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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.
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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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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



Appl. Sci. 2019, 9, 3853 5 of 17

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.
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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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