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Abstract: The fractionation of components of lignocellulosic biomass is important to be able to take
advantage of biomass resources. The hydrothermal–ethanol method has significant advantages for
fraction separation. The first step of hydrothermal treatment can separate hemicellulose efficiently,
but hydrothermal treatment affects the efficiency of ethanol treatment to delignify lignin. In this study,
the efficiency of lignin removal was improved by an ultrasonic-assisted second-step ethanol treatment.
The effects of ultrasonic time, ultrasonic temperature, and ultrasonic power on the ultrasonic ethanol
treatment of hydrothermal straw were investigated. The separated lignin was characterized by solid
product composition analysis, FT-IR, and XRD. The hydrolysate was characterized by GC-MS to
investigate the advantage on the products obtained by ethanol treatment. The results showed that an
appropriate sonication time (15 min) could improve the delignification efficiency. A proper sonication
temperature (180 ◦C) can improve the lignin removal efficiency with a better retention of cellulose.
However, a high sonication power 70% (840 W) favored the retention of cellulose and lignin removal.

Keywords: ultrasonic; components fractionation; lignocellulose; ethanol treatment

1. Introduction

Biomass use is becoming increasingly important with the growing concern related
to the development of sustainable energy sources [1]. There are many types of biomass
resource available, such as lignocellulosic biomass (LCB) consisting of cellulose, hemi-
cellulose and lignin, food waste, and manure [2]. Corn stalk, a typical representative of
lignocellulose, is often burned in an open environment, causing a great environmental
pollution problem, and the wasting of this resource at the same time. Corn stalk is abundant
in storage, accounting for about 32.46% of the total straw, and has great potential for appli-
cation. Corn stalk can be converted to obtain biofuels or high value-added chemicals [3]. In
recent years, the efficient conversion and utilization of corn stalk has become a research
hotspot [4,5].

The complex structural features of LCB protect its carbohydrates from microbial or
enzymatic degradation [6,7]. The recalcitrance of LCB stems mainly from the structural
properties of the plant cell wall; it is a network mechanism formed by the cross-linking
of xylans and lignin, so when utilizing LCB, it is first necessary to separate the composite
tissue into each component to further enhance the value [8].

The pulp industry has developed several separation techniques that use strong acid
or base reagents to separate lignin from the lignocellulosic biomass by decomposing and
dissolving the lignin into the liquid [9]. However, this method of treatment only targets
the utilization of cellulose and does not consider lignin and hemicellulose as resources,
generating great waste. During the recovery of lignin, lignin condensation is produced,

Energies 2022, 15, 2616. https://doi.org/10.3390/en15072616 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15072616
https://doi.org/10.3390/en15072616
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6759-9084
https://orcid.org/0000-0002-8104-4907
https://doi.org/10.3390/en15072616
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15072616?type=check_update&version=1


Energies 2022, 15, 2616 2 of 15

resulting in a limitation of recovered lignin, so this treatment is not applicable to the
recovery of lignin.

Organic solvent treatment is a future component fractionation green technology [10].
The organic solvent treatment method allows lignin and hemicellulose to be dissolved
in an aqueous organic solvent. In contrast to acid or alkali treatment, an organic solvent
treatment prevents changes in the lignin structure due to its mild conditions. When treating
lignocellulosic biomass by organic solvents, the lignin can be dissolved into the organic
solvent solution and the cellulose is retained in the solid. Due to the aromatic nature of
the lignin fragments, lignin is freely dissolved in organic solvents [11]. Organic solvent
pretreatments usually include organic acids or alcohols, such as acetic acid, acetone and
ethanol. Most organic solvents have low boiling points and can be easily separated. The
usual conditions for organic solvent pretreatment are 1–3 h at 150 ◦C to obtain 60–90%
lignin removal. Glucose yields in organic solvent pretreatment biomass saccharification
range from 46% to 99% [12].

Already widely used in other areas, ultrasounds can be used to enhance the separation
efficiency of components in lignocellulosic biomass. Ultrasound is a green technology
that has the advantage of reducing energy consumption and causes less pollution [13].
Ultrasounds can break the complex structure of lignocellulose and remove hemicellulose
and lignin, allowing various chemical reagents to better bind to the cellulose and facilitate
the reaction. As a result, ultrasonic technology has been widely valued and developed for
biomass pretreatment [14,15]. According to reports, the ultrasonic treatment of biomass
increases the crystallinity of biomass and accomplishes the separation of the three major
components. Cellulose is present in solid form and lignin and hemicellulose are dissolved
into the solvent. However, the application of ultrasounds in LCB is still in its infancy.
Nevertheless, there are relatively few studies on adding ultrasonic assistance to the pro-
cess of treating biomass with organic solvents, so the application of ultrasound should
be expanded.

The hydrothermal–ethanol method, which combines an organic solvent treatment and
hydrothermal treatment, has gained importance [16,17]. The efficiency of the hydrothermal–
ethanol method for the separation of lignin is lower than that of the organic solvent
treatment. The biomass is hydrothermally treated and the lignin is removed from the cell
walls, but with cooling, microspheres are formed that reattach to the cellulose surface. The
hydrothermally treated biomass is then subjected to ethanol treatment, which causes this
portion of the lignin microspheres to re-polymerize and form a lignin coating to attach to
the cellulose surface, thus leading to a significant impact on the efficiency of lignin removal.
Therefore, the focus of the study shifted to how to improve the low efficiency of lignin
removal in the hydrothermal–ethanol method [18].

The characteristic point of this study is the combination of hydrothermal treatment,
ethanol treatment, and ultrasonic treatment, which combines the advantages of the three
treatments to achieve a stepwise separation of the three major components of LCB. By
hydrothermal treatment, the hemicellulose component of corn stalk was removed. The
lignin component was removed from the corn stalk by ultrasound-assisted ethanol. Finally,
cellulose-rich solids were obtained. The problem of the low efficiency of lignin removal by
the hydrothermal–ethanol method was solved with the aid of an ultrasound.

In this study, the goal was set to explore the problem and to improve the efficiency of
lignin removal by the hydrothermal–ethanol method. This study used corn stalks as a feed-
stock. By studying the ultrasonic time, ultrasonic temperature, and ultrasonic power, the
aim was to obtain an efficient and clean fraction separation technique. With the aid of an ul-
trasound, the problem of the low efficiency of lignin removal by the hydrothermal–ethanol
method can be effectively solved, which is beneficial for the separation and utilization of
cellulose, lignin, and hemicellulose.
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2. Materials and Methods
2.1. Raw Materials and Analytical Methods

The corn stalk was obtained from Jiangsu province, China, crushed through a grinder,
and then the obtained corn stalk powder was sieved through an environmentally friendly
vibrating sieve machine (SDNS 300t, Hubei, China) to obtain 40–60 mesh corn stalk. The
obtained corn stalk was subjected to hydrothermal treatment at 180 ◦C and solid–liquid
separated in an autoclave (Parr 4575a, Moline, IL, USA) with water as a solvent, and the
resulting solid product was dried in an electric thermostatic drying oven (WGL-858, Hebei,
China) at 105 ◦C, which is the hydrothermal straw (HT) required for this experiment.

2.2. Ultrasonic-Assisted Ethanol Treatment of Hydrothermal Straw

The separation of the components was completed according to the hydrothermal–
ethanol method [17,18]. The problem of low lignin removal efficiency was solved by
attaching ultrasonic assistance to the second ethanol treatment step. Fixed factors: solids
content 5 ω%, ethanol concentration 50 ϕ%, material as HT, pulse 2 s/8 s. The effects of
ultrasonic time, ultrasonic temperature, and ultrasonic power on lignin removal efficiency
were investigated in a single-factor test. The ultrasonic generator was selected from an
ultrasonic processor (Jy98-222DN, Beijing, China) with 1200 W and ϕ20 variable amplitude
rod, and the ultrasonic power was output in a percentage. The ultrasonic temperature
was set at 140 ◦C, ultrasonic power at 40%, and the experiment was set at the ultrasonic
times of 0, 15, 30, 45, 60 min. The ultrasonic time was set to 30 min, ultrasonic power was
set to 40%, and the experiment was set with ultrasonic temperatures of 100, 120, 140, 160,
180 ◦C. The sonication time was set to 30 min, sonication temperature was set to 140 ◦C, and
the experiment was set with sonication powers of 10, 25, 40, 55, 70%. After the treatment
was completed, the mixture was filtered through a Brinell funnel, the solid was dried in a
blast drying oven at 105 ◦C to a constant weight, and the liquid was centrifuged to obtain
ethanolic lignin. Figure 1 shows the overview of the hydrothermal–ethanol treatment.

Figure 1. The overview of hydrothermal—ultrasonic ethanol treatment.
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2.3. Analysis and Calculation Methods
2.3.1. Hydrolysate Composition Analysis

The compositional changes in the liquid phase products were identified using a gas
chromatography–mass spectrometry (GC–MS) analyzer (Agilent 5973-6080, Santa Clara,
CA, USA). The column used for the test samples was DB-1701. The aqueous phase was
extracted with Dichloromethane, filtered with a 0.22 µm filter membrane, and determined
on the machine. The initial temperature was 40 ◦C, and the temperature was increased
at 5 ◦C/min to 240 ◦C for 5 min; the shunt ratio was 30:1; and the solvent was delayed
for 2 min [19]. The NIST17.L mass spectrometry library was used to compare with the
compounds and to select the identified components.

2.3.2. Fourier Transform Infrared Spectrometry (FT-IR) Analysis

A Fourier infrared spectrometer (Thermo Nicolet 5700, Thermo Electron, Waltham,
MA, USA) was used to qualitatively analyze the functional groups and the chemical bonds
of the solid products to determine the changes in the components during the separation
process [20,21]. The wavelength range was 400–4000 cm−1 with a resolution better than
0.09 cm−1 and a wavenumber accuracy of 0.01 cm−1.

2.3.3. Content of Cellulose, Lignin, and Hemicellulose Fractions in Solid Products

The content of cellulose, lignin, and hemicellulose fractions in solid products based on
the Van Soest principle was measured using a cellulose tester (ANKOPM A220i, Macedon,
NY, USA) [22–24]. The sample was boiled and treated by neutral detergent, and the
undissolved residue was neutral detergent fiber, which is mainly cell wall components,
including hemicellulose, cellulose, acid insoluble lignin and silicate. The sample was
treated with acid detergent, and the remaining residue was acid detergent fiber, which
included cellulose, acid insoluble lignin and silicate, and the difference between neutral
detergent fiber and acid detergent fiber was the hemicellulose content. The residue of
acid detergent fiber after 72% sulfuric acid treatment was acid insoluble lignin and silicate,
and the cellulose content of the sample was obtained by subtracting the residue after 72%
sulfuric acid treatment from the acid detergent fiber value. The residue after 72% sulfuric
acid treatment was dried and then ashed, and the part that escaped during the ashing
process was the acid-washed lignin content.

2.3.4. X-ray Diffractometry (XRD) Analysis

The fiber crystal structure in the obtained solid products was characterized by an
X-ray diffractometer (D8-02, Karlsruhe, Germany) [25,26]. The dried sample was put into
the test piece, the glass press was used to flatten the test piece to keep the surface flat, then
the test piece was put into the sample holder. The test conditions: Diffraction angle 2 min
scans were performed in the range 5–60◦, angular resolution: FWHM(Full Width at Half
Maxima) ≤ ±0.1; angular reproducibility: ±0.0001◦.

2.3.5. Calculation Methods of Evaluation Indicators

Calculation of yields of solid yield, cellulose retention rate, and lignin extraction
rate [16]. The calculation method in the text is as follows:

solid yield (d%) =
Solid mass
Stalk mass

× 100% (1)

Cellulose retention rate (d%) =
Solid cellulose mass
Stalk cellulose mass

× 100% (2)

Lignin extraction rate (d%) = 1 − solid ligin mass
Stalk ligin mass

× 100% (3)

Stalk mass is the mass of reactants, solid mass is the mass of the solid product obtained
by the reaction, the solid cellulose mass is the mass of cellulose in the solid product, the
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stalk cellulose mass is the mass of cellulose in the stalk, the solid lignin mass is the mass of
lignin in the solid product, and the stalk lignin mass is the mass of lignin in the stalk.

3. Results and Discussion
3.1. Characteristics of Raw Materials

Table 1 shows the characteristics of the corn stalk and hydrothermal stalk. From the
table, the contents of the three components of the hydrothermal stalk and corn stalk can
be seen.

Table 1. Characteristics of corn stalk and hydrothermal stalk.

Components Corn Stalk Hydrothermal Stalk

Chemical composition (daf%)
Hemicellulose 31.31 ± 0.69 8.22 ± 0.14

Cellulose 40.13 ± 0.40 57.06 ± 1.11
Lignin 9.74 ± 0.87 23.15 ± 0.56

The number after ± denotes Standard Deviation.

The hydrothermal–ethanol method is a good method for the separation of ligno-
cellulosic biomass fractions. The hydrothermal treatment of corn stalk released 90% of
hemicellulose and had a high hemicellulose separation efficiency.

3.2. Effect of Different Conditions of Ultrasonic Ethanol Treatment on Solid Products
3.2.1. Effect of Different Times of Ultrasonic Ethanol Treatment on a Solid Product

Figure 2 shows the effect of the time factor on the three main components and yields
of the solid products. Compared with the control sample, the ultrasonic ethanol treatment
had a significant effect on the yield of the solid product, and the mass loss was more
than 10%, which may have been partially caused by the loss of various components of
the corn stalk. With the increase in the ultrasonic time, the change in the mass decreased
and then increased, and reached an inflection point at 15 min of ultrasonic time. Before
15 min, the mass kept reducing with the increase in time, and the lowest point reached
87.65%. The mass kept increasing again when the time exceeded 15 min. From the
experimental results, it is clear that the hydrothermal straw was treated with ethanol
by ultrasonication, and many substances were precipitated from the solid, which may
partly be the presence of cellulose, lignin, hemicellulose, and soluble substances present
in the straw, so the composition of the solid product needs to be analyzed to elucidate the
effect of ultrasonication time on the dissolution of hydrothermal stalk [2,20].

Figure 2. Effect of different ultrasonic ethanol treatments on solid product yields and fractions.
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Figure 3 shows the effect of the time factor on the cellulose retention and lignin removal
of the solid products. Cellulose retention and lignin removal are important indicators used
to judge the effectiveness of ultrasonic ethanol treatment [27,28]. In the process of exploring
the ultrasonic time on ethanol treatment, the retention of cellulose decreased continuously
with the increase in time and showed a linear relationship with R2 reaching 0.9831 and the
equation y = −4.9836x + 99.414, the retention of cellulose decreased from 93.34% at 0 min
to 74.18% at 60 min. Moreover, the lignin removal efficiency was the opposite of the mass
change, which rose and then decreased, the inflection point appeared at 15 min, the lignin
removal efficiency was 20.20%, and with the increase in time, the lignin removal efficiency
gradually decreased. At 60 min, it reached −15.08%, indicating that with the increase in
time, the condensation of the removed lignin occurred, resulting in more lignin content
and more lignin in the solid product of the attached lignin.

Figure 3. Lignin removal and cellulose retention of solid products.

The ultrasonic treatment destroys wax-containing and silicon-containing components
deposited on the lignocellulosic surface [29,30] which is the main reason for the change in
mass. Hydrothermal straw was treated with ultrasound-assisted ethanol, which allows
this part of the fraction to be dissolved, as seen in the 0 min group, which was effectively
removed under the action of ultrasound [15].

The effect on the loss of mass as the time increased, as can be seen from Figures 1 and 2,
was due to mass changes in cellulose and lignin. When ultrasound acts on cellulose, the
penetration of heat into the fiber structure is enhanced due to the sonar effect generated by
ultrasound, and the high temperature and pressure provide conditions for the unbinding of
the hydrogen bonds of cellulose molecules [31]. These effects cause damage to the cellulose
surface and interior, and the morphological structure is disrupted so that part of the
cellulose is hydrolyzed during the treatment. The presence of ultrasound can also destroy
the lignin microspheres deposited on the surface of lignocellulose [16]. At the same time, it
can also act internally to break the joints between lignin and cellulose, allowing the lignin
to break away from the entire structure and dissolve into the organic solvent ethanol [32,33].
As the treatment time increases, the ultrasonic treatment causes condensation and the
degradation of lignin, which dissolves from hydrothermal straw into the solution while
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releasing low molecular weight phenols that clear the free radicals released during the
instantaneous collapse. This leads to the polymerization of lignin and deposition on the
biomass surface, resulting in an increase in lignin mass and a negative lignin removal
efficiency [34–36].

3.2.2. Effect of Ultrasonic Ethanol Treatment at Different Temperatures on a Solid Product

Figure 2 shows the effect of the temperature factor on the three main components
and yields of the solid products. As the temperature increased, the yield of the solid
product obtained gradually decreased. The analysis of the first three points and the linear
fit revealed that R2 was equal to 0.9989, obtaining the function y = −0.89x + 90.387, which
indicates that at low temperatures, the mass loss increases linearly with temperature, and
when the temperature is higher than 140 ◦C, the rate of mass loss increases and more
material undergoes hydrolysis and is removed from the solid, which may be part of
hemicellulose, lignin, and part of cellulose [37,38].

Figure 3 shows the effect of the temperature factor on the cellulose retention and lignin
removal of the solid products. The changes of each component in the hydrothermal straw
with temperature changes can be better analyzed [39]. The cellulose retention showed rose
and then fell, the inflection point was at 160 ◦C, the retention rate reached the highest at
90.29%, and the lignin removal rate was a linear rising trend. When the point of 100 ◦C
was excluded, a linear fit to the remaining temperature points could be obtained as a
linear function y = 15.032x − 6.176. R2 was equal to 0.9901, which is consistent with the
linear law, indicating that the lignin removal rate was linearly and positively correlated
with the temperature. This indicates that after hydrothermal treatment, hemicellulose
was removed from the straw and the three components of lignocellulose caused the dense
structure to be destroyed. Cellulose can only be hydrolyzed at low temperatures. With the
increase in temperature, the lignin removal rate increased, the detached lignin in solution
was constantly polymerized, attached, and removed, and the increase in lignin molecules
and the increase in the active degree of cellulose played a good protective role. In the
investigation of the effect of temperature on the hydrothermal straw fraction, the loss of
mass is directly related to the rate of lignin removal [40,41].

3.2.3. Effect of the Different Powers of Ultrasonic Ethanol Treatment on a Solid Product

Figure 2 shows the effect of the ultrasonic power factor on the three main components
and yields of the solid products. As the ultrasound power increases, the quality of the solid
product obtained after treatment constantly decreases. The increase in ultrasonic power
and the cavitation bubbles lead to the fragmentation of the cell wall and an increase in the
permeability of the solvent, which leads to a continuous loss of mass quality [42].

Figure 3 shows the effect of the ultrasonic power factor on the cellulose retention and
lignin removal rate of the solid products. As can be seen in Figure 2, the lignin removal
rate increased with the increase in ultrasonic power, and the efficiency of lignin removal
rate increased, indicating that the ultrasonic power had a significant effect on the release
of lignin. The cellulose retention rate decreased and then increased with the increase in
power, and the cellulose retention rate reached the lowest value at 40% power. This is
mainly due to the cavitation effect of ultrasound, which leads to the breaking of aryl ether
bonds in lignin, and the breaking of hydrogen bonds between lignin and cellulose [43,44].
This promotes the release and dissolution of more lignin into the organic solvent. Thus, an
increase in ultrasonic power can enhance the cavitation effect, which leads to an increase in
the lignin removal efficiency [14,45].

3.3. Effect of Different Conditions of Ultrasonic Ethanol Treatment on the Properties of Solid Products

The FT-IR spectra of the solid products obtained with different sonication factors are
shown in Figures 4–6. Their FT-IR spectra are very similar and agree with reports found in
the literature [46–49]. The infrared absorption wave numbers of cellulose OH and C-O are
3200~3400 and ~1050 cm−1, and those of hemicellulose C=O (from ketone and carboxyl
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groups) and C-C (from sugar skeleton) are 1715 ~ 1765 and 615 cm−1, respectively; lignin is
rich in O-CH3 (from methoxy), C-O-C (from the aromatic-alcohol ester bond), C=C (from
the aromatic ring) and C-OH (from phenolic hydroxyl group), whose wave numbers are
located at 1430~1270, 1270, 1450 and 1613, 1215 cm−1.

For the solid products treated with different ultrasonic factors of ethanol, the solid
products were compared according to the characteristic peaks of infrared spectra. It was
found that the characteristic peaks of hemicellulose were undetectable, indicating the
removal effect of hemicellulose in the treatment process. In addition, comparing the
characteristic peaks of cellulose and lignin, the signals of these two components were
obvious, which, combined with the retention rate of cellulose and the removal rate of lignin,
proved that cellulose and lignin were still present in the solid products obtained after the
ethanol treatment with ultrasound.

Figure 4. Infrared spectra of corn stalk treated with different ultrasound times.

Figure 5. Infrared spectra of corn stalk treated with different ultrasound temperatures.
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Figure 6. Infrared spectra of corn stalk treated with different ultrasonic power.

The solid products obtained were analyzed by XRD and the results of the calculated
cellulose crystallinity are listed in Table 2. From Table 2, we can see that after sonication,
the crystallinity of type I and type II cellulose changed. With the increase in sonication time,
type I cellulose decreased, then increased, and then decreased, and the inflection points
existed at 15 min and 45 min, with a maximum value of 40.43% and a minimum value
of 34.06%. Type II cellulose rose and then fell, and the inflection point existed at 45 min,
reaching a maximum value of 44.06%. With the increase in the ultrasonic temperature, type
I cellulose decreased and then increased, the inflection point appeared at 120 ◦C, reached
a minimum value of 29.49%, and then with the increase in temperature until 180 ◦C,
reached a maximum value of 40.38%. Type II cellulose decreased and then increased, with
the inflection point appearing at 100 ◦C, reaching a minimum value of 30.70%, and then
reaching a maximum value of 42.67% with the increase in temperature up to 180 ◦C. With
the increase in ultrasonic power, type I cellulose rose and then fell, and then rose and then
decreased, reaching an inflection point at 25%, reaching a maximum value of 37.28% at
55% power, and a minimum value of 28.92% at 70% power. Type II cellulose showed the
same trend as type I cellulose, reaching a maximum value of 39.93% at 55% power and a
minimum value of 35.03% at 70% power.

Table 2. Crystallinity of solid products.

CrI-I CrI-II

HT 35.54 37.64

Time
(min)

0 34.47 38.22
15 34.06 39.05
30 36.48 39.79
45 40.43 44.06
60 39.93 39.56

Temperature
(◦C)

100 30.01 30.70
120 29.49 32.24
140 36.48 39.79
160 38.05 41.16
180 40.39 42.67

Power
(%)

10 35.54 38.62
25 33.44 37.74
40 36.48 39.79
55 37.28 39.94
70 28.92 35.03
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With the enhancement of ultrasonic conditions, type I cellulose transforms to type
II cellulose, and cellulose crystallinity increases, which is mainly due to the removal of
lignin and hemicellulose from lignocellulose and the hydrolysis of the amorphous zone.
Ultrasonic waves promote the removal of lignin and hemicellulose, which makes the
cellulose content increase relatively, thus leading to the increase in crystallinity [49,50].
When it reaches 45 min, the crystallinity starts to decrease, which is mainly due to the
destruction of cellulose crystals caused by the ultrasonic waves on the hydrogen bonds
between cellulose molecules, in addition to the re-polymerization of lignin, which leads to
the reduction in cellulose content, both of which lead to the decrease in crystallinity [51].

3.4. Effect of Different Conditions of Ultrasonic Ethanol Treatment on the Characteristics of
Liquid Products

The composition of the liquid products obtained by different ultrasonic ethanol treat-
ments was analyzed, and the specific composition distribution is listed in Table 3. For the
liquid products obtained by ultrasonic ethanol treatment, excluding the two added solvents
of water and ethanol, the composition of other components was the same. Ethyl formate
was the main product, which is mainly the hemicellulose and cellulose hydrolysis of five-
carbon sugar and six-carbon sugar. After the reaction, they were first converted to furfural,
then furfural in the ethanol H+ ionized in the process of treatment into furfuryl alcohol,
and hydrolysis occurred under the catalytic effect of H+ to obtain ethyl formate [52,53].

Table 3. GC-MS composition analysis of ultrasonic ethanol-treated liquid products.

RT (min) 3.85 4.74 5.77 7.37 27.62

Formic acid,
ethenyl ester Ethyl formate Ethyl Acetate 1,1-diethoxy-

Ethane,
2-methyl-

Benzaldehyde,
C3H4O2 C3H6O2 C4H8O2 C6H14O2 C8H8O

Time
(min)

0 4.65 87.58 1.14 3.16 3.48
15 6.38 88.62 1.23 3.77 -
30 5.90 90.69 - 3.41 -
45 4.72 85.47 1.28 3.69 4.84
60 5.50 88.33 0.92 4.11 1.13

Temperature
(◦C)

100 3.69 92.56 0.93 2.82 -
120 3.54 93.28 1.11 2.07 -
140 5.90 90.69 - 3.41 -
160 4.97 85.58 1.82 5.34 2.29
180 20.96 46.26 3.66 19.18 9.95

Power
(%)

10 19.28 58.37 12.19 10.16 -
25 36.00 30.77 20.37 12.87 -
40 5.90 90.69 - 3.41 -
55 8.87 74.86 8.50 7.76 -
70 30.25 22.17 15.45 7.78 24.35

3.5. Characterization of Ethanol Lignin

Figures 7–9 show the fingerprint regions of the lignin FT-IR spectra. According to the
literature, the plots were analyzed to obtain the types of various characteristic peaks [54–58].
The peaks at 1601, 1509, and 1423 cm−1 belong to the benzene ring vibration of the benzene
propane skeleton; the absorption peak at 1367 cm−1 demonstrates the presence of S-type
and condensed cross-linked G-type lignin structural units; 1238 cm−1 is characteristic of
G-type lignin structural units; 1329 cm−1 is characteristic of S-type lignin structural units;
the 1121 cm−1 peak indicates the C-H bond deformation vibration in S-type lignin; and
1033 cm−1 indicates C-H bond deformation vibration in G-type lignin. The 832 cm−1 peak
is the out-of-plane bending in C2,6 of the S-type lignin unit. The C=O stretching vibration
was at 1720 cm−1, the conjugated aryl carbonyl group stretching at was at 1657 cm−1,
the C-H deformation and methoxy bending was at 1455 cm−1, and the methyl acetate
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C-H stretching was at 1367 cm−1. The FT-IR spectra were very similar, and the relative
intensities of the characteristic peaks were almost unchanged, indicating similar changes in
the chemical structure of the lignin obtained by the ultrasonic ethanol treatment.

Figure 7. Infrared spectra of lignin obtained by the different sonication time treatments.

Figure 8. Infrared spectra of lignin obtained by different ultrasonic temperature treatments.

Figure 9. Infrared spectra of lignin obtained by different ultrasonic power treatments.
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3.6. Hydrothermal–Ultrasonic Ethanol Method for Mass Flow Analysis

In order to investigate the role of ultrasound in the hydrothermal–ethanol method, the
mass flow of the three major components of hydrothermal straw was analyzed. Figure 10a
shows the hydrothermal–ethanol method, with the experimental conditions of 180 ◦C
and 30 min, and Figure 10b shows the hydrothermal–ultrasonic ethanol method with
the experimental conditions of 180 ◦C, 40%, and 30 min. Figure 10a,b have the same
temperature and time; the only difference is the influence of ultrasound. It can be seen
in the Figures that the retention of cellulose, and the removal of lignin can be favorably
increased in the solid product obtained with the effect of ultrasound. When compared with
the hydrothermal–ethanol method, the cellulose content of 51.03% was much greater than
that of 42.27% in the hydrothermal–ultrasonic ethanol method, and the lignin content of
12.58% was lower than that of 14.84% in the hydrothermal–ethanol method.

Figure 10. Diagram of the three-component mass flow of hydrothermal straw.
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In the process of ultrasound-assisted hydrothermal–ethanol treatment, most of the
cellulose was retained and existed in the solid, and only a small portion of small vimentin
was hydrolyzed and converted into monosaccharides and furfuryl alcohol, and then hy-
drolyzed to obtain ethyl formate under the catalytic effect of H+. A part of hemicellulose
was also present in the solid, which was mainly stabilized by hydrogen bonding with cellu-
lose, leading to difficulty in detachment; thus, it remained in the solid product. A portion
of lignin fused to ethanol to produce ethanolic lignin, and a portion of lignin continued
to participate in the solid product, which required higher processing conditions for the
purpose of removal. Ultrasonic ethanol treatment can better retain the cellulose fraction
and remove the lignin fraction.

4. Conclusions

In this study, ultrasound was found to enhance the efficiency of the hydrothermal–
ethanol method for the separation of lignocellulosic biomass fractions. The hydrothermal–
ultrasonic ethanol method can effectively improve cellulose retention and lignin removal,
and the analysis of the obtained organic lignin revealed that there was little effect on the
lignin structure. The effects of ultrasonic time, ultrasonic temperature, and ultrasonic power
on lignin were also investigated, and a comprehensive analysis of the factors yielded the
optimal process as follows: the optimal sonication time was 15 min, the optimal sonication
temperature was 180 ◦C, and the sonication power was 70% (840 W). A longer sonication
time will be accompanied by the aggregation of lignin and affect the lignin removal rate.
A higher sonication temperature will reduce the retention of cellulose. However, a high
sonication power is beneficial for cellulose retention and lignin removal.
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