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Abstract: Hydro-depolymerization is a novel method for converting agricultural waste into eco-
friendly and promising products. Due to the complex structure and composition of corn cob (CC), a
three-step process was developed, which involved pre-hydro-depolymerization of hemicellulose, al-
kaline extraction of lignin, and hydro-depolymerization of cellulose. The pre-hydro-depolymerization
step was at first optimized to produce five-carbon and six-carbon sugars, achieving a maximum
hemicellulose conversion rate of 78.48 4 3.92%, and reducing a sugar yield of 59.12 & 2.95%. Alkaline
treatment achieved a maximum lignin extraction efficiency of 73.76 + 3.68%. After hemicellulose
removal and delignification, the cellulose conversion rate increased to 36.63% and further increased
to 76.97% after five cycles. Scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR) were performed to confirm physical and chemical changes in CC residues. The
integrated process of hydro-depolymerization and alkaline treatment enables the complete exploita-
tion of cellulose, hemicellulose, and lignin, and thus holds great potential for application in the
agriculture industry.

Keywords: corn cob; hemicellulose sugars; lignin extraction; cellulose hydro-depolymerization;
complete utilization

1. Introduction

Non-renewable chemical resources and fossil energy resources, such as oil, natural gas,
and coal are limited and have negative impacts on the environment [1-5]. Thus, the search
for renewable and environmentally friendly alternatives to fossil resources has become an
urgent issue that needs to be addressed [6-8]. Lignocellulosic resources possess several
advantages, including sustainability, cost-efficiency, reduced carbon footprint, abundant
reserves, low added value, short regeneration time, and outstanding renewability [9-12].
As an alternative resource, lignocellulosic residues from forestry, herbs, and agricultural
wastes, such as wheat straw, rice straw, rape stalk, corn stalk, and CC, have attracted
extensive attention [13-17].

Every year, at least 1300 million tons of agricultural waste is produced, and the amount
is likely to expand further in a world with a growing population to feed [18]. CC is a sec-
ondary agricultural residue that accounts for approximately 30% of maize agricultural
wastes, with an estimated annual production of around 500 million metric tons glob-
ally [10,19]. Despite its potential as a biomass resource, CC has been underutilized, with
direct incineration, animal feed production, or decomposition in the field being its main ap-
plications [20]. CC is mainly composed of three major biopolymers: cellulose (35.2~52.0%),
hemicellulose (32.5~45.7%), and lignin (6.8~19.6%), as well as proteins, extractives, and
ashes [21,22]. The polysaccharides content of CC makes it a potential source of available
sugars, and its low ash content is advantageous for conversion processes [20]. In the
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last decade, CC conversion has been investigated to obtain different products that can be
more efficiently used as bio-adsorbents, thermal insulation materials, polymer composites,
bioethanol and bioenergy chemicals, and other biomaterials for additional economic and
ecological benefits [23-25]. However, lignin in CC’s outer layer tightly intertwines and
wraps around cellulose and hemicellulose, forming a dense, incorrigible, cross-linked three-
dimensional (3D) structure known as lignocellulose. This structure significantly reduces
the accessibility of catalysts to cellulose and hemicellulose, making subsequent conversion
difficult [26,27]. In order to enhance accessibility and increase sugar yield by cellulose
depolymerization, delignification is necessary, which can be achieved by either removing or
separating the lignin and cellulose components using pretreatment methods [21]. Therefore,
highly efficient pretreatment methods are essential before cellulose hydrolysis to improve
the production of fermentable sugars [17].

Various chemical pretreatment methods have been developed for biomass, including
acid leaching, dilute alkaline extraction, microwave pretreatment, ionic liquid pretreatment,
ammonia fiber expansion, and organosolv extraction [28-30]. However, previous studies
have suggested that certain pretreatments, such as microwave pretreatment, ionic liquid
pretreatment, and ammonia fiber expansion, can be costly [10]. Additionally, the use of
acidic media in a pretreatment can negatively affect the quality and energy yield of the
biomass, as well as lead to the production of acidic wastewater, making acid leaching an
unfavorable option [31,32]. Organosolv pretreatment can efficiently separate lignin and
cellulose, but its harsh reaction conditions make it unsuitable for large-scale processes [33].
In contrast, alkaline pretreatment is an older and more gentle method that utilizes alkaline
solutions such as sodium hydroxide (NaOH), calcium hydroxide (Ca(OH),), sodium car-
bonate (Na;CO3), and aqueous ammonia (NH3-H,O) [34]. Alkaline pretreatment causes
the swelling and expansion of lignocellulose, affects lignin-carbohydrate ester bonds and
hemicellulose acetyl groups in a series of reactions, and can effectively extract lignin and
even silica, thereby making the lignocellulose surface more accessible for the reaction
and ultimately improving catalytic accessibility to cellulose [34-36]. NaOH is the most
commonly used alkali for pretreatment, and it shows promising results in extracting lignin
for the production of fermentable sugars [37]. In addition, lignin extraction is beneficial for
targeting the polysaccharide content of lignocellulose for depolymerization and conversion
at high yields as well as integrating lignin recovery and utilization into lignocellulose
biorefining processes [38].

It is noteworthy that when extracting lignin from holocellulose (which includes cel-
lulose and hemicellulose), the process may degrade hemicellulose and reduce yields of
sugars in subsequent conversion. Thus, it is essential to depolymerize hemicellulose before
optimizing the pretreatment process for lignin extraction in order to make the most use
of the holocellulose and efficiently remove lignin [17,39]. Catalytic hydrogenation can
also be employed to degrade hemicellulose into xylose and arabinose, which can then be
further converted into alcohols and sugar alcohols, thereby maximizing the utilization
of lignocellulose.

A new integrated strategy to fully valorize all carbohydrates from CC and enhance
its degree of depolymerization to yield large volumes of sugars is developed in this pa-
per. The approach includes a three-step treatment process, which includes pre-hydro-
depolymerization, alkali treatment, and final hydro-depolymerization. Pre-hydro-
depolymerization was previously investigated to obtain hemicellulose sugars from CC;
following which, alkali treatment was performed to dissolve the lignin that was acquired
from the pre-depolymerized CC residues, thereby allowing the separation of cellulose. To
achieve simultaneous sugar and lignin production while ensuring cellulose conversion,
an optimal hydro-depolymerization condition was maintained. To understand the physi-
cal and chemical changes that occurred during the hydro-depolymerization and alkaline
treatment of CC, a combination of scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and specific surface area and porosity analyzer was employed.
These techniques were used to analyze the resulting properties of the residues.
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2. Materials and Methods
2.1. Materials and Reagents

The raw CC, rice straw, wheat straw, corn straw, and rape straw used in this study
were all obtained from Puyang, Henan Province. They were then crushed using a pulverizer
(JP-300B, Wenling Linda Machinery Co., Ltd., Wenling, China) to obtain particles of various
sizes and sealed in for subsequent use. The CuO catalyst was obtained following the
procedure presented in our previous study [40]. HCl (36.5 wt.%), NaOH, sulfuric acid
(HS04), acetic acid, and ethanol were obtained from Sinopharm Chemical Reagent Co.,
Ltd., and were all of the analytical grades. Deionized water was purchased from Wahaha
Group Co., Ltd., Hangzhou, China. Hydrogen (Hy) was obtained from Nanjing Special Gas
Factory Co., Ltd., Nanjing, China, and the purity was 99.99%.

2.2. Hydro-Depolymerization of Agricultural Wastes

Raw materials (wheat straw, rice straw, corn straw, rape straw, and CC) with a particle
size of 0.45~0.90 mm were subjected to a 2 h reaction in a high-pressure reactor (0.25L,
Weihai Chemical Machinery, Weihai, China) under the following conditions: reaction
temperature, 140 °C; hydrogen pressure, 1.5 MPa; stirring speed, 500 r/min; material-
to-water solid-to-liquid ratio, 1:10; and catalyst-to-material solid-to-solid ratio, 3:10. The
resulting hydrolysates were filtered using a Brinell funnel with a diameter of 15 mm, and
the supernatant fractions were collected for reducing sugar analysis using an ultraviolet-
visible spectrophotometer (7525, Shanghai Shunyu Hengping Scientific Instrument Co.,
Ltd., Shanghai, China). Two reaction trials were performed twice under each condition.

2.3. Pre-Hydro-Depolymerization of Hemicellulose in CC

CCs with different particle sizes, CuO catalyst, and deionized water were evenly
mixed and put into a reactor (0.25 L, Weihai Chemical Machinery, Weihai, China), sealed,
and tightened, and the reaction was performed as reported previously [40]. The single-
factor method included the following parameters: temperature range, 120 °C to 170 °C;
particle size, 0.15 mm to 0.90 mm sieved by standard sieves (aperture of 0.15-0.90 mm,
Nanjing Wire Mesh Factory, Nanjing, China); stirring speed, 200 r/min to 700 r/min;
catalyst-to-CC (CAC) solid-to-solid ratio, 1:10 to 6:10; CC-to-water (CW) solid-to-liquid
ratio, 1:7 to 1:10; reaction time, 1.0 h to 4.0 h; and H; pressure of 1.0 MPa to 3.5 MPa. The
hydrolysates obtained after the reaction were filtered using a vacuum pump (Nanjingwin
Instrument Equipment Co., Ltd., Nanjing, China), and the supernatant fractions were
collected for sugar analysis by high-performance liquid chromatography (HPLC). The
filters were washed with tap water, and the catalyst solutions were recovered. The samples
were then dried at 60 °C, weighed, and subjected to analytical characterization. Each
condition was repeated twice.

2.4. Alkali Pretreatment of Pre-Hydro-Depolymerized CC Residues (PHR)

The PHR and NaOH solutions were mixed in various proportions and evenly put into
a reactor (0.25 L, Weihai Chemical Machinery, Weihai, China). The reaction conditions were
as follows: the NaOH concentration ranged from 3% to 7% at a temperature of 80 °C to
120 °C; the PHR-to-water solid-to-liquid ratio ranged from 1:8 to 1:10; the time ranged from
1.0 to 5.0 h; and the catalyst-to-PHR solid-to-solid ratio ranged from 1:10 to 5:10. Following
the completion of the reaction, acetic acid was used to neutralize the alkaline solution until
the pH was nearly 5.5. Then, a rotary evaporator (ER52-AA, Shanghai Yarong Biochemical
Instrument Factory, Shanghai, China) was employed to concentrate the liquid to 30 mL.
Anhydrous ethanol was added to the concentrated solutions, vigorously stirred, filtered,
and dried after precipitation and washing. The ethanol filtrate was further concentrated to
30 mL, the pH was adjusted to about 2.0 using 6.0 mol/L HCI, and acid-insoluble lignin was
precipitated. The crude lignin was obtained by low-temperature drying after centrifugation
by a centrifuge (TGL-10B, Shanghai Anting Scientific Instrument Factory, Shanghai, China)
and stored in a dryer for further identification. All experiments were repeated twice.
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2.5. Hydro-Depolymerization of Pre-Hydro-Depolymerized and Delignified CC Residues (PHRD)

The PHRD, catalysts, and deionized water were evenly mixed and placed into a
reactor (0.25 L, Weihai Chemical Machinery, Weihai, China) using a process similar to that
described in 2.3. An orthogonal experiment using four factors and three levels (Statistical
Product and Service Solutions, International Business Machines Corporation, The United
States of America) of PHRD hydro-degradation was then performed based on the single-
factor method of hemicellulose. The objective of this part was to explore the optimal
combination of reaction conditions for the hydro-depolymerization process. The stirring
speed was set at 500 r/min, the H, pressure at 1.5 MPa, and the factors and levels considered
were temperature (140~160 °C), CC-to-water solid-to-liquid ratio (1:8~1:10), catalyst-to-
CC solid-to-solid ratio (2:10~4:10), and reaction time (1~3 h). Following the orthogonal
experiment, the resulting hydrolysates were treated according to the process described in
Section 2.3 to obtain the final residues (PHRDC). The reaction was performed twice under
each condition. The hydro-depolymerization of PHRD residues was performed five times
under the optimum condition of cellulose hydro-depolymerization; the reaction conditions
were as follows: PHRD residues of 20 g, temperature of 140 °C, hydrogen pressure of
1.5 MPa, stirring speed of 500 r/min, a solid-to-solid ratio of 3:10, solid-to-liquid ratio of
1:10, and reaction time of 2 h.

2.6. Analysis of Agricultural Wastes and Hydrolysates

The National Renewable Energy Laboratory method [41] was used to determine the
components of wheat straw, rice straw, corn straw, rape straw, CC, and CC residues. Each
experiment was performed twice.

The concentration of the sugar solution was determined by HPLC (LC-20AD, Shi-
madzu Corporation, Kyoto, Japan). A RID—20A differential refraction detector was
equipped, and the Aminex Hpx—87H (300 mm x 7.8 mm, Bio-Rad, Hercules, CA, USA)
chromatographic column was used. Under the column temperature of 50 °C, a deionized
water flow rate of 0.6 mL/min, and the automatic injection volume of 10 pL, each sam-
ple was injected thrice in parallel. Before injection, the samples were filtered and passed
through a 0.45 um water filter. The corresponding peak areas of sugars were obtained
using HPLC, and calibration curves were generated (refer to Supplementary Figures S1-S3).
Examples of the corresponding HPLC chromatograms are illustrated in Figures 54-58 of
the supplemental information.

The CC conversion and recovery rates were calculated as shown in Equations (1)
and (2) [40]; cellulose conversion and recovery rates, hemicellulose conversion and
removal rates, and lignin removal and extraction rates were calculated as shown in
Equations (3)-(6) [5,20,40]; the lignin extraction rate (LER) was calculated as shown in
Equation (7) [20].

Mass of CC /PHR/PHRD — Mass of PHR/PHRD/ PHRDC

CC conversion = Mass of CC/PHR/ PHRD x 100% 1)
Mass of PHR/PHRD o
CC Recovery = Mass of CC/PHR X 100% (2)

(Mass of arabinose + mass of xylose) x 0.88
Mass of hemicellulose in CC

Hemicellulose conversion = x 100% (3)

Mass of glucose x 0.9

11ul ion =
Cellulose conversion Mass of cellulose in CC/PHRD

x 100% ()

_ Mass of lignin/hemicellulose in PHR/PHRD
Mass of lignin /hemicellulose in CC/PHR

Removal = (1 ) x 100% (5)



Sustainability 2023, 15, 9041

50f19

Mass of cellulose in PHR/PHRD
1ul R = 100%
Cellulose Recovery = 0 Fcellulose in CC/PHR < 100 ©)

Mass of lignin recovery in pretreated liquid

Lioni S
1gnin extraction Mass of lignin in RHR

x100%  (7)

Reducing sugar yield (RSY) was analyzed by the 3,5-dinitrosalicylic acid method [42],
as shown in Equation (8).

Mass of reducing sugar

RSY = —Tass of CC/ PHRD

x 100% 8)

2.7. Characterization of CC and Residues

The specific surface areas and aperture sizes of raw CC, PHR, and PHRD residues
were determined using the specific surface area and aperture size analyzer (JW-BK122 W,
Beijing Jingwei Gaobo Instrument Co., Ltd., Beijing, China). Under the presence of He
and N the temperature was increased at a rate of 10 °C/min to 105 °C, and the samples
were kept at that temperature for 2 h to remove other impurities. Meanwhile, the samples
were vacuumed for 2 h until the pressure was below 0.008 kPa. After cooling to room
temperature, liquid nitrogen (approximately —196 °C) was added to the cold liquid nitrogen
well (1 L) for analyzing the specific surface and apertures based on the multilayer adsorption
theory [40].

FTIR (ALPHA, Bruker Cot., Karlsruhe, Germany) was employed to analyze and
identify CC and its residues both before and after the reaction. The samples were pressed
using KBr, dried, and ground to powder with a mortar. After that, the powder was evenly
placed into a platinum groove with a smooth polishing surface. The samples were then
read at the wavelength ranging from 4000 cm ! to 400 cm™!.

The surface morphologies of raw CC and treated residues were observed by SEM
(JSM-5900, Electronics Co., Ltd., Tokyo, Japan). The samples were fixed onto a needle-
type sample holder with carbon-coated conductive tape and were coated with gold for
approximately 20 min. Images of the sample were captured under 15 kV voltage and
enlarged by 2500, as reported in our previous study [40].

3. Results and Discussion
3.1. Selection of Raw Materials

As presented in Table 1, different crop straws contain varying components. For
instance, wheat straw, rice straw, corn stalk, rape stalk, and CC have different compositions.

Table 1. The main component and hydro-depolymerization results of the five ingredients.

. Hemicellulose  Cellulose Lignin cc . Cellulose Lignin Hemicellulose RSY
Materials (%) (%) (%) Conversion Recovery(%) Removal Removal (%)
(%) (%) (%)
Rice straw 2150 £1.00 39.86+0.89 2540+117  44.87+0.73 71.12 17.37 78.05 19.47 £ 0.21
Wheat straw ~ 28.64 £093 3513 +0.65 22504+1.02  46.55+0.95 70.19 19.66 75.97 27.58 +0.18
Corn stalk 30.65+042 3643 +£0.72 19.424+090 4432 +143 69.31 18.94 77.36 19.20 + 0.62
Corn cob 32504+ 122  36.9240.74 18.22 £ 0.81 48.86 +0.93 68.54 20.38 80.29 3242 4045
Rape stalk 2313 £1.05  47.89 £0.99 19.07+0.85 4573 +1.26 72.98 18.87 77.32 20.77 £ 0.36

The amounts of lignin, cellulose, and hemicellulose in these crops significantly differ,
which is likely due to variations in sampling, climatic, and cultivation conditions [23].
Among these raw materials, CC had a hemicellulose content of 32.50% and a cellulose
content of 36.92%, which is similar to previous findings in the literature [43,44]. Under
the same conditions, the RSY order of these crops was CC > wheat straw > rape stalk >
rice straw > corn stalk. This finding further confirms that a higher hemicellulose content
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results in a greater yield of reducing sugars. Therefore, CC was selected as the experimental
material for studying its degradation process conditions in this research.

3.2. Pre-Hydro-Depolymerization of Hemicellulose in CC

To improve the comprehensive and efficient utilization of hemicellulose, it is recom-
mended to fully utilize it prior to or during pretreatment to convert it into sugars, which
are a valuable source of chemicals [15]. In this research, pre-hydro- depolymerization of
CC was performed to degrade hemicellulose, and the effects of various conditions on the
pre-hydro-depolymerization were investigated, as shown in Figures 1-7.
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Figure 1. Effects of particle size on the pre-hydro-depolymerization of corn cob.
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0.25~0.45 mm, temperature of 150 °C, time of 2 h, H, pressure of 1.5 MPa, CAC solid-to-liquid ratio
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Figure 4. Effects of CAC solid-to-liquid ratio on the pre-hydro-depolymerization of corn cob
(CC particle size at 0.25~0.45 mm, temperature at 160 °C, stirring speed at 600 r/min, time at
2 h, H; pressure at 1.5 MPa, CW solid-to-solid ratio at 3:10).
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Figure 5. Effects of CW solid-to-solid ratio on the pre-hydro-depolymerization of corn cob
(CC particle size of 0.25~0.45 mm, temperature of 160 °C, stirring speed of 600 r/min, time of
2 h, H, pressure of 1.5 MPa, CAC solid-to-liquid ratio of 1:10).
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Figure 6. Effects of time on the pre-hydro-depolymerization of corn cob (CC particle size at
0.25~0.45 mm, temperature at 160 °C, stirring speed at 600 r/min, H, pressure at 1.5 MPa, CAC
solid-to-liquid ratio at 1:10, CW solid-to-solid ratio at 3:10).
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Figure 7. Effects of H; pressure on the pre-hydro-depolymerization of corn cob (CC particle size at
0.25~0.45 mm, temperature at 160 °C, stirring speed at 600 r/min, time at 2 h, CAC solid-to-liquid
ratio at 1:10, CW solid-to-solid ratio at 3:10).

3.2.1. Effects of Particle Size on the Pre-Hydro-Depolymerization of CC

The impact of the particle size of CC on pre-hydro-depolymerization was examined,
and Figure 1 shows that with a gradual reduction in the CC particle size, the hemicellulose
conversion rate and RSY increased initially and then decreased, whereas the raw CC
conversion rate showed a slow increase. The fixed factors were as follows: the temperature
was at 150 °C, time at 2 h, Hy pressure at 1.5 MPa, CAC solid-to-liquid ratio at 1:10,
CW solid-to-solid ratio at 3:10, and stirring speed at 500 r/min. When the CC particle
size decreased from >0.90 mm to 0.25~0.45 mm, the hemicellulose conversion rate saw a
remarkable increase from 20.95% to 57.48%, alongside this, the RSY increased from 30.37%
to 44.23%. At the particle size of 0.25~0.45 mm, the cellulose conversion rate reached its
peak at 8.45%. Moreover, the CC conversion rate was observed to be 58.35%. According to
Cousins et al. [45], the milling size was found to be correlated to subsequent hydrolysis
yields because of an increased surface area-to-volume ratio. With the reduction of the CC
particle size, the porosity and surface area of CC increased, promoting better adhesion of the
catalyst to the surface of CC and enhancing the catalytic hydrogenation effect. This led to
higher conversion rates of hemicellulose, cellulose, and CC and an increased RSY. However,
when the particle size was too small, the contact effect with the smaller catalyst particle
size was poor, leading to decreased degradation efficiency and poor hydro-degradation
outcomes. Therefore, the CC particle size of 0.25~0.45 mm was selected for further analysis.

3.2.2. Influences of Stirring Speed on the Pre-Hydro-Depolymerization of CC

The effect of the stirring speed on the pre-hydro-depolymerization of CC was in-
vestigated, and the findings are depicted in Figure 2. Stirring speed mainly affected the
hemicellulose conversion rate, whereas it slightly affected the RSY and CC and cellulose
conversion rates. The hemicellulose conversion rate gradually increased and reached a
maximum of 69.65% at 600 r/min. Hemicellulose conversion rates remained stable when
the stirring speed exceeded 600 r/min. Because the reaction was a heterogeneous catalytic
reaction, where solid, liquid, and gas states coexist, the mass transfer performance of the
reaction directly affected the pre-hydro-degradation of CC. Consequently, the speed of
600 r/min was used in subsequent experiments.

3.2.3. Impacts of Temperature on the Pre-Hydro-Depolymerization of CC

Figure 3 illustrates the significant impact of reaction temperature on the hydro-
degradation of CC. With the increasing temperature (120~170 °C), the hemicellulose con-
version rate and RSY displayed an initial rapid increase, followed by a subsequent decrease,
whereas the CC and cellulose conversion rates exhibited a slow and stable rise. At 120 °C,
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the CC conversion rate was only 36.30%, whereas the hemicellulose conversion rate was a
mere 3.82%, which was possibly due to the dissolution of soluble substances in CC and
the presence of sugars as polysaccharides. By elevating the temperature to 160 °C, the
maximum hemicellulose conversion rate (78.74%) and RSY (59.12%) were achieved, while
the CC conversion rate reached 61.35%, and the cellulose conversion rate was 8.73%. The
reaction temperature was identified as an essential factor affecting the catalytic hydro-
genation of CC, which is consistent with Liang et al.’s research, with a glucose yield of
76.8 g/kg and a xylose yield of 118.4 g/kg obtained from the hydrolysis of hemicellulose at
150 °C for 3 h [6]. At low temperatures, the energy of the reaction system was inadequate
to attain the activation required to break the C-O bonds between macromolecules, result-
ing in poor degradation efficiency [40]. In contrast, increasing the reaction temperature
increased the kinetic energy of the molecules, enabling them to reach the activation energy
threshold, thereby accelerating the hydro-degradation reaction rate and increasing both the
hemicellulose conversion rate and RSY. However, excessively high temperatures caused
sugars in the CC degradation solution to undergo carbonization and coking, resulting in
adhesive deposits on the catalyst surface and reduced catalyst activity. This, along with the
subsequent hydrogenation of sugars or the generation of byproducts, ultimately decreased
the sugar yield and hemicellulose conversion rate. Conversely, the raw material conversion
rate remained unchanged, impeding the subsequent use of sugars. Therefore, a reaction
temperature of 160 °C was chosen for subsequent experiments.

3.2.4. Effects of CAC Solid-to-Liquid Ratio on The Pre-Hydro-Depolymerization of CC

The influence of CW solid-to-liquid ratio on the hydro-degradation of CC was investi-
gated (as shown in Figure 4). The conversion efficiency of CC and the degradation rate of
cellulose were only slightly affected by the solid-to-liquid ratio, while the conversion rate
of hemicellulose and RSY were greatly impacted. As the solid-to-liquid ratio decreased
from 1:7 to 1:10, there was a 47.71% and 37.63% increase in the hemicellulose conversion
rate and RSY, respectively. The hemicellulose conversion rate and RSY peaked at 78.48%
and 59.12%, respectively, whereas a further decrease in the solid-to-liquid ratio resulted in
a decrease in CC conversion rate and RSY. Under high-temperature conditions, hot water,
the acetyl group of acetic acid in the hemicellulose molecule, and H* played a catalytic
role, resulting in a weakly acidic degradation solution [23]. When the solid-to-liquid ratio
was high and water content was low, the fluidity of the reaction system and the mass
transfer effect were poor, decreasing the available H* ions for the reaction and leading to
a low RSY and hemicellulose conversion rate. Conversely, when more water molecules
participated in the reaction, active hydrogen molecules increased, promoting the hydro-
degradation of hemicellulose. According to our previous study [40], the mechanism of the
hydro- depolymerization of rice straw was related to the synergistic effect of in situ acid
and metal catalysis. However, hot water had a limited dissolution effect; increasing water
volume resulted in CC accumulation and the catalyst settling at the bottom of the reactor,
decreasing catalytic performance and resulting in a stable RSY. Thus, the solid-to-liquid
ratio of 1:10 was selected for further experiments.

3.2.5. Impacts of CW Solid-to-Solid Ratio on The Pre-Hydro-Depolymerization of CC

Referring to Figure 5, it can be observed that the ratio of CAC solid-to-solid had an
obvious impact on RSY and had a slight effect on the conversion of CC, hemicellulose, and
cellulose. When the solid-to-solid ratio was from 1:10 to 3:10, the RSY increased from 35.22%
to 59.12%, indicating a 24.10% increase. However, when the solid-to-solid ratio exceeded
3:10, the RSY decreased and showed a stable trend. At ratios lower than 3:10, the catalyst
amount in the reaction system was insufficient and the CC pre-hydro-degradation solution
was not fully utilized. When the catalyst and CC mass ratio was 3:10, the reaction system
reached an equilibrium state and the RSY was at its highest. Increasing the solid-to-solid
ratio in the presence of the excessive catalyst led to the production of small amounts of
other substances, including sugar alcohol, alongside sugars in the CC hydro-degradation
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solution. As a result of underutilized excessive catalyst, there was a waste of resources.
Therefore, a solid-to-solid ratio of 3:10 was considered for further experiments.

3.2.6. Influences of Time on The Pre-Hydro-Depolymerization of CC

The effect of the reaction time on the hydro-degradation of CC was investigated
(as shown in Figure 6). The results showed that the hemicellulose conversion rate and
RSY were greatly influenced by the reaction time. Initially, with the extension of the
reaction time, the hemicellulose conversion rate and RSY first increased, followed by a
decrease, while the CC and cellulose conversion rates increased slowly. The maximum
conversion appeared at 2 h. It was found that the main components of monosaccharides in
the CC degradation solution were xylose, glucose, and arabinose, among which the xylose
content was the highest [6]. The polysaccharides mainly included cellobiose and xylan.
At short reaction times, hemicellulose in CC was partially degraded to xylan and other
oligosaccharides, resulting in a low monosaccharide content in the hydrolysate, which in
turn led to a low hemicellulose conversion rate. As the reaction time was extended, the
polysaccharides in the degradation solution were hydro-degraded into monosaccharides,
resulting in increased RSY and hemicellulose, and cellulose conversion rates. However,
prolonged pre-hydro-depolymerization could lead to increased raw material and cellulose
conversion rates but could also result in undesirable degradation of dissolved sugars,
which might be converted to sugar alcohols and other byproducts [6]. As a result, the
hemicellulose conversion rate and RSY decreased. Ultimately, the optimal reaction time
was found to be 2 h.

3.2.7. Influences of Hj Pressure on the Pre-Hydro-Depolymerization of CC

The effects of hydrogen pressure on CC hydro-degradation were investigated under
the following conditions: CC particles, 0.25~0.45 mm; temperature, 160 °C; solid-to-liquid
ratio, 1:10; solid-to-solid ratio, 3:10; and stirring speed, 600 r/min. The results, as shown
in Figure 7, revealed that the hemicellulose conversion rate was greatly influenced by
the hydrogen pressure, increasing initially and then decreasing. Other indexes were
minimally affected. The maximum of 78.48% was obtained at a pressure of 1.5 MPa, with
CC conversion and RSY, and cellulose conversion rates were 61.35%, 59.12%, and 8.73%,
respectively. With the increasing pressure, the molecular weight of hydrogen acting on CC
hydro-degradation in the reaction system increased, promoting hemicellulose degradation,
which accelerated the reaction and improved the CC conversion rate. However, at high
pressure, some monosaccharides in the degradation solution were further catalyzed and
hydrogenated into sugar alcohols, leading to a decrease in the monosaccharide content and
hemicellulose conversion rate. As high pressure poses safety risks and is not conducive
to industrial application, a reaction pressure of 1.5 MPa was selected. These findings can
provide useful guidance for optimizing the industrial production of sugars from CC and
can contribute to the development of sustainable and eco-friendly biorefineries.

Furthermore, the hydro-depolymerization method described in this study is con-
sidered to be a more convenient alternative to the biological approach. This is because
hemicellulose is predominantly linked with lignin predominantly through ester covalent
bonds due to the presence of hydroxycinnamic acids in lignin-carbohydrate complexes
in grasses [46]. Due to its complicated structure, the biological decomposition of hemicel-
lulose requires a set of enzymes, including main-chain-degrading enzymes, to degrade
the 3-1,4-linked D-xylosidic backbone, and side-chain-degrading enzymes that cleave
branched monomers and short oligomers present on the xylan backbone [47].

3.3. Lignin Extraction from Alkali-Treated PHR

To develop a biorefinery-concept-based economy, new feedstock processing strategies
and technologies have been developed focusing on the high-quality and high-yield ligno-
cellulose component utilization and fractionation of other raw material components for
valorized products, such as lignin [15].
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3.3.1. Influences of NaOH Concentration on the LER of PHR

The effect of NaOH concentration on the LER was investigated by subjecting PHR
to a NaOH concentration gradient of 3~7% under the following conditions: a reaction
temperature of 110 °C, a reaction time of 3 h, a solid-to-liquid ratio of 1:10, and stirring
speed of 500 r/min. NaOH concentration was found to greatly affect the LER (as shown in
Figure 8). The LER initially increased with increasing NaOH concentration and reached
a maximum of 70.45% at 6% NaOH, after which it gradually decreased. This is Because
low NaOH concentrations were insufficient to effectively break the C-O bond between
lignin and cellulose, leading to a low LER. Conversely, high NaOH concentrations led
to OH™ catalyzed bond breaking between lignin and cellulose, as well as promoting the
recondensation of exfoliated lignin fragments with residual cellulose. This suggests that
excessively high alkali concentrations may induce lignin dissolution, reducing the LER [48].
At a NaOH concentration of 6%, the ester and ether bonds between lignin and cellulose
could be completely broken, equilibrating the dissociation and condensation of lignin. This
enabled lignin to be dissolved in the solvent to the maximum extent, thereby maximizing
the LER. Therefore, an NaOH concentration of 6% was selected for further analysis.
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Figure 8. Effects of NaOH concentration on the LER of PHR.

3.3.2. Influences of Temperature on the LER of PHR

The impact of the reaction temperature on the LER was analyzed at temperatures
ranging from 80 to 120 °C with a reaction time of 3 h, solid-to-liquid ratio of 1:10, and
stirring speed of 500 r/min. The results, displayed in Figure 9, demonstrate that the LER
initially increased sharply with the temperature, reaching a maximum of 73.76% at 90 °C,
which was 8.78% higher than that observed at 80 °C. Thereafter, the LER slowly decreased
to 58.08% at 120 °C. Previous studies have shown that the efficiency of alkali extraction is
influenced by the concentration of the solution, reaction duration, and temperature [36,49].
At low temperatures, the C-O bond between lignin and cellulose remained intact, making
it difficult to extract lignin. As the temperature increased, the lignin bonds were broken
and the production rate of lignin fragments increased. However, at extremely high temper-
atures, the lignin fragments were broken into small and unrecyclable pieces, reducing the
LER. Beyond the temperature of 90 °C, the LER decreased slowly, indicating that higher
temperatures were detrimental to the lignin extraction process. Based on these findings,
the optimal reaction temperature for achieving a high LER was 90 °C.
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Figure 9. Effects of temperature on the LER of PHR.

3.3.3. Influences of Time on the LER of PHR

The effects of reaction time on the LER were investigated at 6% alkali concentration,
a reaction temperature of 90 °C, a solid-to-liquid ratio of 1:10, and a stirring speed of
500 r/min. A graph showing the effect of the reaction time is illustrated in Figure 10. With
the reaction time increased, the LER initially increased and then reached a plateau. When
the reaction time was 1 h, the LER was 42.78%. However, when the reaction time increased
to 3 h, the LER reached 73.76%, which was approximately 1.7 times higher than that at
1 h, and then stabilized, indicating the reaction had reached equilibrium. The results
regarding reaction time are consistent with the results of 2% (w/v) NaOH treatment at
120 °C, removing 88.59% of CC lignin content [16]. Another study revealed 60~70% lignin
recovery using formic acid- and NaOH-pretreated corn stover [39]. The longer the reaction
time, the greater the yield of lignin extraction. This was because the longer reaction time
allowed for more ester and ether bonds between lignin and cellulose to be broken, making
it easier to extract more lignin. However, as the reaction time increased beyond a certain
point, the yield of lignin extraction tended to be stable, suggesting that the reaction had
reached equilibrium. Therefore, a reaction time of 3 h was chosen for further analysis.
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Figure 10. Effects of extraction time on the LER of PHR.

These findings can guide the optimization of lignin extraction processes from PHR and
contribute to the development of more effective and sustainable lignin valorization strategies.
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3.4. Characterization Results of CC and Hemicellulos- and Lignin-Related Residues
3.4.1. Components and Specific Surface Area of CC and Hemicellulose- and
Lignin-Related Residues

The catalytic hydro-depolymerization method was effective in removing hemicellulose
molecules from CC, as indicated by a significant decrease in hemicellulose content from
32.5 + 1.62% to 2.53 £ 0.11%, resulting in a 96.18% removal of hemicellulose (Table 2).
This was consistent with the 91.70% hemicellulose removal in FeCls;-pretreated CC as
indicated by a previous study [50]. Furthermore, cellulose and lignin contents increased to
53.78 & 2.68% and 30.76 & 1.53%, respectively, with 56.30% cellulose recovery. The removal
of hemicellulose did not have a significant effect on the lignin content. After alkali treatment,
the remaining hemicellulose components were removed, accompanied by complete lignin
dissolution, resulting in a remaining cellulose recovery rate of 46.87%. The specific surface
area of CC increased from 2.23 m?/g to 3.50 m? /g after hemicellulose hydro-degradation
and further to 4.81 m?/g after lignin removal. Owing to continuous lignin fragmentation
after hemicellulose hydro-degradation, cellulose crystallinity decreased, disintegrating
the lignocellulosic structure, leading to a loose structure, and thus increasing the specific
surface area of CC. However, the CC recovery rates were lower after hemicellulose and
lignin removal (38.65% and 22.15%, respectively) compared to acidic pretreatment (49.50%)
in a previous study, indicating the severe pre-hydro-depolymerization of CC [51].

Table 2. The changes in component content and surface properties of corn cob and hemicellulose-
and lignin-related residues.

. . CcC Hemicellulose  Cellulose Lignin Specific Surface
Hemicellulose  Cellulose Lignin
Sample (%) (%) (%) Recovery Removal Recovery Removal Area
(%) (%) (%) (%) (m?/g)
CC 32.50 + 0.62 36.92 +1.34 18.22 £ 0.90 - - - - 2.23
PHR 253 +£0.11 53.78 + 1.68 30.76 = 1.53 38.65 96.18 56.30 33.06 3.50
PHRD 0 78.13 = 1.90 0 22.15 100 46.87 100 4.81
CC, corn cob; PHR, pre-hydro-depolymerized CC residues; and PHRD, pre-hydro-depolymerized and delignified
CC residues.
3.4.2. FTIR of CC and Hemicellulose- and Lignin-Related Residues
FTIR analyzes the molecular structure and chemical composition, considering differen-
tial absorption characteristics of substances at different infrared wavelengths. To determine
the effect of hemicellulose and lignin removal, raw CC, PHR, and PHRD were characterized
and analyzed by FTIR. The FTIR results are illustrated in Figure 11.
PHDR PHRD 121\1
3 3
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T T T T T T * 1 * 1 * 1 * 1
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Figure 11. The infrared spectra of corn cob and hemicellulose- and lignin-related residues.
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The absorption peak at the wavelengths of 3700~3300 cm ! belongs to the stretching
vibration of the O-H bond, while the peak at 1500~1300 cm ™! corresponds to the bending
vibration of the C-H bond (Figure 11). The absorption peak at 1200-1000 cm ! refers to the
stretching vibration of C=C and C-O-C bonds [10]. Comparing CC with PHR, the peak
at 1290~1179 cm~!, which was the characteristic peak of the acetyl group, disappeared
in xylan, indicating the complete hydro-depolymerization of hemicellulose in CC [52].
In PHRD, the C-H vibrational absorption peak on the para-substituted aromatic ring at
851 cm~! disappeared, whereas the absorption band at 1162 cm ™! of C-O-C stretching
in cellulose and the peak of the 3-1,4 glycosidic bond at 898 cm~! both increased con-
siderably, indicating the removal of hemicellulose and lignin [40,53,54]. The vibrational
absorption peaks of the aromatic ring skeleton at 1609~1512 cm~! disappeared [54,55], and
the C=0 stretching vibration peaks in nonconjugated carbonyl, carboxyl, and ester groups
at 1719 cm ! also disappeared [40], demonstrating the removal of lignin in CC. After the
removal of hemicellulose and lignin, the absorption peak at 2317~1968 cm™~! changed,
indicating severe damage to molecular structures. The characteristic peak of cellulose at
1102~1044 cm~! weakened, revealing the partial degradation of cellulose [56,57]. A strong
absorption peak at approximately 3344 cm~! represented the overlapping peak of -OH in
cellulose as reported by Sun et al. [58]. Meanwhile, Louis et al. attributed the absorbance
band at 2896 cm ! to the C—H or CH, stretching vibration [52]. Following hemicellulose
removal, the peak at 2896 cm ! underwent a change, suggesting that the microcrystalline
structure of cellulose remains unharmed. On the other hand, lignin removal resulted
in a significant change in the peak at 2896 cm~!, implying a reduced crystallinity and
polymerization degree of cellulose. Additionally, the absorption peak in the 1000~400 cm !
fingerprint region underwent considerable changes, pointing to a shift in the molecular
structure of CC during pre-hydro-degradation.

3.4.3. SEM of CC and Hemicellulose- and Lignin-Related Residues

To evaluate the surface morphology and microstructural changes of CC and its residu-
als after hemicellulose and lignin removal, SEM characterization was performed, and the
results are presented in Figure 12A-C.

(A)

(B) (©

Figure 12. The scanning electron microscope spectrum of CC and hemicellulose- and lignin-
related residues. (A) CC; (B) residues after hemicellulose removal; and (C) hemicellulose
removal delignification.

Raw CC showed a dense surface with flat and smooth fiber bundles, which are tightly
arranged without gaps or broken marks (Figure 12A) [59,60]. Upon hemicellulose removal,
the surface became loose and uneven with broken residues, and the flat surface disap-
peared, revealing a damaged CC surface structure (Figure 12B) [56]. After continuous
lignin removal, the residues were characterized by an increase in pore density and size,
leading to damage in the 3D structure of CC (Figure 12C). According to Yang et al. and
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Louis et al., these changes were a result of xylan release and lignin removal by pre-hydro-
depolymerization and delignification [43,52]. The presence of these pores, cracks, and
coarsened surfaces could facilitate the adsorption of the hydro-catalyst and the remaining
cellulose in CC [56]. The hydro-catalyst is most likely to get absorbed in the pores, sub-
sequently degrading cellulose. Therefore, the pretreatment of hemicellulose and lignin is
crucial for the complete utilization of cellulose in subsequent CC.

3.5. Optimization of Cellulose Hydro-Depolymerization in CC

The structure of cellulose is complex as it is encapsulated in a cross-linked hemicel-
lulose/pectin matrix via hydrogen bonds and van der Waals forces, making it difficult to
degrade and depolymerize [46]. However, after the release of xylan and the removal of
lignin in CC, cellulose becomes more accessible and can be hydro-depolymerized again. To
understand the effects of different factors on cellulose and the hydro-degradation of PHRD,
a four-factor three-level orthogonal experiment L9 (3*) was designed based on cellulose
conversion and CC conversion rates [61]. The experiment aimed to determine the optimal
combination of factors that would maximize the conversion rates for both cellulose and CC.
The results of the orthogonal experiment and the processed data are presented in Table 3.

Table 3. Factors and levels of the orthogonal design L9 (3% and experimental results for two
stability indicators.

Factors Results
A B C D Cellulose CC
Number Temperature Solid-Liquid Time Solid-Solid  Conversion Conversion
O Ratio (h) Ratio (%) (%)
1 1 (140) 1(1:8) 1(1) 1(2:10) 13.57 17.39
2 1 (140) 2 (1:9) 2(2) 2 (3:10) 36.63 40.42
3 1 (140) 3 (1:10) 3(3) 3 (4:10) 27.39 44.23
4 2 (150) 1(1:8) 2(2) 3 (4:10) 11.92 29.00
5 2 (150) 2 (1:9) 3(3) 1(2:10) 18.53 47.06
6 2 (150) 3 (1:10) 1(1) 2 (3:10) 9.84 21.03
7 3 (160) 1(1:8) 3(3) 2 (3:10) 15.37 43.53
8 3 (160) 2 (1:9) 1(1) 3 (4:10) 20.75 51.16
9 3 (160) 3 (1:10) 2(2) 1(2:10) 18.74 47.55
kq 25.86 13.62 14.72 16.95
ko 13.43 25.30 2243 20.61
ks 18.29 18.66 20.43 20.02
Cellulose Range R 12.43 11.68 7.71 3.66
conversion
Primary and secondary order A>B>C>D
Optimal horizontal combination A1B,CyDy
k1 34.01 29.97 29.86 37.33
ko 32.36 46.21 38.99 34.99
ks 47.41 37.60 41.46 41.46
cCc Range R 15.05 16.24 11.60 6.47
conversion
Primary and secondary order A>B>C>D
Optimal horizontal combination A3B,C3D3

k1, ky, and k3 represent the average of the indicators at each level of each factor. kx is the comprehensive average
of level x data = sum of level x of the values/repetition times of level x. Range R is the range of the row, which
indicates the extent of the factor’s impact on the results. It is calculated as the maximum k value minus the
minimum k value.

The optimization conditions for the conversion of cellulose and CC were determined
based on the primary and secondary orders of the factors affecting the two indexes. The
optimal conditions for cellulose conversion and CC conversion were not the same. The
main factor affecting both cellulose and CC conversion was the temperature (factor A). At
A, cellulose conversion was higher, whereas, at A3, CC conversion was higher. This was
mainly because monosaccharides in the degradation solution were converted into alcohols
and other substances at a higher temperature, reducing their contents and the cellulose
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conversion rate; therefore, A1 was selected as factor A. Similarly, B factors (solid-to-liquid
ratio) had the same order of effect on indicators, with the highest conversion rates observed
at B,. Factors C (time) and D (solid-to-solid ratio) had the same order of effect on indicators
but not the same level. C, and D, were selected for cellulose conversion, whereas C3 and
D3 were selected for CC conversion. Therefore, the optimal combination was determined
to be A1B,CyD;, (temperature, 140 °C; solid-to-liquid ratio, 1:9; time, 2 h; and solid-to-solid
ratio, 3:10), which resulted in a cellulose conversion rate of 36.63% and a CC conversion rate
of 40.42%. These conditions allowed for a four-fold increase in the cellulose conversion rate
compared to pre-hydro-depolymerization conditions, while also using a lower temperature.
This indicates that cellulose hydro-depolymerization benefits hemicellulose sugar release
and lignin removal. The increase observed was consistent with the results of a previous
study [21]. Additionally, the sugar yield obtained after tetrabutyl phosphate hydroxide
ionic liquid pretreatment and CC enzymatic hydrolysis was also four-fold higher than that
obtained from untreated raw materials.

3.6. Multiple Hydro-Depolymerizations of PHRD Residues

Table 4 shows the results of multiple hydro-depolymerization reactions performed on
PHRD residues, which exhibited continuous production of sugars and a cumulative cellu-
lose conversion rate of 76.97%, with a CC conversion rate reaching 85.70%. The residues
could undergo five successive rounds of hydro-depolymerization, resulting in a gradual
decrease in cellulose and CC conversion rates. However, the residues remained capable
of producing sugars, indicating that they could still be efficiently hydro-degraded. This is
likely due to the continual destruction of the whisker-like structure on the residue surface
caused by repeated actions such as filtration, washing, and extrusion during multiple
reactions. Although the cellulose conversion in our study was lower than Xu et al.’s [50],
where the enzymatic digestibility of pretreated corncob residue was 90.0% after 48 h, the
reaction was still highly efficient. These findings provide valuable insights for subsequent
industrial applications.

Table 4. The results of multiple hydro-depolymerization reactions performed on PHRD residues.

Reaction Times 1 2 3 4 5
CC conversion (%) 40.42 18.95 12.72 8.37 5.24
Cellulose conversion (%) 36.63 16.89 10.27 8.30 4.88

4. Conclusions

The proposed three-step process enables the coproduction of hemicellulose-derived
saccharides, cellulose by hydro-depolymerization, and lignin by alkali pretreatment. Many
saccharides were harvested from the hydro-pre-treated hemicellulose, resulting in a hemi-
cellulose conversion rate of 78.48 + 3.92%, accompanied by a CC conversion rate of 61.35%,
and a reducing sugar yield of 59.12 £ 2.95%. The maximum lignin extraction efficiency was
73.76 £ 3.68%, and the optimum cellulose conversion rate was 36.63%, which increased to
76.96% after five cycles of hydro-depolymerization. The integrated process offers a feasible
solution for the utilization of CC waste, leading to high-value products. This is not only to
reduce waste but also for the development of a circular economy.
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