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Abstract: The depletion of fossil fuels is resulting in an increased energy crisis, which is leading the
paradigm shift towards alternative energy resources to overcome the issue. Lignocellulosic biomass
or agricultural residue could be utilized to produce energy fuel (bioethanol) as it can resolve the
issue of energy crisis and reduce environmental pollution that occurs due to waste generation from
agriculture and food industries. A huge amount of sorghum distillery residue (SDR) is produced
during the Kaoliang liquor production process, which may cause environmental problems. Therefore,
the SDR generated can be utilized to produce bioethanol to meet current energy demands and resolve
environmental problems. Using a central composite experimental design, the SDR was subjected
to hydrothermal pretreatment. The conditions selected for hydrothermal pretreatment are 155 ◦C,
170 ◦C, and 185 ◦C for 10, 30, and 50 min, respectively. Based on the analysis, 150 ◦C for 30 min
conditions for SDR hydrothermal pretreatment were selected as no dehydration product (Furfural and
HMF) was detected in the liquid phase. Therefore, the pretreated slurry obtained using hydrothermal
pretreatment at 150 ◦C for 30 min was subjected to enzymatic hydrolysis at 5% solid loading and
15 FPU/gds. The saccharification yield obtained at 72 h was 75.05 ± 0.5%, and 5.33 g/L glucose
concentration. This non-conventional way of enzymatic hydrolysis eliminates the separation and
detoxification process, favoring the concept of an economical and easy operational strategy in terms
of biorefinery.

Keywords: cellulase; biomass; hydrothermal pretreatment; bioethanol

1. Introduction

With an expanding population, a resource and energy crisis has arisen, requiring
new technology to replace fossil fuels with renewable energy [1]. Greenhouse gas emis-
sions are emitted by the utilization of fossil fuels for energy utilization in industry, in
the domestic market, and in transportation, resulting in environmental pollution, global
warming, and climate change [2,3] The worldwide energy demand could surge by 19%
by 2040, as proposed by the International Energy Agency [3]. It is therefore essential to
concentrate attention on issues related to the environment and energy. Because of these
concerns, lignocellulosic biomass (LCB) is considered an alternative resource for renewable
energies (solid, liquid, and gaseous biofuels) [3]. Sustainable bioprocessing is essential
for commercial reasons, as biomass can be transformed into a wide range of products
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and by-products that include food, feed, materials, chemicals, and energies (fuel, power,
heat). Sustainable bioprocessing technology represents an essential aspect of biorefinery [4].
Integrated biorefinery develops a broad range of value-added products with simultaneous
generation of major products. Fossil-based oil refinery transformation to biomass-based
biorefinery is the current focus of society. As discussed, biorefinery’s essential aspect in
the modern economy is fossil-based product replacement with renewable energy sources.
These are the principal objectives of a sustainable biorefinery and bioeconomy [1]. Hence,
research has focused on producing bioethanol from LCB, which is omnipresent on the earth,
and can later be substituted for fossil fuel to meet this planet’s energy needs [5–7]. LCB
transformation and utilization for waste treatment, bioethanol, biofuel, and value-added
product generation were accomplished simultaneously, resulting in waste valorization and
a circular economy. Biofuel production globally reached 154 billion liters in 2018, of which
110 billion liters is the amount of bioethanol in the overall biofuel production, and the rest
includes biodiesel [8]. In 2007, the estimated total capital investment by NREL in bioethanol
plants for 2,300,000 KL bioethanol production from corn stover was USD 422.5 million [9].
Based on this, it is undeniable that biofuels (bioethanol, biomethane, biogas) and other
value-added products are viable alternatives to non-renewable energy resources and reduce
greenhouse gas emissions [10].

Inedible plant biomass or lignocellulosic biomass predominantly involves grasses,
agricultural residues, and woody materials. The estimated annual production of lignocel-
lulosic biomass is around 170 billion metric tons [11]. It is not easy to use and valorize
LCB for biofuels and other value-added products due to the rigid, recalcitrant cell walls of
plants that protect them from fungi and other pathogens [3,12,13]. Therefore, pretreatment
is required to reduce biomass rigidity, recalcitrance, or physicochemical resilience to in-
crease cellulose percentage and facilitate cellulose access to enzymes [1,14]. Pretreatment is
primarily concerned with transforming the molecular structure of biomass and modifying
its chemical composition. As part of the technical and economic aspects, pretreatments
were used to enhance sugar production and reduce reaction times while reducing the need
for chemicals and electricity [1,15]. Researchers have investigated how biomass can be pre-
treated before being hydrolyzed by studying various pretreatment methods. Pretreatment
methods are categorized into three groups: biological, chemical, and physicochemical [16].
To increase ethanol fermentation by including pretreatments, a detailed review of the chem-
ical additions to the pretreatment is necessary, and their relationship with microbes for the
fermentation process is the most critical aspect [5]. Additionally, pretreatment produces
some chemicals that act as inhibitors for enzymes during enzymatic hydrolysis. Furans,
which are inhibitors, are generated from sugar hydrolysis when acidic pretreatment is
applied. During mild alkaline pretreatments of biomass, phenolic acids are generated.
In ionic liquid and organosolv pretreatments, the solvent can act as an inhibitor if not
removed properly and can be toxic to fermentative microbes [17]. Therefore, hydrothermal
pretreatment is preferred over other pretreatment techniques because it benefits the envi-
ronment, is commercially profitable, and enhances hemicellulose recovery. These aspects
of hydrothermal pretreatment have gained attention from all across the world [16]. In
addition to being known as hot water pretreatment, hot compressed water pretreatment,
autohydrolysis, or subcritical water pretreatment, hydrothermal pretreatment offers several
benefits for green chemistry as a green solvent because water is used to perform the reaction
at temperatures ranging from 150–220 ◦C and pressures ranging from 0.5 to 1.96 MPa [18].
At these critical temperatures and pressures, water begins to act like an acid [1,16,19].
The severity factor is an equation in which time and temperature interrelationships are
calculated in a single variable to study the effect of changing operational conditions in
hydrothermal pretreatment on biomass [19].

Once the pretreatment stage has been completed, enzymatic hydrolysis performs a
crucial step in the production of ethanol. Because enzymes (cellulases) are capable of hy-
drolyzing lignocellulosic biomass into glucose, they have attracted considerable attention
from around the world. It is possible to convert the glucose obtained from this process
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into ethanol. A total of three enzymes are involved in the enzymatic hydrolysis of ligno-
cellulosic biomass. The first is endoglucanase (EC 3.2.1.4), which breaks glycosidic bonds,
producing both reducing and non-reducing oligosaccharides. The exoglucanase enzyme
(EC 3.2.1.91) attacks the reducing and non-reducing ends of oligosaccharides to produce
cellobiose, which is then converted into glucose by the β-glucosidase (EC 3.2.1.21) en-
zyme [20]. Most studies have reported the importance of separating the solid-liquid phase
after pretreatment to obtain solid fractions for successive bioconversion. As a consequence
of solid-liquid separation, a significant amount of sugar and other soluble components
present in the liquid phase are lost, thereby complicating the process and straining the
wastewater treatment system [21]. In addition, the bioconversion perspective of hydrother-
mally pretreated liquid importance is explained [22]. It is therefore recommended to
use hydrothermally pretreated whole slurry, which is a non-conventional process for the
enzymatic saccharification process.

Sorghum distillery residue (SDR) is the waste generated during the Kaoliang liquor
generation process. Because SDR is a Kaoliang liquor waste and is generated through
a complicated procedure, 600 types of microorganisms are cultivated on wheat for four
months during the brewing process. Then the sorghum and wheat utilized for microor-
ganism cultivation are fermented together for 14 days to obtain 27 L of Kaoliang liquor,
and the SDR generated during this process is around 50 kg. It is estimated that around
66.1 billion kg of SDR is generated each year around the world, and Taiwan holds only
a 1% share [10]. Therefore, it is important to use SDR for the valorization process for the
development of a sustainable biorefinery and bioeconomy. The main objective of this study
is to comparatively analyze and evaluate the effect of operational conditions (time and
temperature) SDR. The focus of this study is not only on the solid phase obtained after
hydrothermal pretreatment, but also on the liquid phase that can be utilized for other
value-added products. Therefore, in this study, the slurry obtained based on compositional
analysis is used for enzymatic saccharification, eliminating the separation step, which adds
cost to the technology when scaled up. Thus, enzymatic hydrolysis using slurry may prove
to be an effective biorefinery strategy. To the best of our knowledge, no study has been
reported regarding the hot water pretreatment of SDR and subjecting the slurry of SDR
obtained after hot water pretreatment to the enzymatic saccharification process.

2. Materials and Methods

SDR was received from Kinmen Kaoliang Liquor Inc., Taiwan. Separation of SDR
was performed based on the size varying from 300 µm to 500 µm. To determine cellulose,
hemicellulose, and lignin contents, quantitative acid hydrolysis was performed [19].

A 0.22 µm membrane filter was used to filter samples for the quantitative analysis of
glucose, xylose, arabinose, and acetic acid. HPLC with a refractive index detector at 35 ◦C
(Agilent technology 1260 series instrument, Atlanta, GA, USA) was used, as well as a meta
carb 87 H column at 60 ◦C, a mobile phase of 0.005 M sulphuric acid, and a flow rate of
0.65 mL/min.

2.1. Sorghum Distillery Residue Autohydrolysis

The SDR was milled and then subjected to hot water pretreatment in a 1:10 mass
ratio of biomass to water (DI water). The pretreatment was conducted in a 100 mL closed
batch reactor using an isothermal regime. An evaluation procedure was designed using
operational parameters (temperature and time) that were selected for a central composite
experimental design. Heat profile testing of the pretreatment was performed in terms of
severity (log R0), and the severity factor was calculated according to the following equation:

logR0 = [R0 Heating] + [R0 Isothermal processing] + [R0 Cooling] (1)

log R0 =

[∫ tmax

0

T(t)− 100
ω

]
dt +

∫ ctr f

ctrl

exp
[

T(t)− 100
ω

]
dt +

[∫ tmax

0

T(t)− 100
ω

]
dt (2)
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Equation (1) explains the calculation of the severity factor as it is important to consider
the temperature profiles during heating, isothermal, and cooling stages that are essentially
involved in integrating the temperature vs. time profile (process intensity) [23]. In Equa-
tions (1) and (2), log R0 represents the severity factor. During the process, tma’x (min)
represents the maximum time needed to achieve the target temperature, ctrl and ctrf (min)
represent the time required during an isothermal cycle, T(t) (◦C) represents temperature
profiling regarding heating and cooling, andω (14.75) represents the empirical parameter.
The base temperature is 100 ◦C (it is a low-temperature value selected with no practical
solubilization or depolymerization of hemicellulose) [19,23,24].

A vacuum filter was used to separate the reaction mixture into parts or phases (solid
and liquid) after the pretreatment process. The solid phase obtained after the filtration
process was kept in an oven at 45 ◦C overnight for drying purposes. The standard analytical
procedure of the National Renewable Energy Laboratory (NREL) was followed for the
quantitative compositional analysis of cellulose and hemicellulose. Acid hydrolysis was
used to analyze biomass composition by adding 5 mL of 72% (w/w) sulphuric acid to 0.5 g of
biomass with a moisture percentage below 20%. The reaction mixture was incubated for 1 h
in a water bath at 30 ◦C with continuous stirring. A constant weight of 148.7 g was achieved
by diluting the reaction mixture with distilled water and then autoclaving it at 121 ◦C for
one hour [25]. By adding 4% (w/w) sulphuric acid to the liquid phase and autoclaving it for
30 min at 121 ◦C, the liquid phase was quantitatively analyzed [26]. In the hydrolysis of the
liquid phase, oligomers transform into monomers. Following hydrolysis of the solid phase,
the solid part was quantitatively analyzed for Klason lignin using gravimetric analysis [19].
Statistica 12 software was used for the ANOVA statistical analysis.

2.2. Enzymatic Saccharification

The pretreated SDR slurry (solid and liquid phase together) at 155 ◦C for 30 min
was subjected to enzymatic hydrolysis. Enzymatic saccharification was carried out using
5% solid loading (including the whole slurry), 15 FPU/gds commercial (cellulase from
Trichoderma reseei ATCC-26921), and 1 M citrate buffer diluted to 50 mM citrate buffer with
pH 4.8. Enzymatic hydrolysis was carried out in 10 mL volumes, and deionized water was
used for volume makeup. A temperature of 50 ◦C and a rotation speed of 150 rpm were
used for enzymatic hydrolysis. For analysis, samples were taken after 0 h, 6 h, 12 h, 24 h,
48 h, and 72 h. The calculation of the yield percentage was based on Singh et al. [19] and
Ruiz et al. [27].

The yield percentage calculation is as follows:

Saccharification yield % =
([Glucose] + 1.053[Cellobiose])

1.111f[Biomass]
× 100 (3)

In Equation (3), [Glucose] is the glucose concentration (g/L), [Cellobiose] is the cel-
lobiose concentration (g/L), and [Biomass] is the dry biomass concentration at the start of
enzymatic saccharification (g/L). The cellulose fraction present in dry biomass is denoted
by f, and 1.111 is the factor that is used in the equation to transform cellulose to equivalent
glucose, and cellobiose conversion to equivalent glucose is done by the 1.053 factor [28].

2.3. Analytical Method

For quantitative analysis, the samples from the SDR (pretreated and untreated) and en-
zymatic saccharification samples obtained were filtered from a membrane filter of 0.22 µm.
The samples were analyzed quantitatively for glucose, xylose, arabinose, cellobiose, and
other organic acids such as acetic acid, formic acid, and lactic acid using HPLC (Agilent
Technology 1260 series instrument), with a refractive index detector at 35 ◦C (Agilent
Technology 1260 series instrument), Metacarb 87 H column with 60 ◦C temperature, and
0.005 M sulphuric acid mobile phase with a flow rate of 0.65 mL/min [19] was used.
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3. Results and Discussions
3.1. Chemical Composition of Raw Material

SDR characterization was performed using the NREL method, and the chemical
composition analyzed in untreated SDR included glucan (31.12 ± 1.21%), hemicellulose
(11.84 ± 1.98%), and Klason lignin (25.89 ± 2%). In one of the previous studies, the
composition of SDR in terms of cellulose (34.69%), hemicellulose (21.3%), and lignin
(15.08%) percentage was reported [10]. Even though the glucan percentage is nearly
similar, there is a difference in hemicellulose content as well as Klason lignin content,
which is attributed to differences in the processing of biomass or batch variations. In
sorghum straw waste, the glucan percentage, lignin percentage, xylan percentage, arabinan
percentage, and acid-insoluble lignin percentage obtained were 32.6%, 28.5%, 2.4%, and
16.8%, respectively [29]. These studies, including the present study, suggest that SDR
contains a high concentration of fermentable carbohydrates, which makes it an attractive
biomass for bioethanol and other value-added products.

3.2. Operational Variable Effects on Solid Phase Characterization

SDR characterization was performed using the NREL method. The liquid and solid
phases obtained after pretreatment were compositionally analyzed to study the effect of
variables (temperature and time); the effect of variables can be seen in Figure 1. The results
of pretreated SDR and the effect of severity at different temperatures (155 ◦C, 170 ◦C,
185 ◦C) are explained in Figures 2–4. Figures 2 and 3 show the effect of severity on glucan
and lignin percentages at different temperatures (155 ◦C, 170 ◦C, 185 ◦C), respectively.
Hemicellulose was not detected after 155 ◦C for 30 min pretreatment and is shown in
Figure 4.
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The highest glucan percentage obtained was 43.10% at 185 ◦C for 10 min. The glucan
percentage at 155 ◦C for 50 min was 38.22 ± 1.32%, but this result is in contrast to 170 ◦C
when the cellulose percentage was lower than that of the raw material. The reason for the
lower cellulose percentage loss at low temperatures is that at 150 ◦C or lower temperatures,
the cellulose percentage loss is low because the degree of polymerization (DP) of cellulose is
higher at that temperature [30,31]. By raising the temperature above 160 ◦C, more cellulose
becomes solubilized, resulting in increased cellulose loss [31], which explains why at 170 ◦C
the cellulose percentage was 22.47 ± 1.43, 25.49 ± 1.33, 28.68 ± 1.72, which is lower than
the cellulose percentage, i.e., 31.12 ± 1.21% obtained in the raw material. However, a
reduction in cellulose loss is observed when the temperature is increased above 170 ◦C,
as at 185 ◦C for 10, 30, and 50 min the cellulose percentage was 43.10 ± 2.07, 34.34 ± 0.89,
and 40.28 ± 2.91, respectively. According to Ma et al. [31], the possible explanation for
this could be described in two phases, which are an accelerated initial part, and a slower
second part. The variation in the rate of cellulose is due to characteristic variations in
cellulose reactivity. This is because the short chains of cellulose that are reactive solubilize
quickly and hence cause speedy loss of cellulose. The long chain of cellulose that happens
to be less reactive is accountable for the slower second part at the later phase [31]. The
glucan percentage at 185 ◦C for 30 min (34.39 ± 0.89%) is less than the glucan percentage at
185 ◦C for 50 min (40.28 ± 2.91%). Glucooligosaccharide (GOS) concentration is slightly
higher at 185 ◦C for 30 min than the GOS concentration at 185 ◦C for 50 min (Refer
Table 1). This is because around 3.7% of glucan solubilizes or dissolves in the form of
GOS obtained from β-1,3-1,4-glucan [32], and this could be the probable cause for the low
glucan percentage at 185 ◦C for 30 min. In crystalline cellulose, the increased temperature
causes intermolecular hydrogen bond cleaving. In addition, with the annealing process,
Iα transforms to Iβwith better thermodynamic stability [30]. The following could be one
of the other reasons for the increase in cellulose percentage at 185 ◦C [30]. Hydrothermal
pretreatment has one disadvantage, especially when the pretreatment’s severity is intense
or higher temperature, resulting in lignin’s recondensation in the solid phase obtained from
hot water pretreatment [33]; this phenomenon explains the increased lignin percentage with
increased severity or temperature, as at 185 ◦C for 50 min. The lignin percentage obtained
was 69.20 ± 0.64%, which is per the phenomena reported by Batista et al. (2019). In a
study reported by Ambye-Jensen et al. [34], the lignin percentage in untreated sugarcane
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bagasse was 16.9 ± 0.6%, and after hydrothermal pretreatment, the lignin percentage with
increased temperature increased to 24.9% at 190 ◦C. The results obtained in the study
reported by Ambye-Jensen et al. [34] are similar to the results obtained in the current study.
The increased lignin percentage corresponds to the increased severity of the hydrothermal
pretreatment. During hydrothermal pretreatment, the lignin dissolves, dissipates from
the cell wall source, and scatters on fiber surfaces, causing the lignin fractions to reform
or reorganize in lignocellulosic biomass rather than getting removed. Zhao et al. [35]
found that when treated at 150 ◦C, hemicellulose fractions in fiberboard, chipboard, and
blackboard increased by 12.6%, 13.6%, and 13.6%, respectively. However, as the temperature
was increased, the hemicellulose percentage decreased considerably, and finally reached
zero when the temperature reached 250 ◦C, which suggests that hemicellulose removal is
enhanced by a gradual increase in temperature during hydrothermal pretreatment [35].
This is in agreement with the results of this analysis, because at 150 ◦C for 10 and 30 min,
the SDR hemicellulose percentage was 4.55% and 8.59%, respectively; however, after the
increase in severity, no hemicellulose percentage was detected since the raw material or
untreated SDR had a lower hemicellulose percentage.

Table 1. Experimental conditions evaluated in the hydrothermal pretreatment on liquid phase of
(SDR). Severity factor, pH, and heating rate.

Temperature (◦C) 155 ◦C 170 ◦C 185 ◦C

Time (min) 10 30 50 10 30 50 10 30 50

Log (logR0) 4.16 4.26 4.36 4.29 4.35 4.40 4.33 4.42 4.48
pH 3.55 3.55 3.54 3.62 3.57 3.57 3.61 3.43 3.40
Heating rate
(◦C/min) 2.09 2.07 1.99 2.00 2.05 2.07 2.06 2.03 2.01

Liquid phase (g/L)

Glucose 0.0042 ± 0.00 1.82 ± 0.00 0.129 ± 0.00 1.78 ± 0.00 1.85 ± 0.07 1.42 ± 0.00 7.42 ± 0.02 5.16 ± 0.00 6.57 ± 0.28
Xylose Nd 3.17 ± 0.06 1.90 ± 0.03 1.66 ± 0.01 1.68 ± 0.06 0.95 ± 0.01 3.65 ± 0.02 2.43 ± 0.01 Nd
Arabinose 1.52 ± 0.03 0.01 ± 0.01 1.71 ± 0.09 1.26 ± 0.01 0.81 ± 0.01 0.56 ± 0.00 1.66 ± 0.01 2.12 ± 0.01 2.12 ± 0.03
XOS 5.38 ± 0.81 4.19 ± 0.69 4.32 ± 0.11 2.48 ± 0.43 4.21 ± 0.58 1.24 ± 0.18 Nd Nd Nd
GOS 28.96 ± 1.81 38.83 ± 1.72 23.21 ± 1.37 17.76 ± 1.21 16.33 ± 2.53 5.91 ± 0.05 5.82 ± 0.82 4.49 ± 0.32 0.93 ± 0.74
Acetic acid Nd Nd 0.87 ± 0.00 0.54 ± 0.00 0.84 ± 0.00 1.02 ± 0.00 1.19 ± 0.00 2.05 ± 0.00 2.04 ± 0.00
Furfural Nd Nd 0.36 ± 0.00 1.43 ± 0.01 2.24 ± 0.00 1.49 ± 0.00 7.27 ± 0.03 6.98 ± 0.00 3.71 ± 0.00
HMF Nd Nd 1.23 ± 0.00 8.16 ± 0.03 3.54 ± 0.00 1.06 ± 0.00 8.14 ± 0.02 8.02 ± 0.00 12.40 ± 0.05
Formic acid 21 ± 0.063 0.154 ± 0.082 22.91 ± 0.48 17.01 ± 0.00 15.92 ± 0.00 13.39 ± 0.00 7.92 ± 0.00 15.66 ± 0.00 32.6 ± 0.51
Lactic acid 6.06 ± 0.01 0.05 ± 0.03 6.54 ± 0.02 4.45 ± 0.05 3.71 ± 0.02 2.54 ± 0.01 9.94 ± 0.05 6.65 ± 0.05 6.90 ± 0.01
Cellobiose 0.97 ± 0.00 0.82 ± 0.00 1.47 ± 0.00 0.11 ± 0.00 3.72 ± 0.02 0.53 ± 0.00 2.09 ± 0.03 1.16 ± 0.01 1.28 ± 0.00

XOS = xylooligosaccharides, GOS = glucooligosaccharides, Nd = not detected.

3.3. Variation in Liquid Phase Composition Corresponding to the Severity

At mild severity (155 ◦C for 30 min), log R0 = 4.26, maximum glucooligosaccharide
(GOS) concentration reached 38.83 g/L), whereas at increased severity, log R0 = 4.48 (185 ◦C
for 50 min), GOS concentration decreased to 0.93 g/L. At mild severity, glucooligomers
are comparatively more likely to form as a result of the solubilization of easily reachable
glucans, as glucooligomers form by hydrolyzing easily reachable glucans [36]. When
crystalline cellulose is exposed to higher temperatures or increased severity, intermolecular
hydrogen bonds form, resulting in more thermostable cellulose. The thermostable cellulose
is less likely to solubilize in the liquid phase as GOS, which decreases GOS concentrations
with an increase in severity [30]. The maximum lactic acid obtained was 9.95 g/L at
185 ◦C for 10 min because sugars start degrading in the presence of Lewis acid, pursuing
two potential pathways [37,38]. The first pathway involves the intertransformation of
glucose into fructose, resulting in levulinic acid and formic acid being generated by fructose
dehydration, and the second involves triose being transformed into lactic acid [38]. With
the increased severity of hydrothermal pretreatment, water forms hydronium ions that
behave like Lewis acids, increasing solubilization and autohydrolysis rates. Pretreatment
with liquid hot water produces a significant amount of water-soluble polysaccharides
and oligosaccharides in response to increased severity factor [33,39]. In the current study,
however, GOS and xylooligosaccharide (XOS) concentrations decrease with severity since
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the concentration of furfural and hydroxy methyl furfural (HMF) increases as well, which
is the degradation compound resulting from dehydration of pentose and hexose sugar,
respectively [40]. According to Alves-Ferreira et al. [36], the maximum amount of HMF
generated was 1.0 g/L, with an initial glucan percentage of 3.4% [36]. In the present
study, the maximum HMF concentration generated during hydrothermal pretreatment was
12.40 g/L at 185 ◦C for 50 min at a severity factor (4.48) corresponding to an increase in
glucan degradation to HMF, and this explains how severity is responsible for the generation
of degradation compounds. According to Souto et al. [41], various pretreatment conditions
promote secondary product generation, such as formic, levulinic, and acetic acids [41]; for
reference, see Table 1.

The formation of formic and acetic acid is stoichiometric due to the hydrolysis of
hydroxymethylfurfural [42]. Formic acid and levulinic acid generation resulted due to the
loss of furfural content, directly impacting cellulose amounts, because furfural can also be
generated from the glucose fraction present [41]. Therefore, in the present experiment, we
can observe in Table 1 that GOS and XOS production decreases with increased severity as
the xylose and glucose fraction converts into secondary products, which are formic acid
and lactic acid. Compared to lower severity, which is at 155 ◦C, the cellulose percentage in
the solid phase has also not increased much at higher severity.

3.4. Pretreatment Slurry Subjected to Enzymatic Hydrolysis

The slurry obtained after hot water pretreatment at 155 ◦C for 30 min was selected
because no dehydration components (furfural and HMF) were detected in the liquid phase,
which interferes with the enzyme activity. The slurry obtained at 155 ◦C for 30 min was
subjected to enzymatic saccharification. In addition, organic acids are produced by the
solubilization and depolymerization of hemicellulose. In contrast to conventional sacchari-
fication methods, non-conventional enzymatic saccharification eliminates the separation
of slurry into solids and liquids as well as eliminates the need for detoxification, and
interconnected disposal issues, resulting in an easy and economical operation leading to
increased saccharification yield [43]. In the current study, when the slurry obtained was
subjected to enzymatic hydrolysis, it achieved 75.05 ± 0.5% yield percentage at 72 h, and
the glucose concentration obtained during the saccharification process was 5.33 g/L; for
reference, see Figure 5.
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However, Oliveira et al. [43] used auto-hydrolyzed Eucalyptus globulus wood for the
whole slurry experiment, and a low glucose yield was reported due to the presence of in-
hibitory compounds [43]. Therefore, in the present study, a low severity condition was used
for the SDR’s hot water pretreatment to achieve high glucose yield during saccharification.
It was reported by Balan et al. [44] in a whole slurry experiment where steam explosion
pretreated biomass (whole slurry) was subjected to enzymatic saccharification and resulted
in a 65% glucose yield, which is comparatively less than the yield obtained in the current
study. The possible reason for the difference is the mode of pretreatment, as in the current
study hot water pretreatment is used [44]. The importance of hydrolyzing pretreated slur-
ries with a low inhibitor content is that inhibitory components can interfere with enzyme
activity, resulting in a low saccharification yield [45]. However, at higher severity, inhibitor
concentration increases in the liquid phase, further interfering with saccharification and
fermentation [46]. Therefore, in the present study, a mild severity condition was used for
biomass pretreatment to perform the enzymatic saccharification of the whole slurry for ref-
erence (see Table 1). Cellulase loading influences the enzymatic hydrolysis rate, as 18 FPU,
27 FPU, and 36 FPU per gram of sugarcane bagasse result in lower enzymatic hydrolysis
rates [47]. Zheng et al. [47] reported a glucose conversion of 62.42 ± 0.82% at 9 FPU/grams
of sugar cane bagasse. Saini et al. [48] reported a glucose concentration of 13.72 g/L at 72 h
from pretreated pineapple leaf waste slurry when subjected to enzymatic hydrolysis at 5%
solid loading [48]. The glucose concentration in the present study is lower than the glucose
concentration reported by Saini et al. [48] because the Klason lignin percentage in pretreated
SDR is 53.99 ± 0.5%, resulting in interference in enzyme activity. The high concentration
of oligomers and phenols also sometimes contributes to interference in enzyme activity
responsible for low glucose concentration. Singh et al. [19] reported a maximum yield
percentage of 61.62% at 1% solid loading and 15 FPU/gds without liquid phase (washed
biomass) [19], whereas in the present study, at 5% solid loading and 15 FPU/gds, the
saccharification yield obtained was 75.05 ± 0.4%. This study explains the advantage of
hydrothermal pretreatment at mild severity for efficient enzymatic saccharification of the
whole slurry. This non-conventional method eliminates the need for a separation process,
resulting in saving cost compared to the use of washed pretreated biomass.

4. Conclusions

SDR is generated at approximately 66.1 billion kg each year, and Taiwan holds around
a 1% share. Therefore, it is essential to utilize SDR, as it is difficult to decompose such
a huge amount of waste. Valorizing SDR for the production of biofuels and other value-
added products through biorefineries is the most effective way to assist society and the
environment. Hydrothermal pretreatment was used for the SDR pretreatment, and different
parameters (time and temperature) were used for evaluation purposes. The condition that
was selected after the evaluation was 155 ◦C for 30 min because no HMF and furfural
were detected, which are degradation compounds, and a low number of organic acids
produced were detected after solubilization of hemicellulose as well. It was crucial to
employ slurry with little to no degradation compounds and acids for the non-conventional
method of saccharification because the presence of degradation compounds and acids could
negatively affect the process. The unwashed pretreated slurry of SDR (biomass + liquid
phase) after hydrothermal pretreatment at 155 ◦C for 30 min was selected for enzymatic
saccharification. The saccharification yield obtained was 75.05 ± 0.5% yield percentage
at 72 h. The limitation of this process is inhibition caused by the oligomers present in the
liquid phase and lignin present in the solid phase, which interfere during the hydrolysis
process. Therefore, it is necessary to study the low severity effect on solid and liquid
phase composition to use it (slurry) for the bioethanol production process. Hence, this
non-conventional method of enzymatic hydrolysis makes a biorefinery operation simple
and cost-effective because the separation process is eliminated.



Bioengineering 2023, 10, 38 11 of 13

Author Contributions: A.S.: methodology, investigation, validation, and writing—original draft.
C.-W.C.: visualization, supervision, funding acquisition, resources, and project administration.
A.K.P.: data curation and editing. R.R.S.: methodology, investigation, data curation and editing,
and visualization. C.-D.D.: visualization, supervision, funding acquisition, resources, and project
administration. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by Taiwan MOST (Ref. No. 109-2222-E-992-002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: A.S., R.S., C.W.C., and C.D.D. would like to acknowledge the Taiwan MOST for
funding support (Ref. No. 109-2222-E-992-002). A.K.P. would like to acknowledge the NSTC, Taiwan,
for funding support (Ref. No. NSTC 111-2222-E-992-006).

Conflicts of Interest: There is no conflict to declare.

References
1. Singh, A.; Singhania, R.R.; Soam, S.; Chen, C.; Haldar, D.; Varjani, S.; Chang, J.-S.; Dong, C.-D.; Patel, A.K. Production of

Bioethanol from Food Waste: Status and Perspectives. Bioresour. Technol. 2022, 360, 127651. [CrossRef] [PubMed]
2. Fawzy, S.; Osman, A.I.; Doran, J.; Rooney, D.W. Strategies for Mitigation of Climate Change: A Review. Environ. Chem. Lett. 2020,

18, 2069–2094. [CrossRef]
3. Sarker, T.R.; Pattnaik, F.; Nanda, S.; Dalai, A.K.; Meda, V.; Naik, S. Hydrothermal Pretreatment Technologies for Lignocellulosic

Biomass: A Review of Steam Explosion and Subcritical Water Hydrolysis. Chemosphere 2021, 284, 131372. [CrossRef]
4. Bertacchi, S.; Jayaprakash, P.; Morrissey, J.P.; Branduardi, P. Interdependence between Lignocellulosic Biomasses, Enzymatic

Hydrolysis and Yeast Cell Factories in Biorefineries. Microb. Biotechnol. 2022, 15, 985–995. [CrossRef]
5. Singh, A.; Rodríguez Jasso, R.M.; Gonzalez-Gloria, K.D.; Rosales, M.; Belmares Cerda, R.; Aguilar, C.N.; Singhania, R.R.; Ruiz,

H.A. The Enzyme Biorefinery Platform for Advanced Biofuels Production. Bioresour. Technol. Rep. 2019, 7, 100257. [CrossRef]
6. Singh, A.; Patel, A.K.; Adsul, M.; Singhania, R.R. Genetic Modification: A Tool for Enhancing Cellulase Secretion. Biofuel Res. J.

2017, 4, 600–601. [CrossRef]
7. Vaishnav, N.; Singh, A.; Adsul, M.; Dixit, P.; Sandhu, S.K.; Mathur, A.; Puri, S.K.; Singhania, R.R. Penicillium: The next Emerging

Champion for Cellulase Production. Bioresour. Technol. Rep. 2018, 2, 131–140. [CrossRef]
8. Gandam, P.K.; Chinta, M.L.; Pabbathi, N.P.P.; Baadhe, R.R.; Sharma, M.; Thakur, V.K.; Sharma, G.D.; Ranjitha, J.; Gupta, V.K.

Second-Generation Bioethanol Production from corncob–A Comprehensive Review on Pretreatment and Bioconversion Strategies,
Including Techno-Economic and Lifecycle Perspective. Ind. Crops Prod. 2022, 186, 115245. [CrossRef]

9. Humbird, D.; Davis, R.; Tao, L.; Kinchin, C.; Hsu, D.; Aden, A.; Schoen, P.; Lukas, J.; Olthof, B.; Worley, M. Process Design and
Economics for Biochemical Conversion of Lignocellulosic Biomass to Ethanol: Dilute-Acid Pretreatment and Enzymatic Hydrolysis of Corn
Stover; National Renewable Energy Lab (NREL): Golden, CO, USA, 2011.

10. Chen, W.-H.; Lo, H.-J.; Yu, K.-L.; Ong, H.-C.; Sheen, H.-K. Valorization of Sorghum Distillery Residue to Produce Bioethanol for
Pollution Mitigation and Circular Economy. Environ. Pollut. 2021, 285, 117196. [CrossRef]

11. Singhania, R.R.; Patel, A.K.; Raj, T.; Tsai, M.L.; Chen, C.W.; Dong, C.D. Advances and Challenges in Biocatalysts Application for
High Solid-Loading of Biomass for 2nd Generation Bio-Ethanol Production. Catalysts 2022, 12, 615. [CrossRef]

12. Singhania, R.R.; Patel, A.K.; Raj, T.; Chen, C.-W.; Ponnusamy, V.K.; Tahir, N.; Kim, S.-H.; Dong, C.-D. Lignin valorisation via
enzymes: A sustainable approach. Fuel 2022, 311, 122608. [CrossRef]

13. Singhania, R.R.; Patel, A.K.; Singh, A.; Haldar, D.; Soam, S.; Chen, C.-W.; Tsai, M.-L.; Dong, C.-D. Consolidated Bioprocessing of
Lignocellulosic Biomass: Technological Advances and Challenges. Bioresour. Technol. 2022, 354, 127153. [CrossRef] [PubMed]

14. Olguin-Maciel, E.; Singh, A.; Chable-Villacis, R.; Tapia-Tussell, R.; Ruiz, H.A. Consolidated Bioprocessing, an Innovative Strategy
towards Sustainability for Biofuels Production from Crop Residues: An Overview. Agronomy 2020, 10, 1834. [CrossRef]

15. Taheri, M.E.; Salimi, E.; Saragas, K.; Novakovic, J.; Barampouti, E.M.; Mai, S.; Malamis, D.; Moustakas, K.; Loizidou, M. Effect of
Pretreatment Techniques on Enzymatic Hydrolysis of Food Waste. Biomass Convers. Biorefinery 2021, 11, 219–226. [CrossRef]

16. Gao, M.; Zou, H.; Tian, W.; Shi, D.; Chai, H.; Gu, L.; He, Q.; Tang, W.Z. Co-Digestive Performance of Food Waste and Hydrothermal
Pretreated Corn Cob. Sci. Total Environ. 2021, 768, 144448. [CrossRef] [PubMed]

17. Bhalla, A.; Cai, C.M.; Xu, F.; Singh, S.K.; Bansal, N.; Phongpreecha, T.; Dutta, T.; Foster, C.E.; Kumar, R.; Simmons, B.A.
Performance of Three Delignifying Pretreatments on Hardwoods: Hydrolysis Yields, Comprehensive Mass Balances, and Lignin
Properties. Biotechnol. Biofuels 2019, 12, 213. [CrossRef]

18. Singh, A.; Tsai, M.-L.; Chen, C.; Singhania, R.R.; Patel, A.K.; Tambat, V.; Dong, C.-D. Role of Hydrothermal Pretreatment towards
Sustainable Biorefinery. Bioresour. Technol. 2022, 367, 128271. [CrossRef]

19. Singh, A.; Jasso, R.M.R.; Saxena, R.; Cerda, R.B.; Singhania, R.R.; Ruiz, H.A. Subcritical Water Pretreatment for Agave Bagasse
Fractionation from Tequila Production and Enzymatic Susceptibility. Bioresour. Technol. 2021, 338, 125536. [CrossRef]

http://doi.org/10.1016/j.biortech.2022.127651
http://www.ncbi.nlm.nih.gov/pubmed/35870673
http://doi.org/10.1007/s10311-020-01059-w
http://doi.org/10.1016/j.chemosphere.2021.131372
http://doi.org/10.1111/1751-7915.13886
http://doi.org/10.1016/j.biteb.2019.100257
http://doi.org/10.18331/BRJ2017.4.2.5
http://doi.org/10.1016/j.biteb.2018.04.003
http://doi.org/10.1016/j.indcrop.2022.115245
http://doi.org/10.1016/j.envpol.2021.117196
http://doi.org/10.3390/catal12060615
http://doi.org/10.1016/j.fuel.2021.122608
http://doi.org/10.1016/j.biortech.2022.127153
http://www.ncbi.nlm.nih.gov/pubmed/35421566
http://doi.org/10.3390/agronomy10111834
http://doi.org/10.1007/s13399-020-00729-7
http://doi.org/10.1016/j.scitotenv.2020.144448
http://www.ncbi.nlm.nih.gov/pubmed/33434805
http://doi.org/10.1186/s13068-019-1546-0
http://doi.org/10.1016/j.biortech.2022.128271
http://doi.org/10.1016/j.biortech.2021.125536


Bioengineering 2023, 10, 38 12 of 13

20. Marques, N.P.; deCassia Pereira, J.; Gomes, E.; daSilva, R.; Araújo, A.R.; Ferreira, H.; Rodrigues, A.; Dussán, K.J.; Bocchini, D.A.
Cellulases and Xylanases Production by Endophytic Fungi by Solid State Fermentation Using Lignocellulosic Substrates and
Enzymatic Saccharification of Pretreated Sugarcane Bagasse. Ind. Crops Prod. 2018, 122, 66–75. [CrossRef]

21. He, C.; Hu, J.; Shen, F.; Huang, M.; Zhao, L.; Zou, J.; Tian, D.; Jiang, Q.; Zeng, Y. Tuning Hydrothermal Pretreatment Severity of
Wheat Straw to Match Energy Application Scenarios. Ind. Crops Prod. 2022, 176, 114326. [CrossRef]

22. Buitrón, G.; Hernández-Juárez, A.; Hernández-Ramírez, M.D.; Sánchez, A. Biochemical Methane Potential from Lignocellulosic
Wastes Hydrothermally Pretreated. Ind. Crops Prod. 2019, 139, 111555. [CrossRef]

23. Ruiz, H.A.; Galbe, M.; Garrote, G.; Ramirez-Gutierrez, D.M.; Ximenes, E.; Sun, S.-N.; Lachos-Perez, D.; Rodríguez-Jasso, R.M.; Sun,
R.-C.; Yang, B. Severity Factor Kinetic Model as a Strategic Parameter of Hydrothermal Processing (Steam Explosion and Liquid
Hot Water) for Biomass Fractionation under Biorefinery Concept. Bioresour. Technol. 2021, 342, 125961. [CrossRef] [PubMed]

24. Aguilar, D.L.; Rodríguez-Jasso, R.M.; Zanuso, E.; deRodríguez, D.J.; Amaya-Delgado, L.; Sanchez, A.; Ruiz, H.A. Scale-up and
Evaluation of Hydrothermal Pretreatment in Isothermal and Non-Isothermal Regimen for Bioethanol Production Using Agave
Bagasse. Bioresour. Technol. 2018, 263, 112–119. [CrossRef] [PubMed]

25. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and
Lignin in Biomass. Lab. Anal. Proced. 2008, 1617, 1–16.

26. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, A.; Templeton, D. Determination of Ash in Biomass; Tp-510-42622; Laboratory
Analytical Procedure (LAP) NREL: Golden, CO, USA, 2008.

27. Ruiz, H.A.; Vicente, A.A.; Teixeira, J.A. Kinetic Modeling of Enzymatic Saccharification Using Wheat Straw Pretreated under
Autohydrolysis and Organosolv Process. Ind. Crops Prod. 2012, 36, 100–107. [CrossRef]

28. Aguilar-Reynosa, A.; Romaní, A.; Rodríguez-Jasso, R.M.; Aguilar, C.N.; Garrote, G.; Ruiz, H.A. Comparison of Microwave and
Conduction-Convection Heating Autohydrolysis Pretreatment for Bioethanol Production. Bioresour. Technol. 2017, 243, 273–283.
[CrossRef]

29. Dai, L.; Gu, Y.; Xu, J.; Guo, J.; Jiang, K.; Zhou, X.; Xu, Y. Toward Green Production of Xylooligosaccharides and Glucose from
Sorghum Straw Biowaste by Sequential Acidic and Enzymatic Hydrolysis. Ind. Crops Prod. 2022, 179, 114662. [CrossRef]

30. Sun, Q.; Chen, W.-J.; Pang, B.; Sun, Z.; Lam, S.S.; Sonne, C.; Yuan, T.-Q. Ultrastructural Change in Lignocellulosic Biomass during
Hydrothermal Pretreatment. Bioresour. Technol. 2021, 341, 125807. [CrossRef]

31. Ma, X.J.; Cao, S.L.; Lin, L.; Luo, X.L.; Hu, H.C.; Chen, L.H.; Huang, L.L. Hydrothermal Pretreatment of Bamboo and Cellulose
Degradation. Bioresour. Technol. 2013, 148, 408–413. [CrossRef]

32. de Oliveira Gorgulho Silva, C.; de Castro Moreira dos Santos Júnior, A.; Santana, R.H.; Krüger, R.H.; Fontes, W.; de Sousa, M.V.;
Ricart, C.A.O.; Filho, E.X.F. Mild Hydrothermal Pretreatment of Sugarcane Bagasse Enhances the Production of Holocellulases by
Aspergillus Niger. J. Ind. Microbiol. Biotechnol. 2019, 46, 1517–1529. [CrossRef]

33. Batista, G.; Souza, R.B.A.; Pratto, B.; dos Santos-Rocha, M.S.R.; Cruz, A.J.G. Effect of Severity Factor on the Hydrothermal
Pretreatment of Sugarcane Straw. Bioresour. Technol. 2019, 275, 321–327. [CrossRef] [PubMed]

34. Ambye-Jensen, M.; Balzarotti, R.; Thomsen, S.T.; Fonseca, C.; Kádár, Z. Combined Ensiling and Hydrothermal Processing as
Efficient Pretreatment of Sugarcane Bagasse for 2G Bioethanol Production. Biotechnol. Biofuels 2018, 11, 336. [CrossRef] [PubMed]

35. Zhao, J.; Tian, D.; Hu, J.; Shen, F.; Zeng, Y.; Yang, G.; Huang, C.; Long, L.; Deng, S. Evaluation of Hydrothermal Pretreatment on
Lignocellulose-Based Waste Furniture Boards for Enzymatic Hydrolysis. Appl. Biochem. Biotechnol. 2020, 192, 415–431. [CrossRef]
[PubMed]

36. Alves-Ferreira, J.; Duarte, L.C.; Lourenço, A.; Roseiro, L.B.; Fernandes, M.C.; Pereira, H.; Carvalheiro, F. Distillery Residues
from Cistus Ladanifer (Rockrose) as Feedstock for the Production of Added-Value Phenolic Compounds and Hemicellulosic
Oligosaccharides. BioEnergy Res. 2019, 12, 347–358. [CrossRef]

37. Lei, X.; Wang, F.-F.; Liu, C.-L.; Yang, R.-Z.; Dong, W.-S. One-Pot Catalytic Conversion of Carbohydrate Biomass to Lactic Acid
Using an ErCl3 Catalyst. Appl. Catal. Gen. 2014, 482, 78–83. [CrossRef]

38. Sofia, T.; Costanzo, P.; Sonia, B.; Macario, A.; DiGioia, M.L.; Nardi, M.; Antonio, P.; Oliverio, D.M. Combined Ultra-
sound/microwave Chemocatalytic Method for Selective Conversion of Cellulose into Lactic Acid. Sci. Rep. 2019, 9, 18858.

39. Li, H.; Chen, X.; Ren, J.; Deng, H.; Peng, F.; Sun, R. Functional Relationship of Furfural Yields and the Hemicellulose-Derived
Sugars in the Hydrolysates from Corncob by Microwave-Assisted Hydrothermal Pretreatment. Biotechnol. Biofuels 2015, 8, 127.
[CrossRef]

40. Imman, S.; Laosiripojana, N.; Champreda, V. Effects of Liquid Hot Water Pretreatment on Enzymatic Hydrolysis and Physico-
chemical Changes of Corncobs. Appl. Biochem. Biotechnol. 2018, 184, 432–443. [CrossRef]

41. Souto, L.R.F.; daSilva, I.F.; Ninow, J.L.; Collins, S.R.A.; Elliston, A.; Waldron, K.W. Effect of Hydrothermal Pre-Treatment on
Duckweed (Landoltia Punctata) Biomass for Simultaneous Saccharification and Fermentation Process. Biomass Bioenergy 2019,
127, 105259. [CrossRef]

42. Flannelly, T.; Lopes, M.; Kupiainen, L.; Dooley, S.; Leahy, J.J. Non-Stoichiometric Formation of Formic and Levulinic Acids from
the Hydrolysis of Biomass Derived Hexose Carbohydrates. RSC Adv. 2016, 6, 5797–5804. [CrossRef]

43. Oliveira, C.; Romaní, A.; Gomes, D.; Cunha, J.T.; Gama, F.M.; Domingues, L. Recombinant Family 3 Carbohydrate-Binding
Module as a New Additive for Enhanced Enzymatic Saccharification of Whole Slurry from Autohydrolyzed Eucalyptus Globulus
Wood. Cellulose 2018, 25, 2505–2514. [CrossRef]

http://doi.org/10.1016/j.indcrop.2018.05.022
http://doi.org/10.1016/j.indcrop.2021.114326
http://doi.org/10.1016/j.indcrop.2019.111555
http://doi.org/10.1016/j.biortech.2021.125961
http://www.ncbi.nlm.nih.gov/pubmed/34852440
http://doi.org/10.1016/j.biortech.2018.04.100
http://www.ncbi.nlm.nih.gov/pubmed/29734065
http://doi.org/10.1016/j.indcrop.2011.08.014
http://doi.org/10.1016/j.biortech.2017.06.096
http://doi.org/10.1016/j.indcrop.2022.114662
http://doi.org/10.1016/j.biortech.2021.125807
http://doi.org/10.1016/j.biortech.2013.09.021
http://doi.org/10.1007/s10295-019-02207-0
http://doi.org/10.1016/j.biortech.2018.12.073
http://www.ncbi.nlm.nih.gov/pubmed/30594843
http://doi.org/10.1186/s13068-018-1338-y
http://www.ncbi.nlm.nih.gov/pubmed/30598698
http://doi.org/10.1007/s12010-020-03315-9
http://www.ncbi.nlm.nih.gov/pubmed/32394318
http://doi.org/10.1007/s12155-019-09975-8
http://doi.org/10.1016/j.apcata.2014.05.029
http://doi.org/10.1186/s13068-015-0314-z
http://doi.org/10.1007/s12010-017-2541-1
http://doi.org/10.1016/j.biombioe.2019.105259
http://doi.org/10.1039/C5RA25172A
http://doi.org/10.1007/s10570-018-1722-6


Bioengineering 2023, 10, 38 13 of 13

44. Balan, R.; Antczak, A.; Brethauer, S.; Zielenkiewicz, T.; Studer, M.H. Steam Explosion Pretreatment of Beechwood. Part 1:
Comparison of the Enzymatic Hydrolysis of Washed Solids and Whole Pretreatment Slurry at Different Solid Loadings. Energies
2020, 13, 3653. [CrossRef]

45. Sun, J.; Konda, N.M.; Parthasarathi, R.; Dutta, T.; Valiev, M.; Xu, F.; Simmons, B.A.; Singh, S. One-Pot Integrated Biofuel Production
Using Low-Cost Biocompatible Protic Ionic Liquids. Green Chem. 2017, 19, 3152–3163. [CrossRef]

46. Palmqvist, E.; Hahn-Hägerdal, B. Fermentation of Lignocellulosic Hydrolysates. II: Inhibitors and Mechanisms of Inhibition.
Bioresour. Technol. 2000, 74, 25–33. [CrossRef]

47. Zheng, X.; Xian, X.; Hu, L.; Tao, S.; Zhang, X.; Liu, Y.; Lin, X. Efficient Short-Time Hydrothermal Depolymerization of Sugarcane
Bagasse in One-Pot for Cellulosic Ethanol Production without Solid-Liquid Separation, Water Washing, and Detoxification.
Bioresour. Technol. 2021, 339, 125575. [CrossRef] [PubMed]

48. Saini, R.; Chen, C.-W.; Patel, A.K.; Saini, J.K.; Dong, C.-D.; Singhania, R.R. Valorization of Pineapple Leaves Waste for the
Production of Bioethanol. Bioengineering 2022, 9, 557. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/en13143653
http://doi.org/10.1039/C7GC01179B
http://doi.org/10.1016/S0960-8524(99)00161-3
http://doi.org/10.1016/j.biortech.2021.125575
http://www.ncbi.nlm.nih.gov/pubmed/34303100
http://doi.org/10.3390/bioengineering9100557

	Introduction 
	Materials and Methods 
	Sorghum Distillery Residue Autohydrolysis 
	Enzymatic Saccharification 
	Analytical Method 

	Results and Discussions 
	Chemical Composition of Raw Material 
	Operational Variable Effects on Solid Phase Characterization 
	Variation in Liquid Phase Composition Corresponding to the Severity 
	Pretreatment Slurry Subjected to Enzymatic Hydrolysis 

	Conclusions 
	References

