 28.41 0.99

14 2360 72.80 26.18 1.02

Table 7. Characterisation of volatile fatty acids in the substrate and digestate.

Volatile Fatty Acids (VFA) Substrate + Inoculum Digestate

Acetic (mg/L) 1280 ± 370 2480 ± 30

Propionic (mg/L) 290 ± 60 510 ± 50

Butyric (mg/L) 410 ± 60 137 ± 40

Furfural (mg/L) 0.00 20 ± 10

During the hydrolytic–acidogenic stage, different organic acids are generated and even biogas
rich in H2, depending on the operating conditions. Table 7 shows the concentration of the main
metabolic intermediaries detected at this stage. These precursors are metabolised to CH4 during the
methanogenesis stage. It should be noted that during the assays, about 70% of the volume of biogas
corresponded to CH4, which implies benefits for its subsequent exploitation. Finally, no accumulation
of organic acid was detected throughout the methanogenesis operating period, indicating that the
anaerobic digestion process was carried out efficiently with an overall COD balance of 79%.

4. Conclusions

Lignocellulosic residues from agroindustrial sources, such as corncob, are a raw material of the
second generation with a permanent supply for anaerobic digestion. Thermochemical pretreatment
with organosolv based on organic solvents is effective for the delignification and fractionation of sugars
to monomers present in corncob. The corncob hydrolysate obtained in the organosolv pretreatment
is a highly digestible carbohydrate substrate that increases the efficiency of biogas production. The
results show that organosolv pretreatment is an efficient process for the improvement of anaerobic
digestion from corncob lignocellulosic materials, removing lignin as an important inhibitor; however,
its effectiveness greatly depends on the type of lignocellulose material.
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Featured Application: The findings in this article contribute to understanding solid particle

disintegration and hydrolysis kinetics and how the presence of solid particulates in the form

of lignocellulosic substances affect biomethane production rate and yield. It has a potential

application in anaerobic digestion of particle-rich feeds in high-rate reactors.

Abstract: An investigation of particle disintegration was carried out using batch anaerobic reactors and
a particle-rich substrate from pig manure supernatant. Two types of samples were applied, one high
in suspended particles (raw feed) and another low in suspended particle content (centrifuged feed).
Both feeds were digested with and without cellulase enzyme addition to obtain a better understanding
of particle degradation mechanisms. An automatic methane potential test system (AMPTS) was
used to carry out batch reactions at 35 ◦C. The raw feed with high-suspended solids had higher
biomethane potential than the centrifuged feed but the conversion rate and methane yield was
lower. The addition of cellulase increased biomethane production rates in both high- and low-particle
content samples enhancing yield by 54% and 40%, respectively and converting 69% and 87% of feed
chemical oxygen demand (COD), respectively. This implies that the feed particles have high contents
of cellulose. This is also the case for the smaller particles remaining after centrifugation. Comparisons
of anaerobic digestion model no. 1 (ADM1) simulations with experimental data reveal that classifying
substrate particles into a fast and a slow degrading fraction with separate disintegration kinetics fit
the experimental data better than lumping all particles into one parameter.

Keywords: anaerobic digestion; particle-rich substrate; suspended solids disintegration;
disintegration kinetics; cellulase

1. Introduction

Biomethane potential (BMP) test is an anaerobic digestion carried out, normally, in batch reactors
for a prolonged time in order to estimate the ultimate biomethane or biogas potential of a specific
substrate. There is no defined volume for batch reactors but volumes 0.5–1 L are often used. The
substrate and inoculum used during anaerobic digestion are characterized in terms of total and
soluble chemical oxygen demand (COD), total and volatile solids (TS and VS) as well as various
other parameters (Table 1). The theoretical biomethane potential is calculated using various chemical
equation relationships and compared with the estimate from the BMP tests in terms of yield, such as
L CH4/g VS or g CH4 COD/g feed COD. BMP tests are widely used due to their low cost, simplicity
and repeatability. Even though BMP tests take a relatively long time, usually longer than 30 days [1],
they are crucial in assessing design parameters for full-scale anaerobic reactors. Full-scale reactors,
especially those that are high-rate, often face difficulty in achieving the full biomethane potential of
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particle-rich substrates due to slow degradation of solid particles. Significant parts of the organic
substances contained in the substrate remain undigested, limiting the efficiency of the reactors. It is
important to unlock the biomethane potential of such substrates. Particle-rich substrates such as the
organic fraction of municipal solid waste (OFMSW) and manure are abundantly available resources
that are prime candidates for anaerobic digestion and biomethane production. If the problem of slow
solid disintegration were solved, the efficiency of high-rate digestion of particle-rich substrates such
as manure would be greatly improved. Estimating the BMP of particle-rich substrates is one of the
steps towards achieving that goal. In this article, we aim to clarify the effect of solid particle content on
disintegration and hydrolysis of substrates by comparing batch test results from high-particle and
low-particle substrates. The tests were carried out with and without the addition of enzyme to obtain
a better understanding of the limiting factors in disintegration of particulates. Finally, we aim to
establish a simple but adequate kinetic model that uses classification of complex particulates into fast
and slow degrading fractions to accurately represent the disintegration of particle-rich substrates.

Table 1. Feed sample characteristics.

Property Raw Feed (RF) Centrifuged Feed (RF)

TS (g/L) 21.5 12.2
VS (g/L) 13.8 5.9
TSS (g/L) 14.2 2.5
VSS (g/L) 12.0 2.3
TDS (g/L) 7.3 9.7
VDS (g/L) 1.7 3.6

CODtotal (g/L) 33.2 19.7
CODsoluble (g/L) 16.6 11.4

NH4
+ (g/L) 1.8 1.3

pH 7.0 7.0

TS: Total Solids; VS: Volatile Solids; TSS: Total Suspended Solids; VSS: Volatile Suspended Solids; TDS: Total
Dissolved Solids; VDS: Volatile Dissolved Solids; COD: Chemical Oxygen Demand.

1.1. Lignocellulosic Substances

Presence of lignocellulosic substances in substrates is one of the main reasons for the low conversion
efficiency of particle-rich substrates. Lignocellulosic substances consist of three biopolymers called
cellulose, hemicellulose and lignin that are present in the cell walls of plant matter. The relative
composition of the polymers differs from plant to plant. Hardwoods and softwoods contain a relatively
high amount of cellulose whereas straws and grass contain higher hemicellulose content [2]. Glucose
molecules are linked through beta-(1,4) glycosidic bonds to form a disaccharide that is polymerized
into cellulose (Figure 1). Cellulose is homogenous because it is formed from a single monosaccharide.
Hemicellulose, on the other hand, is formed from several monosaccharides including xylose and
glucose. This results in a heterogeneous polymer that is more amorphous and has a more hydrolysable
structure than that of cellulose. Lignin is made up of phenol-based monomers that are cross-linked to
form a large and complex chemical structure that is chemically and biologically resistant to degradation.

Particle-rich substrates such as manure slurry contain a significant amount of lignocellulosic
substances [3]. The source of such lignocellulosic substances is plant matter that is fed to the animals
and used as bedding material for the animals. Readily biodegradable material in the animal feed is
absorbed in the intestine and the leftover manure is composed of a substantial amount of lignocellulosic
matter that is difficult to biodegrade. Up to 40–50% of the total solids in manure are lignocellulosic
substances [3]. Lignocellulosic substances are difficult to biodegrade because their composite structure
limits the accessibility of substrates by hydrolyzing enzymes [4]. A total of 20–300 monomers of cellulose
are bound together by hydrogen and Van der Waals forces to make packed cellulosic microfibrils.
The microfibrils are mostly in crystalline form and their outer layer is covered with hemicellulose
chains. Lignin polymer binds the cellulosic microfibrils and hemicelluloses together and acts like a
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“glue” to form a rigid macromolecular structure that is inaccessible for enzymatic attack. Due to this
reinforced concrete-like structure, disintegration and hydrolysis are difficult. By some estimates, up to
80% of lignocellulosic substances remain undegraded in biogas reactors [5]. The composition of the
lignocellulosic content of manure differs from animal to animal as well as the age of the animal. For
swine manure, typical cellulose, hemicellulose and lignin contents are 30–50%, 20–30% and 10–20%,
respectively (Figure 2). Despite favorable qualities such as abundance, easy availability and being
renewable, lignocellulosic substances have not been efficiently used for biogas production due to their
strong resistance to biodegradation. Various physical, chemical and biological methods were tried to
unlock the biogas potential of lignocellulosic substances with various degrees of success. One of these
methods involves the addition of enzymes to facilitate the breakdown of lignocellulose components
into their monosaccharides. Bacteria naturally secrete enzymes such as cellulase and hemicellulase that
facilitate hydrolysis of lignocellulosic substances. Both cellulase and hemicellulase are groups of several
enzymes that can carry out cellulolysis and hemicellulolysis. Other microorganisms such as fungi are
also known to produce enzymes that hydrolyze lignocellulose substances. Identifying and isolating
enzymes for lignocellulose hydrolysis is a growing field of research due to the advantages associated
with enzymatic hydrolysis of lignocellulose such as increased biogas yield and low energy demand [6,7].
Several authors reported an increased biogas yield due to the addition of hydrolytic enzymes [8–10].
The increase in biogas yield due to the addition of enzymes depends on the type and concentration of
enzymes added, temperature, pH and other parameters. There are commercially available cocktails of
hydrolytic enzymes that are extracted from various microorganisms including fungi.

 

Figure 1. Building block of cellulose polymer.

 
Figure 2. Composition of hemicellulose, cellulose and lignin contents as a percentage of volatile solids
(VS) in manure and energy crops (data from Triolo et al. [11]).
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1.2. Hydrolysis Kinetics

Hydrolysis is often assumed to be a first-order reaction [12,13] and its rate can be determined
using batch reactor tests. Biomethane potential (BMP) and hydrolysis rate constant (Kh) are obtained by
performing data fitting from batch reactor data. First-order kinetics is the simplest and most common
hydrolysis rate expression.

dX
dt

= Kh X (1a)

dXch

dt
= Kh,ch Xch (1b)

dXpr

dt
= Kh,pr Xpr (1c)

dXli

dt
= Kh,li Xli (1d)

where dX/dt is hydrolysis rate in kg CODm−3d−1, Kh is hydrolysis rate constant in d−1, X is the
particulate component in kg CODm−3 and subscripts ch, pr, and li denote carbohydrate, protein and
lipid, respectively. Angelidaki et al. [14] proposed a protocol for the determination of Kh from batch
tests using an integrated form of the generalized hydrolysis rate expression (Equation (1a)).

ln
X∞ −X

X∞
= −Kh t (2)

X = X∞
(
1− e−Kh t

)
(3)

where, X∞ is the value of ultimate methane production and X is the amount of methane produced
at a given time, t. After batch test data are collected, a graph is plotted where Kh is determined as a
slope of ln X∞−X

X∞ and t. The last day of the batch test should be when the difference between biogas
productions at day n and day n + 1 is less than or equal to 1% of the cumulative biogas production.
This is in accordance with the German Guideline VDI 4630 for BMP estimation [15]. The value of
Kh is important because it is a unique characteristic of a substrate and it can be used to assess the
suitability of a given substrate for anaerobic digestion. It tells us how much time it takes to reach a
certain percentage of the ultimate methane production [16]. There are also other methods to determine
Kh experimentally such as the one suggested by Eastman and Ferguson [17].

2. Materials and Methods

Two swine manure slurry samples, with high- and low-suspended particle content, were applied.
Both samples were digested with and without cellulase enzyme addition. Automatic methane potential
test system (AMPTS) was used to carry out batch reactions at 35 ◦C. The digestion, without cellulase
enzyme addition, was simulated in anaerobic digestion model no. 1 (ADM1) using two disintegration
constants to describe fast and slow digestible particles.

2.1. Sample Preparation

Swine manure slurry was collected at a swine production farm in Porsgrunn, Norway. Samples
were collected at various depths in intermediate indoor storage and mixed. In order to avoid the thick
solid mass found at the bottom of the storage, sampling was made only in the top half of the storage.
The samples still contained a substantial amount of suspended solids. This mixed sample was labelled
“Raw feed” (RF). One additional sample called “Centrifuged feed” (CF) was prepared by centrifuging
the raw feed sample and discarding most of the solids, thereby reducing the total and suspended solid
contents. A high-speed centrifuge was used to carry out centrifugation (Beckman J-25, with JA-10
rotor). All samples were characterized immediately after preparation and kept in a refrigerator at 4 ◦C
until they were transferred to the reactor bottles. Two separate sample groups were also prepared
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by adding 1.2 g cellulase in 75 mL of both RF and CF samples to form RF-cellulase (RF-CEL) and
CF-cellulase (CF-CEL), respectively (Table 2). Two types of blanks were prepared, one that contained
only distilled water and inoculum (BLANK) and another one that contained distilled water, inoculum
and 1.2 g cellulase (BLANK-CEL). Preliminary tests, as well as reviews of works by other authors,
indicated that low enzyme concentration might lead to an insignificant increase in biogas yield. As a
result, we decided to use a relatively high concentration of enzyme so that the enzymatic effects are
sufficiently noticeable (used 1.2 g enzyme/1.03 g VS for RF and 1.2 g Enzyme/0.44 g VS for CF).

Table 2. Sample preparation for batch test initial conditions.

Sample
Name

Sample Description Feed (mL)
Granule

(mL)
Total
(mL)

Headspace
(mL)

RF1 Raw feed parallel 1 75 (sample) 200 275 200
RF2 Raw feed parallel 2 75 (sample) 200 275 200
RF3 Raw feed parallel 3 75 (sample) 200 275 200

RF-CEL1 Raw feed and cellulase
parallel 1 1.2 g cellulase + 75 (sample) 200 275 200

RF-CEL2 Raw feed and cellulase
parallel 2 1.2 g cellulase + 75 (sample) 200 275 200

RF-CEL3 Raw feed and cellulase
parallel 3 1.2 g cellulase + 75 (sample) 200 275 200

CF1 Centrifuged feed parallel 1 75 (sample) 200 275 200
CF2 Centrifuged feed parallel 2 75 (sample) 200 275 200
CF3 Centrifuged feed parallel 3 75 (sample) 200 275 200

CF-CEL1 Centrifuged feed and
cellulase parallel 1 1.2 g cellulase + 75 (sample) 200 275 200

CF-CEL2 Centrifuged feed and
cellulase parallel 2 1.2 g cellulase + 75 (sample) 200 275 200

CF-CEL3 Centrifuged feed and
cellulase parallel 3 1.2 g cellulase + 75 (sample) 200 275 200

BLANK1 Blank parallel 1 75 (distilled water) 200 275 200
BLANK2 Blank parallel 2 75 (distilled water) 200 275 200

BLANK-CEL Blank and cellulase
parallel 1

1.2 g cellulase + 75
(distilled water) 200 275 200

RF: Raw Feed; CF: Centrifuged Feed; CEL: Cellulase; BLANK: Distilled water and inoculum.

2.2. Sample Analysis

Total solids (TS), volatile solids (VS), total suspended solids (TSS) and volatile suspended solids
(VSS) of samples were measured according to the American public health association standard method
2540 (APHA 1999) [18]. Total and soluble COD of feed samples were also measured according to the
APHA standard (method 5220 D). Sample pH was measured using a Beckman 300 pH meter equipped
with Sentix-82 pH electrode. Ammonium–nitrogen content (NH4

+-N) was measured according to
APHA 4500-NH3. Both COD and NH4

+-N concentrations were measured using commercially available
test kits and Spectroquant Pharo 300 spectrophotometer (Darmstadt, Germany). Total and individual
VFA (volatile fatty acid) content of samples were measured using an Agilent gas chromatography
flame ionization detector (GC-FID). Sample characterization results are provided in Table 1 and VFA
concentrations are provided in Table 3. Total and volatile solids contents of granular sludge were also
measured as a mass percentage (% w/w) according to AMPTS II manual (Bioprocess control 2016) [19].
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Table 3. Volatile fatty acid (VFA) concentration in feed samples.

VFA Concentration (g/L)

Acetic acid 3.9
Propionic acid 0.2
Isobutyric acid 0.0

Butyric acid 0.6
Isovaleric acid 0.2

Valeric acid 0.1
Isocaproic acid 0.0

Caproic acid 0.0
Heptanoic acid 0.0

Total 4.9

2.3. Reactor and Experimental Procedure

Automatic methane potential test system (AMPTS II) from Bioprocess control, Sweden was used
to carry out batch anaerobic digestion experiments [19]. The instrument includes a water bath, a
CO2 removal set-up using NaOH, adjustable motor stirrers and an apparatus for the measurement
of methane flow (Figure 3). In addition, the instrument provides software to control/monitor reactor
settings and plot gas measurement. The batch test was carried out in three parallels for RF, RF-CEL, CF
and CF-CEL samples. The maximum number of batch reactors in the AMPTS II set up was 15 allowing
two parallels for BLANK and only one parallel for BLANK-CEL. The experiment was carried out at
35 ◦C. Reactor contents were stirred every hour to allow proper mixing and to facilitate gas removal
from the reactors.

Figure 3. Automatic methane potential test system (AMPTS) II batch reactor experimental setup
(pictures from Bioprocess control’s homepage).

2.4. Granular Sludge Degassing

A mixture of granules from various sources was used as inoculum for the batch experiments
(mainly granules that have been used to treat wastewater from pulp and paper industry mixed with
granules obtained from econvert Water & Energy, Heerenveen, the Netherlands). The granules were
degassed before samples were added [14]. Degassing was performed by placing granule containers in
a water bath at the reaction temperature (35 ◦C) for 10 days. The total solid and volatile solid contents
of the granule were measured after degassing.
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2.5. CO2 Removal

The CO2 removal set-up requires solution preparation and the following solutions were
prepared [19]. A solution of 1.2 L NaOH (3 M) was prepared by mixing 144 g of NaOH in 1.2 L distilled
water. pH indicator thymolphthalein solution (0.4%) was prepared by mixing 40 mg of thymolphthalein
in 9 mL of ethanol (99.5%) and 1 mL distilled water. A total of 6 mL of the thymolphthalein solution
was added into 1.2 L NaOH solution. The resulting mixture was transferred to CO2 removal bottles,
one for each batch test and each with an 80 mL mixture. The thymolphthalein-NaOH mixture has
a bright blue color and when enough CO2 is absorbed, the blue color fades and becomes colorless.
Thymolphthalein is bright blue in basic solutions but it turns colorless in acidic or neutral solutions. At
this point, a new mixture has to be used. According to the CO2 removal manual, this method absorbs
more than 98% of CO2 produced during the biogas production process. The removal is based on the
following reaction [20]:

CO2 (g) → CO2 (aq) (4)

CO2 (aq) + OH−
(aq) → HCO3

−
(aq) (5)

HCO3
−
(aq) + OH−

(aq) → CO2−
3 (aq) + H2O(l) (6)

2.6. Theoretical Methane Yield

Theoretical methane yield was calculated based on the total COD of RF and CF samples. Theoretical
calculation was performed as follows [21].

a. Determine COD equivalent of methane:

One mole of methane requires two moles of oxygen, meaning the chemical oxygen demand of
methane is:

CH4 + 2O2 → CO2 + 2H2O (7)

COD/mole CH4 = 2 × 32 g O2/mole = 64 g O2/mole

b. Determine the theoretical volume of methane based on g COD

The volume of a mole of methane gas at standard conditions of 0 ◦C and one atm (atmospheric
pressure) is 22.4 L. The theoretical volume of methane that can be obtained from a gram of COD is
calculated as:

22.4 L CH4/64 g COD = 0.35 L CH4/g COD

To calculate the theoretical methane yield at 35 ◦C, we used the ideal gas law:

P1V1

T1
=

P2V2

T2
= Constant (8)

Yield at 35 ◦C =
(1 atm)(0.35 LCH4/g COD)(308.15 K)

(1 atm)(298.15 K)
= 0.36 LCH4/g COD

c. Calculate theoretical methane yield of sample

Theoretical methane yields of all samples were calculated from total COD, sample volume and
the value for yield at 35 ◦C.

CH4 yield of sample (L) = (CODtotal)(Vsample)(0.36 LCH4/g COD) (9)
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d. Compare theoretical and experimental methane yield

Experimental methane yield was corrected by subtracting the average volume of methane
produced by blank parallels (VB1, VB2, VB3) from that of samples (VP1, VP2, VP3).

Experimental CH4 yield (L) =
∑

(VP1 + VP2 + VP3)

Nsample
−

∑
(VB1 + VB2 + VB3)

Nblank
(10)

2.7. Anaerobic Digestion Model No. 1 (ADM1) Simulation

Aquasim software was used to implement the ADM1 model to simulate the batch reactors (Table 4).
Two modes of disintegration kinetics were used. In the first mode, first-order disintegration kinetics
was used, and all complex particulates were assumed to be equally degradable (single disintegration
constant, Kdis used). In the second mode, the complex particulates were classified into fast degrading
and slow degrading fractions, where two separate disintegration constants, Kdis1 for fast degrading
and Kdis2 for slow degrading fractions, were used (Figure 4).

Table 4. Selected simulation parameters and values used to implement ADM1 in Aquasim.

Parameter
RF RF CF CF

Kdis Kdis1 and Kdis2 Kdis Kdis1 and Kdis2

Disintegration constant (d−1) 0.17 0.17, 0.075 0.17 0.17, 0.075
Amino acid degrading organisms (kg
COD/m3) 1.70 1.70 1.70 1.70

Acetate degrading organisms (kg
COD/m3) 2.23 2.23 2.23 2.23

Butyrate/valerate degrading
organisms (kg COD/m3) 0.69 0.69 0.69 0.69

Fatty acid degrading organisms (kg
COD/m3) 1.85 1.85 1.85 1.85

Hydrogen degrading organisms (kg
COD/m3) 1.05 1.05 1.05 1.05

Propionate degrading organisms (kg
COD/m3) 0.29 0.29 0.29 0.29

Sugar degrading organisms (kg
COD/m3) 1.68 1.68 1.68 1.68

Soluble amino acids (kg COD/m3) 0.2 0.2 0.2 0.2
Soluble fatty acids (kg COD/m3) 0.25 0.25 0.25 0.25
Soluble acetates (kg COD/m3) 0.66 0.66 0.66 0.66
Soluble butyrates (kg COD/m3) 0.15 0.15 0.15 0.15
Soluble propionates (kg COD/m3) 0.05 0.05 0.05 0.05
Soluble valerates (kg COD/m3) 0.08 0.08 0.08 0.08

Figure 4. ADM1 simulation scheme for mode 1 and mode 2 simulations.

Classification of particulates into fast degrading and slow degrading was carried out as follows:
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a. Calculate particulate COD (Xc)

Particulate COD = CODtotal − CODsoluble (11)

CODtotal = Total g COD in reactor/Vreactor = Sample CODtotal × Vsample/Vreactor (12)

For simplification of the simulation, soluble COD was assumed to equal to COD of volatile fatty
acids (CODVFA) and some minor constituents as seen in Table 4, according to Equation (13).

CODsoluble = CODVFA + (CODsoluble amino acids + CODsoluble fatty acids + CODsoluble inerts + CODsoluble sugars) (13)

b. Classify particulate COD into fast (Xc1) and slow (Xc2) degrading fractions:

Classification of Xc into Xc1 and Xc2 was carried out separately for RF and CF. The ratio of
total dissolved solids to total solids was used as a basis to estimate the fast degrading fraction (Xc1)
from which Xc2 was estimated (Xc2 = 1 − Xc1). Since RF contains a relatively large fraction of solid
particulates, it was estimated that 85% of the COD comes from slowly degrading fragments and the
rest from fast degrading fragments. In the case of CF, most of the solid particulates are removed due to
centrifugation making COD from solid particles constitute a small part of the total COD. We estimated
that 15% of COD comes from slow degrading and 85% comes from fast degrading particulates.

For RF:

Particulate COD (Xc) = (33.24 g COD/L sample × 0.075 L sample / 0.275 L) − (1.35 g/L) = 7.72 g COD/L

Xc1 = 0.85 × 7.72 g COD/L = 6.56 g COD/L

Xc2 = 0.15 × 7.72 g COD/L = 1.16 g COD/L

For CF:

Particulate COD (Xc) = (19.74 g COD/L sample × 0.075 L sample / 0.275 L) − (1.35 g/L) = 4.03 g COD/L

Xc1 = 0.15 × 4.03 g COD/L = 0.605 g COD/L

Xc2 = 0.85 × 4.03 g COD/L = 3.43 g COD/L

Based on suggestions from preliminary experimental data and literature survey [22], we used Kdis

value of 0.17 d−1 for swine manure samples. For fast degrading fraction, Kdis1 stays at 0.17 d−1 and for
Kdis2 we used 0.075 d−1 (~45% of Kdis1, estimated from biogas production data for straws, fibers and
other solids). We used hydrolysis constants (10 d−1) as suggested by Batstone et al. [23].

In the ADM1 model, decayed microorganisms are added into complex particulates (Xc). In
the first mode of simulation, there is no change; all decayed microorganisms are added back to Xc,
however, in the second mode, the decayed microorganisms are recycled back to the fast degrading
(Xc1) fraction only.

3. Result and Discussion

The raw feed with high-suspended solids had higher biomethane potential per liter of substrate
than the centrifuged feed but the conversion rate and methane yield (g CODCH4/g CODtotal) was lower.
Addition of cellulase increased biomethane production rates and yields in both high- and low-particle
content samples.
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3.1. Yields

Measured average methane production for the four cases investigated and two blank cases are
presented in Figure 5. Blank adjusted total methane productions after 40 d were 403 ± 73 mL for RF,
621 ± 54 mL for RF-CEL, 331 ± 61 mL for CF and 462 ± 57 mL for CF-CEL. The highest volumes of
methane were produced by cellulase containing samples RF-CEL and CF-CEL. Cellulase enhanced
the COD conversions from 45% to 69% and 62% to 87% for RF and CF samples, respectively (Table 5).
As expected, centrifuged samples resulted in lower ultimate methane production but higher specific
methane yield than their non-centrifuged counterparts. From RF to RF-CEL specific yield increased
from 390 to 600 L CH4/kg VS and from CF to CF-CEL it increased from 742 to 1037 L CH4/kg VS
(Table 6).

Figure 5. Average biomethane production for raw feed (RF) and centrifuged feed (CF), with and
without cellulase, and two blank cases.

Table 5. Comparison of theoretical (assuming complete feed COD conversion) and experimental
methane productions.

Sample Experimental (mL) Theoretical (mL) Efficiency (%)

RF 403 ± 73 898 45
RF-CEL 621 ± 54 898 69

CF 331 ± 61 533 62
CF-CEL 462 ± 57 533 87

Table 6. Specific methane yield of samples.

Specific Methane Yield RF RF-CEL CF CF-CEL

L CH4/g TS 0.25 0.38 0.36 0.51
L CH4/g VS 0.4 0.6 0.7 1.0

L CH4/g CODtotal 0.16 0.25 0.22 0.31
L CH4/g CODsoluble 0.32 0.5 0.39 0.54

g CODCH4/g CODtotal 0.44 0.69 0.61 0.86

3.2. Production Rates

Biomethane production rates peaked faster with much higher maximum production rates in
samples with cellulase addition (RF-CEL and CF-CEL) than those without addition (Figure 6).
Cellulase-added samples showed maximum biomethane production rate in the first 30 h of the
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experiment while the cases without enzyme addition had much lower maximum production and it
was distributed over a longer time span, peaking after ~150 h. A brief peak during startup in all cases
is assumed irrelevant (methane release from methane saturated inoculum due to temperature increase).
RF-CEL reached a maximum of 34 mL/h at 17 h and CF-CEL reached 19 mL/h at 19 h followed by a
decrease to ~3 mL/h at 250 h. The BLANK-CEL sample with cellulase but without added substrates
reached a methane production rate of 48 mL/h at 28 h, showing that the cellulase itself has a significant
BMP and can be degraded quickly. Fortunately, the cellulase was degraded after the main degradation
peaks for the feeds, implying that it can carry out the intended enzymatic attack on the feed particulates
before it is itself degraded and converted to methane. Cellulase can, therefore, be added to anaerobic
digesters to enhance biomethane production from cellulose containing feeds but it is not analyzed here
whether this is a sustainable solution.

 
(a) 

 
(b) 

Figure 6. Measured average biomethane production rate: without cellulase (a) for the first 250 h and
with cellulase (b) for the first 100 h.

3.3. Effect of Cellulase Addition and Centrifugation

Enzyme additions were expected to have a stronger effect on samples that contain more particles,
as observed. However, methane yield increase from CF to CF-CEL was quite high (40%) considering
that centrifugation removed more than 80% of feed VSS (Table 1). The observation that addition of
cellulase enzyme had a positive and comparable impact on methane yield both in raw and centrifuged
samples (specific methane yield increased by 54% and 40% for RF and CF, respectively (Table 5))
suggests that there are similar fractions of cellulose in large and small particles in such animal manure
slurries. The small particles evidently needed to undergo a similar disintegration process as those
removed by centrifugation, with maximum rates at approximately the same time both with (Figure 6b)
and without (Figure 6a) enzyme addition. Hydrolysis rate constants, Kh, determined from the slope of
the plot ln X∞−X

X∞ against t show how these observations can be included in process modeling. Only the
first few days of the plot, where the curve was at its steepest was used to determine Kh in accordance
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with suggestions by Angelidaki et al. [14]. Enzyme addition led to much higher Kh values while
centrifugation caused marginally larger Kh (Table 7).

Table 7. Hydrolysis rate constant values estimated using Equation (2).

Sample Kh (d−1)

RF 0.088
RF-CEL 0.154

CF 0.094
CF-CEL 0.120
BLANK 0.062

BLANK-CEL 0.148

3.4. Simulation Results

Using a single disintegration constant assumes all particulates disintegrate equally. Kdis values in
this mode of simulation are usually estimated based on the fast degrading fractions and this leads to an
overestimation of methane production. In mode 1 simulation of the RF sample, methane production
peaked very early in the digestion process (4–5 d) and continued to decline for the rest of the digestion,
which differs significantly from the pattern of methane production observed in the experimental
results. This phenomenon is visible in Figure 7a. Classifying particulates into fast degrading and slow
degrading fractions seemed to rectify the overestimation of methane production (mode 2). Accounting
for slow degrading particulates led to similar patterns in the timing of peak methane production. When
the two modes of simulations are compared, it is apparent that the contribution of slow degrading
particulates to the methane production became more and more significant at the later stages of digestion.
Application of both modes of simulations on CF samples did not lead to significantly different results.
Unlike RF, CF samples contain relatively small quantities of solid particulates, which are the main
causes of reduced disintegration rate. Even if Kdis, Kdis1 and Kdis2 values for CF and RF are the same,
the relative proportion of fast and slow degrading fractions are different. RF contains far more slow
disintegrating particulates than CF. As a result, it is expected that simulations of CF in mode 1 (where
all particulates are assumed to be degraded at Kdis of 0.17 d−1) and mode 2 (where 85% of particulates
are assumed to be degraded at Kdis1 of 0.17 d−1) lead to similar patterns of methane production. Both
modes of simulations suggested peak methane productions slightly earlier than observed. Comparing
both modes of simulations for CF samples (Figure 7b) it is noticeable that mode 1 simulation seemed a
better fit for CF samples than mode 2, suggesting that classification of particulates into fast and slow
degrading fractions may be better suited for particle-rich substrates than particle “free” substrates.

The patterns of degradation of particulates were compared using data from mode 1 and mode
2 simulation results (Figure 8). In both RF and CF mode 1 simulations, Xc followed a “logarithmic”
decline throughout the course of the digestion process. In RF mode 2 simulation, slow degrading
particulates decline in a similar fashion as the one observed by Xc in mode 1 simulations, however fast
degrading particulates increased first (until 8–10 days) followed by a gradual decline. The increase in
the fast degrading particulates is partly attributed to decaying microorganisms being added into Xc1.
Particle size and presence of recalcitrant substances contribute heavily to the slow degradation of solid
particulates. After disintegration, the rest of the anaerobic digestion process continues the same way
whether the disintegrated particulate originated from slow or fast disintegrating fractions. As a result
of this, the slowly disintegrated particulates are continuously being added into a rapidly disintegrated
fraction that contributes to the increase in Xc1 at the beginning of the digestion. Mode 2 simulation of
the CF sample did not show increasing Xc1 mainly due to the absence of enough slowly disintegrating
particulates continuously added to it. In addition, the contribution from microbial decay was minimal.
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(a) 

 
(b) 

Figure 7. Methane production rate of simulation and experimental results: RF (a) and CF (b).

  
(a) 

  
(b) 

Figure 8. Comparison of particulate degradation in samples: RF (a) and CF (b).
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Sensitivity analysis was carried out on Kdis1 and Kdis2 parameters in mode 2 simulation. Sensitivity
analysis, which combines identifiability and uncertainty analysis, is used to check if Kdis parameters can
be uniquely determined from available data [24]. The sensitivity function of methane production with
respect to Kdis1 and Kdis2 are shown in Figures 9 and 10. In both RF and CF, the methane production
was much more sensitive to Kdis1 than Kdis2. Sensitivity to Kdis2 was more apparent in RF than CF.
The sensitivity of various other variables to Kdis1 and Kdis2 is also given in the form of sensitivity
functions (SensAR) in Appendix A. The absolute-relative sensitivity function (Equation (A1)), was
used to measure the absolute change in y (methane production) for 100% change in p (Kdis1/Kdis2).

 

Figure 9. Sensitivity function of methane production with respect to Kdis1 and Kdis2 (RF).

 

Figure 10. Sensitivity function of methane production with respect to Kdis1 and Kdis2 (CF).

Comparison of rates for RF and CF samples showed that the rate of biomethane production is
faster in particles with lower solid particles, but it also showed that solid particulates breakdown
slowly resulting in a steady biomethane production over a long period. In continuous reactors, solid
accumulation may occur when substrates are added continuously without efficient solid disintegration
and removal. Ideally, there should be a balance between rates of solid substrate addition and solid
disintegration for a stable digestion process. In granular sludge bed reactors, solid particulates are
often trapped in the sludge bed for long periods, meaning solid retention times much longer than
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the hydraulic retention time can be achieved, but appreciable disintegration of trapped solid may be
hindered due to various reasons among which are large particle size, inefficient mixing, and mass
transfer limitation. A carefully adjusted balance between influent solids and solid disintegration
kinetics has to be established and considered during reactor design in order to use the granular sludge
bed for particle-rich substrates. Reactor conditions such as volume temperature, HRT (Hydraulic
Retention Time) and SRT (Solids Retention Time) have to consider possible solid accumulations. In
addition, a combination periodic removal of excess solids, pretreatment of solid substrates before and
during reaction and continuous monitoring of reactor conditions have to be maintained.

4. Conclusions

After conducting batch reactor tests and analyzing results from substrates with high- and
low-suspended particle contents, we have made the following conclusions:

• High biomethane production was observed in samples with higher particle content however,
specific biomethane yield was low compared to samples with low particle contents.

• Centrifugation of samples decreased the volume of methane produced but increased the rate of
methane production regardless of the addition of cellulase.

• Cellulase addition improved overall and specific methane productions both in raw and centrifuged
samples but the improvement was higher in samples that contained higher suspended solids.

• Simulation results revealed that classifying complex particulates into fast and slow disintegrating
fractions led to a more accurate modeling of particle-rich substrates.

Suggestions for Future Work

This article is based on experimental results from batch anaerobic reactors. As a result, its
applicability may be limited. In order to increase the validity of the findings in this work, the authors
recommend future investigations on how the classification of complex particulates into fast and slow
degrading fractions could be implemented in continuous anaerobic reactors. The effect of temperature
on the disintegration of particulates would also be an interesting investigation to carry out.
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Appendix A

The absolute-relative sensitivity function is used in Aquasim software to measure the absolute
change in y for 100% change in P. In this case, y is methane production and P is parameter Kdis1 or Kdis2.

Absolute−Relative sensitivity function = P
∂y
∂P

(A1)

In the tables below, the sensitivity function (SensAR) is expressed in: root mean square
(r(av(SensAR2))) and mean absolute (av(|SensAR|)) and for error contributions as: (av(|ErrCont|)).
S_CH4, S_CO2 and S_H2 are concentrations of CH4, CO2 and H2, respectively.
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Table A1. Variables ranked based on sensitivity to Kdis1 and Kdis2 in the headspace (RF).

Variable
r(av(SensAR2)) av(|SensAR|) av(|ErrCont|)

Kdis1 Kdis2 Kdis1 Kdis2 Kdis1 Kdis2

S_CH4 0.03 0.02 0.01 0 0.05 0.03
S_CO2 0 0 0 0 0 0
S_H2 0 0 0 0 0 0

Table A2. Variables ranked based on sensitivity to Kdis1 and Kdis2 in the bulk reactor (RF).

Variable
r(av(SensAR2)) av(|SensAR|) av(|ErrCont|)

Kdis1 Kdis2 Kdis1 Kdis2 Kdis1 Kdis2

S_CH4 0.001 0.001 0 0 0.002 0.001
S_CO2 0 0 0 0 0.002 0.002
S_H2 0 0 0 0 0 0

Other parameters

Xc1 0.32 0.10 0.12 0.02 0.73 0.32
Xc2 0 0.25 0 0.06 0 0.83

Table A3. Variables ranked based on sensitivity to Kdis1 and Kdis2 in the headspace (CF).

Variable
r(av(SensAR2)) av(|SensAR|) av(|ErrCont|)

Kdis1 Kdis2 Kdis1 Kdis2 Kdis1 Kdis2

S_CH4 0.09 0 0.04 0 0.24 0.04
S_CO2 0 0 0 0 0.01 0
S_H2 0 0 0 0 0 0

Table A4. Variables ranked based on sensitivity to Kdis1 and Kdis2 in the bulk reactor (CF).

Variable
r(av(SensAR2)) av(|SensAR|) av(|ErrCont|)

Kdis1 Kdis2 Kdis1 Kdis2 Kdis1 Kdis2

S_CH4 0.003 0 0.001 0 0.008 0.001
S_CO2 0.001 0 0.001 0 0.003 0.001
S_H2 0 0 0 0 0 0

Other parameters

Xc1 0.63 0.03 0.53 0.02 3.09 0.28
Xc2 0 0.07 0.00 0.06 0 0.75
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Abstract: Lignocellulosic biomass, comprising of cellulose, hemicellulose, and lignin, is a difficult-
to-degrade substrate when subjected to anaerobic digestion. Hydrothermal pretreatment of lignocellulosic
biomass could enhance the process performance by increasing the generation of methane, hydrogen,
and bioethanol. The recalcitrants (furfurals, and 5-HMF) could be formed at high temperatures during
hydrothermal pretreatment of lignocellulosic biomass, which may hinder the process performance.
However, the detoxification process involving the use of genetically engineered microbes may be
a promising option to reduce the toxic effects of inhibitors. The key challenge lies in the scaleup of
the hydrothermal process, mainly due to necessity of upholding high temperature in sizeable reactors,
which may demand high capital and operational costs. Thus, more efforts should be towards the
techno-economic feasibility of hydrothermal pre-treatment at full scale.

Keywords: lignocellulosic biomass; anaerobic digestion; hydro-thermal pretreatment; biofuels

1. Lignocellulosic Biomass

Lignocellulosic biomass (LB), namely agri-wastes and energy crops, have been gaining much attention
as candidate feedstocks for producing bioenergy and biobased products [1]. LB offers a promising alternative
to satisfy future energy demand, since it is a widely abundant and potentially carbon-neutral source for
bioenergy production [2,3]. Moreover, the agricultural activities generate large amounts of wastes, which are
considered as the most important feedstock source of LB for energy production.

There are several sorts of LB. A broad classification into woody and non-woody biomass considers
only the chemical composition and physical properties of biomass [4,5]. However, based on the
context of the use of LB for bioenergy production, a classification according to LB origin/source seems
to be more suitable [6]. Biomass is mainly generated in rural (agriculture, forestry, and livestock),
urban (sewage sludge and municipal solid wastes) and industrial (cellulose and agri-food industries)
areas [7,8]. Each of these biomass generation areas are comprised of different types of biomass [9].
Figure 1 gives an overview about the different LB sources used for bioenergy production [7,10,11].
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Figure 1. Lignocellulosic biomass production areas and wastes included in each category.

Notwithstanding the LB is a promising source for bioenergy generation, not all LB types are
suitable for biogas production through the Anaerobic Digestion (AD) process. Therefore, some forestry
and woody residues are not suitable for biogas production due to their very high lignin composition
and the poor lignin degradation, which prevent an adequate hydrolysis of macromolecules to reach
high process efficiency and methane generation [12–14]. This is similarly applied to most of the
hardwood trees, which cannot be degraded through the AD process. Poplar, willow and populous are
well known short rotation tree species used as solid biomass for direct combustion.

2. Composition of Lignocellulosic Biomass

The chemical composition of biomass depends strongly on its source [6,15]. The main components of
LB are polysaccharides, which are cellulose (40–50%), hemicellulose (25–35%), and lignin (15–20%) [16,17].
The ratios between these fractions vary with the plant age, stage of growth and other conditions [3,16,18,19].
These polymers are organized in complex non-uniform three-dimensional structure with different degrees
and varying relative composition [20]. Table 1 resumes the average content of these three components
in some LB types.

Cellulose is the major mass constituent of most natural biomass and it is found in the walls of the
cells of plants. It is a structural polysaccharide in plants and it is a part of supporting tissues.

The wall of a young plant cell contains approximately 40–45% cellulose; wood 50%, while the
purest example of cellulose is cotton with a percentage greater than 90% [21,22]. It is made up
of interlinked glucose units which are β-1,4-O-glucosidic bonds. These bonds result in significant
hydrogen bonding, both intramolecular and intermolecular cellulose molecules, which makes cellulosic
material relatively hard to hydrolyze [23]. Thus, cellulose has crystalline and amorphous parts [19].

Hemicelluloses are the second most abundant polymers on the world after cellulose
in lignocellulosic materials [4,24]. Hemicelluloses are heteropolysaccharides (i.e., containing more than
one type of sugar unit) with branches attached to the main backbone. Nevertheless, hemicellulose
is formed by a single type of monosaccharides linked by β-bonds (1–4), mostly containing pentoses
(d-xylose and l-arabinose), hexoses (d-glucose, d-mannose and d-galactose) and smaller amounts
of l-rhamnose, in addition to uronic acids such as glucuronic acid, 4-O-methyl-d-glucuronic acid,
and galacturonic acid. The proportions of these substituents may vary according to biomass kinds [3].
Hemicelluloses connect cellulose and lignin fibers to give consistency and flexibility to the structure of
the cell wall [3,19].
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Lignin is a structurally important polymer in biomass and is one of the most abundant organic
substances on earth, next to cellulose [25]. Lignins are major structural components of higher plants and
the primary cell wall provides structural support, impermeability confers to biomass its resistance to
hydrolysis and microbial degradation [26,27]. Structurally, lignin is a complex three-dimensional polymer
of phenylpropane units (approx. 25). The phenylpropane units are derivatives of carbohydrates, coming
from the dehydration and cyclisation of sugars. They are mostly either 4-hydroxycinnamyl alcohol
(para-coumaryl alcohol, H) or its 3- and/or 3,5-methoxylated derivatives—coniferyl (guaiacyl, G) alcohol,
and sinapyl alcohol (or syringal, S), respectively. The ratio of these units varies according to the plant
and biomass type. According to previous studies, lignin content may vary both between species and
among different tissues of an individual plant [3]. It has been found that a high lignin content is correlated
with the recalcitrance of polysaccharides to enzymatic hydrolysis, which makes pretreatments necessary
previously to any biological process aiming to produce bioenergy [13,15]. The lignin content and its partial
degradation is related with some problems in the AD process.

Table 1. Average composition of the main lignocellulosic biomass (LB) categories (expressed as
percentage in dry basis).

Lignocellulosic Biomass
(per Group)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Cellulose and paper wastes 76–99 0–13 0–11

Energy crops and
agriculture wastes 16–48 19–36 8–25

Animal wastes 5–28 12–21 2–14

Wood 41–54 11–36 16–28

Source of data from [19,23,24,26,28].

The elemental analysis of biomass provides the mass concentrations of the major elements (carbon,
oxygen, hydrogen, nitrogen). These concentrations depend on the chemical composition of the LB and
allow the estimation of the theoretical biomethane yield and the subsequent bioenergy yield using the
Buswell equation [29]. The average composition of the main wastes used in the AD process is shown
in Table 2.

Table 2. Average elemental analysis of some organic wastes classified as LB (expressed as percentage
in dry basis).

Lignocellulosic Biomass C H O N S

Sewage sludge 26.8–32.2 3.8–5.1 18.2–20.1 3.7–5.4 1.6–2.0

Municipal solid wastes 35.4–41.7 4.7–5.9 15.8–20.9 1.4–2.2 0.2–0.8

Animal manure 28.7–44.2 3.3–6.1 2.4–43.2 0.8–3.8 1.9–3.1

Agricultural wastes 38.3–54.1 5.4–6.7 1.0–45.1 0.2–5.5 0.6–2.9

Crop residues 33.8–49.1 4.6–6.3 32.8–51.4 0.2–0.8 0.1–0.3

Source of data from [30–34].

3. Anaerobic Digestion of Lignocellulosic Biomass

The AD process consists in the transformation of the organic matter contained in the waste into
a gaseous effluent (biogas) together with a semisolid stabilized effluent named ‘digestate’. The process
is developed by a very complex microbial population operating in absence of molecular oxygen in the
medium. Different stages can be distinguished in the overall AD process: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. The microorganisms responsible of those stages should synchronize
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their metabolic rates and work synergistically to break down the complex structures (i.e., lignocellulose)
in the organic matter and hence, to obtain a stable process with a high generation of biogas [35].

Regarding the availability of feedstock for the AD process, it should be taken into account that
the amount of lignocellulosic agro-industrial wastes and byproducts produced is very high and,
consequently, the exploitation of LB to obtain bioenergy or high-value bioproducts constitutes a priority.
However, the complexity of the LB structure greatly hinders its AD due to the high level of crystallinity
of cellulose, as well as the cross-linking of carbohydrates and lignin [1,36]. Thus, lignocellulosic biomass
is constituted mainly by cellulose, hemicellulose, and lignin and the above-mentioned interactions
among these fractions lead to a very stable and recalcitrant structure. This complex structure of
lignocellulosic material makes it resistant to enzymatic attack [37].

Solid material and macromolecules constituting organic matter should be hydrolyzed and
solubilized in the medium in order to be used by the microorganisms. Therefore, this is a key step for
the appropriate development of the overall AD process. Moreover, for lignocellulosic solid wastes,
hydrolysis is normally the rate-limiting step of the global process [38].

This stage is performed by extracellular enzymes excreted by the acidogenic microorganisms.
However, it should be taken into account that lignin is the most difficult biodegradable component
in lignocellulose materials and its cross-linking with the carbohydrates reduces the surface area available
for enzyme attack [39]. In addition, Yu et al. [40] reported that hemicellulose can be preferably attacked
and, hence, broken down before than cellulose or lignin by the anaerobic microbiota. The structure of
LB is weakened by the hemicellulose removal and, thus, the enzymatic solubilization of the cellulosic
fraction is favored [41].

Therefore, considering the extraordinary relevance of this stage on the performance of the global
process, multiple pretreatments of the feedstock (mechanical, physical, chemical and biological) have
been tested, despite the increase in costs that may result by applying them [2,3,42,43]. The aim of
these pretreatments is to promote and enhance the organic matter solubilization and the subsequent
transformation into bioenergy or biobased products [2–4,42,43]. Consequently, the application of these
pretreatments becomes relevant to enhance the methane production from LB and their effectiveness
has been proved in several studies [44,45].

Among the pretreatment technologies studied, the hydrothermal pretreatment is considered
an environmentally-friendly process due to not using any chemicals. It also decreases the formation of
fermentation inhibitors, which are formed mainly through sugar degradation at high temperature [37].

4. Hydrothermal Pre-Treatment

The biodegradability of lignocellulosic biomass is affected by the cellulose crystallinity, exposure
of the surface to enzymes and structure of lignin. The main component of cellulose is β(1→4 linked
d-glucose units), which solubilises at temperature >200 ◦C into sugars, aldehydes, phenols, ketones,
and acid groups. Similarly, hemicellulose is comprised of xyloglucans, xylans, mannans, glucomannans,
andβ(1→3, 1→4)-glucans, solubilising at temperature>150 ◦C into sugars, aldehydes, phenols, ketones,
and acid groups. Lignin is made of p-coumaryl, coniferyl, and sinaphyl alchohol, solubilising at
temperature at 180 ◦C into phenolics and oils [46].

4.1. Hydrothermal Pre-Treatment: (Principle and Mechanism)

The hydro-thermal pre-treatment of the LB can be an interesting option to achieve a high organic
matter solubilization, increase in acidogenic and methanogenic biodegradability, and subsequent
improvement in CH4 production. Hydrothermal pre-treatment of organic feedstocks at elevated
temperatures/pressures (150–300 ◦C, initial pressure of 0–60 bar, 2–40 min) has garnered consideration
for the production of biofuels from lignocellulosic substrate as it eliminates chemical addition and
corrosion-resistant material requirements for hydrolysis reactors [47]. The recalcitrant structure of the
lignocellulosic fraction gets easily broken, hemicellulose and lignin is degraded and the cellulose is
hydrolysed effectively in the hydrothermal pre-treatment, thus rendering them as soluble fraction
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in the anaerobic digestion process (Figure 2). Thus, hydrothermal pre-treatment has been successfully
applied in the anaerobic digestion of lignocellulosic biomass for the production of biogas, bioethanol,
and other value-added products (VAPs) like hydrogens, hydrochar, Polyhydroxyalkanoates (PHAs)
and volatile acids.

(a) (b) 

Figure 2. Effect of hydrothermal pre-treatment on the lignocellulosic biomass: (a) biomass without
pre-treatment; (b) hydrothermal pre-treatment of lignocellulose (adapted with permission from
Kumar et al. [48]. Copyright (2009) American Chemical Society).

4.2. Effect of Pre-Treatment on Cellulose

Cellulose constitutes the 11–53% (dry basis) of the total lignocellulosic biomass [46]. The cellulose
chains contain a number of hydroxylic groups, which leads to the formation of hydrogen bonds
in the same chains or in the chains in the vicinity. Interlinking of cellulose chains by hydrogen
bonds and van der Waals forces, results in high tensile strength microfibrils [49]. Cellulose molecules
have different levels of crystallinity due to its different orientation throughout the structure-low or
amorphous crystallinity and high or crystalline crystallinity [50]. If the crystallinity index of cellulose
crystals is high, then it is difficult to degrade it and vice versa. The cellulose microfibrils are also
attached to each other by pectin and hemicellulose, and they are covered by lignin. This complicated
structure of cellulose makes it difficult to be degraded by chemical and biological attacks [51]. The bonds
are so strong that they do not break even at high temperature boiling water [52]. The disruption of
the inter and intra-hydrogen bonds by the hydrothermal pre-treatment can change the crystallinity
structure of cellulose [53]. However, complete disintegration is not possible [54]. The cellulose
crystal structure, amount of bound water and the degree of intermolecular regularity determines the
intensity of the hydrogen bonds [52]. Sakaki et al. [55], reported that cellulose begins to decompose at
temperature of 230 ◦C, and the reaction was completed at 295 ◦C. Jin et al. [56] stated that cellulose got
hydrolysed to glucose in 120 s at temperature of 300 ◦C, and pressure of 8.9 MPa. Gao et al. [57] studied
the hydrothermal pre-treatment of cellulose at temperature of 200 ◦C and 400 ◦C and reaction time
of 5 min to 2 h, whereby, the solubilised products contained aldehyde, sugars, phenols, ketones,
and acid groups. Girolamo et al. [58], studied the batch thermophilic anaerobic digestion of Giant
reed, hydro-thermo-chemically pre-treated at temperature of 150 ◦C and 180 ◦C, time of 10 min and
20 min, and with/without sulphuric acid (2% w/w) as catalyst. The catalyst addition was done in two
ways: one immediately before the hydrothermal treatment and another as 24 h prior to the steam
cooking. Cellulose, owing to its crystalline and thermal-resistant structure, dissolved just modestly
in the pre-soaking thermo-chemical pre-treatment. Whereas hemicellulose dissolved to a great extent
at the same temperatures (150 and 180 ◦C).
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4.3. Effect of Pre-Treatment on Hemicellulose

The second most important component of lignocellulosic biomass is hemicellulose, which are
polysaccharides and contains xylans, mannans, xyloglucans, glucomannans and (1–3, 1–4)-glucans [46].
The hemicellulose contains hexoses and pentoses, which can be degraded into HMF, levulinic acid
and formic acid [59]. On the contrary, pentose, and more specifically d-xylose and l-arabinose, is
responsible for the formation of furfural. The molecular weight of hemicellulose is low and the lateral
chains are short, and so they are easily hydrolysable. The hemicellulose and lignin are solubilised
at temperatures greater than 150 ◦C and 180 ◦C, respectively. Under high pressure, water acts as
an acid, which breaks up the biomass molecules, enhances the rate of hydrolysis of cellulose and thus
leading to solubilisation of hemicellulose and lignin [46]. Costa et al. [60] studied the hydrothermal
pre-treatment of sugarcane baggase at 150–200 ◦C for 10–30 min, and observed that soluble sugars were
formed as a result from hydrolysis of hemicellulose. As per findings, when lignocellulosic biomass
was pre-treated at 100 ◦C, the hemicellulose remained in the solid fraction, whereas at temperatures
above 150 ◦C, hemicellulose was solubilised into the liquid part. Hydrothermal pre-treatment of
hemicellulose resulting in the formation of acetic acid, which acts as a catalyst in the hydrolysis thus
further degrade the biomass and leads to an increase in the sugar yield [46].

4.4. Effect of Pre-Treatment on Lignin

Lignin is an amorphous and water-insoluble heteropolymer. It is composed of phenylpropane
units (coniferyl, p-coumaryl and sinapyl alcohol) held together by different linkages [61]. It binds
cellulose and hemicellulose together and helps in supporting of plant structure and prevents them
against microbial attack. The fermentation of lignocellulosic biomass is difficult due to the high
recalcitrant lignin and inadequate accessibility of enzymes [46]. Lignin derivatives having aldehyde
groups are inhibitory to methanogenesis stage [62]. The precursors in lignin, i.e., p-coumaryl, coniferyl,
sinapyl alcohol, decide the solubility of lignin in acidic, neutral or alkaline environment [63]. When the
hydrothermal pre-treatment of lignocellulosic biomass is performed, the dissolved lignin may inhibit
the activity of cellulase, xylanase and glucosidase [64]. Recent researches conclude that irrespective of its
solubilisation, the lignin content change is related to the solidification and re-deposition due to cooling
after severe pre-treatment. Therefore, only re-allocation of lignin takes place, instead of lignin removal
during pre-treatment at high temperature and pressure [65,66]. In the hydrothermal pre-treatment of
switchgrass and paper tube residuals, such a re-allocation of lignin was observed [67,68]. Besides this,
the lignin present in raw corncob has a negative yield of sugars with furans produced from the
same. However, if the corncob would have undergone hydrothermal pre-treatment, the delignification
can give high sugar yields, which indicates that lignin dominates in biomass conversion giving
sugar yields [69].

5. Hydrothermal Pre-Treatment: Energy and Value-Added Products Recovery

5.1. Methane and Hydrogen

In order to generate a sustainable energy system, it is predicted that hydrogen will soon be
in global usage. Hydrogen is environment-friendly, safe to produce, quite useful for heating purpose
in residences, and fuel for non-polluting transport systems and aircraft. The energy content of hydrogen
(122 kJ/g) is 2.7 times higher than the gasoline. Similarly, methane gas, produced from anaerobic reactors
and digesters is also used as a fuel to generate heat and light. It is a clean fuel thus used in industries,
transportation, appliances and power generation [70]. Chandra et al. [71], studied the mesophilic
anaerobic digestion of rice straw for the production of methane, which involved thermo-chemical
pre-treatment. Hydrothermal treatment was given for 10 min at 200 ◦C to the ground rice straw. For the
untreated sample, the methane production was 59.8 L/kg VS. Hydrothermal pre-treatment with 5%
NaOH addition (for maintaining suitable pH for biogas production) enhanced the hydrolysis step
of the anaerobic digestion thereby giving a methane yield of 132.7 L/kg VS, i.e., 2.22 times higher
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than the untreated substrate. Girolamo et al. [58], studied the hydrothermal pre-treatment of Giant
reed biomass at temperature combinations of 150 ◦C and 180 ◦C, for a time of 10 and 20 min, in the
presence and absence of catalyst. The catalyst used was 2% w/w sulphuric acid, immediately before the
hydrothermal pre-treatment and 24 h soaking in the catalyst. The untreated assay showed a methane
yield of 273 mL/g VS, whereas the assay with no catalyst showed an increase of 10%, 7%, 23% and
4% in the 150 ◦C/10 min, 150 ◦C/20 min, 180 ◦C/10 min and 180 ◦C/20 min combination, respectively.
The pre-treatments in the presence of the catalyst showed an inhibition in the methanogenic activity
due to high sulphate concentration, which, led to the growth of the sulphate reducing bacteria.
Li et al. [72], studied the hydrothermal pre-treatment on the methane production potential of antibiotic
mycelial residue (AMR). Varying the treatment time from 0 to 60 min and temperature from 80 ◦C to
180 ◦C. The best digestion results were observed at a temperature of 120 ◦C for 60 min with a methane
yield of 290 mL/g VS, which was almost 3 times the methane yield of raw AMR (100 mL/g VS).

Eskicioglu et al. [47] studied the hydrothermal pre-treatment followed by anaerobic digestion
of five kinds of lignocellulosic biomass, namely, wheat straw, rice straw, and Douglas fir bark.
Carbon dioxide was used as the catalyst in the experiment and the methane and hydrogen yield
was also observed. Temperature and pressure variation of pre-treatment was from 26–175 ◦C and
from 25–102 bars, respectively. 23–42% of hemicellulose destruction and 0–12% of delignification
was observed. A 20–30% enhancement of hydrolysis rate was observed except for Douglas fir bark,
which showed a 172% enhancement in digestion rate. For hydrothermally pre-treated biomass,
a methane yield of 269 mL CH4/g VSadded for wheat straw, 319 mL CH4/g VSadded for rice straw,
and 136 mL CH4/g VSadded for Douglas fir bark was observed. Methane yield for the pre-treated
substrate was higher by 5.1% in wheat straw, 2.6% in rice straw, and 39% in Douglas fir bark
in comparison with non-pre-treated biomass. Phuttaro et al. [73] studied the effect of hydrothermal
pre-treatment on Napier grass and the anaerobic digestion. The highest methane yield in batch studies
was observed to be 248.2 NmL/VS added at a pre-treatment temperature of 175 ◦C, which was 35%
greater yield in comparison with untreated biomass. He et al. (2014) [74] studied the hydrothermal
pretreatment of rice straw (20% TS) at 150 ◦C and 210 ◦C for 0 to 30 min operation time. The soluble
carbohydrates was observed to be 80 mg/ g VS at a temperature of 210 ◦C and 0 min holding time.
28mL H2/VS was produced, which was 93 times higher than the control. Kongjan et al. [75], studied
the hydrothermal pre-treatment of wheat straw at a temperature of 180 ◦C and observed a hydrogen
yield of 1.59 mol/mol hexose. Jung et al. [76], also studied the hydrothermal treatment of marine algae
(Laminaria japonica) at temperature 170 ◦C and observed a hydrogen yield of 110 L/kg COD, i.e., about
60% greater than non-pre-treated substrate.

Therefore, on average, a methane yield of 250–350 mL/g VS and hydrogen yield of 100–150 mL/g
VS is produced from the hydrothermal pre-treatment of lignocellulosic biomass. It can be concluded
that a methane yield has been reported to increase by 2% to 300% as compared to the non-pre-treated
lignocellulosic biomass and hydrogen yield increased from 0.6 times to 93 times as compared to the
non-pre-treated substrate. These numbers are an indicator that regulating the temperature and time
in hydrothermal treatment, substantial methane and hydrogen yield could be achieved.

5.2. Hydrochar

Hydrochar is a high value-added carbonaceous matter obtained from hydrothermal pre-treatment
of biomass at temperature ranges between 150–350 ◦C [77]. It is used for soil amendments, as a catalyst
and in energy storage application. In the field of energy storage, hydrochar is processed to be used as
electrodes in Li-ion batteries [78]. Kambo et al. [79], studied the hydrothermal carbonisation (HTC)
of Miscanthus for the production of hydrochar. The treatment temperature of 190, 225, and 260 ◦C,
reaction time of 5, 15, and 30 min and substrate to water ratio of 1:6 and 1:12 was varied. It was
observed that the reaction temperature was the most important factor controlling the biomass properties.
The hydrochar produced at a hydrothermal carbonisation of 260 ◦C gave the maximum energy density
of 26–30 MJ/kg. Kim et al. [80] studied the HTC of cellulose, and observed that the pre-treatment
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contributed in high carbon content and high calorific value. HTC at 220 ◦C led to an increase in fixed
carbon content of cellulose increased from 6.1% to 35.0%, which implies that decomposition of cellulose
began at this temperature. Along with the fixed carbon, the calorific value of cellulose also was
enhanced at temperatures of 180, 200, 220, 280 ◦C showing an increase from 16.5 to 18.9, 23.1, 26.5 and
27.7 MJ/kg, respectively. The effect of HTC on the quality of biochar obtained from the lignocellulosic
biomass can be calculated by increasing the calorific value and this effect can be due to the pyrolysis
of cellulose during HTC reactions leading to hydrolysis, chemical dehydration, and decarboxylation
reactions. Thus, HTC which is a combination of high pressure and temperature uses biomass as
an energy resource for the production of hydrochar, having energy density in the range of 25–30 MJ/kg.
Through HTC, biomass with a low calorific value and high water content can be upgraded to a valuable
carbon-rich-solid, lignite-like fuel [80].

5.3. Bioethanol

Bioethanol is a non-reactive and environment-friendly reactant to produce biodiesel. Bioethanol
production through biomass fermentation makes it a sustainable energy resource, which can be
a substitute to fossil fuels [81]. Use of bioethanol as a fuel in the transportation sector contributes
to reduce GHG emissions thus helps in climate change mitigation. Being a liquid biofuel produced
from the fermentation of corn, wheat, cane, beet and wood, bioethanol is mixed with gasoline
with a gasoline: bioethanol ratio ranging from 90:10 to 15:8 [82]. Nitsos et al. [83] optimised the
hydrothermal pre-treatment conditions for bioethanol production at various temperature (130–220 ◦C),
reaction times (15–180 min) and water-to-solid ratio of 15. Hemicellulose was totally solubilised
and the lignin was only partly delignified. The solubilisation of the ligno-cellulosic biomass led
to an increase in surface area and pore volume to nearly 2.5 times. Mabee et al. [84] studied the
hydrothermal pre-treatment, where heating of biomass under pressurised steam of 20–50 bar and
temperature of 160–270 ◦C for few minutes followed by pressure release to the atmosphere was carried
out, which leads to the desegregation of lignocellulosic biomass. The results were: hydrolysis of
hemicellulose, transformation of lignin owing to high temperatures, and increase in crystallinity of
cellulose. Reczey and Zacchi [85] studied the anaerobic digestion of hydrothermally pre-treated corn
stover at 200 ◦C for 5 min with 2% sulphuric acid, which led to the four times enhanced enzymatic
conversion of cellulose to glucose, and 90% higher yield of ethanol as compared to untreated raw
materials. In another study, hydrothermal pre-treatment of wheat straw at 180 ◦C for 10 min with 0.9%
sulphuric acid, gave a sugar yield of 85% of the total sugar present in the raw material.

Petersen et al. [86] studied the hydrothermal pre-treatment of wheat straw for production of
bioethanol and concluded that the optimum temperature and time for pre-treatment was 195 ◦C and
6–12 min. Under optimized conditions, 70% of hemicellulose and 93% cellulose were solubilized,
where 89% of cellulose was converted to bioethanol. Kumar et al. [68] conducted the experiments on
hydrothermal pre-treatment of switchgrass and corn-stover for the production of ethanol and carbon
microspores. Upon pre-treatment at 190 ◦C for 20 min, more than 80% of glucan was digested. Adding
0.4–0.9% of potassium carbonate could allow the digestion to occur at lower temperature whereby
pre-treatment efficiency was also enhanced. On increasing the temperature from 150 ◦C to 190 ◦C,
the hydrolysis of hemicellulose to water-soluble products showed an increase from 30% to 77%. 40%
lignin was solubilized, however, it remained constant at temperature ranges from 150 to 190 ◦C. Hence,
bioethanol generated from the digestion of glucan, hydrolysis of hemicellulose and delignification of
lignin, fulfils the aim of hydrothermal treatment of the lignocellulosic biomass.

6. Intermediators-Inhibitory By-Products

6.1. Furfural and 5-HydroxyMethyl Furfural Production

Furfurals are produced during thermo-chemical processing of lignocellulosic biomass.
5-HydroxyMethyl Furfural (HMF) and furfurals are the most important members of furfurals. HMF
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is formed from hexoses and their polymers, including cellulose. Furfurals are produced from
pentoses, which are obtained from hemicelluloses [87]. Acids inhibit cell growth, specifically weak
non-dissociated acids cross the cell wall and energy is required to be exported out of the cell [88].
Furfural decreases specific growth rate, and HMF has a mechanism similar to furfural but produces
a longer delay phase during growth. Phenolics interact with the cell membrane causing a loss of the
integrity of the membrane and decreasing its permeability. However, methanogenic bacteria are able
to adapt to such compounds in a certain period of time, up to a certain concentration [89].

In cellulose, the d-glucose is dehydrated to 5-Hydroxymethylfurfural (HMF) by hydrothermal
pre-treatment, and then decomposed to formic acid and levulinic acid. In supercritical water, the 99%
conversion of glucose to HMF and then to formic and levulinic acids occurred at 0.01 s without the
use of catalyst [52]. According to Lopez-Gonzalez et al. [90], when switchgrass was pre-treated at
200 ◦C for 10 min, production of furfural was observed at a rate of 0.72 g/100 g switchgrass. It was
observed in several studies that when temperature was varied between 200–220 ◦C for 5–15 min,
the furfural concentration was between 0.2 and 3.1 g/100 g switchgrass [83,91–93]. The hydrothermal
pre-treatment of sugar cane press mud for the production of methane was studied. The methane
concentration decreased at temperature >200 ◦C, accounting to inhibition to methanogenesis due
to recalcitrant compounds (furfural) formation at high temperatures. The furfural production was
observed at the rate of 0.73 g/100 g of press mud. Bougrier et al. [94], reported that Maillard reaction
was responsible for the formation of recalcitrant compounds at high temperature. This was due to the
polymerisation between the carbohydrates and amino acids. These recalcitrant compounds inhibited
the methanogenesis and reduced the overall process efficiency.

Some soluble sugars like xylose, glucose, cell-oligomers, and xylo-oligomers, weak acids like
formic, levulinic and acetic acid, furan derivatives like furfurals and HMF and phenol compounds
like ferulic acid and vanillin are formed as a result of hydrothermal pre-treatment of lignocellulosic
biomass. These compounds are inhibitory for the metabolic activities of substrate degrading microbes
and enzymes [95].

The concentration of inhibitory compounds vary as per the type of pre-treatment applied on the
lignocellulosic biomass, and the solid loading of lignocellulose on the substrate. of pre-treatment [96–98].
Kim et al. [99] studied that hydrothermal pre-treatment of maple wood. Pre-treatment of maple
wood at 230 g/L with hot water at 200 ◦C for 20 min led to the formation of xylooligomers and
xylose with a concentration greater than 11.2 and 9.2 g/L, respectively. The concentration of HMF
and furfurals were 4.1 g/L, while as the phenol compounds were present in 1.3 g/L concentration.
Garcia-Aparicio et al. [100], stated that hydrothermal pre-treatment of barley star at a temperature of
210 ◦C for 5 min, generated inhibitors like furfural (0.7 g/L), acetic acid (2.1 g/L), phenolic compounds
(0.2 g/L) and HMF (0.2 g/L), which affected the enzymatic hydrolysis of the substrate.

Therefore, hydrothermal pre-treatment of ligno-cellulosic biomass is sometimes accompanied by
the formation of inhibitors like furfurals and 5-HMF, which act as recalcitrant leading to inhibition of
the biological process.

6.2. Inhibitors to Enzymatic Hydrolysis and Fermentation Derived from Hydrothermal Pre-Treatment

6.2.1. Lignin

Lignin inhibited the hydrolysis by forming physical barriers and non-productive adsorption of
cellulase enzymes [36]. Thus, lignin restricts the enzymes from reaching to cellulose and thereby
the active enzymes for cellulose hydrolysis also reduces [101]. Ko et al. [102,103] observed that
80–90% of lignin was recovered from solid fraction of hardwood, upon hydrothermal pre-treatment
at 180–220 ◦C. Therefore, as the severity of hydrothermal pre-treatment increases, the lignin content
in the pre-treated solids also increases due to the simultaneous de- and re-polymerization reactions of
lignin. Ko et al. [102] stated that hydrothermal pre-treatment changes the structure of lignin to a more
heterogeneous and condensed form, and at the same time lignin is more inhibitory to cellulase than it
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is before pre-treatment. At low enzyme loading, the non-productive adsorption of enzymes to lignin
act as an obstacle to the efficient enzymatic hydrolysis of cellulose. Ko et al. [102,103], investigated that
the hydrolysis of Avicel (a microcrystalline cellulose from wood pulp) in the presence of lignin isolated
from hardwood, showed a decrease in glucose yield from 62% to 51%. Nakagame et al. [104] also
observed that hydrolysis of Avicel decreased to 40% in the presence of lignin isolated from softwood.
In a study, where incubation of 10 mg cellulase with lignin isolated from hydro-thermally pre-treated
hardwood, a loss of 50–60% total cellulase was seen due to adsoption of lignin. Apart from this,
the commercial cellulase Cellic CTec2 having the enzymatic components, >90% of β-glucosidase
activity was lost due to lignin adsorption [103].

6.2.2. Lignin-Derived Phenolics

A considerable inhibitory effect on enzymes during cellulose conversion was observed due to the
presence of phenolic compounds derived from lignocellulosic biomass. Ximenes et al. [105] reported that
soluble phenolics may be formed at a high solid (up to 20%) hydro-thermal pre-treatment of lignocellulosic
slurry, which inhibits the enzymatic hydrolysis. The phenolics, which can be extracted from pre-treated
slurries can also cause inhibition to enzymatic hydrolysis. The phenolics are considered as the strongest
inhibitors among all the toxic compounds derived from the hydrothermal pre-treatment. Kim et al. [99]
studied that when the enzyme loading is 1 and 25 mg/g glucan, then the phenolic compounds at 1.3 g/L
reduced the rate and strength of cellulose loading by half.

6.2.3. Furan Aldehydes and Weak Acids

During hydrothermal pre-treatment, degradation of sugars to furan aldehydes has been observed.
The furan aldehydes include furfural and 5 HMF formed from pentose and hexose, respectively [106,107].
Furan aldehydes degradation generates weak acids like levulinic acid and formic acids. [107,108].
Although the furan aldehyde and acetic acid are inhibitors of fermenting microorganisms, they have
little effect on the cellulase activity. Kim et al. [99] observed that acetic acid (13 g/L) and furfural (4 g/L)
had no effect on enzymatic hydrolysis. Ask et al. [109] stated that furfurals and 5-HMF inhibit the cell
growth and ethanol production of xylose-utilising Sachharomyces cerevisiae (yeast). Inhibition of yeast
fermentation is caused by furan aldehydes i.e., by reduction of enzymatic and biological activities.
Larsson et al. [110] demonstrated that HMF and furfurals decreased the volume of ethanol production
by yeast, during the dilute acid hydrolysis of softwood, whereby furfural inhibition was greater on the
cell growth than on ethanol production.

7. Challenges and Opportunities

The hydrothermal pre-treatment of lignocellulosic biomass comes with some challenges, for example:
production of inhibitory compounds, toxification of the biomass, and production of 5-HMF and furfurals.
Various studies show that xylo-oligomers and oligomer sugars can be removed by hydrolysis and
fermentation of pentose [111], but other inhibitory compounds like weak acids, furan aldehydes and phenolic
compounds are still inhibitory to enzymatic process and fermentation [112]. Over liming, i.e., pH adjustment
by using an alkali, vacuum evaporation, sulphite addition, and adsorbent treatment are some of the methods
stated by previous studies in order to remove volatile inhibitors [111]. Removal of phenolic compounds and
giving higher yield of ethanol can be achieved by various chemical detoxification processes like addition of
activated charcoal adsorbents and polymeric resin [113]. At the same time, these detoxification processes
may also lead to high manufacturing cost, generation of waste, and fermentable sugar wastage [114,115].
Bio-abatement methods, using laccase and peroxide as microbial enzymes are also used as detoxication
against furan aldehydes, phenolic compounds, and weak acids. C. ligniaria NRRL30616, an ascomyecete,
was used as a mitigation bio-abatement against the inhibitors, mainly phenolics, formed during hydrothermal
pre-treatment of corn stover slurries. More than 95% acetic acid and >50% HMF, phenolics, and furfurals
were removed from the slurries using this technique and on the contrary, 16% higher yield of cellulose
conversion was observed [114].
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One of the methods for detoxification is the evolutionary engineering of fermenting microorganisms
to fight the inhibitors. This method is necessary as it requires no extra detoxification treatment technique,
and is based on successive cultivation [116]. S. cerevisiae, an ethanol-producing microorganism,
possesses an inborn tolerance to inhibitors like furans and phenolics, and it also convert them to
less harmful compounds [117,118]. HMF is reduced to 2,5-bis HMF and the furfurals are reduced to
furfural alcohols [119]. Several other studies show that adaptation of yeast to hydrolysates increases the
ethanol production and microbial growth [119–121]. Also, in order to improve microbial performance
in the presence of inhibitors, genetically or metabolically engineered of yeast strains can be used.
For example, for the detoxification of phenolic compounds from hydrolysates, S. cerevisiae mutants
have been developed [122]. Along with this, strains of S. cerevisiae, which shows resistance to furan
aldehydes, have been constructed by many oxidoreductases, such as alcohol dehydrogenases [119].

The sources and component of enzyme determine the loss of cellulase activity due to
non-productive adsorption of cellulases to lignin. Upon incubation of Cellic CTec2 with lignin, the major
part of β-glucosidase was adsorbed to the lignin, while 50–60% of the initial cellobiohydrolase and
endoglucanase remained in the enzyme supernatant [95]. The enzymes need to be engineered to
become more resistant to adsorption to insoluble lignin. This is one of the solutions for overcoming
enzymatic inhibition [64]. Ko et al. [95] stated that adsorption of β-glucosidase to lignin is dependent
on the pH and the salt ions concentration of the medium, thus indicating the presence of electrostatic
interactions. So, by changing the surface charge, the adsorption of enzyme to lignin can be reduced.

8. Conclusions

(1) Lignocellulosic biomass is a difficult-to-degrade substrate when subjected to anaerobic digestion.
(2) A considerable increase in methane, hydrogen and bioethanol production could be achieved,

when opting for hydrothermal pretreatment of lignocellulosic biomass.
(3) The production of recalcitrant such as furfurals, and 5-HMF takes place during hydrothermal

pretreatment of lignocellulosic biomass at very high temperature, which leads to process inhibition.
(4) In order to convert the inhibitors into less toxic compounds, evolutionary engineering is

being applied using genetically engineered microbes (e.g., S. cerevisiae, a yeast) as a promising
detoxification process.

(5) Hydrothermal pre-treatment comes out to be a beneficial option for production of bio-energy
from lingo-cellulosic biomass, which otherwise is difficult to degrade in anaerobic digestion alone.
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Abstract: Biogas production through anaerobic digestion has proven to be one of the most important
pillars of the transition into the circular economy concept, a sustainable approach for biorefinery.
This work aims to extend and improve knowledge in the anaerobic co-digestion of complementary
substrates, given insights into wastes biodegradability and the influence of manure composition on the
anaerobic process stability. Anaerobic co-digestion of sugar beet by-products with two kinds of animal
manure (pig and cow) was investigated in semi-continuous assays, analyzing both common and
non-classical parameters. Co-digestion with manure clearly mitigated the inhibitory effect of volatile
fatty acids at high organic loading rates, leading to increases in methane production by 70% and 31%
in comparison with individual digestion of sugar beet by-products, for co-digestion with pig and cow
manure, respectively. Non-classical parameters could give more insight into the coupling/uncoupling
of the anaerobic digestion phases and the involved microorganisms. Indirect parameters indicated that
the process failure at the critical organic loading rates was mainly due to methanogenesis inhibition
in the co-digestion with pig manure, while in co-digestion with cow manure or in individual
digestion of sugar beet by-products, both hydrolysis–acidogenesis and methanogenesis phases
were affected. Biomethanation degree refers to the maximum methane potential of organic wastes.
Sugar beet by-products required a long digestion-time to reach high biodegradability. However,
short digestion-times for co-digestion assays led to a high biomethanation degree.

Keywords: anaerobic co-digestion; sugar beet by-products; manure; semi-continuous feeding mode;
methane improvement; non-classical parameters

1. Introduction

According to the European Economic and Social Committee, the success of the circular economy is
based on three pillars. The first pillar is about energy consumption (i.e., the efficiency in energy sources).
The second pillar is about reducing the cost of product processing (i.e., sustainable technological
processes for waste-out systems designing), and the third one concerns employment.

Biogas production through anaerobic digestion (AD) has proven to provide direct benefits to the
second pillar and indirect benefits to the rest of the pillars, achieving the transition into the circular
economy, a sustainable approach for the biorefinery concept [1].

Currently, agriculture is one of the industrial sectors that generates the largest amount of
wastes. Therefore, 1.3 billion tonnes of food are yearly discarded during production handling,
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storage processing, and distribution, with an estimated carbon footprint of 3.3 billion tonnes of CO2

equivalent of greenhouse gases (GHG) released into the atmosphere per year [2]. Agroindustrial
wastes such as sugarcane bagasse, wheat straw, wheat bran, and many others are cheapest and
abundantly available. Their valorization by AD has long been investigated and implemented for
bioenergy production [3,4]. By-products from sugar beet plant after the sugar extraction process may
be bio-converted into bioenergy through AD [5].

Similarly, a large amount of manure produced in livestock facilities is a potential candidate for
clean energy production such as biogas [6]. Moreover, livestock production in the European Union is
high, being Spain and Germany the largest producers of pigs, while France held the largest number of
bovines [7]. It has been reported that AD of animal manure can save up to 20% of the dairy processing
facility’s energy demand [8].

Despite their suitability for the anaerobic treatment, the use of manure as feedstock in AD could
inhibit to methanogenic archaea due to the ammonia released during the process [9,10]. Manure has
been traditionally used as a fertilizer for agricultural soils due to its high content in nitrogen and
phosphorus. Nevertheless, this uncontrolled practice may have environmental problems, such as
groundwater contamination due to infiltration, or greenhouse gas emissions [11]. Furthermore,
lignocellulosic agroindustrial wastes and by-products lack of some macro and micronutrients [12,13].

The AD of both kinds of wastes separately may be improved and optimized by co-digestion as
this biomass has different/complementary characteristics [14,15]. Sugar beet by-products (SBB) are rich
in carbon while manure is a potential substrate to compensate nitrogen deficiency in the anaerobic
process, together with minerals and essential nutrients. Moreover, manure provides a high buffer
capacity, which could neutralize volatile fatty acids (VFAs) released by agroindustrial wastes in the
AD process [16,17].

Besides, the manure type plays an important role in the AD process. Hence, some manure resulted
in more effective in the co-digestion process with agroindustrial wastes than others [18]. This effect
returns to several factors such as the composition of each manure according to its origin (animal
digestive tract), the food given to animals in the course of animal husbandry, and the synergy between
the manure and agroindustrial waste used in co-digestion [19–21]. Despite the numerous benefits of
co-digestion, the mixture of substrates with different characteristics could create either synergistic
interactions of microorganisms or antagonist interactions, which in this case, can worsen the anaerobic
process [22].

To date, several previous studies have investigated anaerobic co-digestion of agroindustrial wastes
with livestock manure to enhance biogas production and in most of these studies; synergistic effect
between the two kinds of substrates has been suggested to be the reason of the process improvement.
However, only a few studies have thoroughly investigated the effect of manure on the neutralization
of acidity from agroindustrial wastes in semi-continuously operated reactors.

Cheng and Zhong [23] have demonstrated that the use of swine manure as a co-substrate helps to
neutralize the high VFAs concentration released by cotton stalk, emphasizing advantages related to
the high buffer capacity provided by swine manure. Other authors have used a different strategy to
minimize the acidification by VFAs in a biological process, by adding some micronutrients [12,13].

The use of the semi-continuous feeding mode in anaerobic digesters operating for a long-term
period is of great interest as it gives insight into the most viable options for the organic material
treatment through the AD in a view of a real scale approach. Optimization of hydraulic retention times
and organic loading rates, as well as information on feedstock combination, may help in future research
and decisions on agricultural and manure management and treatment for efficient and long-lasting
wastes treatment plants in rural and agricultural areas.

This work aims to extend and improve knowledge in the anaerobic co-digestion of complementary
substrates, given insights into wastes biodegradability and the influence of manure composition on
the AD stability. Anaerobic co-digestion of sugar beet by-products with two kinds of animal manure,
pig and cow, (PM and CM) was investigated in semi-continuous assays, analyzing both common
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and non-classical parameters. This research addresses a deep analysis of the findings from long-term
anaerobic digesters operating with agricultural and animal wastes.

2. Materials and Methods

2.1. Feedstock and Inoculum Characteristics

Sugar beet by-products were a mixture of exhausted pulp (85%) and molasses (15%). They were
provided by the sugar processing company in the south of Spain (El Portal, Jerez de la Frontera,
Andalusia). The used SBB have a total solids content of 80–90%, which was adjusted to 8% of TS
to avoid the non-homogenization of the reactor content due to the rheological behavior of SBB [24].
For this purpose, the SBB as dried pellets were rehydrated with deionized water for 24 h previously to
their use. Cow and pig manure were collected from two different livestock facilities in the same zone.
The inoculum for the start-up of the single AD of SBB (Inoc1) was provided from a laboratory-scale
reactor under semi-continuous operation that was fed with the organic fraction of municipal solid wastes
(OFMSW), which was first adapted to the new substrate SBB for a long period before starting the herein
studied assays [25]. The effluent from the reactor of single digestion of sugar beet by-products was
used as inoculum for the start-up of co-digestion assays (Inoc2). In co-digestion reactors, the mixture
between the two co-substrates has been established as 25% of SBB and 75% of pig manure or cow
manure (v/v) [26,27].

The SBB, CM, PM, and inocula characteristics are presented in Table 1.

Table 1. Physicochemical properties of sugar beet by-products (Sugar beet by-products, cow manue,
pig manure), and inocula.

Parameters (Units) SBB CM PM Inoc1 Inoc2

pH 5.7 ± 0.7 6.2 ± 1.3 6.5 ± 1.7 7.5 ± 0.7 7.6 ± 0.8
TS (g/kg) 880.3 ± 12.4 222.7 ± 11.5 225.3 ± 7.4 41.2 ± 1.3 36.1 ± 10.6
VS (%TS) 90.6 ± 1.8 77.7 ± 6.7 75.1 ± 5.2 16.3 ± 1.6 21.8 ± 3.3

CODS (gO2/kg TS) 64.7 ± 2.5 77.7 ± 13.9 83.0 ± 7.9 246.5 ± 6.1
CODT (gO2/kg TS) 165.8 ± 5.9 308.5 ± 6.3 220.6 ± 11.1 321.3 ± 6.9

DOC (gC/kg TS) 49.7 ± 5.1 33.7 ± 9.8 39.1 ± 6.6 150 ± 5.0 127.4 ± 19.4
TVFA (gHAc/kg TS) 2.5 ± 0.9 24.3 ± 4.9 20.4 ± 2.2 7.2 ± 2.4 47.1 ± 4.3

Alkalinity (gCaCO3/kg TS) 3.3 ± 1.4 170.2 ± 0.9 169.9 ± 49.3 116.4 ± 69.3
N-NH4+ (gN/kg TS) 0.3 ± 0.1 15.7 ± 3.2 10.6 ± 2.6 30.5 ± 5.5

TN (gTN/kg TS) 14.5 ± 1.5 157.6 ± 6.7 145.2 ± 12.4 174.5 ± 3.6
Ratio C/N 38.9 ± 2.7 13.2 ± 1.0 13.5 ± 0.3 - 19.4 ± 2.4

Hemicellulose (%) 15.4 ± 0.3 13.9 ± 0.8 14.4 ± 0.1 - -
Cellulose (%) 25.9 ± 0.3 23.2 ± 1.2 16.3 ± 1.2 - -

Lignin (%) 1.6 ± 0.1 19.8 ± 1.1 16.8 ± 1.9 - -
Mineral salts (%) 6.7 ± 0.2 26.2 ± 1.0 27.2 ± 3.1 - -

The organic content of SBB was the highest since the total solids were almost all volatile (90%).
The VS content of manure was also higher (75–77%) with a high fraction of nitrogenous material. The C/N
ratio of SBB was much higher than for animal manure, which led us to expect a complementarity
between the two kinds of substrates in terms of carbon and nitrogen contents. Concerning the
lignocellulosic content of SBB and manure, all of them could be considered as lignocellulosic substrates
with a high cellulose fraction in SBB and CM. Moreover, the mineral content of PM and CM is much
higher than for SBB. Trace elements are also necessary for the AD process and are considered to stimulate
the digestion of cellulosic material [26]. Therefore, manure are natural sources of trace elements
and their mixture with SBB gives rise to an appropriate medium for the growth of microorganisms.
Wintsche et al. [28] reported that supplementation of trace elements in anaerobic reactors leads to
stable and more efficient methane production processes while deficits in these elements may cause
process imbalances. Both manure have a high mineral content and important alkalinity indicating a
high buffering capacity.
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2.2. Semi-Continuous Digesters

Three semi-continuous stirred tank reactors (SSTR) were used for individual digestion of
SBB, co-digestion of SBB with CM, and co-digestion of SBB with PM. Assays were carried out
at mesophilic temperature (35 ◦C). Reactors are comprised of stainless steel with a useful volume
of 10 L. The temperature was maintained by a recirculating bath (Ultraterm200-Selecta) through the
reactor jacket. A motor installed at the top of the reactor (Heidolph-RZR-2102) with a stirring blade
performed the mixing of the reactor content.

Table 2 depicts the hydraulic retention times (HRT) and organic loading rates (OLR) studied in
each digester.

Table 2. The operation conditions (hydraulic retention times and organic loading rates) of the three
semi-continuous stirred tank reactors (SSTR) digesters.

Reactors
Hydraulic Retention Times (Days)

20 18 15 12 8 6 5

SBB
Organic loading rates

(gVS/Lreactor*d)

3.3 3.6

SBB + PM 4.2 4.7 5.9 7.4 8.5 11.2 12.8

SBB + CM 3.7 4.2 4.9 6.2

The first HRT tested was at 20 days according to literature in which the AD of lignocellulosic
biomass and similar substrates to this study indicated the need for high HRT [29]. Demirer and Scherer
applied HRTs with a range of 95–15 days to sugar beet silage and reported that the HRT around 25 days
gave the highest biogas yield [29].

2.3. Analytical Methods

Total solids (TS), volatile solids (VS), and alkalinity were measured according to APHA Methods
2540B, 2540E, and 2320B, respectively [30]. The chemical oxygen demand (COD, total, and soluble) was
determined by colorimetric techniques using a spectrophotometer instrument (HACH®, DR/4000U),
according to the method 5220C [30]. Total chemical oxygen demand (TCOD) was measured directly in
the sample while for soluble chemical oxygen demand (SCOD) and the rest of the soluble parameters;
samples were lixiviated and filtered through a 0.47 μm filter. Total nitrogen (TN) and ammonium
(N-NH4+) were analyzed by distillation (Selecta®, Pronitro II) according to the 4500-NH3E method [30].
Filtered samples for the volatile fatty acids (VFAs) analysis were filtered once more through a 0.22 μm
Teflon® filter and analyzed with a gas chromatograph (Shimadzu®, GC-2010).

The dissolved organic carbon (DOC) was analyzed in an automatized carbon analyzer
(Analytic-Jena®, multi N/C 3100), according to the combustion-infrared method 5310B [30]. The biogas
was collected in a 10 L gas-bag (Tedlar®, SKC). The biogas volume was daily measured by a high
precision drum-type gas meter (Ritter®, TG5). The composition of biogas was analyzed by a gas
chromatograph (Shimadzu®, GC-2014) [15]. For the lignocellulosic content of substrates (cellulose,
hemicellulose, lignin), the Van Soest method was applied by using an automatized analyzer (Foss®,
FIBERTECTM 8000) [31].

2.4. Biomethanation Degree Calculations

The biomethanation degree (BD) of a substrate or different co-substrates refers to the potential of
methane production from the selected organic wastes and by-products in specific conditions. To find
out the biomethanation degree of the substrates in a semi-continuous reactor, the parameter defined in
Equation (1) was used. Thus, BD was calculated as the percentage of methane yield achievable in a
semi-continuous assay regarding the maximum methane yield attainable as the methane potential of
organic wastes, which can be determined by a batch test in the same experimental conditions.
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As previously mentioned, in an earlier study of Aboudi et al. [26], a series of batch assays were
carried out to find out the best mixture ratio between the same substrates used in the present work.

Later on, the authors have studied the effect of the total solids content on the methane yield, also in
a batch study with the same substrates at the best mixture ratios between them [27]. The ultimate
methane potentials of SBB +CM and SBB + PM were 464.5 LCH4/kgVSadded and 451.4 LCH4/kgVSadded,
respectively. The maximum methane potential of SBB was 308.8 LCH4/kgVSadded. These ultimate
methane potential productions were in agreement with other works studying the co-digestion of
manure and by-products from tuber plants [32,33].

Biomethanation degree (%) =
100∗SMP_semicontinuous

MBMP_batch
(1)

SMP_semicontinuous is the specific methane production in SSTR, expressed as LCH4/kgVSadded and
MBMP_batch is the maximum biomethane potential obtained in batch assays in similar conditions and
the same wastes, also expressed as LCH4/kgVSadded.

2.5. The Indirect Carbon-Related Parameter Calculations: Acidogenic Substrate as Carbon

Non-classical parameters measured indirectly have shown to give substantial information about
the AD process, giving interesting insights into the organic material degradation and bioconversion
into methane [34]. In this sense, indirect parameters such as the acidogenic substrate as carbon
(ASC), which refers to the organic carbon non-converted into VFAs, could be obtained according to
Equation (2), from the subtraction of two directly measured parameters: dissolved organic carbon
(DOC) and volatile fatty acidity (DAC).

ASC = DOC−DAC (2)

DAC is accounting the carbon contained in the different VFAs from C2 to C7 and it is obtained
according to Equation (3).

DAC =
i=7∑
i=2

AiH ∗ ni ∗ 12
MWi

(3)

where “AiH” is the concentration of each volatile fatty acid; “ni” and “MWi” are the numbers of carbon
atoms and the molecular weight of each acid, respectively.

These parameters have been used as a useful tool to determine the critical stage of the AD
process [15,34,35]. Thus, the accumulation of the ASC in the anaerobic digester usually indicates an
imbalance between the hydrolysis and the acidogenic phases, while the accumulation of the DAC has
been related to an imbalance between the acidogenesis and the methanogenesis phases.

3. Results and Discussion

3.1. Methane Production Yields and Process Efficiency

Daily methane productions (DMP) in the three SSTR are depicted in Figure 1A–C.
As shown in Figure 1A, individual digestion of SBB at 20-day HRT was stable for a long period of

operation with values around 840 LCH4/m3reactor*d. The 18-day HRT showed similar productions for
approximately one period of this HRT. However, production decreased by 44%, in comparison with
the previous HRT. For the SBB + CM reactor Figure 1B, the decrease in HRT from 20 to 18 days and
consecutively to 15 days, led to an improvement in methane production of 19% and 28%, respectively.
However, operation at 12-day HRT induced a pronounced decline in methane generation by 61%.
In the case of the SBB+PM reactor, daily methane productions increased by 24%, 35%, 46%, 55%,
and 60% when HRT decreased to 18 days, 15 days, 12 days, 8 days, and 6 days, respectively, indicating
a high system performance at lower HRTs and higher OLRs.
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Figure 1. Daily methane productions (production rates as LCH4/m3 reactor*day) in the three SSTR
digesters at different hydraulic retention times. (A) SBB, (B) SBB + CM, and (C) SBB + PM.

Nevertheless, the operation at 5-day HRT (12.8 gVS/Lreactor*d as OLR) was critical, leading to an
abrupt decrease in methane generation, obtaining only 800 LCH4/m3reactor*d (a drop of 28%).

In both co-digestion assays, manure addition was shown to significantly increase methane
production, as well as allowing increasing the organic load supplied to the reactor. In previous
studies, Li et al. [32] reported that chicken manure or pig manure co-digested with apple pulp allowed
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the increase of OLR from 2.4 to 7.2 gVS/Lreactor*d, being 4.8 gVS/Lreactor*d the best OLR studied
concerning the increase in methane generation. The daily methane productions increased by 56.9%
and 47.4%, in comparison with individual digestion of chicken manure and pig manure, respectively.
Kapajaru and Rinatal [33] studied anaerobic co-digestion of potato tuber (including stillage and peels)
with pig manure in mesophilic SSTR. The authors reported that methane productions increased by 54.5%
in comparison with the single digestion of PM. Similarly, Damaceno et al. [36] studied sweet potato
co-digestion with sludge cake from poultry slaughtering. They found that the balanced nutrient content
provided an optimum environment for the microorganism activity in co-digestion reactors, with 80% of
poultry slaughtering and 20% of sweet potato. In another attempt, Panichnumcin et al. [37] reported
that waste proportion in the mixture is a very important factor in co-digestion assays. They studied
co-digestion of cassava pulp with PM in mesophilic SSTR at a constant OLR of 3.5 gVS/Lreactor*d
and a 15-day HRT. In their study, cassava pulp up to 60% has shown the highest biogas generation.
These findings are in agreement with those observed by Aboudi et al. [26] in batch studies about the
optimization of the substrates mixture ratios for SBB and manure.

The methane content in the biogas produced by the SBB reactor decreased by 14.4% when
decreasing the HRT to 18 days (OLR of 3.6 gVS/Lreactor*d). In co-digestion assays, the methane content
in biogas from the SBB+CM reactor decreased by 46% at the HRT of 12 days (OLR of 6.2 gVS/Lreactor*d),
while in reactors containing SBB+PM the methane content was almost maintained above 40% in all
stages, with the highest content at the HRT of 20 and 18 days.

Figure 2 shows the obtained biomethanation degree in each assay.

Figure 2. Biomethanation degree in the three SSTR digesters.

It can be observed that for SBB single digestion and at the optimum HRT of 20 days, a high
biomethanation degree of 73% was obtained. The SBB substrate required a long time for its degradation
(high HRT), and decreasing this time led to reaching low substrate biodegradability. Moreover, in both
co-digestion assays, above 60% of biomethanation degree was achievable at the different HRT studied,
excepting at the critical HRT tested in each experiment: 5-day HRT in SBB + PM (BD was only 13%)
and 12-day HRT in SBB + CM (BD was only 14%). The highest value of the BD was around 78% in
the reactor of SBB+PM at the HRT of 12 days. These results demonstrated that co-digestion played
an important factor in wastes degradation likely due to the synergistic effect created in digesters,
being PM more suitable to improve the biodegradability of the digester content than CM.

According to Smith and Mah [38] and from the results of their research using C14 tracers
in an AD study of sludge, authors observed that the 73% of the total methane produced in an
anaerobic process comes from the acetoclastic pathway, while the 27% usually comes from the
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hydrogen-utilizing pathway. Nevertheless, recent studies found that in the anaerobic digestion of
nitrogen-rich substrates, the methanogenesis shift from acetoclastic pathways to the syntrophic acetate
oxidation-hydrogenotrophic (SAO-HM) route [39–41]. In a recent study by Yin et al. [41], the authors
attempted to explain methanogenic pathways in anaerobic digestion of nitrogen-rich substrates.
The authors studied acetate conversion by C13 isotope under mesophilic and thermophilic conditions.

Results showed that in both temperatures, the syntrophic acetate oxidation-hydrogenotrophic
(SAO-HM) pathway was dominant and that methanogenic pathway shifting, induced by high ammonia
levels, closely correlated to the process performance. In this sense, it has been deduced that the
substrate characteristics condition the predominance of one pathway or another.

In the present research, the combination of SBB as a high content carbonaceous material and
manure as high content nitrogenous substrates led to balance the nutrients content of the anaerobic
process and hence, the inhibition by ammonia was avoided.

Aiming for a comprehensive comparison of the obtained methane productions in the present
research, the criterion developed by Smith and Mah [38] has been applied to the results. Thus,
specific methane productions (SMPs) for the three semi-continuous digesters are depicted in Figure 3.
The highest SMP from SBB+PM (HRT from 18 to 8 days) and the highest SMP from SBB+CM (HRT of
15 days) have been selected as representatives of the optimal operation area (the blue box). The average
value of the five data of SMPs was 331 LCH4/kgVSadded. The black discontinuous line in the figure
corresponded to the SMP value of 27% of the average SMP obtained (89.5 LLCH4/kgVSadded). The green
line corresponded to the SMP value of 73% of the average SMP obtained (241.8 LCH4/kgVSadded).

Figure 3. Specific methane productions at the different hydraulic retention time in the three SSTR
digesters. Greenline: the specific methane production (SMP) value of 73% of the average SMP obtained.
Blackline: the value of 27% of the average SMP obtained. Blue box: the highest SMP values in
anaerobic digesters.

As can be observed, the critical operational condition in each assay (lower HRT/Higher OLR) has
shown SMP values slightly below the limit value of 89.5 LCH4/kgVSadded, indicating that acetoclastic
methanogens were affected in failure periods. In critical HRTs, the accumulation of VFAs and the drop
in pH to values ranged from 5.6 to 6.3 occurred indicating the inhibition of the systems. It has been
reported that acetotrophic methanogens are strongly inhibited below a pH of 6.2 [41]. Figure 4 shows
the average values of pH in each stage (HRTs) for the three SSTRs.
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Figure 4. Average pH values in each stage in the three semi-continuous reactors.

Figure 5 shows the organic matter removal expressed as the percentage of volatile solids removed
from the systems.

Figure 5. Volatile solids removal in the three semi-continuous reactors.

In the SBB digester, operation at a lower HRT (higher OLRs) of 18 days led to a decrease in the
efficiency of the organic matter removal. In the SBB+PM reactor, the decrease in VS removal was
gradual from 12-day HRT to 5-day HRT. The same behavior was observed in the SBB+CM reactor,
with a gradual decrease from 18-day HRT until 12-day HRT.

3.2. Analysis of the Process Stability Based on the Indirect Carbon-Related Parameters

Fdez-Güelfo et al. [34] analyzed the indirect parameters of a semi-continuous anaerobic digester
fed with the OFMSW. The authors reported that decreasing the HRT from 15 to 10 days affected
the hydrolysis stage, which induced a sequential failure of the acidogenesis stage, and therefore,
the methanogenesis acetoclastic pathway was disturbed. Moreover, the further decrease of HRT to
8 days has resulted in the wash-out of microbial populations involved in the anaerobic process with
complete inhibition of both acetoclastic and H2-utilizing archaea.

Figure 6 shows the evolution of the indirect parameters, together with the dissolved organic
carbon (DOC) evolution in the three SSTR at the different OLRs applied.
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Figure 6. Evolution of the dissolved organic carbon (DOC) and indirect parameters in the three SSTR.
The detailed figures of failure operation periods for each digester are illustrated on the right. (A,B) SBB
digester; (C,D) SBB+CM digester; (E,F) SBB+PM digester.

At the startup period of the SBB digester and for a short period, the DOC parameter increased
showing slight acidification due to the DAC increase, this behavior is usual at the inception
period indicating the adaptation of microorganisms to the substrate and the operational conditions.
Consecutively, the DOC and DAC values decreased gradually leading to methane generation (see
Figure S1 in the supplementary material). It can be observed that in the stable operation period,
the DAC values were low, being very similar to DOC values and, hence, no inhibition was observed.

The OLR increase to concentrations of 3.6 gVS/Lr*d, led to an initial increase in methane productions
increased for the first few days, as a response to the organic material rise in the feedstock. The DOC and
the ASC also showed a gradual increase during these few days. Nevertheless, once the DAC started
increasing and despite the low proportion of the DAC with regard to the ASC, methane production
dropped sharply indicating a distortion of the activity of methanogens. It has been observed that
the lowest methane production (data not shown) matches the highest DAC value. The feeding was
stopped to avoid further DAC accumulation and after several days, the SBB reactor has begun to
recover as the DAC decreased in the medium.

In the SBB + CM reactor, operation at OLRs from 3.7 to 4.9 gVS/Lr*d showed low values of the
DOC and the indirect parameters (DAC and ASC) with high methane production. It was observed
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that in the mid-operation period at OLR of 4.9 gVS/Lr*d (HRT of 15 days), these parameters showed a
slight increase.

The next step using a further high OLR showed an increase in the three carbon-related parameters
with the predominance of the ASC. It has been observed that during the failure period, the DOC
increased with the rise of both the DAC and the ASC, however, a lag period between these two
parameters has been detected. Hence, the disturbance period started with fluctuations in methane
productions with lower values, but the highest content of the DOC was as ASC and only when the
methane decrease was pronounced, the DAC proportion in the DOC was higher. This behavior
could be likely due to failure in the hydrolysis and acidogenesis firstly, followed by the inhibition
of methanogenesis. In this sense, an imbalance between the AD steps occurred. In this co-digestion
digester, only the increase in OLR affected the process, however, CM shows the advantage that in
the startup period, no accumulation of DAC or ASC was observed, indicating that a mixture of SBB
and CM as complementary substrates has benefited the process. Furthermore, CM comes from the
digestive tract of cows, which are herbivores ruminants and their rumen contains microorganisms able
to degrade lignocellulosic substrates [42]. Nevertheless, the characteristics of CM showed that this
manure provides more cellulosic material than PM.

In the SBB+PM digester, the startup period showed high DOC and DAC concentrations,
which illustrate a necessary adaption period for microorganisms in this reactor. In this case, the DAC
proportion in the DOC was very low in comparison to the ASC parameter. Moreover, it can be
observed that as the OLR increased, the DOC and ASC decreased gradually to reach very low values
when operating at OLR between 7.4 and 11.2 gVS/Lr*d, corresponding to HRTs from 12 to 6 days.
An immediate decrease in methane productions accompanied by an increase in the DAC parameter
was observed at the OLR of 12.8 gVS/Lr*d (HRT of 5 days). In this case, and unlike what was observed
in the two previous reactors, the ASC parameter was very low and all the DOC was in the acids form,
indicating that only methanogenesis was affected when the reactor was overloaded. This behavior
could likely be related to the wash-out of microbial populations involved in the anaerobic process,
as previously reported by Fdz-Güelfo et al. [34]. The cease of feeding led to the DAC decrease and
hence the reactor has begun to recover. In all reactors, the recovery of the process has only been
possible when the DAC decreased significantly.

3.3. Analysis of the Process Stability Based on the Classical Parameters

The stability of the three SSTRs has been assessed by using the parameters alkalinity and total
volatile fatty acidity, among others. Figure 7 shows the total alkalinity, the acidity to alkalinity
ratio, and the propionic acid concentrations, and the propionic to acetic acids ratio (A, B, C, and D,
respectively) in each operational condition.

The alkalinity of both co-digestion reactors was significantly higher than that observed in the
single digestion of SBB. This fact is expected due to the characteristics of the substrates involved in
each assay. The SBB is rich in carbonaceous material but is deficient in nitrogen and alkalinity. Besides,
it can be observed that alkalinity in co-digestion with PM was higher than for CM. This fact is likely
due to the high buffer capacity provided by pig manure, which allows neutralizing organic acids in the
system, and therefore, the highest OLRs applied were reached in this reactor. Nevertheless, the critical
OLR and HRT in each digester led to a decrease in alkalinity. The criteria acidity/alkalinity ratio is an
indicator of systems failure due to inhibition by acidification [43–45].

Furthermore, it has been observed that when reactors failed, the propionic acid was the
predominant VFAs in the medium, which justify disturbances of systems due to propionic acid,
a well-known strong inhibitor in the anaerobic process [46,47]. The ratio between acetic and propionic
acids (HPr/HAC) has been designed as a useful tool for AD systems failure due to acidification [46,48],
being considered critical the values above 1.4. In the present study, the individual digestion of SBB at
the 18-days-HRT led to a higher HPr/HAC value than the tolerated limit by the system.
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Figure 7. The classical parameters related to the process stability in the three SSTR. (A) The total
alkalinity, (B) the acidity/alkalinity ratio, (C) the propionic acid concentrations, and (D) the propionic
to acetic acid ratio. Values below the blue line refer to suitable values, values above the orange line
indicate the critical threshold for proper operation, and values between both lines refer to alarming
values that could distort the digesters. The red line refers to the threshold limit for the HPr/HAc ratio,
as values above 1.4 were considered as critical for proper operation.

The characteristics of each manure in terms of alkalinity, ammonia, and the variety of
microorganisms provided from the digestive tract of the animals may be the main reasons for
the observed behaviors.

It has been reported that the ratio acidity to alkalinity is useful as an indicator of anaerobic reactor
stability [43–45]. Thus, values above 0.8 predict the reactor instability. Values below 0.4 indicate proper
operation and values with a range of 0.4–0.8 predict that the operating conditions are at the tolerance
limit for microorganisms in which the destabilization of the system started. In this sense, it has been
corroborated that at HRTs of 18 days, 12 days, and 5 days, respectively for SBB, SBB+CM, and SBB+PM
reactors, the tolerance limit of microorganisms was altered and a lack of buffer capacity to neutralize
the VFAs released occurred.

Previous studies have reported that SBB is rich carbonaceous material, suitable to be converted
into biogas. However, limitations due to the high acidification resulted as a handicap for the process
efficiency. Alkaya et al. [17] observed the increase of VFAs in the AD of sugar beet pulp at higher
OLRs and lower HRTs. However, the use of an external source of alkalinity, decreased acidification of
reactors, maintaining an adequate pH. Similarly, in a study of Demirel and Scherrer [49], the individual
AD of sugar SBB (sugar beet silage) in SSTR at six different HRTs ranged from 95 to 15 days, showed
better performance at the HRT of 25 days, with higher biogas production. The authors reported that
SBB is a poor substrate in terms of nutrients such as nitrogen, phosphorus, and buffering capacity.
In their study, authors regularly used an external source of nutrients to avoid system failure. In the
present research, the use of manure as a co-substrate has a similar effect on the process, contributing to
adjust the nutrients and stabilizing the system by the alkalinity supply.

Chen and Zhong [23] reported that despite the high VFAs concentration in co-digestion reactors of
the cotton stalk with swine manure in comparison with single digestion of a cotton stalk, the anaerobic
co-digestion assay showed higher stability with high biogas generation, indicating the role of swine
manure on neutralizing VFAs in the medium. In the same way, Pagéz-Díaz et al. [50] studied
semi-continuous anaerobic digestion of the solid cattle slaughterhouse (SB) and SB co-digestion with
manure and various crops. They reported a failure of the individual digestion of SB. However,
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stable performance, operating with higher loading rates, was observed for co-digestion with different
manure sources. The authors highlighted the established synergy effect by mixing substrates with
different characteristics. In a study of Li et al. [18], it has been found that AD of PM has given the
highest methane yield in comparison with dairy, chicken, and rabbit manure at the same operating
conditions. These findings are in agreement with the results of the present study.

In addition to macronutrients such as carbon, nitrogen, phosphorus, and sulfur, trace elements are
crucial for effective biogas production due to the microbial demand for these elements [51]. In a study
of Schmidt et al. [52] using continuous mesophilic digesters of slaughterhouse wastewater, the authors
reported that the addition of trace elements to the digester resulted in higher biogas production and
higher degradation efficiency, by improving the process stability. Moreover, higher OLR and lower HRT
could be used in comparison to digesters with deficiencies in trace elements. Similarly, Demirer and
Scherer [49] highlighted that micronutrients availability plays a crucial role in the process performance
and stability of the AD of agricultural substrates.

Moreover, authors have pointed out that the lack of trace elements is likely the main reason for
poor process efficiency. In this sense, the supply of trace elements from the animal manure studied
in this research could justify the high performance of reactors in comparison with the reactor of SBB
digested individually.

4. Conclusions

� Non-classical parameters could give more insight into the coupling/uncoupling of the AD
phases and the involved microorganisms, revealing that process failure was mainly due to
methanogenesis inhibition in co-digestion with PM, while for co-digestion with CM or individual
digestion of SBB, both hydrolysis–acidogenesis and methanogenesis phases were affected.

� Co-digestion with manure contributed to reducing the inhibitory effect of volatile fatty acids at
high organic loading rates (OLRs), leading to increases in methane production by 70% and 31%
in comparison with AD of SBB, for co-digestion with pig and cow manure, respectively.

� Biomethanation degree (BD) refers to the maximum methane potential that can be obtained from
organic wastes under specific operating conditions. SBB required a long digestion-time to achieve
high biodegradability. However, short digestion-times for co-digestion assays led to high BD.

Supplementary Materials: The following is available online at http://www.mdpi.com/2076-3417/10/15/5126/s1,
Figure S1: Evolution of the DOC, DAC, ASC, and methane productions in the three SSTR. A: SBB reactor;
B: SBB+CM reactor; C: SBB+PM reactor.

Author Contributions: Conceptualization, K.A., C.J.Á.-G., and L.I.R.-G.; Methodology, K.A., C.J.Á.-G.,
and L.I.R.-G.; Validation, K.A., C.J.Á.-G., and L.I.R.-G.; Investigation, K.A. and X.G.-Q.; Resources, C.J.Á.-G.,
and L.I.R.-G.; Data Curation, C.J.Á.-G., and L.I.R.-G.; Writing—Original Draft Preparation, K.A. and X.G.-Q.;
Writing—Review & Editing, K.A. and X.G.-Q.; Visualization, K.A., C.J.Á.-G., and L.I.R.-G.; Supervision, C.J.Á.-G.
and L.I.R.-G.; Project Administration, C.J.Á.-G., and L.I.R.-G.; Funding Acquisition, L.I.R.-G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the project CTM2016-79071-R funded by the Spanish “Agencia Estatal
de Investigación-AEI” and by the European Regional Development Fund (ERDF).

Acknowledgments: Authors acknowledge the sugar beet company (Azucarera) for the provision of the sugar
beet by-products, and the livestock facilities for the supply of cow and pig manure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stanchev, P.; Vasilaki, V.; Egas, D.; Colon, J.; Ponsá, S.; Katsou, E. Multilevel environmental assessment of the
anaerobic treatment of dairy processing effluents in the context of circular economy. J. Clean. Prod. 2020, 261,
121139. [CrossRef]

2. FAO. 2019. Available online: http://www.fao.org/news/story/en/item/196402/icode/ (accessed on
15 June 2020).

157



Appl. Sci. 2020, 10, 5126

3. Vasco-Correa, J.; Khanal, S.; Manandhar, A.; Shah, A. Anaerobic digestion for bioenergy production: Global
status, environmental and techno-economic implications, and government policies. Bioresour. Technol. 2018,
247, 1015–1026. [CrossRef]

4. De Corato, U.; De Bari, I.; Viola, E.; Pugliese, M. Assessing the main opportunities of integrated biorefining
from agro-bioenergy co/by-products and agroindustrial residues into high-value added products associated
to some emerging markets: A review. Renew. Sustain. Energy Rev. 2018, 88, 326–346. [CrossRef]

5. Joanna, B.; Michal, B.; Piotr, D.; Agnieszka, W.; Dorota, K.; Izabela, W. Sugar beet pulp as a source of valuable
biotechnological products. In Advances in Biotechnology for Food Industry; Holban, A.M., Grumezescu, A.M.,
Eds.; Elsevier Science Publishers: Amsterdam, The Netherlands, 2018; pp. 359–392. [CrossRef]

6. Ileleji, K.E.; Martin, C.; Jones, D. Basics of energy production through anaerobic digestion of livestock manure.
In Bioenergy; Dahiya, A., Ed.; Elsevier Science Publishers: Amsterdam, The Netherlands, 2015; pp. 287–295.
[CrossRef]

7. Eurostat. 2017. Available online: http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_
production_-_animals#Livestock_population (accessed on 15 June 2020).

8. Wainaina, S.; Awasthi, K.M.; Sarsaiya, S.; Chen, H.; Singh, E.; Kumar, A.; Ravindran, B.; Kumar-Awasthi, S.;
Liu, T.; Duan, Y.; et al. Resource recovery and circular economy from organic solid waste using aerobic and
anaerobic digestion technologies. Bioresour. Technol. 2020, 301, 122778. [CrossRef]

9. Zhang, Y.; Angelidaki, I. Counteracting ammonia inhibition during anaerobic digestion by recovery using
submersible microbial desalination cell. Biotechnol. Bioeng. 2015, 112, 1478–1482. [CrossRef] [PubMed]

10. Moestedt, J.; Müller, B.; Westerholm, M.; Schnürer, A. Ammonia threshold for inhibition of anaerobic
digestion of thin stillage and the importance of organic loading rate. Microb. Biotechnol. 2015, 9, 180–194.
[CrossRef] [PubMed]

11. Aguirre-Villegas, H.A.; Larson, R.A. Evaluating greenhouse gas emissions from dairy manure management
practices using survey data and lifecycle tools. J. Clean. Prod. 2017, 143, 169–179. [CrossRef]

12. Shou, Z.; Yuan, H.; Shen, Y.; Liang, J.; Zhua, N.; Gu, L. Mitigating inhibition of undissociated volatile fatty
acids (VFAs) for enhanced sludge-rice bran composting with ferric nitrate amendment. Bioresour. Technol.
2017, 244, 672–678. [CrossRef] [PubMed]

13. Moreno, R.; Martínez, J.E.; Escapa, A.; Martínez, O.; Díez-Antolínez, R.; Gómez, X. Mitigation of volatile fatty
acid build-up by the use of soft carbon felt electrodes: Evaluation of anaerobic digestion in acidic conditions.
Fermentation 2018, 4, 2. [CrossRef]

14. Boldrin, A.; Baral, K.R.; Fitamo, T.; Vazifehkhoran, A.H.; Jensen, I.G.; Kjærgaard, I.; Lyng, K.-A.; van
Nguyen, Q.; Nielsen, L.S.; Triolo, J.M. Optimised biogas production from the co-digestion of sugar beet with
pig slurry: Integrating energy, GHG and economic accounting. Energy 2016, 112, 606–617. [CrossRef]

15. Aboudi, K.; Álvarez-Gallego, C.J.; Romero-García, L.I. Evaluation of methane generation and process stability
from anaerobic co-digestion of sugar beet by-product and cow manure. J. Biosci. Bioeng. 2016, 121, 566–572.
[CrossRef] [PubMed]

16. Neshat, S.A.; Mohammadi, M.; Najafpour, G.D.; Lahijani, P. Anaerobic co-digestion of animal manures and
lignocellulosic residues as a potent approach for sustainable biogas production. Renew. Sustain. Energy Rev.
2017, 79, 308–322. [CrossRef]

17. Alkaya, E.; Demirer, G.N. Anaerobic acidification of sugar-beet processing wastes: Effect of operational
parameters. Biomass Bioenergy 2011, 35, 32–39. [CrossRef]

18. Li, K.; Liu, R.; Su, C. Comparison of anaerobic digestion characteristics and kinetics of four livestock manures
with different substrate concentrations. Bioresour. Technol. 2015, 198, 133–140. [CrossRef]

19. Vivekanand, V.; Mulat, D.G.; Eijsink, V.G.H.; Horn, S.J. Synergistic effects of anaerobic co-digestion of whey,
manure and fish ensilage. Bioresour. Technol. 2018, 249, 35–41. [CrossRef] [PubMed]

20. Pagés-Díaz, J.; Sárvári-Horváth, I.; Pérez-Olmo, J.; Pereda-Reyes, I. Co-Digestion of bovine slaughterhouse
wastes, cow manure, various crops and municipal solid waste at thermophilic conditions: A comparison
with specific case running at mesophilic conditions. Water Sci. Technol. 2013, 67, 989–995. [CrossRef]

21. Lehtomäki, A.; Huttunen, S.; Rintala, J.A. Laboratory investigations on co-digestion of energy crops and crop
residues with cow manure for methane production: Effect of crop to manure ratio. Resour. Conserv. Recycl.
2007, 51, 591–609. [CrossRef]

22. Xie, T.; Xie, S.; Sivakumar, M.; Nghiem, L.D. Relationship between the synergistic/antagonistic effect of
anaerobic co-digestion and organic loading. Int. Biodeterior. Biodegrad. 2017, 124, 155–161. [CrossRef]

158



Appl. Sci. 2020, 10, 5126

23. Cheng, X.-Y.; Zhong, C. Effects of feed to inoculum ratio, co-digestion, and pretreatment on biogas production
from anaerobic digestion of cotton stalk. Energy Fuels 2014, 28, 3157–3166. [CrossRef]
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Abstract: In this paper, the viability of thermophilic anaerobic co-digestion of exhausted sugar beet
pulp (ESBP) and pig manure (PM) was evaluated. The effect of the proportion of ESBP on biogas
production was investigated by using a series of lab-scale batch assays, in duplicates. The following
five ESBP:PM mixture ratios were studied: 0:100, 10:90, 25:75, 50:50, and 100:0. The highest cumulative
methane production (212.4 mL CH4/g VSadded) was reached for the mixture 25:75. The experimental
results showed that the increase in the proportion of ESBP in the mixture led to the distortion of the
process, due to acidification by the volatile fatty acids generated. Acetic acid was the predominant
acid in all the cases, representing more than 78% of the total acidity. Moreover, the results obtained
by operating at thermophilic temperatures have been compared with those obtained in a previous
study conducted at mesophilic temperatures. The results have shown that in the individual digestion
of ESBP, the activity of acetoclastic methanogens was affected in both temperatures, but especially in
thermophilic conditions. Thus, the methane produced in the individual thermophilic digestion of
ESBP came almost entirely from the activity of hydrogen-utilizing methanogenic archaea.

Keywords: exhausted sugar beet pulp; pig manure; anaerobic co-digestion; thermophilic;
lignocellulosic waste

1. Introduction

The main component of agro-industrial waste is lignocellulose, which is constituted by three
fractions—lignin, hemicellulose and cellulose [1]. Lignocellulosic biomass can be converted into
different products, including biofuels and fine chemicals with a high added-value, and can also be
used as a cheap substrate source in microbial fermentation and enzyme production [2].

An interesting by-product generated in the process of sugar extraction from sugar beet
(Beta vulgaris), is the exhausted sugar beet pulp (ESBP), which has the following composition—24%–32%
of hemicellulose, 22%–30% of cellulose, 3%–4% of lignin, and 24%–32% of pectin [3]. Therefore, ESBP is a
suitable substrate for biogas production, through the anaerobic digestion process (AD) [4–6]. The use of
biogas produced from ESBP could generate economic and environmental benefits for energy-intensive
consumers, such as sugar beet industries and, hence, contribute to the circular economy.

AD is a mature, highly efficient, and economically viable technology for transforming organic
wastes into methane [7–9]. The process occurs under anaerobic conditions, requiring considerably less
energy with respect to the aerobic treatment processes [10].
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Agro-industrial by-products could release, depending on their nature and origin, toxic or inhibitory
compounds for microorganisms, such as ammonia, sulphides, heavy metals, long chain fatty acids
(LCFAs), and other organic compounds. The intensification of the microorganisms activity in the
system, especially the increase of their hydrolytic ability, could be counterproductive if the breakdown
of the lignocellulosic material resulted in the release of intermediate inhibitory compounds. The
accumulation of these compounds would lead to the destabilization of the AD process [11]. Therefore,
in order to improve the efficiency and stability of the AD process, a deep knowledge of the critical
process parameters, affecting the different microbial groups is required [12,13].

According to the literature, operations in thermophilic temperature ranges (50–60 ◦C) lead to a
higher biogas production than in mesophilic range (30–40 ◦C), but compromises the stability of the
process [14,15].

However, the decomposition of agro-industrial by-products could present limitations due to the
presence of non-biodegradable lignocellulose and the deficit in the nitrogen source, with respect to the
high content in organic matter [1,16].

Aboudi et al. [11] have reported that thermophilic or hyperthermophilic acidogenic anaerobic
digestion of ESBP led to the accumulation of LCFAs, such as palmitate and lignocerate. The use of the
effluents from these reactors for the feeding of two subsequent mesophilic reactors led to the inhibition
of methanogenic archaea population. LCFAs are considered inhibitory compounds for the AD process,
especially for methanogenic microorganisms [17].

With respect to the deficit of nitrogen in ESBP, several authors [18,19] have shown that the
anaerobic co-digestion (AcoD) of ESBP with animal manure, solves this problem. Thus, animal manure
supplies the necessary nutrients, but it also provides alkalinity and specific microorganisms, originating
from the digestive tract of animals, which are capable of degrading vegetal fibers [20,21]. Therefore,
animal manure improves, both, the biodegradability of the lignocellulosic material and the stability
of the AD process. Aboudi et al. [22], have studied the AcoD of ESBP with pig manure (PM) in
continuous stirred tank reactor (CSTR) reactors operating in the mesophilic range of temperature.
Other authors [23–25] have studied the AcoD of different agricultural wastes with animal manure and
have shown that co-digestion improves the anaerobic process and waste digestibility.

The main objective of this study was to determine the optimal mixture ratio of ESBP and PM for
the thermophilic anaerobic co-digestion of both wastes. In addition, the effect of temperature on the
process performance was studied by performing a comparison with the previous results reported in
the literature, for mesophilic AcoD, using similar wastes.

2. Materials and Methods

2.1. Substrate and Inoculum

The ESBP samples came from a high-size sugar beet factory (AB SugarTM) located in Jerez de la
Frontera (Cádiz, Spain). The ESBP samples have a very high solid content (TS range 80%–90%) that
facilitated their conservation. The samples of PM were collected in a local farm placed in San José
del Valle (Cádiz, Spain). The farm did not have any device for the separation of urine and feces. The
samples were frozen at −20 ◦C, unfrozen, and stored at 4 ◦C, when they were close to being used.

The mixtures of ESBP and PM were prepared, considering the proportions of each waste, on a
wet weight basis, and a total solid content of 8% was maintained. ESBP samples were previously
rehydrated for 24 h, in deionized water [11]. ESBP is highly hygroscopic and, hence, the total solids
percentage must be limited to 8%, to avoid rheological problems into the reactors. Indeed, previous
studies determined that the increase in solids content impeded an adequate mixing in the reactor, due
to the high water holding capacity of ESBP [26–30]. The following mixtures of ESBP:PM (weight basis)
were studied: 0:100, 10:90, 25:75, 50:50, and 100:0.

The inoculum used in the experiments came from a lab-scale semi-continuous reactor for the
AcoD of ESBP and PM. The reactor has been working in the thermophilic temperature range (55 ◦C)

162



Appl. Sci. 2019, 9, 1791

and was fed with an ESBP:PM mixture of (10:90), also with a total solids content of 8%. When
the inoculum samples were taken, the reactor was operating in stable conditions with a hydraulic
retention time of 30 days, a methane yield around 105–110 mL CH4/gVSadded, and a productivity of
0.22–0.24 LCH4/Lreactor·day. The use of an adapted inoculum to carry out the AD assays guaranteed an
efficient start-up of the process [30]. The inoculum to substrate ratio was at 1:1 (volume basis).

The physicochemical characteristics of the substrates and the inoculum are shown in Table 1.

Table 1. Physicochemical characteristics of the substrates and inoculum.

Component Units ESBP PM Inoculum

pH - 6.22 ± 0.03 8.26 ± 0.10 7.96 ± 0.08
TS g/kg 857.7 ± 0.04 276.3 ± 0.27 55.67 ± 0.15
VS g/kg 758.6 ± 0.06 156.8 ± 0.30 28.43 ± 0.11

sCOD g/kg 21.0 ± 0.42 7.0 ± 0.28 3.4 ± 0.39
TVFA g/kg 1.99 ± 0.31 1.2 ± 0.02 0.72 ± 0.10

Alkalinity g/kg 2.19 ± 0.10 33.1 ± 0.50 11.8 ± 0.77
C/N ratio - 37.4 ± 0.22 3.03 ± 0.27 -
Pectins % 55.54 - 69.31

Hemicellulose % 22.52 - 11.29
Cellulose % 21.14 - 11.90

Lignin % 3.50 - 5.61

All results were calculated in a wet basis. ESBP: Exhausted Sugar Beet Pulp, PM: Pig Manure, TS: Total Solids, VS:
Volatile Solids, sCOD: Soluble Chemical Oxygen Demand, TVFA: Total Volatile Fatty Acid, -: No unit/Not analyzed.

2.2. Experimental Design

A series of 10 stainless steel reactors with a working volume of 1.7 L were operated in batch
mode. Each reactor had independent devices for heating and stirring. The biogas production was
continuously measured using a MilliGas counter (Ritter

®
) and a series of specific infrared on-line

sensors for CH4 and H2 determinations (Calibrated and certified by Bluesens®). Figure 1 shows an
illustration of the equipment used for the biogas measurement and the characterization.

 

Figure 1. Equipment used for the biogas measurement and characterization. From left to right—infrared
on-line sensors, the MilliGas counter, and the data interface module.

Subsequently, the reactors were hermetically sealed and purged with N2 to remove the residual
O2. The temperature was continuously measured by an inner sensor and was maintained at 55 ◦C. The
mixing was performed by paddles (20 rpm).

2.3. Analytical Methods

All analytical determinations were performed according to the Standard Methods [31]. The
following reference methods were used—Total Solids (TS) by 2540B, Volatile Solids (VS) by 2540E,
total Chemical Oxygen Demand (tCOD), and soluble Chemical Oxygen Demand (sCOD) by 5220C,
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Dissolved Organic Carbon (DOC) by 5310B, using a carbon/nitrogen analyzer (Analytic-Jena multi N/C
3100 with chemiluminescence detector, Endress+Hauser Company®, Waldheim, Germany), alkalinity
by 2320B and pH by 4500H+. In addition, the concentration of the main individual volatile fatty
acids (VFAs), from C2 to C7, were measured by using a gas chromatograph GC-2010 (Shimadzu
Corporation®, Kyoto, Japan) with flame ionization detector and a Nukol® capillary with a diameter of
0.25 mm and 30 m of length column (Merck KGaA®, Darmstadt, Germany). The hydrogen was used as
carrier gas with a flow of 50 mL/min and 75.5 kPa; synthetic air (400 mL/min and 50 kPa) and hydrogen
(40 mL/min and 60 kPa) were used for the flame ignition, and nitrogen (30 mL/min and 75 kPa) was
used as the make-up gas. All the gases were provided by Abello-Linde® (Barcelona, Spain).

The pH was measured daily and directly into the reactor. The remaining parameters were analyzed
three times per week. Prior to the analysis of sCOD, DOC, and VFA, the samples were centrifuged
in a Consul-21 Ortoalresa® equipment (Madrid, Spain) at 3220× g during 15 min and filtered with a
0.47 μm glass microfiber filter (ref. GF52047, Hahnemühle®, Dassel, Germany). For the analysis of
VFAs, an additional filtration was carried out through a 0.22 μm PTFE filter manufactured by Rephile
Bioscience® (Shanghai, China) [32].

To determine the lignocellulosic fractions of the samples (cellulose, hemicellulose, and lignin),
the FIBERTECTM 8000 equipment (FOSS®, Hilleroed, Denmark) was used by applying the Van Soest
method [33].

2.4. Indirect Parameters

Fdez-Güelfo et al. [8] have proposed a series of indirect parameters that can be used to analyze the
performance of the different stages of the anaerobic digestion process and to determine the rate-limiting
stage for specific operating conditions.

These parameters include the Dissolved Acid Carbon (DAC) and the Acidogenic Substrate as
Carbon (ASC). The DAC is the carbon contained in the volatile fatty acids (C2 to C7) present in the
medium. An increase in DAC is related to a failure in the methanogenic stage. The ASC corresponds
to the difference (expressed in carbon units) between the Dissolved Organic Carbon (analytical value
of DOC) and the DAC (calculated value). The ASC represents the solubilized organic carbon that has
not been transformed into acids, and an increase in this parameter could be interpreted as a distortion
of the acidogenic stage.

Angeriz-Campoy et al. [34] have used the indirect parameter ASC and have corroborated that
the failure in the AcoD of organic fraction of municipal solid waste and sewage sludge, was due to a
distortion in the hydrolytic phase. Aboudi et al. [35] have used the indirect parameters to analyze the
AcoD of exhausted sugar beet pulp and cow manure, in the mesophilic range of temperature as well.

3. Results and Discussion

3.1. Waste Characteristics

As can be seen in the Table 1, the ESBP is a lignocellulosic material with a very high organic matter
content (high values of VS y COD). However, the alkalinity of ESBP is relatively low with respect
to its organic content. Therefore, a mixture with PM could be favorable, since PM has a 12 times
higher alkalinity. In addition, the C/N ratio indicates that ESBP is deficient in nitrogen and, hence,
co-digestion with PM might adjust the nutrient content.

3.2. Process Stability

The pH is the result of the acid–base equilibrium in the process and, therefore, is related to
the production of VFAs and alkalinity. The pH is considered a key parameter in the stability of the
anaerobic digestion process, since a low pH value implies that the organic acids are mainly in their
undissociated form, which is the most inhibitory for the anaerobic microbiota [19]. In fact, if the
pKa of the acetic acid (pKa = 4.76 at 25 ◦C) is considered, approximately 15% of the acid would be
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present in its undissociated form at pH = 5.5, while at pH = 4.76 the undissociated form could reach a
50%. The low alkalinity of the lignocellulosic waste leads to an eventual acidification of the system,
because VFAs accumulation significantly diminishes the buffer capacity, affecting the growth rate of
the microorganisms capable of transforming the organic matter into biogas [36].

The buffer capacity of the system could be increased by the addition of strong bases or carbonate
salts, even though the CO2 percentage in biogas could be affected [37]. Figure 2 shows the pH and the
acidity/alkalinity ratio evolution in the experiments.

 

 

Figure 2. pH evolution (a) and acidity/alkalinity ratio evolution (b) in all ESBP:PM ratios.

In this work, during the first days of operation, the pH diminished below the required range,
especially in the reactors with high content in ESBP, as can be seen in Figure 2a. The daily correction of
pH with potassium carbonate, permitted all reactors to operate in the appropriate pH range, within
a few days [38]. However, for reactors with the mixture ratios 0:100, 10:90, and 25:75, the pH was
stabilized rapidly and the required additions of the alkaline reagent were very low. Specifically, the
additions of potassium carbonate were 3, 5, and 8 g for the tests 0:100, 10:90, and 25:75, respectively,
whereas for reactors 50:50 and 100:0 were necessary 12 and 46 g, respectively. To the end of the process,
the pH in all reactors were in the required range.

The acidity/alkalinity ratio has been used as an indicator of acidification problems in anaerobic
reactors. In the literature, three different ranges have been identified for this parameter—values below
0.4 indicate an optimal process performance; values between 0.4 and 0.8 are evidence of the beginning
of process distortion and, finally, values higher than 0.8 indicate that a total or a partial inhibition of
the methanogenic activity occurred [39–41].
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Figure 2b shows that for the mixture 0:100, the ratio was in the optimum range, throughout the
whole assay, while for the mixture 10:90, this ratio was over 0.4 for the first days, and then rapidly
reached the optimum range. However, for the mixtures 25:75 and 50:50, the acidity/alkalinity ratio
initially exceeded 0.8 and a longer period was required (which increased with an in increase in the
ESBP content), to reach the optimum level. For the reactor containing only ESBP (100:0), the ratio
remained above 0.8 for most of the test, and only reached values between 0.4 and 0.8 at the end of
the assay.

Therefore, according to the acidity/alkalinity ratio, the increase in the percentage of animal manure
(PM) in the mixture had a beneficial effect on the stability of the AcoD of ESBP and PM.

Figure 3a shows the evolution of the total volatile fatty acidity (TVFA) in all tests. The initial
acidification was due to the rapid release of VFAs and it seemed to be a characteristic of the ESBP, as a
substrate in the AD process [4]. Indeed, as the content of ESBP in the mixtures increased, the release of
VFAs was more abrupt, reaching higher maximum concentrations of TVFA. Moreover, the time needed
to reduce the TVFA concentration from the maximum value was longer for reactors with a high fraction
of ESBP in the mixture, showing a decoupling between the acidogenic and acetoclastic-methanogenic
activities. In the case of the mixture 100:0, the higher values of VFAs seemed to have inhibited the
activity of the acetoclastic-methanogenic archaea population, since the VFAs had not degraded over
the 40 days of operation.

Figure 3b shows the main individual VFAs observed in the different tests. Acetic (HAc), propionic
(HPr), and butyric (HBu) acids together represented more than 80%–90% of the TVFA (when the
maximum of TVFA was reached). Acetic acid was the predominant in all the cases, representing more
than 78% of TVFA. It could be observed that an increase in the concentrations of the three main organic
acids occurred when the content in ESBP was increased in the mixtures. In the test 100:0, the maximum
concentration of acetic acid was 19.5 g/L, whereas the concentrations of propionic and butyric acids
were 1.4 and 2.5 g/L, respectively. Probably, these high concentrations of VFAs had inhibited the
acetoclastic-methanogenic stage [11]. Thus, despite the slight decrease in the acetic acid concentration
at the end of the test, the methanogenic activity was clearly affected and, hence, the observed methane
production must have come mainly from the activity of the hydrogen-utilizing methanogenic archaea.
As can be seen later, in Section 3.5, there was a high fraction of organic matter as VFAs, which was not
transformed into methane at the end of the tests.

The relationship between the concentrations of propionic and acetic acids (HPr/HAc ratio) was
another very useful parameter to study the stability of the AD process. According to the literature,
when the HPr/HAc ratio exceeds 1.4, the destabilization of the process occurs [42]. However, other
studies have determined that the threshold value of this relationship depends on the characteristics
of the substrates used in co-digestion [35,43]. Figure 3c shows the evolution of the HPr/HAc ratio in
all the mixtures. In this study, despite certain initial high values, the HPr/HAc ratio was usually less
than 2. For the mixture 50:50, values above 1.4 were recorded for 7 days, but a decrease was observed
from day 20 of the test. However, for the mixture 100:0, the HPr/HAc ratio remained much lower with
respect to the mixtures 25:75 and 50:50 throughout the assay. This behavior was due to the fact that
the initial production of acetic acid in the mixture 100:0 was very high. Thus, although the highest
concentration of propionic acid was obtained in this test, the HPr/HAc ratio remained at low level.

It can be pointed out that the microbiota coming from the inoculum was very effective to remove
propionic acid. Therefore, the transitory accumulation of propionic acid could be interpreted as a
decoupling between the acidogenic and acetogenic stages for a specific period.

In the literature, different threshold values of HPr have been reported as causing inhibition. Barredo
and Evison [44] have indicated that concentrations of propionic acid higher than 1500–2220 mg/L could
lead to inhibition. However, in the mesophilic AcoD of ESBP and PM, concentrations of HPr in the
range 1099–5500 mg/L were observed and the system was not inhibited [35].
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Figure 3. Evolution of total volatile fatty acidity (TVFA) concentration (a), the individual volatile fatty
acids (VFAs) (b), and the ratio propionic (HPr)/ Acetic (HAc) acid (c) in all the ESBP:PM ratios.

In this work, the maximum concentrations of propionic acid detected were: 125.42 mg/L,
277.02 mg/L, 447.75 mg/L, 972.88 mg/L, and 1401.26 mg/L for the mixtures 0:100, 10:90, 25:75, 50:50,
and 100:0, respectively. Therefore, the concentrations of propionic acid for the mixture 100:0 could not
be considered as the only responsible factor for the destabilization of the process.

3.3. Methane Production

The reactors were maintained in operation until no significant methane production was detected.
Figure 4 shows the specific methane production (SMP) obtained in all the digesters. It can be seen
that the SMP was improved in all co-digestion mixtures, with respect to the individual digestion of
ESBP. The following data were obtained for the different tests: 19.2; 108.1; 212.4; 141.4, and 47.9 mL
CH4/gVSadded for the mixtures 0:100; 10:90; 25:75; 50:50, and 100:0, respectively.
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Figure 4. Specific accumulated methane production for the different mixtures tested.

In terms of methane production, the best mixture was 25:75. In fact, the reactor with the mixture
25:75 had rapidly reached the maximum SMP of 212.4 mL CH4/gVSadded with a very short lag phase
(2 days). Aboudi et al. [40] found an optimal ratio of 32:68 with an SMP of 494 mL CH4/gVSadded at
the mesophilic range. Ohuchi et al. [6] obtained an SMP of 377–422 mL CH4/gVSadded for anaerobic
co-digestion of cow manure with ensiled sugar beet tops at the proportion of 40%. The maximum SMP
found for the mixture 25:75 in this work was approximately 11 times higher than for the mixture 0:100
(PM alone) and 5 times higher than 100:0 (ESBP alone), highlighting the synergy of the co-digestion of
both substrates.

Therefore, it could be admitted that the co-digestion of ESBP and PM in the thermophilic range
showed a synergistic effect in the methane production and the rate of the organic matter degradation,
with respect to the individual anaerobic digestion of PM and ESBP. The synergy observed was due to
the fact that the mixture of both wastes generated more appropriate environmental conditions for the
development of the process; that is, both the nutrient balance (C/N ratio) and the available alkalinity
were improved. In addition, pig manure added microorganisms from its digestive tract which could
enhance the hydrolysis of the lignocellulosic material present in the ESBP. These results were in line
with what has been reported by several authors studying AD of agro-industrial wastes [45,46].

Nevertheless, it must be noted that the SMP obtained for the PM used in this study was clearly
lower than that obtained in a previous study, conducted under mesophilic conditions [46], where a
value of 468 mL/VSadded was reached. Moreover, this effect seemed to extend to the assay with the
ratio 10:90, due to its high PM proportion. This aspect could be due to the different characteristics of
the manures used in both tests. Another possible explanation for this difference could be related to the
presence of typical animal manure toxics (ammonia nitrogen, drugs, and antibiotics). The inhibition by
ammonia nitrogen was especially relevant in the thermophilic anaerobic digestion [47] and several
authors reported that animal manures were a reservoir of antibiotic-resistant genes, outlining that for
PM, around 149 antibiotic-resistant genes were found [48–50]. However, to support this hypothesis,
additional specific analytical determinations should be performed.

3.4. Acidogenic Substrate as Carbon (ASC)

In order to obtain a more detailed interpretation of when the process failed (see Section 2.4), the
indirect parameters ASC and DAC were calculated since they allowed a better understanding of the
origin of the distortions [8]. The study of the ASC parameter, which represented the hydrolyzed and
solubilized organic matter that had not been degraded to VFAs, permitted to interpret the appearance
of the inhibitory effects in acidogenesis stage [34]. A transitory accumulation of ASC denoted the
existence of some type of limitations in acidogenesis because the hydrolysis stage was normally the
rate-limiting step of the anaerobic degradation of solid wastes [32]. Figure 5 shows the evolution of
these parameters in all reactors.
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Figure 5. Evolution of dissolved organic carbon (DOC), dissolved acid carbon (DAC), and acidogenic
substrate as carbon (ASC) in each reactor. (a) Reactor 0:100; (b) Reactor 10:90; (c) Reactor 25:75;
(d) Reactor 50:50, and (e) Reactor 100:0.
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It could be observed that the ASC was not accumulated in any test. In fact, ASC reached rapidly
the final level for this parameter, indicating that this value represented the concentration of the organic
carbon that could not be transformed into VFAs. This behavior was observed for all tests, including
the mixture 100:0 (ESBP alone). Moreover, the increase of organic matter added to the medium, when
the ESBP proportion in the mixture increased, led to an increase in the maximum TVFA obtained.
Therefore, it could be deduced that the inhibition of the acidogenic stage did not occur and that the
hydrolytic and acidogenic stages were well-coupled in all reactors. However, the acidogenic and
methanogenic stages were not coupled in the determined periods in each test. In these periods, the
acidogenesis rate was higher than that of methanogenesis and, hence, an accumulation of VFA was
observed. The decoupling periods were longer in reactors with high proportions of ESBP in the
mixtures. Indeed, the decoupling period covered the entire test for the mixture 100:0 (ESBP alone), due
to the inhibition of the acetoclastic metanogenic population, as a response of the excessively high level
of TVFA.

3.5. Influence of the Temperature Range

Temperature is a key variable in all biological processes. Although it is generally admitted
that thermophilic anaerobic digestion improves the kinetics and the methane yield of the process, in
comparison to the mesophilic range, there are some possible drawbacks in the function of the substrate
and the operational conditions. Therefore, when the hydrolytic and acidogenic stages are predominant
in a thermophilic system, a significant accumulation of VFAs occurs due to the inhibition of acetoclastic
methanogenic microorganisms, which are the most sensitive microorganisms to temperature [51].

As was previously pointed out in Section 3.3, a significant improvement in methane production
was obtained by applying the co-digestion option with respect to the anaerobic digestion of the
individual substrates. However, the calculated SMPs were markedly lower than those obtained in the
mesophilic process [46].

Figure 6 depicts the DOC evolution in this study, together with data from a previous mesophilic
study of Aboudi et al. [46]. Maximum values of DOC have been taken into account for this comparison,
since they represent the situation of maximum unbalance between solubilization and consumption
of organic matter in batch processes. At the thermophilic temperature conditions, the evolution of
DOC was very similar to that previously commented on TVFA and the maximum of DOC achieved in
each test was directly related to the ESBP content. In fact, and for the mixture 100:0, the removal of the
dissolved organic matter (as DOC) was very low, since an important fraction remained in the medium
as VFAs, mainly as acetic acid.

 

Figure 6. Maximum values of DOC in thermophilic assays (this study) and mesophilic assays [46].

Aboudi et al. [46] have found the same trend in the increase of the maximum values of DOC when
the ESBP proportion in the mixture increased. However, as can be seen in Figure 6, these maximum
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values were generally lower with respect to those observed in this study. The reason is that hydrolysis
rate was normally sharper in the thermophilic process than in the mesophilic one [14,15].

Likewise, the PM degradation was not complete in the reactors with a high proportion of PM, as
has been discussed previously. Considering all these issues, the comparison between the mesophilic
and thermophilic assays needed a new indicator, allowing the estimation of the theoretical methane
that could be obtained from the non-degraded organic matter. This variable would be the percentage
of the non-produced methane from ASC or VFA in the system, with respect to the total theoretical
methane (non-produced and produced) that could be generated if all the organic matter was converted.

VFAs and ASC concentrations refer to the organic material which has not been converted into
biogas. For this, the final levels of VFAs and the ASC were considered for the theoretical calculations.
Only concentrations of the predominant VFAs (HAc, HPr, and HBu) were used. Moreover, the ASC
was considered to be completely converted to VFAs in the same proportion observed at the end of
the tests.

The following equations were considered for the calculations:

CH3COO− + H2O→ CH4 + HCO3
− (1)

CH3CH2COO− + 3H2O→ CH3COO− + HCO3
− + H+ + 3H2 (2)

CH3CH2CH2COO− + 2H2O→ 2CH3COO− + H+ + 2H2 (3)

CO2 + 2H2 → CH4 + 2H2O (4)

In an efficient AD system, the combination between the above-mentioned equations enables
the calculation of the carbon proportions converted into methane for each substrate. These carbon
proportions are 1/2, 7/12, and 5/8 for acetic, propionic, and butyric acids, respectively. Table 2 shows
the obtained results of this estimation.

Table 2. Estimation of the theoretical methane from the non-converted Volatile Fatty Acids (VFAs) and
Acidogenic Substrate as Carbon (ASC).

Assay Reference
CH4 (HAc)
(L/Lreactor)

CH4 (HPr)
(L/Lreactor)

CH4 (HBu)
(L/Lreactor)

CH4 (ASC)
(L/Lreactor)

CH4

(VFAs+ASC)
(L)

CH4

(Produced)
(L)

CH4

(Non-Produced)
(%)

0:100T

This
study

0.052 0.010 0.077 0.106 0.42 0.86 32.7
10:90T 0.100 0.006 0.042 0.100 0.42 4.03 9.40
25:75T 0.039 0.011 0.012 0.100 0.27 9.16 2.90
50:50T 0.064 0.009 0.051 0.103 0.39 8.43 4.40
100:0T 4.056 0.499 1.121 0.098 9.82 2.92 77.1

0:100M

Aboudi
et al. [44]

0.004 0.002 0.002 0.102 0.22 7.63 2.8
32:68M 0.003 0.000 0.002 0.100 0.21 8.48 2.4
48:52M 0.011 0.001 0.004 0.099 0.23 9.34 2.4
72:28M 0.041 0.025 0.003 0.099 0.34 10.19 3.2
100:0M 0.266 0.200 0.022 0.107 5.19 11.04 32.0

T—thermophilic; M—mesophilic. It can be observed that the methane production associated with the theoretical
ASC conversion was very low and was similar in all the assays. This finding enforces the fact that the hydrolysis
and acidogenesis stages have not been limited in any operational condition.

As can be observed, for all co-digestion assays, the organic matter was almost completely converted
into methane, and the percentage of the non-produced methane ranged from 2.4%–4.4%. However,
a different behavior was observed for the two thermophilic reactors with high PM content, in which
a noticeable fraction of the methane, associated with the non-converted ASC and VFAs (9.4% and
32.7% in 10:90T and 0:100T, respectively), was observed. In terms of the estimated methane from ASC
and VFAs, both data were similar (0.42 L) and the final difference was attributed to the additional
organic matter provided by the ESBP in the reactor 10:90T. In addition, the differences with respect to
the mesophilic tests could be attributed to the PM characteristics, as previously commented.
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The results from the reactors containing only the ESBP as the substrate have demonstrated that
the methanogenesis stage was clearly affected, in both 100:0T and 100:0M reactors.

In the reactor 100:0T, the fast release of VFAs had induced a maximum level of acetic acid of 25 g/L
around day 13 (Figure 3), which had prevented a normal development of the methanogenesis, leaving a
final concentration of acetic acid equivalent to 4 L CH4/Lreactor. The estimation of the methane fraction
from the non-converted ASC and VFAs was 77.1%. This percentage was similar to that proposed
by Smith and Mah [52], who estimated that 73% of the total methane was produced by acetoclastic
methanogenesis, while the remaining 27% was produced by the hydrogen-utilizing methanogens.

However, the estimation of the methane fraction from the non-converted ASC and VFAs in
the reactor 100:0M was 32.0%. Thus, the acetic acid was degraded in a higher proportion than in
the thermophilic reactor, while the propionic acid had slightly increased with respect to the other
mesophilic co-digestion tests. The different behavior of methanogenesis in both cases could be likely
related to a possible accumulation of intermediate inhibitory compounds in the thermophilic reactor,
such as long chain fatty acids (LCFAs) [17,53,54].

In a recent work, Aboudi et al. [11] had studied the anaerobic digestion of ESBP in a temperature
phased CSTR reactors (hyperthermophilic at 65 ◦C–mesophilic at 35 ◦C and thermophilic at
55 ◦C–mesophilic at 35 ◦C). Authors reported an LCFAs accumulation in the hyperthermophilic
and thermophilic reactors. Hence, palmitic acid concentrations of 140 and 210 mg/L and lignoceric
acid concentrations of 80 and 125 mg/L were detected in thermophilic and hyperthermophilic reactors,
respectively. The concentration of these acids was significantly reduced in the subsequent mesophilic
reactors. Therefore, the inhibition of methanogenic acetoclastic archaea in the anaerobic digestion of
ESBP, could be linked to the operations at high temperatures.

4. Conclusions

The thermophilic co-digestion of the exhausted sugar beet pulp with pig manure allowed for
the achievement of an increase in the methane yield, with respect to the anaerobic digestion of ESBP,
individually. The addition of PM had a beneficial effect, as it provided additional alkalinity and
nitrogen and, consequently, increased the stability of the process. Moreover, the ESBP provided carbon
and had contributed to a better C/N balance in the process. Therefore, the mixture of both wastes had a
synergistic effect on the process. Thus, the ratio 25:75 (ESBP:PM) was the best proportion tested with a
specific methane production of 212 mL/VSadded.

Despite the thermophilic range being normally considered favorable for increasing the
process rate and product yield, the comparison of the results obtained with previous mesophilic
studies from the literature indicated that the temperature had a detrimental effect on the process.
Thus, in this study, the population of methanogenic acetoclastic archaea seems to have been
affected and the methane production would have been mostly generated by the pathway of the
hydrogen-utilizing microorganisms.
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Abstract: Many operating parameters, individually or together, may influence the performance of
anaerobic digestion towards biogas or digestate yield and quality maximization. The most preferred
method of optimizing an anaerobic digestion plant often relies on how carefully the crucial parameters,
such as pH, temperature, organic loading rate, hydraulic retention time, and pressure, are chosen.
There is a large amount of literature available on optimization of anaerobic digestion; however,
given the continued development and implementation of innovative technologies, together with the
introduction of increasingly complex systems, it is necessary to update present knowledge on process
parameters and their role on operational ranges and flexibilities in real-life anaerobic digestion system.
Accordingly, the present review discusses the importance of the selection of operational parameters
in existing technologies and their impact on biogas yield. Notably, the four broad areas of feedstock
utilization (substrate, inoculum, codigestion and pretreatment), process condition (pH, temperature,
pressure, and reactor design), reactor control (HRT and OLR) and inhibition (Ammonia and VFAs)
are covered in this review. In addition, particular emphasis is placed on the most recent innovations
that have been or may be implemented in current or future biogas plants.

Keywords: anaerobic digestion; biogas; optimization; operating parameters; review

1. Introduction

Among all the forms of renewable energy, biomass-based technologies are foreseen to play a
critical role in fulfilling the continuously increasing demand for future energy. Because biomass
resources are abundant and easily transformable into various forms (solids, liquids, and gases), a
vast range of energy applications, i.e., heat, power, chemicals, and liquid biofuels for transportation
vehicles, are suited to this source of energy. The global carbon footprint reduction in a long-term future
as a result of deploying biomass driven renewable energy technologies is promising. Today, the final
energy consumption using biomass-derived fuels have reached 50 EJ globally with potential growth of
150–400 EJ/year in 2100 [1]. Simultaneously, the conversion of fossil fuel vehicles to biofuel vehicles is
accelerating rapidly.

Anaerobic digestion (AD), one class of biomass conversion technology, mediated by the syntrophic
association of bacteria and archaea in the absence of oxygen [2], has been considered a promising
option of treating various types of biomass and wastes, e.g., energy crops, agricultural residues, bio and
municipal wastes, industrial wastes (food & beverage), livestock and poultry wastes, sewage, and algae.
The products of AD include energy-rich biogas, a potential candidate for diverse downstream conversion
technology, and a liquid residue enriched with macro and micronutrients, suitable as organic fertilizer
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or soil amendments to agricultural lands. As a result of these manifold output opportunities, AD has
been regarded as an excellent biomass conversion alternative, stabilizing utilization of biomass-derived
wastes as well as offering the benefit of achieving the circular economy [3]—preserving the concept:
‘reduce’, ‘reuse’, and ‘recycle’.

With the objectives of addressing future energy needs and the global warming reduction, the
implementation of commercial and industrial scale biogas plants via AD have been evolving massively
in all parts of the world. In Germany alone, the country that has the highest number of biogas
plants in the EU, the installed capacity of biogas to electricity plants in the year 2015 exceeded the
~8900 MW capacity [4]. China, one of the biggest biogas producers in Asia, has been experiencing
a boom in the biogas generation units predominantly for household-scale applications for the last
few decades. However, the considerable investment and public initiatives on innovative measures
and technologies have promoted the transformation of many of these household-scale applications to
large-scale technologies including enormous growth towards biogas to electricity. Consequently, the
biogas to electricity installation capacity in China reached 5500 MW in 2015, which is estimated to
escalate up to 30,000 MW by the year 2020 [5]. Among the Nordic countries, the progress in biogas
development in Sweden, Denmark, and Finland is reasonably steady [6]. Additionally, Norway has
recently made an exemplary stride by commercializing the world’s biggest liquid biogas plant with
production capacity estimated to be 25 million Nm3 of biofuel annually (Biokraft, Skogn, Norway).
Once commenced, this will have a direct contribution in reducing 60,000 ton of CO2 equivalent
emission annually, and 25 million L of fossil fuels replacement in transportation application. The biogas
integration to the energy sector in other countries like UK, USA, and Australia is also progressing.

Despite the diverse applicability and rapid expansion globally, some factors including process
complexity, poor stability, inefficient biodegradability, substrate complexity, and low productivity
impede methane production from AD. Numerous ways to overcome operational shortcomings
suppressing methane yield have been suggested in previous studies, where the innovative approaches
like three-stage digester [7], novel enzyme addition [8] and continuous microbial growth analysis [9]
have been developed and implemented successfully. In parallel, optimization of the process
performance by manipulating operational variables [10] such as feedstock choice, pretreatment,
codigestion, reactor type, temperature, pH and HRT (Hydraulic retention time) [11] have been widely
considered. An example of the optimum and conventional AD reactor comparison is shown in Figure 1.

Pre-treated 
Feedstock

Biogas (50-65 % CH4)

CO2 CH4 DigestateCO2 H2

CO2 enriched gas

Pre-treated 
Feedstock

Optimization strategy:
• Reactor design (multi- staged digester)
• Choice of feedtock (lipid/protenaceous 

substrates)
• Choice of OLR/HRT (HRT: 2 to 25 days 

between the digesters)
• Co-digestion, etc. 

Non-optimal two-stage anaerobic digestion 

Optimal two-stage anaerobic digestion with improved
biogas yield

CO2 H2

CO2 enriched gas Biogas (60-80 % CH4)

CO2 CH4 Digestate

Figure 1. Methane content in biogas between conventional and optimum anaerobic digestion (AD).

Despite this, the complex microbiological interactions influencing the performance of operational
parameters remain to be extensively explored. In this vein, the overview of the critical parameters
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and their interdependence to anaerobic digestion efficiency would always be an interesting field of
study. This review intends to discuss this relationship and emphasizes on the innovations that may
potentially bring significant prospects for future applications.

2. Anaerobic Digestion Process and Microbial Communities

Anaerobic digestion offers a valuable option for converting biodegradable feedstock into renewable
energy. In this process, the conversion occurs by bacteria and archaea in the absence of oxygen, wherein
a series of complex biochemical reactions determine the product output [12]. Generally, the organic
part of the biomass is utilized by the microorganism consortia and yielded to methane and carbon
dioxide, while the rest is transformed into other minorities [13]. The complete digestion process takes
place in four different stages called hydrolysis, acidogenesis, acetogenesis, and methanogenesis [14],
which are briefly overviewed in Figure 2.

Carbohydrates, proteins, 
lipids, nucleic acids

Monosaccharides

Amino acids

Long chain fatty 
acids

Acetic 
acid

Propionic
acid

Butyric 
acid

Valeric 
acid

Sulfate reduction

Acetoclastic methanogensis CH4, CO2, H2S 
and minor rest

Hydrogenotrophic methanogensis

Hydrolytic bacteria

Acetogenic 
bacteria

Acidogenic bacteria

Methanogenic 
bacteria & archaea

Hydrolysis
Hydrogen Carbon 

dioxide

Acetic acid

Methylotrophic methanogenesis

Acidogenesis Acetogenesis

Figure 2. Simple schematic representation of anaerobic digestion steps.

Hydrolysis involves depolymerization of insoluble complex organic hydrocarbons into soluble
monomers where the principle substrate compounds (i.e., carbohydrates, lipids, and proteins) are
broken down into corresponding low molecular weight monosaccharides, long chain fatty acids, and
amino acids that are favorable for bacterial degradation. Hydrolysis is a complex multistep process
mediated by extracellular enzymes. The enzymes required for hydrolysis can either be attached
to microbial cells or secreted to the solution [15]. Several groups of hydrolytic microorganisms
are involved in the degradation of several substrate compositions, where the bacteria Bacteriods,
Clostridium and Staphylococcus are significant drivers [16] (see Table 1).

Table 1. Bacterial groups involved in hydrolysis of different substrate components [16].

Primary Substrate
Components

Hydrolyzed Products Bacterial Group

Carbohydrates Soluble sugars Clostridium, Acitovibrio celluliticus,
Staphylococcus, Bacteriodes

Lipids Higher fatty acids or alcohols and glycerol Clostridium, Staphylococcus,
Micrococcus

Proteins Soluble peptides and amino acids Clostridium, Proteus vulgaris,
Peptococcus, Bacteriods, Bacillus, Vibrio
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In the acidogenesis stage, acidogenic bacteria such as Lactobacillus, Streptococcus, and
Clostridium [16] (Table 1) transform hydrolysis products (amino acids and sugars) into volatile
fatty acids (VFAs) (acetic acid, butyric acid, and propionic acid), organic acids (succinic acid and
lactic acid), ammonia (NH3), hydrogen gas (H2), carbon dioxide (CO2), hydrogen sulfide (H2S), and
low alcohols [17]. The concentration of hydrogen produced at this stage affects the final product
after digestion and the resulting organic matters such as VFAs are not suited for direct conversion to
methane by the methanogens.

Hence, the third stage, namely acetogenesis, converts the VFAs, especially acetic acids and butyric
acids, into acetate, H2 and CO2. Among the VFAs, 65–95% of methane is directly produced from acetic
acid, while propionic acid remains mainly unconverted because its degradation is thermodynamically
less favorable (based on the relationship between hydrogen partial pressure and VFA degradation), in
comparison to butyric acid [18].

In the final stage, methane is generated by the function of three groups of methanogens, namely
acetotrophic, hydrogenotrophic, and methylotrophic [19]. The majority of the methane is produced by
acetotrophic methanogens, which transform the acetate (resulting from acetogenesis) into CH4 and
CO2 [20]. In this process, the principle reaction can be interpreted as shown by Equation (1).

CH3COOH→ CH4+CO2 (1)

The hydrogenotrophic group converts hydrogen and carbon dioxide into methane through the
reactions stated in Equations (2) and (3) [20]. From this route, around 30% of methane may be produced.

CO2+4H2 → CH4+2H2O (2)

4CO + 2H2O→ CH4+3CO2 (3)

Besides the above two groups, some methane can also be produced by the methylotrophic
methanogens [19]. Through this pathway, the methyl or trimethylamine component of a given
feedstock is transformed into methane following the chemical reactions given by Equations (4) and (5).

3CH3OH + 3H2 → 3CH4+3H2O (4)

4(CH 3)3N + 6H2O→ 9CH4+3CO2+4NH3 (5)

3. Process Parameters Involved in a Biogas Production Plant

As mentioned earlier, the characteristics of various process parameters impact heavily on the
quantity and quality of biogas production. Variables that are broadly relevant to AD include
feedstock type, reactor type, pH, temperature, retention time, organic loading, pressure, and inhibitory
components. Properties such as inoculum type, codigestion, and pretreatment type are directly linked
to feedstock, while temperature, mixing, retention time, organic loading, volatile fatty acids, pH, and
pressure are greatly influenced by the type of reactor used and the biochemical interactions involved.
The effect of all these parameters on various aspects of anaerobic digestion in light of the present
state-of-the-art is widely covered in the following subsections.

3.1. Feedstock

3.1.1. Substrate

Diverse substrates originated from agricultural wastes, municipal solid wastes, industrial wastes,
wastewater, aquatic biomass, and energy crops may be included as feedstock for anaerobic digestion [21].
Extracting biogas from these materials depends on the physical and chemical compositions that favor
biological degradation. Not all the substrate components (carbohydrates—cellulose, hemicellulose,
and lignin; lipids—fats, oil, and glycerols; and proteins) are readily degradable. For instance, lignin
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is highly nondegradable, whereas cellulose breaks down in several weeks; hemicelluloses, fats, and
proteins within a few days; and volatile fatty acids, alcohols in several hours [21]. Thus, the choice of
appropriate feedstock concerning the amount of energy production, reactor design and waste disposal
is essential.

Theoretically, the biogas potential of feedstock constituents can be predicted by employing
stoichiometry, as shown in Table 2, or using the empirical formula, proposed by Boyle [22], given in
Equation (6).

CaHbOcNdSe+(
4a−b−2c+3d+2e

4

)
H2O→

(
4a+b−2c−3d−2e

8

)
CH4 +

(
4a±b∓2c+3d+2e

8

)
CO2+

dNH3 + eH2S
(6)

Among the main components, lipids have the highest methane potential (see Table 2); however,
they can cause process problem [23] and inhibition when hydrolyzed into long chain fatty acids (LCFA)
and accumulated. Accumulated LCFA due to the adsorption on to anaerobic sludge damages bacterial
cell walls, hinders nutrients and metabolic transports, and eventually results in process inhibition [24].

Table 2. Stoichiometry of biogas potential determination from various feedstock components [25].

Feedstock Methane Formation Stoichiometry
Methane

Concentration, %

Carbohydrate (C6H10O5)n+nH2O→ 3nCH4+3nCO2 50
Lipid C50H90O6 + 24.5H2O→ 34.75CH4 + 15.25CO2 69.5

Protein C16H24O5 + 14.5H2O→ 8.25CH4 + 3.75CO2+4NH+
4 +4HCO−3 68.8

Food wastes generated from slaughterhouses, food processing industries, and partly from
municipal solid waste (MSW) contain a high level of proteins and fats, which, when utilized for
AD, influence the production level of ammonia and sulfide. High levels of ammonia are toxic to
methanogens and likely to cause process imbalances in terms of pH buffering [26]. Additionally,
substrates with a high lipid content may also lead to other process problems associated with the
substrate and product transport limitations, sludge floating, foaming, blockage of pipes and pumps,
clogging of gas collectors and gas transport system [27]. Nevertheless, due to the high methane
potential, lipid-rich feedstocks can offer an enhanced methane production if codigested in combination
with substrates like municipal solid wastes [27], sewage sludge [28], paper waste [29], and rice husk [30]

Protein-rich substrates like food waste, fish waste, algae, and energy crops have also been utilized
for biogas production via AD. The major problem associated with anaerobic degradation of protein is
the development of a high concentration of ammonia that often leads to process instability or inhibition.
Some of the process problems related to protein-rich feedstock are suggested to be overcome by means
of various approaches where reducing the feedstock particle size [31], keeping operating temperature
to mesophilic range [32], increasing HRT [32], ammonia stripping by addition of CaOH, KOH or
NaOH [33], and adjusting pH of bioreactor liquid by adding acidic iron and acid [32,34] are commonly
used options.

Besides, substrates rich in carbohydrate content, such as lignocellulosic biomass, can be good
sources of biogas production. Theoretical biomethane potential of lignocellulosic biomass, such as
grass, wheat, straw, and sorghum [35], is relatively high, but due to the high level of lignin, this class
of feedstock opposes microbial hydrolysis [36], and hence recalcitrant to anaerobic conversion. A
lot of research has suggested pretreatment to maximize utilization of lignocellulosic biomass (see
Section 3.1.3).

While lignocellulosic biomass contains a rather high level of lignin, marine feedstock algae
(micro and macroalgae) tend to have very low or no lignin, which makes them suitable for AD [37].
Algae as a substrate can circumvent the issue of food vs. fuel, provide an excellent alternative to the
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biogas industry, and can offer a synergistic benefit of coproducing various chemicals and value-added
products including biogas [38]. So far, the biomethane potential of various algae species has been
documented in a number of past studies [39–41]. However, a host of problems are identified, including
cell wall resistance for degradation, production of toxic substances, increasing level of pH in case
of high C:N ratio algae species, LCFA inhibition [42], and NH3 inhibition [37,43]. To overcome part
of these challenges, pretreatment, i.e., washing [44], maceration [44], thermal [45], sonic [45], and
mechanical [46] treatment along with codigestion [47] may be implemented.

Animal manures are a common source of organic material used as feedstock for AD. Using
manures for biogas production reduces anthropogenic greenhouse gas emissions, which would have
otherwise released during storage [48]. Depending on factors such as animal species, breed, growth
stage, feed, amount, and type of bedding, the biomethane potential (BMP) of animal manure can vary
widely. Manure provides essential nutrients (micro and macro) for bacterial proliferation [49], buffer
capacity for degradation of low nitrogen substrates, and controlling the level of VFA during AD. Due
to its many advantages, most of the anaerobic digesters in Europe [50] are based on animal manure as
a substrate. However, the biogas potential of manure is somewhat reduced by its recalcitrant material
content, especially the biofibers or the embedded bed materials (e.g., straw). To achieve accelerated
conversion of the recalcitrant fraction, manure is often suggested to undergo pretreatment before
utilization for biogas production.

3.1.2. Inoculum

The choice of right inoculum type in combination with the right temperature is the key to set a
desired anaerobic start-up condition [51,52]. Generally, biogas production and the substrate utilization
rate in an anaerobic digester show an inverse trend with increasing input of substrate to inoculum
(S:I) [53,54]. The usage of too little inoculum can result in incomplete feedstock degradation and
process problems associated with VFA accumulation, inhibition and slower methane production rate.
For example, depending on the type of inoculum, operating temperature, and the volatile solids
content of the substrate, a four-fold increase in S:I ratio could contribute to decreasing as much as 40%
of biogas production from AD of cattle manure [55]. Additionally, a higher S:I ratio can lead to longer
HRT, resulting in larger reactor working volumes [56]. However, the use of a high amount of inoculum
or a low S:I ratio might induce process instability as well as low biogas yield [57]. Thus, a careful
compromise is necessary. The effect of the type and amount of inoculum on biogas production from
various substrates was studied previously; for example, by Gu et al. [58].

3.1.3. Pretreatment

Pretreatment increases feedstock utilization towards AD. Substrates composed of high recalcitrant
matter, or not readily biodegradable matter, are considered for pretreatment. The technique used for
pretreatment depends on the type of substrate and varies to a wide degree of methods, but, generally,
thermal [59], chemical [60], physical/mechanical [61], ultrasound [62], microwave [63], biological [64],
and metal addition [11] methods are used to perform pretreatment. The primary feedstock pretreatment
categories are shown in Figure 3.
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Figure 3. Primary feedstock pretreatment categories—modified from Ref. [65].

Thermal pretreatment occurs at a vast range of temperature, which across various studies spans
between 70 ◦C and 275 ◦C [59,66–68]. Before anaerobic digestion, the thermal treatment can enhance
feedstock hydrolysis resulting in increased anaerobic digestion rate and extent. Substrates like
waste activated sludge [66], food waste [69], municipal solid waste [70], agricultural byproducts [71],
grass [72], and algae [73] showed a positive effect on methane yield as a result of thermal pretreatment.
However, the methane yield from thermally pretreated substrates is not always higher than those that
are untreated. Rafique et al. [74] showed no improvement in methane yield from the solid fraction
of pig manure at a pretreatment temperature of over 100 ◦C, while Carrère et al. [75] observed that
a pretreatment temperature of 190 ◦C was found favorable for improved biogas yield from the total
liquid and solid fractions of a similar substrate.

Steam explosion is another thermal pretreatment technique mostly applied for treating
lignocellulosic biomass. Through steam explosion, the fibers in lignocellulosic biomass open-up
and become more accessible for biological degradation. According to the literature [76], biogas yield
from lignocellulosic biomass such as Salix woodchips can be maximized with the steam explosion
method at 210 ◦C for about 10 min. Steam explosion pretreatment is usually defined by a severity
factor that is calculated from the temperature and duration of the process. The relation between the
steam explosion severity, duration, and temperature are expressed by Equation (7) below [77]. A
similar trend to the Salix woodchips was observed for birch wood chips [78], where an approximately
two-fold increase in methane yield was achieved compared to untreated woodchips due to the steam
explosion with the severity of 4.5 at temperature 220 ◦C. For agricultural biomass such as wheat straw,
the different severity of steam explosion had shown no positive impact on methane yield, but the
degradation rate was found to be increased [79]. The severity factor of steam explosion for thet majority
of feedstocks usually lies within the range of 3.14–3.56 [77].

logRo= log
(
t·e( (T−100)

14.75 )
)

(7)

where,
logRo: the severity factor as a function of treatment time;
T: the temperature in ◦C;
t: is the residence time in (min); and
14.75: the activation energy where the process obeys first-order kinetics and the Arrhenius

temperature dependence
Apart from thermal pretreatment, thermochemical pretreatment combining heat and

chemicals/additives can contribute to enhancing AD productivity by increasing the COD (chemical
oxygen demand) solubility [80], reducing feedstock particle size [81], and increasing volatile solid
reduction [82]. The chemicals predominantly used for thermochemical pretreatment include alkali [83],
acids [84], biological additives [85], and ozone [86]. Acid pretreatment, performed with acids such as
HCl, HNO3, H2SO4, and H3PO4, accelerates hemicellulose solubilization into oligomers (i.e., molecules
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that consist of a small and specifiable number of monomers; usually less than five), while alkali
pretreatment, involving NaOH and Ca(OH)2, helps to break lignin together with the solubilization of
hemicellulose [65]. Alkali pretreatment (also called saponification) is a commonly adopted technique
to help accelerate the hydrolysis of the lipid-like substrate [87]. Compared to acid pretreatment, alkali
pretreatment was demonstrated to be more effective in enhancing methane production [65,88], although
some issues concerning digestate land application and methanogen toxicity were identified [89]. Despite
the certain advantages, the cost associated with the use of additives/chemicals may offset the benefit
earned from the revenue of the biogas plants. Therefore, a careful trade-off between cost and biogas
yield optimization needs to be practiced. The pros and cons of using a selective list of additives in an
anaerobic digestion application are given in Table 3.

Table 3. The advantages and disadvantages of using additives in AD [90].

Additive Element or Compound Benefit Adverse Effect

Macro-nutrients P, N and S
Methane production
improvement and enhanced
process stability

Methane or biomass
inhibition by overdosing

Micro-nutrients,
heavy metals

Cu2+, Zn2+, Cr3+, Cd, Ni, Pb4+

and Hg2+
Promoting various
enzymatic reactions Inhibition to the acetogens

Micro-nutrients,
light metals Na+, K+, Mg2+, Ca2+ and Al3+ Enhancing microbial growth

Restricting production of
double cells (Mg2+),
Inhibition of acetoclastic
methanogens (Na+),
Destabilizing buffering
system (Ca2+), etc.

Iron Zero valent iron, Clean scrap,
rusty scrap and iron additives

Sulfide fixation, biomass
stimulation, etc.

Precipitation and
clogging risk

Ash Bottom ash and fly ash
Inorganic absorbent
materials

MgCl2, MgCl2.6H2O,
MgPO4.3H2O

Ammonia sequestration
through struvite formation

Inorganic nitrogen Availability of nitrogen as
nutrient

Inhibition of methane
producing enzymes, VFA
accumulation

Nano particles Ag, Au, Fe, Al2O3, SiO2, TiO, ZnO Methane production
improvement

Inhibition of hydrolytic and
methanogenic biomass

Biological additives
(bioaugmentation and
enzyme)

Compost, C. proteolyticus, SAO
co-culture and Methanoculleus
bourgensis MS2

Increased methanogenic
activity, increased hydrolytic
activity

Cost, process control

Others

Biochar, activated carbon, sand,
zeolite, Ni-Zeo, Co-Zeo, Mg-Zeo,
rockwool, membrane, molecular
sieve, polyurethane foam
and loofah

Biomass immobilization,
buffering agents, enhanced
VFA degradation

Unlike thermochemical pretreatment, physical pretreatment does not require the addition of
any external compounds but uses physical techniques such as physical operations (milling, grinding,
lysing, centrifuge, high pressure, electroporation, ultrasound, and microwave irradiation). Mechanical
pretreatment is a widely used physical method that improves bioconversion effectivity, particle
densification and distribution, flow properties, porosity, bulk density, and the overall conversion of
lignocellulosic biomass into biogas without producing any toxic side streams [91]. With mechanical
milling, commonly achieved by the different mills such as attrition mills, ball mills, centrifugal mills,
colloid mills, hammer mills, extruders, knife mills, pin mills, and vibratory mills [92], the crystallinity
of cellulose, particle size, and the degree of polymerization is reduced and consequently the surface
area and digestibility of feedstock are enhanced. Employing milling, such as screw press extrusion,
results in an increase of up to 30% in the methane yield from dip litter (a combination of a solid
fraction and straw) manure was accomplished [93]. The combination of milling (≤2 mm) with fungal
pretreatment was observed to achieve a profound methane yield increase of up to 160% [94].

Microwave irradiation is another physical pretreatment option, or a heating method, which
directly applies electric and magnetic field components to the molecular structure of the substrate,
stimulating physical, chemical, or biological reactions due to the heat and extensive collisions by the
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vibrations of the polar molecules and ion movements [95,96]. As a result of microwave radiation, a
number of pretreatment benefits can be acquired, which includes increased substrate surface area
and accessibility to enzyme attack, decreased polymerization and crystallinity of cellulose and lignin
depolymerization [97]. Microwave-assisted pretreatment, using microwave irradiation alone or
in combination with various solvents (i.e., water, alkali, acid, ionic liquid, salt, and other organic
components), has been studied. With the use of microwave pretreatment alone, a 60% methane
yield increase for a continuous reactor was observed [65]. Other evidence suggests that microwave
irradiation with a solvent combination is either able to rapidly hydrolyze more sugars [98] or to remove
more hemicellulose and lignin from the lignocellulosic substrate [99] compared to the conventional
thermal and thermochemical treatment. However, the application of this technique to date is limited
to the lab-scale, as technical difficulties to expand it to the industrial scale still exist.

Sonication, involving a sound frequency greater than 20 kHz (ultrasound), can be applied to
physical pretreatment of biomass [100]. Brief exposure to ultrasound can cause the thinning of microbial
cell walls, resulting in the release of cytoplasm (material within a living cell excluding cell nucleus)
and thereby facilitating the intercellular matter to be available for further degradation to CH4 and
CO2. Although a large variety of feedstock can be successfully pretreated using ultrasound, until
now, this method is widely considered for sewage or waste activated sludge [101], as this material,
compared to other substrates, requires a lower sonication time and energy. The past study found that
longer sonication time and energy may lead to a lower conversion efficiency of solubilized matter into
methane [65]. Based on the literature, the threshold of specific sonication energy ranges between 1000
and 16,000 kJ/kg TS (total solids) and is strongly correlated to substrate solid content, which for sludge
was reported to be optimum at 20–30 g/L [65]. With use of sonication, the BMP of waste activated sludge
and dairy cattle manure (TS of 5.8%) was improved by 140% [102] and 19% [102], respectively. With
high TS substrates, such as mixed sludge and MSW (~9% TS), a very high specific energy requirement
of about 90,000 kJ/kgTS resulted in an increase of 24% in the methane yield [103]. Sonication of
high solid substrates also caused high cavitation, increased dewaterability and disturbance to the
homogeneity of acoustic waves [65]. However, the energy applied to treat high TS (9%) sludge in a
full-scale plant (sonix) was found energetically feasible as the benefit obtained as a result of revenue
earned from increased biogas production (35–55%) overcompensated the cost spent on sonication [104],
making this method suitable for a wide range of feedstock. Despite this, the use of electric energy in
comparison to waste heat utilization for thermal pretreatment could be energetically ineffective and a
significant drawback to the sonication technique.

Enzymatic pretreatment has been investigated in many previous studies. The enzymes used
during or prior to AD include cellulases, cellobiases, endoglucanase, xylanases, pectinases, laccases,
versatile peroxidases, as well as α-amylases and proteases [65]. Deconstruction of lignin and cellulose
by enzymes in different stages of hydrolysis can result in the conversion of oligomers and various
monomer sugars [105]. Although many enzymes do exist, the application of these in most cases was not
practical, and biogas yield in many instances either remained unaffected or dropped [106]. Enzymes
can be applied in different ways at different stages of AD. When used upstream during hydrolysis,
the sugars released can be potentially consumed by endogenous microorganisms before being further
converted into biogas [65]. For cases like this, the endogenous microorganisms are typically eliminated
by sterilization (an extra processing step), which incurs additional cost and affects the overall plant
economics [65]. Since enzymes for AD are produced from different forms of fungi (e.g., Aspergillus and
Trichoderma genus) [107], they can be used alternatively, so the process cost for producing enzymes
can be avoided. Further, an auxiliary enzyme, such as LPMO (Lytic polysaccharide mono-oxygenases)
in combination with fungi can also be used for enhancing cellulose degradation [8]. The cost and
selectivity are apparently the major drawbacks concerning enzyme application to pretreatment, which,
in the context of optimization of AD, calls for further research in future.

Adding certain metals, such as Ca2+, Fe2+, Ni2+, Zn2+, Mg2+, Cu2+, Cd2+, Co2+, and W6+ [108,109]
at specific concentrations, enhances the biogas yield from AD. The enzymes required for essential
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bacterial growth are chemically linked with metals (such as those stated above). By supplementing
appropriate amounts of these metals, the appropriate levels of nutrients in the anaerobic digester
can be maintained, resulting in enhanced substrate degradation and ultimately increased biogas
yield [110]. For example, the enzyme complex acetyl-CoA decarboxylase/synthase has an essential
role in degrading acetate to methane, which can be further accelerated by adding the metal Ni2+ [111].
More enzymes were found to be linked to micronutrients or metals [112]. Augmenting heavy metals
Ni2+, Zn2+, and Cd2+ at a concentration of 2.5 mg/L to a mesophilic reactor (37 ± 1 ◦C) operating on
potato waste and cattle manure (50:50), the biogas production was improved [113]. Methane yield was
also reported to be increased from a lab-scale digester after adding Fe, Zn, Mn, Cu, and Mo [114]. Using
trace elements, the conversion of organic solids can be enhanced allowing stable digester operation at
a low organic loading rate (OLR) [115]. However, an excess amount of heavy metals can reduce the
methanogen’s activity, leading to process failure or collapse [113]. Therefore, the right amount of metal
supplementation is essential.

3.1.4. Codigestion

Codigesting multiple substrates can improve biogas yield during AD at various combinations and
fractions. For instance, methane production increase of up to 65% [116] can be achieved by codigestion
of cattle manure with organic wastes (C5 molasses) [117,118], seaweed [47], energy crops [116], food
wastes [119], agrowastes [120], and fruit and vegetable wastes [121]. A considerable increase in
methane yield from codigestion of many other substrates has also been detected and documented in a
comprehensive work by Poulsen T. et al. [122].

Generally, substrate in the AD process is degraded to biomethane by the synergistic interaction
of a bacterial consortium, consisting of three functional group of microorganisms involved into the
processing steps: hydrolysis, acidogenesis, and methanogenesis. Due to the insufficient buffering
capacity, the products of each of these steps can ultimately cause inhibition of methanogenesis. For
example, the reduction in pH due to the accumulation of VFAs from acidogenesis caused by the
insufficient buffering capacity can result in substantial drop in production of biomethane and thereby
loss in AD efficiency.

By deploying codigestion, the digester can be designed for operating at an optimum C:N ratio [123]
under which enhanced nutrient balance with improved pH buffering can be achieved. Theoretically,
with a C:N ratio of about 25–30:1 [11,124], methanogens use nitrogen to fulfil their protein requirements
and optimize the production of methane. At higher ratios, the nitrogen availability depletes quicker,
resulting in incomplete methanogenesis, leading to reduced biogas productivity. Conversely, lower
C:N ratios give excess nitrogen causing ammonia formation together with an increase in pH and
consequently drop in methane yield [125].

Besides C:N ratio enhancement, codigestion can also improve overall macronutrients balance by
adjusting the proportion of carbon, nitrogen, phosphorous and sulphur content. The requirement of
macronutrients in AD is usually not so high, with a typical ratio of C:N:P:S as 600:15:5:1 [126].
Nonetheless, this depends on the characteristics of feedstock and an individual AD process.
Gil et al. [127] showed that substrates with simultaneous high concentrations of N and P, resulting in
a combined C:(N + P) ratio between 53 and 40, have a pronounced effect in an increased methane
content in the produced biogas. Many other combinations and proportions of macronutrient contents
can also lead to possible conditions for enhanced biogas production for a codigestion process, and
research into this area is still ongoing.

3.2. Reactor

3.2.1. Configuration

The way feedstock is converted in AD is greatly dependent on the way the reactor is configured.
Generally, two broad classes of substrates, i.e., wet substrate (TS < 15%) and high-solid substrate
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(15% < TS < 40%), are treated [128] in a wide range of reactor designs, including anaerobic baffled
stacking reactor (ABSR) [129], anaerobic contact process (ACP) [130], anaerobic filter (AF) [131],
anaerobic fluidized bed reactor (AFBR) [132], agitated granular sludge bed reactor (AGSBR) [133],
anaerobic hybrid reactor (AH) [131], anaerobic membrane reactor (AnMBR) [134], anaerobic sequencing
batch reactor (ASBR) [135], anaerobic migrating blanket reactor (AMBR) [136], batch system anaerobic
reactor (BSAR) [137], carrier-induced granular sludge bed reactor (CIGSBR) [138], continuously stirred
anaerobic bioreactor (CSABR) [139], continuously stirred tank reactor (CSTR) [47], expanded granular
sludge bed reactor (EGSBR) [140], fixed-bed reactors (FBR) [141], plug flow reactor (PFR) [142],
submerged anaerobic membrane reactor (SAnMBR) [143], super-high-rate anaerobic bioreactor
(SAB) [144], temperature phased anaerobic digestion reactor (TPAD) [145], tubular reactor [146],
upflow static media anaerobic reactor (USMAR) [147], upflow anaerobic sludge blanket reactor
(UASB) [148], and solid-state digester [149]. Selected operational parameters used in these reactors
based on existing literature are summarized in Table 4.
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In recent years, the process efficiency and feedstock characteristics (i.e., dry matter content)
and reactor systems have been modified to meet the specific criteria of product output, and further
development is expected. Broadly, digesters can either be batch or continuous. Batch configurations are
straightforward, require less moving parts and are inexpensive [17], but they are generally employed to
determine methane potential of substrates where the reactors are subject to the anaerobic environment
for a long period, until a degree of digestion close to the theoretical maximum is achieved. However,
in a real life scenario, constant gas production is more desirable, requiring continuous digestion.

Continuous digestion system can be designed with single or multiple digesters. In a single stage
digestion system, all steps in microbial degradation, i.e., hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, occur simultaneously in a single reactor vessel. For the majority of anaerobic digestion
applications, single stage reactors are still dominant because of their simplicity in design and cost [150].
So far, an array of substrates such as food waste [151], vegetable waste [152], sludge [151], municipal
solid waste (MSW), biowaste [150], and livestock manure [153] have been treated by this configuration
and process performance is optimized in a vast number of cases. For example, optimum methane
recovery using a single stage reactor (CSTR, PFR, UASB, ASBR, and TPAD) for livestock manure (i.e.,
cattle manure, pig manure, and poultry manure) was shown to be achieved and even maximized by
recirculating the process liquid back into the reactor [154]. By digestate recirculation, liquid retention
time increases and the microbe wash out from the process consequently decreases [155].

In a two-stage system, the first step involves feeding material into the first digestion tank
(acidogenic reactor), where hydrolysis, acetogenesis, and acidogenesis take place. The partially
digested materials from this reactor are then introduced into the second stage (methanogenic reactor),
where the methane is produced. Compared to the single stage digestion, the two-stage process allows
fast and efficient formation of biogas in the second stage where methane recovery of volatile solids
can exceed 90% in exceptional cases [156,157]. However, due to the complexity in design, two-stage
reactors have a higher cost [150].

The three-stage reactor concept was developed in the early 1990s [158]. In this configuration,
the first phase involves semi-anaerobic hydrolysis of feedstock at low hydraulic retention time and
the removal of un-degraded materials to the secondary reactor for acidogenisis. From the secondary
reactor, output liquids and solids are transferred to a tertiary reactor where methane-rich biogas is
produced. Likewise, in a two-stage system, a part, or all of the effluent from the tertiary reactor
can be recirculated back to the digester depending on the targeted HRT and process efficiency [159].
According to the study by Kim et al. [159], using a three-stage reactor, COD removal efficiency of over
95% was achieved for food waste AD. In a more recent study [7], an 11–23% increase in methane yield
for a three-stage codigestion of food waste and horse manure was reported.

In addition to the configurations mention above, AD systems have undergone several modifications
over the last few decades to address the retention efficiency of slow-growing methanogens. With
the development of the UASB reactor, where a dense sludge bed allows methanogenic sludge to
maintain within the reactor [160], the improvement in retention efficiency was found to be significant.
So far, numerous UASB reactor types are being used for treating waste and wastewater effluents of
various characteristics. Among these, the internal circulation (IC) reactor was observed to exhibit high
efficiencies in terms of considerable feasibility, robust resistance to outside accidents, high organic
loading rate, and low investment cost [161]. Membrane bioreactors (MBR) are another technique
quite successfully able to retain active biomass in the system. By employing a membrane, both cells
and inhibitory components within the bioreactor can be separated and as such, an efficient biological
process can be achieved [162]. Available membrane reactors and their application in the context of
AD can be learned from a comprehensive review authored by Visvanathan and Abeynayaka [162].
Figure 4 illustrates two examples of novel reactor configurations that are used in both lab- and
industrial-scale applications.
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Figure 4. Example of two novel anaerobic reactor types—reproduced with permission from the original
authors [7,161].

Apart from bioreactor design, the developments in biosensor technologies and molecular biology
techniques can enable understanding complex microbiological processes and potential disturbances
much earlier than the conventional AD processes that do not involve any sensors for that matter.
Reviews of the current progress in sensor technologies for controlling AD is documented excellently
by Gaida et al. [163].

3.2.2. Mixing

Mixing, to a great extent, can determine the performance and cost of an AD system. Mixing
promotes contact between microorganisms, substrates, and nutrients and provides uniform temperature
distribution in the digester. Adequate mixing can reduce sedimentation and foaming caused by floating
fat with adhering gas bubbles or by filamentous microorganisms, such as Microthrix or Norcardia [164].
Reactors equipped with mixing tend to produce more biogas [165] than those without, although
contrasting results do exist [166,167]. Mixing can be accomplished by means of mechanical (employing
a mixer), hydraulic (liquid recirculation), and pneumatic (recirculation of gases) techniques [168] at
various frequencies (continuously or intermittently with several hours or several times in an hour
during a day) [11] and intensities (gentle, intermittent, and rigorous rotation speed). Ong et al. [169]
showed that employing intermittent mixing, mass transfer from the liquid phase to the gas phase greatly
enhanced resulting in an increased gas release as much as 70% higher than the periods without mixing.
In addition, among various mixing intensities, gentle mixing leads to the formation of aggregates and
prevents methane-producing organisms from being washed out by the liquid and thereby proved to be
more effective [170].

Dispite the benefits of increased gas release, mixing does have an extra cost and requires an
energy input. Continuous mixing in a full-scale AD can demand as much as ~50% of the total plant
energy [171], with mixer motor start-up consuming 2.5 % additional energy [172]. Therefore, mixing
should be compromised or chosen carefully, given the feedstock type and AD technology. Strategies
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like switching from continuous to intermittent mixing mode could save over 25% of the energy demand
and ensure higher plant productivity [173]. Additionaly, using innovative technologies such as a
gas-lifting reactor (that works on biogas’s rising tendency for partial recirculation and digester’s
agitation) can provide the effect of mixing without requiring a mixer, and has been shown to result in
improved plant economies [174]. Two innovative mixing configurations operating with the airlifting
mixing concept are shown in Figure 5.

(a) (b) 

Figure 5. Two novel configurations (a,b) of airlifting bioreactor agitating sludge without having
an installed mixer—reproduced with permission from the original authors [175,176]. (a) biogas-lift
reactor (BLR): right upward arrow- first biogas lift included with sludge and water; middle downward
arrow—flow of sludge and water; left upward arrow—second biogas lift with separation of sludge and
water. (b) gas-lift membrane bioreactor: the flow directions of materials are indicated with the arrows
and texts in the body of the figure.

3.3. Temperature

The AD temperature depends on the tolerance of the microorganisms and is categorized as
psychrophilic, mesophilic, thermophilic, or extremophilic [177] established at temperature ranges of
4–25 ◦C, 30–40 ◦C, 50–60 ◦C, and >65 ◦C, respectively [177,178]. Although anaerobic digestion can be
achieved with temperatures lower than 20 ◦C [179], below 10 ◦C, the degradation is three times slower
than the normal mesophilic process with methanogenesis becoming the rate-limiting step [180]. With
higher temperatures, such as those between mesophilic and thermophilic regimes, anaerobic digestion
tends to have a perfect environment for biological degradation resulting in high rates of hydrolysis and
consequently high biogas yields. The correlation between the reaction rate and the biological process
with temperature is typically represented by Equation (8) below [181]:

kT= k20θ
(T−20) (8)

where kT denotes the reaction rate constant at temperature T, k20 represents the reaction rate constant
at 20 ◦C, θ is the temperature activity constant, and T denotes the temperature.

The methane production amount in thermophilic AD is almost identical to mesophilic AD, but
higher temperatures improve the production rate [182], and reduces the requirement of high operational
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HRT and consequently reducing the reactor size [183]. However, thermophilic digestion system can be
energy intensive, unstable, and sensitive to inhibition [184] (see Section 3.5), which, in addition to the
robustness of the operation, is why mesophilic processes are presently the most preferred techniques
implemented at industrial scale AD [185].

For a given operational temperature type, the fluctuation of a few degrees of temperature can
have a severe impact on methane yield, as microorganisms adjust to one certain temperature and
re-adaptation corresponding to a different temperature requires an alternated microbial structure.
Noticeably, a variation in mesophilic temperature of ±4 ◦C and thermophilic temperature of ±1 ◦C was
found to result in a sharp decrease in biogas yield [19,186].

Within physio-microbial activities, some AD processing phases are more influenced by the
temperature than others. For example, the temperature requirements for optimizing the growth of
methanogens bacteria, specifically the mesophilic methanogens species, may differ from the temperature
requirements for optimizing hydrolysis or acidification [19]. Investigation of phase-specific temperature
effects has been conducted and it was found that the temperature-phased (70 and 55 ◦C in the two
successive stages) digesters, separating hydrolysis and methanogenesis, produced better results in terms
of biogas yield and organic matter removal than the thermophilic or mesophilic digestion alone [187].
Similar results were demonstrated in previous research works by the authors Puchajda et al. [188,189].
Moreover, a staged digester combining thermophilic (55 ◦C) and extremophilic (68 ◦C) temperatures
was reported to accelerate hydrolysis of recalcitrant organics, resulting in higher biogas yields compared
to a thermophilic or extremophilic reactor alone [190]. Figure 6 illustrates the energy generation
comparison between a single and staged digester operated at different temperature conditions.

Figure 6. Higher energy generation from a two-stage thermophilic-mesophilic digestion compared to a
single stage mesophilic or thermophilic digestion alone—modified from Puchajda et al. [189].

Temperature optimization by employing various technological options such as reactor design [187],
OLR or HRT variation [191], pretreatment [192], and post-treatment [190] have been the major topics
investigated in the existing literature. Moreover, incorporating computer simulation with the use of
advanced modelling tools, such as ADM1 (Anaerobic Digestion Model No. 1), is gaining popularity in
recent research [193].
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3.4. pH

The pH is measured to indicate the health of anaerobic microorganisms and the performance of
AD system [17]. A variation of pH in the magnitude of 0.5 can result in a substantial change in microbial
metabolism influencing reaction kinetics and produced gas yield. Although feasible anaerobic digestion
can be achieved within the pH of 5.5 and 8.5 [194], methanogens are highly sensitive to the pH change
and generally optimize at a pH of close to 7 [177]. A pH under 6.3 or over 7.8 can adversely affect
methanogenesis with a tendency of process failure to occur [195]. However, unlike methanogenesis,
the other processing steps (e.g., hydrolysis and acidogenesis), can potentially optimize between pH
of 5.5 and 6.5 [196]. With regard to the intermediates, specifically the VFAs produced during the
acidogenesis if not metabolized into products, the pH can be significantly lowered (<3), eventually
leading to process collapse. Process disturbances can also result due to high alkalinity caused by the
formation of total ammonium nitrogen (TAN) during hydrolysis. Generally, the pH range of extreme
acidic (~3 or less) or extreme alkaline (~12 or higher) can be inhibitory to the acidogenesis [197] and
limit the rate of hydrolysis.

The development of various chemical species during biochemical interaction (e.g., NH3, CO3
2−,

and CH3COO
−
) can cause a considerable impact in digestate pH variation. For example, the formation

of ammonium carbonate ((NH4)2CO3) or reduction of CO2 from the digestate liquid can directly lead
to a pH increase [198,199]. Also, the production of basic cations (e.g., Mg2+, Ca2+, K+) or the reduction
of multivalent anions (e.g., SO4

2−, Fe(OH)3) can cause electric charge imbalances in the digestate
liquid resulting in a pH rise. Similar to observations in pH increases, the precipitation of carbonates
(e.g., calcite CaCO3) or the fatty acids as a consequence of high organic loading could be the critical
factors influencing pH reduction. Kovács et al. [200] showed that the protein-rich substrates (i.e., meat
extracts), tend to wane buffering capacity at an elevated organic loading input resulting in pH drop.
The tendency of the various ions originating from various degradation pathways to influence pH is
shown by Figure 7.
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Figure 7. Interaction of degradation pathways and the formation of products influencing pH.

To control pH fluctuation and to operate AD process at the desired pH range, modern biogas
plants are often installed with an automatic pH controller. The primary objective of the controller
is to help balancing the system buffer (alkalinity) by adding an appropriate neutralizing agent at an
appropriate concentration when necessary. Strong bases (e.g., NaOH) or carbonate salts (e.g., Na2CO3

and NaHCO3) and acids (e.g., HCl) are primarily the components used as chemicals to achieve a
pH increase or decrease. Moreover, indirect pH control can be applied by manipulating operating
parameters including a reduction in organic loading rate [201], digestate recirculation [202], HRT
variation [203] and codigestion [204].
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The controlling of pH, whether achieved by the direct addition of a buffer or by the manipulation
of the operating conditions, requires a careful and sophisticated application to avoid disturbances
to methanogenesis and further to biogas yield. Robust controlling of pH by incorporating multiple
parameters towards an optimum methane yield using sensor technologies is a growing field of research
in AD.

3.5. HRT

Retention time is an important parameter used for design and optimization of anaerobic digestion.
Retention time refers to both hydraulic retention time (HRT) and solid retention time (SRT). HRT
represents the retention time of the liquid phase, whereas SRT denotes the retention of the microbial
culture in the digester. In an anaerobic reactor system where the feedstock and microbial mixed
cultures are present at the same phase, the HRT equals SRT. AD of food waste, kitchen waste, and
municipal solid waste are the examples for which HRT is essentially SRT and vice-versa, while for
the substrates like waste activated sludge and primary sludge, the interaction between solids and
microbial cultures are biphasic making HRT and SRT different. HRT and SRT are typically represented
by Equations (9) and (10) [205]:

HRT =
V
Q

(9)

SRT =
V·X

Qx·Xx
(10)

where, V: Individual reactor volume [m3]; Q: Influent flow rate [m3/d]; X: Mixed liquid suspended
solids in an individual reactor [mg/L]; Qx: Excess biosolids removal rate [m3/d]; Xx: Mixed liquid
suspended solids in excess biosolids flow [mg/L].

In general, the choice of HRT differs based on feedstock composition, reactor volume, processes,
and temperature. Substrates rich in starch and sugar can be easily digested [177], and as such,
hydrolysis is less or not required, resulting in shorter retention times, while longer retention times are
required for fiber and cellulose plant matter as hydrolysis of these substrates is slow and rate limiting.
High reactor temperature increases the decomposition rate and consequently lowers HRT, which
is why most thermophilic reactors are generally operated at a lower HRT than mesophilic reactors.
Comparing two HRT types, shorter HRT risks bacterial mobilization including the build-up of higher
molecular weight VFAs and consequently elevated stress to the methanogens [206]. Conversely, a
longer HRT increases the digester size [183]. Therefore, the optimal operational HRT is usually neither
too long nor too short and in the majority of cases lies between 10 and 25 days, although a very high
HRT in the order of 50–100 or more days may be needed for digesters operated in colder climates [206].

With regard to the different phases of AD, typically a longer HRT is preferred for methanogenesis
to match the slower growth rate of methanogens compared to acidogens. This also validates the fact that
many current digesters are designed in a multistaged manner so that acidogenesis and methanogenesis
are technically separated into two different volumes allowing each group of microorganisms to operate
at optimal conditions [207]. The correlation between the different bacterial species and different levels
of HRT has been studied and depicted in a recent paper by Yang et al. [208].

In the case of anaerobic digestion of sludge type feedstock, consideration of both HRT and
SRT are essential. For a given HRT, longer SRT usually provides sufficient time for methanogens
to complete biological activities and result in a high biogas yield. With an operating HRT of 12 h,
infinitive SRT for a submerged anaerobic membrane bioreactor (SAnMBR) was found to double the
methane production rate (L/L/d) than that for SRT of 30 days [143]. However, contrasting results
were also reported [209], where the shorter SRT (or increased OLR) was found to give a higher biogas
production rate (L/L/d) [209]. This was explained by the fact that a raised OLR may support an
increased methanogenic population and hence enhanced microbial activities leading to higher biogas
productivity, but the higher VFA accumulation might indicate that the process is already overloaded.
Therefore, the balance between the choice of SRT and OLR is critical for an optimum AD. At the start-up
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period, in general, a long acclimatization time under longer SRT and lower OLR are required for the
satisfactory development of slow-growing populations [210], while in the stable period, a relatively
shorter operational SRT may be needed allowing improved process performance including a higher
methane yield. In a past study, shorter SRT was deliberately used to control the production of VFA
by shifting the microbial communities from one route of production to another, for example, from
acetogenotrophic to hydrogenotrophic [211]. A similar effect (but with a shift from methane to VFA
production), was observed while the HRT was shortened [212].

3.6. Ammonia

Ammonia is produced from the nitrogen-containing matters in the feedstock (i.e., from the
degradation of proteins and urea in the manure). In the aqueous phase, it is present in two forms,
ammonium ions (NH+

4 ) and free ammonia (FA) or unionized ammonia (NH3). Together, this is
called the total ammonia nitrogen (TAN) [213]. In anaerobic digestion, only a partial fraction of
the organic nitrogen (Kjeldahl nitrogen) is biologically degraded to inorganic ammonia with the
proportion spanning between 34 and 80% [214–216]. Most of the ammonia is usually generated during
hydrolysis [217], and the type produced is influenced by the factors such as a change in temperature,
pH, inoculum or microbial community. The FA and ionic ammonia with relation to TAN are typically
expressed by Equation (11) below [218,219]:

NH3−N =
NH+

4 −N

1+ 10−pH

10−(0.09018+ 2729.92
T )

(11)

FA is a strong candidate for methanogen inhibition. It is membrane permeable, and when it
diffuses through the cells, proton imbalance or variation in intracellular pH occurs causing inhibition
of enzymatic reactions [220]. High temperature combined with a high pH decreases the solubility of
ammonia resulting in the dissociation equilibrium of aqueous ammonia to shift towards free ammonia
leading to the production of this ammonia to be dominated over ionic ammonia (see Equations (11)
and (12)).

NH+
4 (aqueous ammonia) ↔ NH3(free ammonia) + H+ (12)

At mesophilic temperature with a pH of 7, approximately 1.25% of TAN converts to FA, while
for the same temperature and a pH of 8, approximately 11.25% TAN transforms to FA; suggesting
FA to be ten times more toxic to methanogens at a pH of 8 than at a pH of 7 [221]. Generally, a FA
concentration between 1.7 and 14 gN/L is inhibitory to the methanogens, mainly to the acetoclastic
species [219], which results in 50% or more reduction in methane yield [222], and in the worst case,
the process will collapse. The degree at which methanogens are affected by the level of ammonia
differs across several bacteria types and environmental conditions. An investigation by Niu et al. [223]
observed that acetoclastic methanogens are more sensitive than hydrogenotrophic methanogens, while
other researchers [224] observed the opposite, where hydrogenotrophic methanogens were found to be
less tolerant. Some species of both acetoclastic and hydrogenotrophic methanogens were observed
to tolerate TAN at levels higher than 10 g/L [225]. At elevated ammonia levels, for example, with a
concentration greater than 3 g/L, the shift of acetoclastic methanogens to syntrophic acetate oxidation
was observed that consequently led to a two-fold decrease in methane yield [226]. With regard to
environmental conditions, thermophilic methanogens are generally deemed to tolerate higher levels
of free ammonia than the mesophilic methanogens [227], but the process was found to be unstable
and easily prone to inhibition [228]. Therefore, to obtain an optimum AD, a careful choice of process
condition, particularly operating temperature, pH, type of inoculum, and feedstock, are necessary, so the
level of free ammonia, as per recommendation from the published literature, is kept below 0.2 g/L [229].
Lowering FA and overcoming ammonia toxicity is achieved by employing various physical and
chemical strategies including air stripping [230], use of zeolite [231], membrane filtration [232], diluting
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substrates [229], post-treatment of AD effluent [233], bioaugmentation [234], anaerobic ammonia
oxidation [235], ultrasonication [235], microwave irradiation [236], struvite precipitation [237], and
C/N ratio adjustment [238], all of which are comprehensively reviewed in a recent paper authored
by Krakat et al. [213]. A novel ammonia recovery system using vacuum thermal stripping, an acid
absorption process developed by the authors Ukwuani and Tao [239], is shown in Figure 8.

Kettle reboiler

Vacuum pump

Liquid trap

Thermocouple

Vacuum meter

Temperature 
controller

Figure 8. Innovative vacuum thermal stripping–acid absorption process for ammonia
recovery—reproduced with permission from the original authors [239].

3.7. VFA

VFAs, mainly composed of acetic acid/acetate, propionic acid/propionate, butyric acid/butyrate,
valeric acid/valerate, caproic acid/caproate, and enanthic acid/enanthate [240], are the essential
intermediates during the anaerobic digestion process. The majority of the VFAs degrade to acetate
and further to methane via methanogenesis through acetoclastic and hydrogenotrophic pathways (see
Figure 2). In an AD process, a higher VFA conversion efficiency is usually desirable, as this allows the
achievement of greater stability in methane production and balance in different production stages.

During the lifetime of an AD plant, it can suffer from nonoptimal VFA formation because of
various operational disturbances caused by the feedstock organic loading rate, pH, temperature, and
H2 partial pressure change. Accumulated VFAs, depending on the levels and types, can be toxic and in
extreme cases inhibitory to the process. For example, the development of propionic acid, in excess of
levels as low as 1 g/L, can be extremely detrimental to methanogens, resulting in reduced or stagnated
production of methane [241]. Other VFAs, such as butyrate and acetate, although not as potent as
propionic acid, can cause process collapse when the concentration reaches to 10 g/L or more [241].
Therefore, for a well-controlled AD system, formation of a high concentration of VFAs of any type is not
recommended, as this leads to decreases in the potential production of methane and consequently the
diminished AD efficiency. Several measures have been proposed to enable accelerated conversion of
VFAs into methane and discussed in the previously cited research articles. Among these, the selection
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of an appropriate reactor type, operating temperature, pH, hydrogen partial pressure, organic loading
rate, and chemical additives are widely considered to be essential [242].

The selection of an appropriate reactor design can play a pivotal role in determining VFA
conversion. For example, multistage reactors over single stage reactors can allow establishing
operating conditions simultaneously suitable for optimal interaction of different groups of bacteria in
individual AD phases, resulting in a balance in exchange of products and reactants, including increased
conversion of VFAs. Despite this, due to the design complexity and high capital cost, the two-stage
reactors are not preferred in many real applications and, alternatively, the design optimization of a
single stage reactor towards maximizing VFA reduction have been given special attention. Installing
baffles at various levels of a granular bed reactor [243] and employing membrane bioreactors [244]
are some of the examples identified to have promising results in accelerated degradation of VFAs.
Nevertheless, the future research on either reducing the cost of a multistage reactor or incorporating
more advanced features to single stage reactors on optimal utilization of VFAs for improving AD
efficiency is desirable.

Temperature is another variable having a substantial impact on VFA production and utilization.
Since the presence and growth rate of microbial species are highly influenced by the level of temperature
changes, their intercommunication that leads to the production and conversion of VFAs also changes.
The effect of various temperature ranges (psychrophilic & mesophilic; 4–20 ◦C & 20–50 ◦C, respectively)
on both production and composition of VFAs during hydrolysis have been studied, and it has been
observed that with the rise in temperature, the rate of hydrolysis increases, resulting in increased
solubility of carbohydrates and proteins, and consequently an accelerated production of VFAs.
However, this temperature change did not have any noticeable impact on the VFA composition change
with only some reductions in acetate production from 55–43% corresponding to the temperature
rise between 4 and 14 ◦C [245]. Another study [246] investigated the change in temperature on the
conversion of different VFA components. Here, the degree of conversion on specific VFA components
(i.e., acetate, propionate and butyrate), as a result of sudden temperature change (from 63–55 ◦C) was
examined, and the results suggested that the sudden increase in temperature influenced methanogenic
populations resulting in unconverted (partial) propionate. However, as soon as the reactors were
exposed back to the original temperature (55 ◦C), microorganisms adapted faster, giving increased
methane yield followed by an improved propionate conversion extent. Some past researchers also
studied temperature changes in combination with feedstock pretreatment on conversion of VFAs [247].
Their results, although inconsistent, reported that the extent of VFA conversion is a function of both
temperature, feedstock and the given pretreatment technique, as one or all of these parameters directly
influences the population and the type of microbial culture, dictating the way at which VFAs are
produced and utilized towards biogas production. Identifying the correlation between microbial
growth patterns and their mechanism towards VFA production and degradation will, therefore, be an
interesting future research topic in this direction.

In addition to temperature, the pH in an anaerobic reactor can also be an indication of the status of
VFAs. Varying pH over the range of extreme acidic (less than 3.0) and extreme alkaline (above 12.0) on
accumulated VFAs was examined, and it was found that the VFA buildup reached their peak once the
pH went to 10. A similar phenomenon was observed by another study where the SFAs (short-chain
fatty acids) were found peaking when pH ranged between 8.0–10.0 compared to that of 3.0–7.0 [248].
This was thought to be caused by the fact that at an alkaline pH, there was higher availability of soluble
proteins and carbohydrates than those at a neutral or acidic pH. In contrast, a study dealing with
chicken manure with a high TS as a substrate found the VFA formation to be an inverse function of pH
change. Here, the authors [216] performed further analysis on accumulated VFA types, and observed
that the unutilized VFAs are mainly composed of unionized VFA types, called U-VFAs as calculated
based on the total VFA concentration using Equation (13) below:

U−VFA = VFA (10 (pKa − pH))/(1 + 10 (pKa−pH)
)

(13)
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where the dissociation constant values of acids in water (Ka) at 353 ◦C were taken from Weast (1987).
These VFAs, unlike ionized VFAs, are characteristically more toxic to methanogenesis and strongly

linked with pH variation. The past study by [216] observed that U-VFA concentration as low as
10 mg/L in acetic acid was already a cause of inhibition to methanogenesis. However, the research on
U-VFA and its role on various anaerobic digestion aspects are scarce, and its impact on the overall AD
optimization and effectivity have no solid proof yet.

The partial pressure of H2 has a direct impact on the interaction of several groups of bacteria
that exchange VFAs. For example, the syntrophic acetate oxidation, symbiotically linked to the
conversion of acetate to methane, is thermodynamically hindered (when Gibbs free energy of this
reaction goes towards positive) if the partial pressure of H2 exceeds the acceptable operating limit (i.e.,
74 Pa [249]). Also, the propionate degradation can be severely reduced as a result of H2 partial pressure
rise [250], and, in the worst case, the process can stall when Gibbs free energy for this conversion
becomes more positive [251]. The relationship between H2 partial pressure and the interaction between
H2-producing and H2-consuming anaerobes towards influencing individual VFA component are
complex and are not clearly understood. Nonetheless, the research on H2 partial pressure manipulation
by employing various external techniques is ongoing [249], and some promising results in this line are
already achieved.

As with the factors above, the organic loading rate (OLR) is another parameter strongly correlated
with the VFA yield and its conversion. Independent of the feedstock type, a high OLR in general
leads to VFA accumulation as a result of an imbalance between the growth rates of methanogenic
archaea and VFA producing bacteria and speed of methane and VFA producing bacteria. Also, a
high OLR can contribute to changes in VFA composition from low molecular weight ones to the high
molecular weight ones, for example, from acetic acid to n-butyric acid [244], which eventually can
promote methane inhibition. To achieve improved VFA utilization, a sophisticated OLR adjustment
with reduced or withdrawn feeding were proved to be beneficial in previous research [118,244,252].
However, the range of optimal OLR values corresponding to the reactor and feedstock type, microbial
adaptation pattern, and methane yield remain unexplored.

3.8. OLR

The amount of raw-material added to an anaerobic digester per day per unit volume is called the
organic loading rate, and is typically expressed as Equation (14):

OLR =
C

HRT
(14)

where C is the feed concentration in g·VS/L, and HRT is the hydraulic retention time.
OLR is an essential controlling parameter in AD, and its deliberate variation can determine the

degree of digestion for a broad level of influent input. In a typical anaerobic digester application, a
high operating OLR is usually preferred, as this allows enriched bacterial species, reduced reactor sizes,
lowered heating requirement and a reduced investment cost [253]. Several reactor configurations have
been investigated to achieve a high OLR, wherein the primary aim was to reduce HRT either by adding
water to the substrate or to recirculate digestate back to the main reactor [254]. By lowering HRT of
a lab-scale spiral automatic circulation (SPAC) bioreactor, a high OLR equaling to 300 kg/m3/d [144]
was successfully accomplished. Another reactor type, up-flow anaerobic fixed bed (UAFB), was also
reported to provide high operational OLR, but the maximum OLR level for these configurations was
reported to be much lower than the SPAC type. However, a lowered HRT may lead to microbial
washout and eventually digester failure. Also, there are possibilities of VFA accumulation [255] as
the anaerobic digester operates either with higher OLR or forced to run with a lower HRT. Generally,
methanogenic reactors were found to have higher stability at a somewhat higher HRT, typically
between 10 and 25 days for CSTR type configurations. Nevertheless, Zhang et al. [254] recently used a
novel feeding strategy where OLR was kept constant while HRT was simultaneously reduced. This
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results in a reduction in ammonia nitrogen inhibition with concomitant improvement in methane
yield. Various other approaches of OLR optimization leading to enhanced biogas production are
continually being researched. Among others, microbial management [256] and use of additives [90]
are gaining constant popularity. Table 5 lists a range of OLR applied in recent AD publications (during
the year 2018) on a number of feedstocks including agricultural residue [257], algae [258], energy
crops [259], industrial wastes [260,261], fish waste [262], food waste [263–266], horticulture waste [267],
manure [268], MSW [269], and sludge [270,271].

Table 5. A range of OLR variations used in selected recent publications on anaerobic digestion.

OLR CH4 Yield Aim Feedstock Reference

0.4 to 3.1 kg
COD/m3

Maximum (0.46 LCH4/gCODremoved) at
OLR of 2.5 kg COD/m3 Co-digestion Rice straw and pig

manure [257]

1 to 4 gVS/L/d for
methane reactor; 3
to 12 gVS/L/d for
H2 reactor

Methane production maximized at OLR
of 2 gVS/L/d and thereafter decreased. H2
production maximized at OLR of
6 gVS/L/d

Co-production of H2
and CH4

Macro-algae
Laminaria digitata
and micro-algae
Arthrospira
plantensis

[258]

30, 60 and 90 gVS/L
Methane yield for all the co-digestion
types maximized at OLR of 30 gvs/l and
60 gVS/L

Co-digestion
performance

Sweet potato vine
and animal manure [259]

2.5 to 27.7 gVS/L Ammonia inhibition at OLR > 20 gVS/L Ammonia inhibition

Tannery fleshing,
municipal solid
waste, chrome
shaving and others

[260]

0.4 to 0.7 gCOD/L/d Methane yield decreased with
increased OLR

Pilot scale two stage
AD

Slaughter house
waste [261]

1.5 to 4.3 g/L/d Maximum methane yield at OLR of
3.5 g/L/d

Methane production
by ammonium tolerant
microorganisms

Protein rich fish
silage [262]

1, 2 & 3 gVS/L/d
70% and 73% reduction of SMY and
SCOD for OLR increment from 1 to
3 gVS/L/d

Semi-continuous AD at
different psychrophilic
range

Food waste [263]

Various

Specific gas production (0.88
m3biogas/kgvs)at two stage reactor was
found higher than that of (0.75 m3

biogas/kgvs)single stage reactor for an
optimum OLR of 3.5 kgvs/m3/d

Comparison between
single and two stage
reactor performance

Food waste [264]

2.4 and 3.6 gCOD/d
Higher OLR led to reactor’s acidification
problem and hence affected methane
yield

Performance and
metagenomics
analyses of single and
two stage thermophilic
anaerobic digestion

Cheese wastes [265]

4.6 and
8.6 kgCOD/m3/d

The maximum methane productivity
peaked to 2.78 L/L/d at OLR of
8.6 kgCOD/m3/d, but the system was
unstable

Effect of feeding with
or without dilution Food waste [266]

2.0 to 6.0 gVS/L/d
Methane yield decreased as OLR
increased for both two-stage and
co-digestion reactors

Comparison between
two-stage and
co.digestion AD

Food waste and
horticulture waste [267]

1.53 to 5.04 gVS/L 0.44 LCH4/gVS at OLR of 5.04 gVS/L Determination of
kinetics constant

Co-digestion of
cattle manure and
municipal food
waste

[268]

Reactor ASBR:
0.93–25.0 gCOD/L.d
Reactor AMBR:
1.04–19.65 gCOD/L.d

Maximum biogas yield at OLR of 10.08
gCOD/L.d, Biogas production decreased
for OLR > 18.52 gCOD/L.d

Effect of OLR and
series reactor AD

Composting
leachate [269]

0.5, 1.5 and
2.0 VS/Lsludge/d

H2 uptake by homoacetogens increased
at higher OLR resulting acetate
accumulation

Acetate concentration
during in situ methane
upgradation

Sludge and H2;
fluromethane as
inhibitor

[270]

1.12 to
3.88 kgCOD/m3/d

Methane yield continued to increase up to
OLR of 2 kgCOD/m3/d. Methane
production inhibited at
OLR > 3.8 kgCOD/m3/d

Co-digestion Beverage waste
and sewage sludge [271]

3.9. Pressure

The effect of pressure on anaerobic digestion has not been studied extensively. Although anaerobic
digestion typically occurs at atmospheric pressure, due to the accumulation and exchange of different
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gases into the reactor headspace, over or under pressure on a liquid surface can be developed. Based on
the previous findings, it was reported that lower pressures on liquid surfaces resulted in higher biogas
yields, as CH4 solubility increases with pressure [272]. In an earlier study [273], the pressure change
effect of various gas species was investigated using reaction models. The results showed that the
partial pressure increase of CO2 led to increasing the digester pH level, which consequently lowered
the nonionized hydrogen sulfide concentration, reducing gas toxicity. Additionally, the hydrostatic
pressure level within the digester can also affect the production of methane. Past experiments [274]
observed that the methanogenesis activities maximized at digester depth of 4–5 m (400–500 mm H2O)
for a digester of over 10 m height. By reducing the height of this digester (i.e., making it horizontally
oriented), a reduced hydrostatic pressure can be established, resulting in improved methanogenesis.

Anaerobic reactors working with high pressures (i.e., pressurized reactors), have been developed
and investigated in lab-scale studies. As high pressure increases CO2 solubility, the biogas released
from the anaerobic digester partially strips of CO2, giving net rise in CH4 concentration. By using a
high pressure within an anaerobic digester, a methane level of above 95% was achieved [275]. However,
in some cases, elevated pressures in an anaerobic reactor did not produce a satisfactory improvement in
biogas production. Technical challenges associated with leakages in the reactor system, pH decrement,
and investment costs are identified as a few of the drawbacks of the pressurized reactor concept.

4. Conclusions

Optimizing operational parameters towards increasing methane yield has been and will be the
most adopted technique within the application of the anaerobic digestion process in both industrial
and lab-based studies. The role of individual and multiple parameters combined in different aspects of
anaerobic digestion has been explored in the present review and the following stand out points, as
conclusions, are expressed:

(1) Feedstock physical and chemical compositions substantially affect biogas production. Among the
various types of feedstock materials, animal manure is still the dominant substrate or cosubstrate
for biogas production because of its operational advantages of pH buffering and C:N ratio
optimization. Lignin-rich substrates are found to be recalcitrant, while lipids are expected to
have a high potential to boost methane. Nevertheless, LCFA inhibition from lignin remains to
be of concern. Low or no lignin feedstock such as algae is an interesting biogas yield promoter.
However, LCFA inhibition, increased pH level, and ammonia inhibition are highlighted as
some of the barriers. For counteracting feedstock induced operational problems, codigestion,
pretreatment, and use of additives are utilized in current R&D and real-life applications.

(2) Enhancing feedstock accessibility allows accelerated biological degradation and consequently
high AD efficiency. Pretreatment and codigestion are broadly used options promoting feedstock
accessibility. However, the choice of the pretreatment method is feedstock-dependent and often
is a compromise between cost and energy. For pretreatment of lignocellulosic biomass (e.g.,
animal manure), by overcoming the recalcitrant lignin or crystalline cellulose barrier, the biogas
production can be enhanced where approaches like steam explosion, enzyme addition, and
sonication at present are widespread. For substrates with high-fat content, saponification is
preferably used, while for algae-like substrates, thermal pretreatment is considered an option.
Despite this, almost all the conventional pretreatment methods have both success and failure, as
some pretreatment options are easily amenable, while others have side-effects that counteract their
positive effects. Within the novel pretreatment approaches, a combination of various pretreatment
methods has been examined, and the obtained results are reported to be promising. Additionally,
as for future studies, exploiting genomic sequencing as a means of understanding feedstock
degradation prior to anaerobic digestion is suggested.

(3) Manipulating reactor designs for achieving an optimum AD process performance has been
emphasized, revealing many innovative approaches currently in practice. In terms of continuous
operation, staged reactors give substantial increases in methane yields due to the establishment
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of appropriate microbiological conditions at different anaerobic digestion phases. Consequently,
three-staged reactor configurations have been developed and reported to be an attractive option in
optimizing methane production. Moreover, an anaerobic membrane reactor, internal circulation
reactor, and super-high-rate reactor are some of the novel configurations shown to facilitate
efficient high solid substrate treatment by increasing bacterial cells containment and separating
simultaneous removal of gases, solids, and liquids. Therefore, these reactor approaches are
becoming increasingly popular.

(4) Among the various operational temperature regimes (psychrophilic, mesophilic, and
thermophilic), the choice of an appropriate regime is largely investment and geographic specific.
Thermophilic temperature enhances methane conversion rate and controls pathogens in the
digestate liquids. However, the high heat requirement makes its application expensive. The
recent investigations towards an optimum temperature system suggest that multitemperature,
staged-digesters offer suitable conditions for diverse microbial activities, and hence give high
biogas production efficiencies. By employing high-temperature post-treatment of digestate,
further improvement in methane production has already been demonstrated.

(5) The pH affects the degree of conversion at different AD steps and the quality of the residual
digestate. Optimal methanogenesis and biogas production occurs at around pH 7. A host of
factors, such as ammonium formation, bicarbonate decomposition, mineralization and reduction
of multivalent ions, and struvite formation result in digestate pH fluctuations. To enable pH
controlling to the desired value, adding acid or basic solutions are traditionally the major
options. Moreover, online pH monitoring and alert systems are also implemented in modern
day applications.

(6) HRT is directly linked to the size of the anaerobic reactor, and a low HRT usually allows
investment reduction. Among the all bacteria and archaea, methanogens grow slowly, and for
these microorganisms, a higher HRT is required. Both feed rate and feed type influence the HRT.
Consequently, the feedstock OLR regulation is a usual approach for HRT optimization. SRT,
another term intertwined with HRT, represents the microbial culture and biomass retention in an
operating digester. SRT is often optimized by incorporating OLR variation. A recent achievement
suggests that a deliberate SRT variation can result in a shift in bacterial culture, causing a change
in reaction pattern from one group to the other.

(7) Ammonia is produced via the degradation of proteins and nitrogen in the feedstock. Among
the two forms of ammonia (free ammonia and ionized ammonia), free ammonia is very toxic to
methanogens and is a strong function of combined pH and temperature. Lowering the generation
of ammonia during AD has been targeted in a variety of approaches (see Section 3.6), among
which, using ammonia tolerant microorganisms (or bio-augmentation) or combined thermal
stripping and absorption process are some of the novel techniques receiving constant attention.

(8) VFAs are the intermediate products required for conversion to methane. Some of the VFA
components are more sensitive than the others to methanogens, e.g., propionate. Unutilized
VFAs accumulate, and in the worst case halt the production of biogas. To achieve increased VFA
utilization and as such improved methane yield, regulation of AD process parameters such as
temperature, OLR, pH, and H2 partial pressure is critical. Moreover, many additives and trace
metals of various origins have been suggested to have an improved utilization of VFAs.

(9) OLR refers to the amount of feedstock treated by a reactor on a daily basis. OLR variation allows
the optimization of HRT, pH, VFA, ammonia, and methane production. High operational OLR
enables reducing the size of the reactor and accordingly the investment cost. However, as a
result of high OLR, implications such as bacteria wash out, VFA accumulation, or methane yield
reduction can be experienced. In recent applications, OLR control has been used to suppress
ammonia inhibition. Furthermore, a novel three-stage reactor configuration has been shown to
successfully achieve high OLR treatment without compromising the production of biogas.
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(10) Anaerobic digestion operates typically at atmospheric pressure, but recent investigations have
identified that high-pressure systems are also possible. High pressure allows the increase of
dissolved CO2 in the liquid phase and consequently increased methane composition in the
biogas. The other aspects of anaerobic digester pressure, such as partial pressure of headspace
gas components and variation of hydrostatic pressure levels, were mentioned as potential causes
of fluctuation in the production of methane.
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