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Abstract: Pretreatment to improve the enzymatic digestibility of highly crystallized lignocellulosic
biomass is essential in biorefinery processes. This study investigates the combination of lignocellulose
pretreatment with continuous alkaline single-screw extrusion and ultrasonication for biosugar
production. Miscanthus sacchariflorus was used because it is a promising bioenergy crop. The results
show that ultrasonication with continuous alkaline pretreatment increased the enzymatic digestibility
of carbohydrates and reduced the use of chemicals during pretreatment. An hour of ultrasonication
following 0.2 M NaOH (2.25 mol-NaOH/kg-biomass) continuous alkaline pretreatment resulted
in a 6.7% increase in total biosugar production (83.1% of theoretical yield), a decrease of up to
26.1% in chemical usage, and a 17.0% increase in lignin removal compared with the case without
ultrasonication. The developed method can be considered an effective and eco-friendly approach to
the production of bio-based materials.

Keywords: ultrasonication; alkaline pretreatment; continuous single-screw extrusion; Miscanthus
sacchariflorus; biosugar

1. Introduction

Lignocellulosic biomass is the most abundant biomass available on earth, and is a source of
value-added products that can be converted into fuels, power, hydrogen, and chemicals [1,2]. In this
context, fermentable sugars (also known as biosugars) from non-edible lignocellulose have been of
interest for several decades as platform chemicals that can replace or complement present fossil-based
materials and fuels [3–5]. However, the annual production of bio-based plastics represents only 0.59%
of the total global plastic production of 359 million tons [6,7]. Accordingly, bio-based fuel production
accounts for only approximately 3.0% of the total fuel for road transportation globally [8]. Therefore,
the development of biorefineries for the production of green materials and chemicals from renewable
carbon sources is essential to address the gap between bio- and fossil-based fuels.

The biorefinery process for biosugar recovery from lignocellulose has three main operation steps:
pretreatment, saccharification, and separation. The pretreatment step increases the accessibility of
carbohydrates to biodegradation, and is the most energy-demanding and expensive process [9,10].
Despite being extensively studied, several pretreatment methods for the conversion of lignocellulosic
biomass to biosugars are controversial because of their advantages and disadvantages [11]. For example,
acid pretreatments are commonly used to increase the carbohydrate digestibility toward enzymatic
saccharification. Although acids cannot separate lignin, they can produce inhibitory compounds
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and cause corrosion in the reactors. Hydrothermal and steam explosion methods can solubilize the
hemicellulose fraction but do not decrease cellulose crystallinity. Among the various pretreatments,
alkaline pretreatment with sodium hydroxide (NaOH) is the most efficient conventional method
because it results in less sugar degradation and lower formation of inhibitors than acid and thermal
pretreatments [12]. The alkaline pretreatment with NaOH used as a limited swelling agent results
in the cleavage of intermolecular ester and C-C bonds in lignin molecules, thereby loosening the
crystalline structure of cellulose, increasing the accessible amorphous regions of carbohydrates,
disintegrating lignin, and facilitating enzyme penetration into the cellulose and hemicellulose [13].
In addition, alkaline pretreatment can be applied to selectively fractionate sulfur-free lignin from
biomass. However, the difficulties of recovering and reducing the use of alkaline chemicals that
cause environmental pollution and increase the amount of salts incorporated into carbohydrates have
emerged as drawbacks that need to be overcome. In this context, ultrasonication treatment uses sound
energy in the high-frequency range of 10 to 20 MHz to provide biomass with high physical energy
by cavitation. As the ultrasonic energy spreads through the liquid phase, microbubbles containing
solvent vapors are generated and migrate while growing. The collapse of bubbles in the biomass
surface results in high temperature and pressure, and extremely strong shear forces, thus loosening or
breaking down the carbohydrate-lignin matrix. Therefore, some studies have utilized ultrasonication
pretreatment to reduce particle size, decrease crystallinity, and change the morphology of lignocellulosic
biomass [14,15]. However, the drawbacks of ultrasonication pretreatment include low lignin removal
efficiency and safety concerns.

In this work, to effectively increase biosugar production and reduce chemical dosage,
the combination of continuous alkaline single-screw extrusion with ultrasonication for the
pretreatment of Miscanthus sacchariflorus biomass was investigated. The enzymatic saccharification
of biomass pretreated by different alkaline concentrations (NaOH) and ultrasonication times were
separately conducted to determine their digestibility. The effects of combining ultrasonication and
continuous alkaline pretreatment on chemical composition, sugar production, chemical consumption,
and morphological changes were examined and are discussed.

2. Materials and Methods

2.1. Raw Materials

Miscanthus sacchariflorus strain Goedae 1 (hereafter, M. sacchariflorus G1) was cultivated
and harvested in the Bioenergy Crop Research Institute, National Institute of Crop Science,
Rural Development Administration (Muan Jeonnam, Korea) [16]. M. sacchariflorus G1 was sliced into
chunks of approximately 5 cm using a cutting mill (Sechang Machine, Co., Ltd., Daegu, Korea). It was
then finely ground and sieved to obtain 3 mm particles using a pulverizer (Korea Pulverizing Machinery
Co., Ltd., Incheon, Korea). The moisture content of the pulverized biomass was 10.1 ± 0.5 wt.%.
Approximately 300 kg of pulverized raw biomass was prepared and stored in bulk bags in a cool and
dry place, out of direct sunlight, for future use.

2.2. Alkaline Pretreatment by Using a Continuous Single-Screw Reactor

A continuous single-screw reactor fabricated in a previous study [17] was modified to combine the
alkaline pretreatment with ultrasonication (Figure 1). The final structure consisted of seven components:
hopper, screw extruder, solvent tank, continuous stirred tank reactor (CSTR), main single-screw reactor
(plug flow reactor, PFR), reservoir tank, and ultrasonicator. Prior to the continuous alkaline pretreatment,
a pre-soaking step was applied to achieve a more effective biomass pretreatment. Pre-soaking biomass
is known to effectively increase the enzymatic digestibility of biomass because it allows adequate time
for chemical and water molecules to penetrate the cell walls, thus softening the lignocellulose structure.
The volume of the pre-soaking solution was 156 mL to maintain a 20.0% biomass moisture content,
which was optimal for the extruder operation. The alkaline concentration of the pre-soaking solution
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was determined to be 6.0 M NaOH, which was equivalent to a reduction of approximately 0.1 M of
alkaline concentration in the main continuous pretreatment process. The pulverized raw biomass was
well-mixed with the pre-soaking solution and then kept in a sealed container at room temperature for
24 h. The presoaked M. sacchariflorus G1 was fed continuously to the CSTR through the extruder at a
feeding rate of 15 g/min, thus generating compressive and shear stresses. Further alkaline soaking
occurred for 2 min at 70 ◦C in the CSTR, where the extruded biomass was mixed with 60 ◦C pre-heated
NaOH solution fed at a flow rate of 135 mL/min. The main alkaline pretreatment occurred in the
PFR single-screw reactor for 8 min at 140 ◦C. The pretreatment time was set by regulating the screw
rotating speed to 30 rpm, and the heat was supplied from a jacket around the reactor filled with hot oil.
Alkaline concentrations of 0.1, 0.2, and 0.3 M NaOH solution were used in the alkaline pretreatment.
The pretreated biomass was then collected in the reservoir tank in which the ultrasonication reaction
occurred with the remaining heat.
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Figure 1. Schematic of the ultrasonication-assisted single-screw alkaline pretreatment system modified
from Cha et al. (2015) (CSTR: continuous stirred tank reactor).

2.3. Ultrasonic Reactor

The main aim of this work was to apply ultrasonication to alkaline-pretreated biomass to enhance
its enzymatic digestibility by reducing the use of chemicals. The single-screw reactor based on
extrusion pretreatment was modified by placing an ultrasonicator on the reservoir tank (Figure 1).
The ultrasonication treatment was conducted using a titanium horn-type ultrasonicator (D60-45/170L,
Daelim Ultrasonic Company, Seoul, Korea). As illustrated in Figure 1, an ultrasonic horn was built
on the reservoir tank in which the pretreated biomass was collected. An external water-cooling loop
was installed to prevent overheating. The operating frequency and power of the ultrasonicator were
14.8 ± 0.1 kHz and 1.2 kW, respectively. The amplitude was maintained at 100%. The pretreatment
experiments with 0, 1, and 2 h ultrasonication (PCU-0h, PCU-1h, PCU-2h) were performed in triplicate.
After the ultrasonication treatment, the samples were centrifuged at 10,000 rpm (15,344× g) for 20 min
(Avanti J-E, Beckman Coulter, Brea, CA, USA) to obtain solids, which were then fully washed 6–7 times
with water until the pH was 7–8. The solid residue was dried at 60 ◦C overnight and stored in a sealed
container until use.

2.4. Analytical Methods

To determine the structural carbohydrates and lignin in the samples according to the
NREL/TP-510-42618 guidelines issued by the National Renewable Energy Laboratory [18], the ground
samples were passed through a 1.0 mm sieve and collected on a 0.5 mm sieve (Chunggye Sieve, Seoul,
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Korea). After two steps of acid hydrolysis, the sugar (glucose, xylose, and arabinose) concentration
in the sample mixture was determined by high-performance liquid chromatography (HPLC) (e2695,
Waters, Milford, MA, USA) using a Biorad Aminex HPX-87H 300 × 8.7 mm column (Bio-Rad, Hercules,
CA, USA) equipped with a micro-guard Cation H 30 × 4.6 mm guard column. The column temperature
was maintained at 65 ◦C inside a column heater module (WAT038040, Waters, Milford, MA, USA),
and a refractive index detector (2414, Waters, Milford, MA, US) was used at 30 ◦C. In addition, 0.5 mM
H2SO4 was used as the mobile phase at a flow rate of 0.5 mL/min. Peaks were quantified according to a
calibration curve. The lignin content was determined by the sum of the acid-soluble and acid-insoluble
lignin. The acid-soluble lignin content was measured at 205 nm using a UV-Visible spectrophotometer
(Libra S22, Biochrom Ltd., Cambridge, UK), and the acid-insoluble lignin was determined by treating
the residue filtered from acid hydrolysis solution at 575 ◦C for 3 h.

To determine the amount of dissolved material in the pretreated liquor, the pretreated biomass
was centrifuged at 10,000 rpm (15,344× g) for 30 min and the supernatants passed through a 0.2 um
syringe filter. Approximately 15.0 g aliquot of the filtered supernatant was dried in a conviction oven
at 60 ◦C until a constant weight was reached. The weight ratio of oven-dried materials was noted as
the dissolved material in the pretreated liquor.

Scanning electron microscopy (SEM) morphological analysis was conducted to further understand
the impact of ultrasonication on the surface of the alkaline-pretreated biomass. SEM images were
obtained using a Hitachi TM 1000 (Hitachi High-Tech Corp., Tokyo, Japan) tabletop microscope
equipped with energy dispersive spectroscopy. The SEM images were taken at a magnification of
×1000 and ×5000 to demonstrate the microstructures of the biomass surface.

2.5. Enzymatic Saccharification

To evaluate the influence of the ultrasonication treatment on the alkaline pretreatment,
the ultrasonicated and non-ultrasonicated samples were subjected to enzymatic saccharification
according to the NREL/TP-5100-63351 guidelines issued by NREL [19]. Cellic® CTec2 and Cellic®HTec2
enzymes used in the saccharification were purchased from Novozymes (Bagsvaerd, Denmark). The filter
paper units of Cellic® CTec2 were determined as 136 FPU/mL according to the NREL/TP-510-42628 [20].
The dried pretreated biomass sample equivalent to 3.0 wt.% glucan was placed in a 500 mL sterilized
flask with 150 mL of 50 mM citrate buffer (pH 4.8). The enzyme loading was 30 FPU cellulase/g-glucan
and 0.1/0.9 of hemicellulose/cellulase (mL/mL). The hydrolysis was conducted at 50 ◦C for 72 h in
an incubator at 150 rpm. Aliquots of 1.0 mL were removed periodically and immediately boiled for
5 min to deactivate the enzyme. The supernatant was then obtained after centrifugation at 13,000 rpm
(15,871× g) for 10 min and filtered through a 0.20 µm porosity syringe filter into a vial to be analyzed
by HPLC as described earlier. Experiments were performed in duplicate. Mean values with standard
deviation and p-values (t-test) were obtained.

3. Results and Discussions

3.1. Compositional Analysis for M. sacchariflorus G1

The chemical composition of the biomass can significantly affect its biosugar production efficiency.
The composition of the raw M. sacchariflorus G1 biomass presented in Table 1 is similar to that noted
in a previous study [17]; it contained 40.3 ± 0.55 wt.% glucan, 24.1 ± 0.07 wt.% hemicellulose (xylan
and arabinan), and 24.1 ± 0.02 wt.% lignin. The slight difference between the studies was attributed
to the different cultivation years. M. sacchariflorus, commonly known as elephant grass, is of interest
in the biorefinery industry as a perennial non-edible raw biomass owing to its high carbohydrate
content, high productivity, and active growth rate, even on marginal lands in transitional temperate
climates [21–25]. In other recent studies, M. sacchariflorus has different compositions. For instance,
samples cultivated in west-central Poland were composed of 43–45% cellulose, 31% hemicellulose,
and 20–22% lignin [26]. Native M. sacchariflorus harvested in west China was reported to consist
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of 38.2% cellulose, 31.0% hemicellulose, and 20.3% lignin [27]. Composition analyses confirm that
these slight differences for the same M. sacchariflorus genotype may be attributed to soil conditions,
temperature fluctuations, precipitation levels, and other regional characteristics.

Table 1. Compositional analysis of alkaline-ultrasonic pretreated M. sacchariflorus G1 (wt.%).

Alkaline Usage
(mol-NaOH/kg-Biomass) Ultra-Sonication

[h]
Glucan Xylan Arabinan Lignin Others

Pre-Soaking Pretreatment

0.93
(6.0 M)

1.13
(0.1 M)

0
1

50.89 ± 0.25
51.62 ± 0.05

28.61 ± 0.23
28.27 ± 0.09

3.40 ± 0.04
3.44 ± 0.06

15.60 ± 0.01
15.18 ± 0.18

1.51 ± 0.45
1.49 ± 0.27

2.25
(0.2 M)

0
1
2

57.29 ± 0.85
58.38 ± 0.20
60.22 ± 0.27

28.74 ± 0.19
29.68 ± 0.12
28.64 ± 0.94

3.58 ± 0.60
3.33 ± 0.08
3.26 ± 0.91

9.95 ± 0.21
8.26 ± 0.03
6.52 ± 0.10

0.45 ± 0.48
0.35 ± 0.20
1.36 ± 0.13

3.38
(0.3 M)

0
1
2

59.58 ± 1.03
60.11 ± 0.14
63.12 ± 0.65

27.50 ± 0.37
28.02 ± 0.17
27.49 ± 1.15

3.34 ± 0.45
3.21 ± 0.07
2.66 ± 0.74

8.34 ± 1.02
7.87 ± 0.09
6.31 ± 0.68

1.25 ± 0.70
0.80 ± 0.35
0.41 ± 0.41

Biomass M. sacchariflorus G1 39.61 ± 0.36 25.33 ± 0.28 3.30 ± 0.39 23.10 ± 0.38 8.66 ± 0.78

The numbers in parentheses indicate the concentrations of NaOH solution used in each step.

3.2. Alkaline Pretreatment of M. sacchariflorus G1 in the Continuous Single-Screw Reactor

The analysis of alkaline pretreatments revealed that the large fraction of lignin decreased by
up to 8.34 ± 1.02 wt.%, as the NaOH concentration increased to 0.3 M (Table 1). As the lignin was
removed, the glucan content in the pretreated solid increased, but the change in hemicellulose (xylan
and arabinan) content was negligible. This occurred because a small fraction of the hemicellulose is
also solubilized as pentose oligomers under alkaline pretreatment conditions [28]. Compared with
Cha et al. [17], the glucan content (59.58 ± 1.03 wt.%, Table 1) after 0.3 M NaOH pretreatment with
the pre-soaking step was similar to that after 0.4 M NaOH pretreatment without the pre-soaking
step, whereas the hemicellulose content increased by an average of approximately 2.84%. In Cha
et al. [17] the pre-soaking step was not employed, and at alkaline concentrations of 0.4 M NaOH or
higher, the amount of lignin in the pretreated solids no longer decreased and the hemicellulose content
began to decrease. Thus, the total NaOH dosage in this study was determined to be less than 0.4 M
NaOH, which was used for pretreatment without the pre-soaking step. For the pretreatments of 0.3 M
NaOH with 6.0 M NaOH pre-soaking and 0.4 M NaOH without pre-soaking, 4.31 and 4.50 moles of
NaOH per kg of dry biomass were used, respectively. The results indicate that the additional dosage of
NaOH in the pre-soaking step can be offset by the reduced NaOH concentration required in the main
pretreatment step.

3.3. Combination of Ultrasonication with Continuous Alkaline Single-Screw Pretreatment of M.
sacchariflorus G1

3.3.1. Compositional Changes in the Pretreated Solid

The results shown in Table 1 confirm an increasing trend in the delignification as the ultrasonication
time increased (p-value = 0.004). The 0.2 M NaOH PCU-1h reduced the lignin content from
23.10 ± 0.38 to 8.26 ± 0.03 wt.%. Compared to PCU-0h, it increased lignin removal by 17.0%.
Therefore, the ultrasonication generated cellulose-rich materials that have high biosugar concentration.
No significant change in the hemicellulose (xylose + arabinose) content occurred after 1 h ultrasonication
(p-value = 0.469). For example, under 0.2 M NaOH pretreatment, 1 h ultrasonication decreased the
hemicellulose content by 0.69%. However, a decrease in the hemicellulose content was observed when
the ultrasonication time increased to 2 h (p = 0.009). These results confirm that there is a threshold
level for the ultrasonication time to rapidly increase the degree of hemicellulose loss. Moreover,
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the glucan content in the pretreated solid significantly increased as the ultrasonication time increased
(p-value = 0.021).

Han et al. [29] used approximately 4.91 moles of NaOH per kg of dry biomass (barley straw)
to obtain an optimal glucan yield of approximately 53.0 wt.% by a continuous twin-screw alkaline
pretreatment, which is similar to the process in the present study. Accordingly, approximately
58.38 ± 0.20 wt.% of glucan in the pretreated solid was obtained through the 0.3 M NaOH
PCU-1h process, in which the NaOH dosage was reduced to 3.18 moles of NaOH per kg of dry
biomass. The comparative results indicate that the application of ultrasonication in the continuous
alkaline pretreatment process is effective for carbohydrate recovery and lignin removal with lower
chemical usage.

3.3.2. Dissolved Materials in Pretreated Liquor

The dissolved materials in the liquid fraction of the pretreated biomass include lignin and oligo-,
di-, and mono-saccharides. The extent of biomass dissolution due to ultrasonication was examined.
An increasing trend in the amount of dissolved materials in the pretreated liquor was observed when
the ultrasonication treatment was applied (Figure 2). The incremental increase in the dissolved material
of the liquid fraction was linearly correlated with the NaOH dose. One hour of ultrasonication caused
a 3.22, 2.62, and 1.41% increase in the level of dissolved material at 0.1, 0.2, and 0.3 M NaOH biomass
pretreatment, respectively. This result indicates that the increasing extent of the dissolved materials
was more significant as the pretreatment concentration decreased. However, this tendency was not
correlated with the changes in the lignin content of the pretreated solids. For example, under 1 h
ultrasonication, the greatest extent of lignin decrease was observed at 0.2 M NaOH PCU (Table 1),
whereas the extent of dissolved materials was the highest for 0.1 M NaOH PCU. Although additional
lignin disintegration and subsequent delignification occurred during ultrasonication, the dissolution
of lignin into the pretreated liquor did not occur.
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Figure 2. Dissolved materials in the pretreated liquor of M. sacchariflorus G1.

The additional HPLC analysis of the supernatant in the samples revealed that no inhibitory
product chemicals were detected. The formation of inhibitory products such as lactic acid, acetic acid,
succinic acid, levulinic acid, glycerol, furfural, and 5-hydroxymethylfural (HMF) can hamper enzymatic
saccharification and microbial fermentation [30–32]. Consistent with the results reported by Jönsson
and Martín [33], the alkaline pretreatment in this study led to a negligible formation of inhibitory
compounds. Furthermore, no inhibitory compounds were observed even after ultrasonication.
This result also confirms that ultrasonication as a mechanical treatment does not directly induce
chemical reactions that produce inhibitors.
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3.3.3. Scanning Electron Microscopy (SEM) Analysis

As illustrated in Figure 3, the fibrous residues in the pretreated biomass became untied and
untangled, resulting in single or bundled short fibers. The SEM images show differences in the
morphology of the plant cell wall surfaces before and after the ultrasonication. The images show that
the morphology of the PCU-1h samples (Figure 3c) is more heterogeneous, consisting of cracks and
torsions, whereas the PCU-0h samples (Figure 3a) are more homogeneous and uniform. However,
the formation of pores on the biomass fiber structure was not observed. Figure 3d shows that the
peeling of the layers and disruption of the fiber bundles occurred mainly because of the collapse
of microbubbles in the biomass surface. The reduction of biomass crystallinity, mainly due to
ultrasonication, was expected to increase the accessibility of enzymes to the biomass, thus resulting in
higher hydrolysis efficiency in the further enzymatic saccharification step.
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3.4. Enzymatic Saccharification

The sugar concentration through the enzymatic saccharification according to reaction time is shown
in Figure 4, in which the concentration of arabinose is not shown due to its relatively low concentration
compared to glucose and xylose. As expected, the formation of sugars was significantly faster at the
beginning of the reaction and then gradually began to stabilize after 12 h in all experimental cases.
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3.4.1. Glucose Production

The enzymatic saccharification of PCU-1h and PCU-2h substrates significantly increased the
concentration of glucose in the hydrolysate compared to that of PCU-0h (p < 0.001). For PCU-1h,
the glucose concentration after 72 h of enzymatic saccharification reached 22.55 ± 0.11, 31.09 ± 0.01,
and 31.29 ± 0.14 g/L for 0.1, 0.2, and 0.3 M NaOH, whereas those for PCU-0h were 20.33 ± 0.09,
29.11 ± 0.23, and 30.46 ± 0.13 g/L, respectively (Figure 4). This increasing trend was attributed mostly
to the high enzyme accessibility on the cellulose surface, which was damaged by the cavitation energy
of the ultrasonication. This increasing trend of glucose concentration was still predominant for PCU-2h.
The highest concentration of glucose (32.76 ± 0.06 g/L, 93.2% of theoretical yield) was obtained after
72 h of enzyme hydrolysis loading for the 0.3 M NaOH PCU-2h substrate, which closely reached the
theoretical maximum and represented 3.0 wt.% of glucan loading. Thus, the effectiveness of glucose
production in the enzymatic saccharification appeared to increase with increasing ultrasonication time.
However, the effect of alkaline concentration increases from 0.2 to 0.3 M NaOH on the concentration
of glucose after 72 h of enzymatic saccharification (p-value = 0.174) was insignificant. Moreover,
the glucose concentration (31.09 ± 0.01 g/L) for 0.2 M NaOH PCU-1h was similar to that for 0.3 M
NaOH PCU-0h (30.46 ± 0.13 g/L). In these cases, the amount of NaOH added in the 0.2 and 0.3 M NaOH
pretreatment processes was 172.3 and 127.3 g/kg-dry biomass, respectively. This glucose trend was
also observed for 0.2 M NaOH PCU-2h (32.20 ± 0.09 g/L) and 0.3 M NaOH PCU-1h (31.29 ± 0.14 g/L).
Therefore, this analysis shows that ultrasonication can compensate for a reduction in the amount of
used chemicals by up to 26.1% in the alkaline pretreatment process.
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3.4.2. Xylose Production

Unlike glucose, which increased in all experimental cases, there was no significant difference
in the concentration of xylose in the enzymatic saccharification of the substrates between 0 and 1 h
ultrasonication under 0.3 M NaOH pretreatment (Figure 4a, p-value = 0.099). However, in the 0.1
and 0.2 M NaOH pretreatments (Figures 4b and 3c), 1 h ultrasonication resulted in a slight increase
in the xylose concentrations (p-value = 0.001). For PCU-2h, the xylose concentrations were even
lower than those for PCU-0h and PCU-1h. For instance, the xylose concentration after 72 h of
enzyme saccharification for 0.2 M NaOH PCU-2h was 11.87 ± 0.03 g/L, and was 12.34 ± 0.08 and
13.21 ± 0.01 g/L for PCU-0h and PCU-1h, respectively. Under ultrasonication of 2 h or longer and/or
NaOH concentration of 0.3 M or higher, the ultrasonication treatment negatively affected the xylose
concentration. This may be attributed to the increased hemicellulose loss, which caused the difference
in the initial amount of hemicellulose loading into the reaction mixture for enzymatic saccharification.
As mentioned earlier, the solid substrate loading on enzymatic saccharification was based on 3.0 wt.%
of glucan. Thus, the amount of hemicellulose loading was unavoidably different for each reaction
mixture. For example, based on 3.0 wt.% of glucan loading, the hemicellulose loadings into the
reaction mixture were 1.53 and 1.40 wt.% for the 0.2 and 0.3 M NaOH PCU-1h substrates, respectively.
This difference could theoretically be converted into xylose to a maximum concentration of ~1.44 g/L.
Consequently, the lowered xylose concentration in the enzyme hydrolysate was attributed to the loss
of hemicellulose under harsh pretreatment conditions.

3.4.3. Total Biosugars

After 72 h of enzyme saccharification, the percent distribution of individual sugars (glucose, xylose,
and arabinose) compared to the total biosugar was examined (Figure 5). The goal of this analysis was to
examine the effect of ultrasonication on the distribution of individual sugar components. In both PCU-0h
and PCU-1h, the percent contribution of individual sugar was insignificant (p-value = 0.777). However,
distinct changes in the distribution of individual sugars were observed after 2 h of ultrasonication.
This behavior can also be attributed to the loss of hemicellulose due to its disintegration at relatively
long ultrasonication times, which led to low concentrations of xylose and arabinose in the enzyme
hydrolysate. Finally, for this reason, even though the glucose concentration was the highest at 0.3 M
NaOH PCU-2h, the highest amount of total biosugar (45.59 ± 0.19 g/L, 83.1% of theoretical yield) was
obtained for 0.2 M NaOH PCU-1h, in which a 26.1% lower NaOH usage and 1 h shorter ultrasonication
time was applied. The yield of total biosugar increased by 6.7% compared to the 0.2 M NaOH PCU-0h
(42.71 ± 0.13 g/L, 77.7% yield).
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4. Conclusions

The combination of ultrasonication and continuous alkaline single-screw extrusion pretreatment
of M. sacchariflorus lignocellulose was investigated. This process was proven effective by compositional,
SEM, and enzymatic saccharification analyses. The developed process resulted in a 6.7% increase
in biosugar production and a 17.0% increase in lignin removal. The ultrasonication compensated
for the reduction of chemical use in the continuous alkaline pretreatment process by up to 26.1%.
The reduction of biomass crystallinity by ultrasonication is considered to increase the accessibility
of enzymes to the biomass, resulting in higher hydrolysis efficiency in the subsequent enzymatic
saccharification step. Thus, the developed treatment is environmentally friendly because it can reduce
the dependence on harsh chemicals, thus contributing to the sustainability of large-scale biorefineries
for chemical production.
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