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Abstract

In order to enhance the valorization of corncob, corncob-based solid acid catalysts were prepared via the method of partial
carbonization followed by sulfonation. The prepared acid catalysts were either derived from raw corncob (hemicellulose,
cellulose, and lignin), or its residues after different pretreatments, i.e., furfural residue (cellulose and lignin) and hydrolysis
residue (humins and lignin), to investigate the components’ effect on the performance of solid acid. These catalysts were
characterized by thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), nitrogen adsorption/desorption analysis, scanning electron microscope (SEM), elemental analysis, and acid—base
titration. The analysis results suggested that the solid acid (Catalyst-3) derived from the hydrolysis residue had the best
performance, with a BET surface area of 338.23 m? g~! and total acid densities of 6.43 mmol g~!. This results indicated —
SO;H groups were loaded onto the catalyst successfully. The catalytic activity was tested by cellulose hydrolysis in lithium
bromide trihydrate solution (LBTH) system. The yield of glucose was as high as 80.1% at the temperature of 110 °C for
10 h. Moreover, the prepared solid acid had the advantages of easy separation, mild reaction, and producing less by-products
compared with traditional liquid acids. This work provides a promising strategy for corncob waste utilization and cellulose
efficient hydrolysis, which is of great significance for biomass valorization and conversion.
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1 Introduction of fuel or chemicals from biomass [4]. Cellulose is a linear
polymer, and it is composed of repeatable basic units of
B-(1-4) glycosidic linkages. There are extensive hydrogen

bonds due to the existence of intra- and inter-chain of cel-

The depletion of fossil fuels has caused issues in energy
security globally, so there is sparking interest in find-

ing alternative renewable energy sources [1]. As the most
abundant renewable resource, biomass has the advantages
of wide distribution and availability, along with its envi-
ronment-friendliness. As a result, conversion of biomass to
chemicals has attracted tremendous research interests, and
biomass-derived fuels or materials has been widely inves-
tigated [2, 3]. Particularly, in the field of lignocellulosic
biomass conversion, it is widely accepted that efficient con-
version of cellulose to glucose is crucial for the production
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lulose, resulting in the extreme stability of cellulose. In order
to fulfill the effective decomposition of cellulose to glucose,
it is necessary to adopt reasonable ways to address the issues
in cellulose conversion [5].

To date, enzymatic and acid hydrolyses of cellulose are
the most conventional treatment methods. Enzymatic hydrol-
ysis has been regarded as a mild treatment for cellulose con-
version, but it has the disadvantages of long production cycle
and poor recyclability [6, 7]. Acid hydrolysis has a relatively
higher efficiency, and various acid catalysts including homo-
geneous and heterogeneous catalysts have been studied in
cellulose saccharification process. In homogeneous catalysts,
H,SO, and HCI are the most common catalysts. Although
they have high activities, their commercial applications are
hard to accomplish owing to the issues of corrosion, poor
selectivity, and difficulties in waste treatment [8, 9]. To over-
come the defect of mineral acids, the heterogeneous catalysts
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such as H-zeolites [10], transition-metal oxides [11], cation-
exchange resins [12], heteropoly acid [13], urea nitrate[14],
and carbon-based solid acid [15-18] have been proposed and
investigated. Among the various solid acids, carbon-based
solid acid has the advantage of higher activity and thermal
stability, and good recyclability [19]. Particularly, carbon-
based solid acids have recently caught much attention in
the field of cellulose conversion. Carbon-based solid acids
can be made from wide biomass species such as rice husk
[20], bamboo [21], sugar cane [22], palm kernel shell [23],
and corncobs [24]. Among the biomasses mentioned above,
corncob is a type of biomass with important commercial
value. In the biorefining process of corncob, the utilization
of hemicellulose and cellulose from corncobs has been com-
mercialized via its derived products, i.e., xylose, furfural,
bioethanol, and other chemicals [25-27]. However, after
conversion, the hemicellulose and cellulose, the remaining
components remained underutilized. Moreover, in the field
of carbon-based solid acid, previous studies mostly investi-
gate the performance of a certain carbon-based solid acid,
but did not specifically study the effect of solid acid deriv-
ing from different components in the same biomass. In the
context of the demand of the corncob industry and research
insights of solid acid, it is necessary to investigate the influ-
ence of different corncob components on the performance
of catalyst, upon converting corncob residue into different
types of solid acids.

In addition to the catalysts, the catalytic solution system
also plays an important role in determining hydrolysis effi-
ciency. Aqueous system is the most popular catalytic solu-
tion system. Inorganic acid catalysts such as H,SO, and
HCI have high catalytic efficiency in aqueous phase system
but there are many problems. On the other hand, for solid
acid catalysts, approaching the p-(1-4) glycosidic linkages
in aqueous system is difficult for the active sites, resulting
in low hydrolysis efficiency [28]. Relatively high tempera-
ture or ball milling pretreatment of cellulose can improve
the hydrolysis efficiency to some extent [29, 30]. However,
the costs of the above methods are high. Another promis-
ing solution system is ionic liquids [31]. In some ionic lig-
uids, cellulose could be dissolved for the hydrogen bonds
between cellulose and anions in ionic liquid [32]. Therefore,
the active sites can better cut off the f-(1-4) glycosidic link-
ages. The 1-butyl-3-methylimidazolium chloride ((BMIM]
Cl) was chosen as the most popular solution in cellulose dis-
solution [33]. However, the synthesis of ionic liquids is com-
plex and expensive [34, 35]. Additionally, for heterogeneous
catalysts, the hydrolysis efficiency in pure ionic liquids is not
ideal unless water is supplemented [15]. The recyclability
of ionic liquid also limits its large-scale application [36]. In
recent years, lithium bromide trihydrate solution system is
considered to have a good dissolution ability of cellulose.
In LBTH system, cellulose can be hydrolyzed at relatively
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low acid concentration and low temperature [37, 38]. Deng
et al. found that cellulose could be effectively hydrolyzed to
glucose at 85 °C and low acid concentration in LiBr system
[39]. Wu et al. adopted zeolite as catalyst to convert cellu-
lose into glucose in LiBr system at 140 °C, and high glucose
yield of 61% was achieved [10]. The oligomers from cel-
lulose hydrolysis has high solubility in molten salt hydrates
and can be further separated by adsorption [40]. Therefore,
hydrolysis of cellulose in LiBr molten salt hydrates is a
promising method.

In general, hydrolysis of lignocellulose into reducing
sugar is the key step for biorefinery of biomass. Both solu-
tion system and catalyst play significant roles in cellulose
hydrolysis. In this study, solid acid catalysts prepared from
corncob at different pretreatment stages were used for cat-
alytically hydrolyzed cellulose in the LBTH system. The
correspondingly derived carbon-based solid acids were
evaluated for their activities. The performance of catalytic
cellulose hydrolysis in LiBr molten salt was further carried
out. The plausible mechanism for the cellulose hydrolysis in
LBTH system over the prepared solid acids was proposed.
Compared with the previous cellulose saccharification
technology, the process reported here has the superiority
of applying mild conditions, producing less by-products
and high glucose yield. This study provides a novel strat-
egy in the field of cellulose efficient hydrolysis and corncob
valorization.

2 Materials and methods
2.1 Materials

The experimental materials used in this work were presented
as follows: 50-mesh corncobs (Shengqiang farm, China),
96 wt% sulfuric acid (Sinopharm Chemical, China), glu-
cose (Sinopharm Chemical, China), microcrystalline cellu-
lose (Macklin, China), levulinic acid (Aladdin, China), and
lithium bromide (Aladdin, China).

2.2 Experimental procedure
2.2.1 Pretreatment of corncob

Corncobs were dried by a vacuum oven (TD-500, Guansen
Biology, China) at 105 °C and recorded as Material-1 (main
composition: hemicellulose, cellulose, and lignin).

The corncobs were mixed with 3 wt% sulfuric acid and
reacted at 100 °C with solid-to-liquid ratio of 1:10 for 3 h
to effectively remove the hemicellulose from corncobs
[41]. Then, the corncob residues were filtered and washed.
Finally, the corncob residue was dried and marked as Mate-
rial-2 (main composition: cellulose and lignin).
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The Material-2 were added into a autoclave reactor with
sufficient 5 wt% sulfuric acid, and maintained at 180 °C for
3 h to decompose cellulose [42]. After hydrolysis and dry-
ing, the hydrolysis residue was named as Material-3 (main
composition: lignin and humins).

2.2.2 Catalyst preparation

The Material-1 was loaded in a crucible and placed in the
GSL-1700X tube furnace (Kejing Instruments, China). The
heating rate of the tubular furnace was set at 5 °C min~"
to 400 °C and maintained for 2 h. During carbonization in
tubular furnace, purified N, was introduced into the reac-
tor as protective gas. The carbonized Material-1 was named
Carbon-1. About 5 g of carbon was mixed with 50 mL of 96
wt% sulfuric acid and reacted at 120 °C for 10 h. Then, the
catalyst was thoroughly washed with deionized water until
neutral pH. Finally, the prepared solid acid was dried and
recorded as Catalyst-1.

Material-2 and Material-3 adopted the same conditions as
Material-1 to prepare the carbons and catalysts. The carbon-
ized samples from Material-1, Material-2, and Material-3 were
designated as Carbon-1, Carbon-2, and Carbon-3, respectively.

2.2.3 Cellulose hydrolysis with solid acid

Cellulose hydrolysis The cellulose hydrolysis was carried
out at the temperature of 90 °C, 100 °C, and 110 °C, respec-
tively. In the reaction, 1-g cellulose and 60-mL LiBr solution
(55 wt%) were first added to a 100-mL three-necked flask
reactor and heated to the target temperature in the oil bath
to form a transparent solution. When the temperature was
stable, 0.5 g of solid acid was added to the system. The mix-
ing speed was set to 500 rpm. As the reaction progressed,
the sample was taken out and then filtered with a 0.45-pm
filter membrane. The samples were then characterized for
component concentrations by a high performance liquid
chromatography system (HPLC).

Recyclability of the catalyst The recyclability test was car-
ried out at 110 °C for 6 h. The reaction parameters were
consistent with the above part. After the reaction, the used
catalyst was filtered, washed, and dried in an oven for 8 h.
The filtrate was sent to HPLC to detect the hydrolysis effi-
ciency. The process was repeated several times to evaluate
the recyclability of the catalyst.

2.3 Catalyst characterization

TG and DTG were performed by a TG Q500 thermal analyzer
(TG Instruments, USA). About 10 mg sample was heated at N,
atmosphere from room temperature to 1000 °C. FTIR was con-
ducted by a Thermo Scientific Nicolet iS10 (Thermo Fisher

Scientific, Inc., USA), and the detection wavelength was set
as 7504000 cm™'. The catalyst structure was determined by
the XRD instrument of D8 Advance (Bruker, Germany), with
the scanning range of 26 from 5° to 60°. The total surface area,
distribution of pore size and pore volume were estimated by
N, adsorption—desorption analysis conducted by Sorptomatic
1990 series (Thermo Finnigan, USA). The microstructures of
the catalyst were examined with a JEOL-7500F scanning elec-
tron microscope (Hitachi, Japan). Elemental compositions of
the catalyst samples were detected by an elemental analyzer
of Vario EL cube (Elementar, Germany).

Acid-base titration method was adopted to measure the
total acid density of the catalyst. The 30 mL of 50-mmol L~
NaOH solution was mixed with 0.1 g of catalyst and stirred
for 120 min. After the reaction, 20 mL of the solution with
the phenolphthalein indicator was titrated to neutral pH by
the 50-mmol L~ standard acid. The consumed standard acid
volume was recorded as V mL. It is assumed that NaOH can
neutralize all acidic groups —-OH, -COOH, and —SO;H) in
catalyst. The neutralized NaOH can be further calculated
according to the consumption of acid standard solution, using
the following equation:

Vv

Total acid density = 1.5 X (ﬂ X 50 — —— x50)x 10
1000 1000
(D

2.4 Analysis

The glucose and levulinic acid (LA) contents were ana-
lyzed by HPLC of L-2000 (Hitachi, Japan). The chroma-
tographic column was selected as HPX-87H with the size
of 300 mm x 7.8 mm (Bio-Rad, USA). The mobile phase
was 5-mmol L~! sulfuric acid, and the flow rate was set as
0.55 mL min~"'. The column temperature was set to 60 °C, and
the detector temperature was set to 38 °C. The yield of glucose
and LA were calculated using equations:

molar concentration of glucose

Glucose yield = 2

molar concentration of cellulose

molar concentration of LA
molar concentration of cellulose

LA yield = 3)
3 Results and discussions

3.1 Catalyst characterizations

3.1.1 TGand DTG

Firstly, the thermal stability of the catalysts prepared from
three corncob-derived materials was analyzed, and the TG
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curve is shown in Fig. 1. It can be seen from the TG dia-
gram that as the temperature increases, the weight loss of
the three catalysts (as described in the experimental method,
Catalyst-1 was prepared from untreated corncob; Catalyst-2
uses xylose residue as raw material; Catalyst-3 comes from
hydrolysis residue), and the pyrolysis yields were almost
identical, indicating that they had similar thermal stability.
It illustrated that although the raw materials of the three
catalysts were different, different components in the materi-
als would form a relatively stable structure after incomplete
carbonization and sulfonation.

In order to discuss the differences of the catalysts, the
DTG results of catalysts are studied, as shown in Fig. 2.
The catalysts had a weight loss peak at around 300 °C. The
reason for the weightlessness interval may be that the -SO;H
group supported on the catalyst was unstable and easily
decomposes at this temperature. To verify the hypothesis,
the DTG of Carbon-1, Carbon-2, and Carbon-3 were further
investigated, and the analysis results are presented in Fig. 3.

It can be seen from Fig. 3 that at around 300 °C, three
carbons had no obvious weight loss peak. The reason was
that the Carbon-1, Carbon-2, and Carbon-3 had already been
carbonized. The pyrolysis of the materials before 400 °C has
been completed at carbonization stage. The comparison in
Figs. 2 and 3 fully proved that the weight loss peak at about
300 °C is the pyrolysis of —-SO;H group. In addition, it also
could be found in Fig. 2 that the weight loss of Catalyst-1 is
the most, Catalyst-2 is the second, and Catalyst-3 is the least,
proving that the —SO;H groups supported by the Catalyst-3
had the highest concentration.

3.1.2 XRD analysis

The crystalline structure of the three catalyst samples was
analyzed, and the data are presented in Fig. 4. As can be seen
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Fig. 1 TG of Catalyst-1, Catalyst-2, and Catalyst-3
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Fig.2 DTG of Catalyst-1, Catalyst-2, and Catalyst-3

from the profile, a broad diffraction peak appeared at 26 of
around 25°. This was considered to be the amorphous carbon
structure formed by polycyclic aromatic compounds. The
structure of amorphous carbon was easy to introduce —~SO;H
group on catalyst [43]. It can be observed that there was no
noticeable difference in the crystalline structure for these
three samples, indicating that the differences in raw mate-
rial components did not influence the crystalline structure
of the catalyst.

3.1.3 FTIR analysis

FTIR analysis was conducted to understand the differences
of the carbon and catalysts. In the spectra of three carbons
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Fig.3 DTG of Carbon-1, Carbon-2, and Carbon-3
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Fig.4 XRD spectrum of Catalyst-1, Catalyst-2, and Catalyst-3

(Fig. 5), there was a peak at around 1209 cm™". This pattern
of Carbon-2 was the most, Carbon-3 was the second, and
Carbon-1 was the least. The band at around 1209 cm™" was
ascribed to C—C, C-0 or C =0 stretching, demonstrating
Carbon-2 contained more such structures. The Carbon-3
had an obvious peak at around 1373 cm™!, while there
was almost no peak in Carbon-2 and Carbon-3. The band
at around 1373 cm™! was considered as the aliphatic C-H
stretch in CHj;, indicating that Carbon-1 contains aliphatic
hydrocarbons. The band at around 1435 cm™' was regarded
as the aromatic skeletal vibrations combined with C-H
in-plane deform. The peak of Carbon-3 in 1435 cm™" was
the most. The reason may be that Carbon-3 was prepared
from Material-3 (main components: lignin and humins),
which had a more aromatic structure, leading to the notice-
able peak. In addition, the band at around 1700 cm~! was
observed in all the spectra, which attributed to the C=0 in
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Fig.5 FTIR spectra of Carbon-1, Carbon-2, and Carbon-3

—COOH groups. There were some differences in the FTIR
spectra of the three catalysts, and these differences were
attributed to different components of materials.

In the FTIR spectrum of Catalyst-3 in Fig. 6, the bands
at around 1031 cm™ are ascribed to S = O stretching modes
of —-SO;H, indicating the successful introduction of -SO;H
to the carbon material. At the peak of 1700 cm™!, the bond
in Catalyst-3 was more obvious than Carbon-3, indicating
that more —COOH was introduced into the catalyst in the
sulfonation process. In the spectrum of Carbon-3, there was
a peak at 1435 cm™!, but it was not obvious in Catalyst-3,
demonstrating that the C-H bond was replaced by C-SO;H
in the sulfonation process. Therefore, the overall results
demonstrated the existence of —SO;H, -COOH groups in
the carbon-based solid acid. It was considered that a cata-
lyst loaded with —OH, -COOH, and —SO;H groups had a
stronger attraction to -(1-4) glycosidic linkages in cellulose
than the catalyst with only —SO;H added [43].

The FTIR spectra of the Catalyst-1, Catalyst-2, and
Catalyst-3 are further compared in Fig. 7. Interestingly, the
results showed that FTIR of the three catalysts was quite
similar. However, it can be seen from Fig. 5 that the differ-
ence of the three carbons is obvious before sulfonation. It
was speculated that the sulfonation process was a remod-
eling process. In addition to the introduction of the —-SO;H
groups, other groups on the catalyst surface will also be fur-
ther rearranged and cyclized. The slight differences in Fig. 7
are further analyzed. For example, the peak at 1031 cm™' of
Catalyst-1 was significantly weaker than that of Catalyst-2
and Catalyst-3, indicating that —-SO;H groups supported by
Catalyst-1 was relatively small. However, it was difficult to
distinguish the differences at the bond of 1031 cm™" for Cat-
alyst-2 and Catalyst-3, therefore their abundance of -SO;H
groups needs further verification.
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Fig.6 FTIR spectra of Carbon-3 and Catalyst-3
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Fig.7 FT-IR spectra of Catalyst-1, Catalyst-2, and Catalyst-3

3.1.4 Elemental analysis

To investigate the sulfonation effect of solid acid, elemen-
tal analysis of the samples was conducted, and the results
were presented in Table 1. From the elemental analysis of
Carbon-1, Carbon-2, and Carbon-3, the carbon content of
Carbon-1 was the lowest, followed by Carbon-2, and the
Carbon-3 was the highest, while the oxygen content was
increased inversely opposing to carbon content trend. This
demonstrated that the carbon content in the corncobs gradu-
ally increases after removing hemicellulose and cellulose
separately. This conclusion was consistent with the carbon
yield obtained from the experimental results: after carboni-
zation, the carbon yield of Material-1, Material-2, and Mate-
rial-3 were 35%, 40%, 58%, respectively. Before sulfonation,
the content of sulfur in the three carbon products was very
low. After sulfonation with concentrated sulfuric acid, the
oxygen and sulfur contents of the sample increased signifi-
cantly, indicating that the three carbons were successfully
loaded with —SO;H groups. Through comparison, it can be
seen that the sulfur element in Catalyst-3 was larger than that
in Catalyst-1 and Catalyst-2 and it proved that more —-SO;H
groups were loaded on Catalyst-3. The results of the elemen-
tal analysis were in accordance with FTIR results.

Table 1 Element content of catalyst and carbon

3.1.5 N, adsorption/desorption analysis

The N, adsorption/desorption analysis was conducted to
measure the BET surface area of catalysts, and the data were
summarized in Table 2.

According to the results, macropores were mainly present
in Catalyst-1 and Catalyst-2. Upon removal of hemicellu-
lose, the total surface area was slightly increased but still
as low as 15.01 m? g~!. Interestingly, the BET surface area
of the Catalyst-3 was significantly higher than that of Cata-
lyst-1 and Catalyst-2, reaching to 338.23 m? g~!. Through
data analysis, it can be concluded that a large number of
micropores were generated in Catalyst-3, proving that many
micropores were formed in the process of corncob hydrolysis
of cellulose. The reason may be that when hemicellulose was
reacted, the original surface of the corncob was destroyed,
and some macropores were formed. But when the cellulose
was hydrolyzed, many pores will be formed where the cellu-
lose was originally filled. The remaining lignin microspheres
will further agglomerate and the microporous structures
will be formed during the agglomeration of microspheres,
resulting in a significant increase of the BET surface area.
The presence of micropores usually increased the contact
between the reactants and catalyst, thereby increasing the
catalytic effect.

3.1.6 SEM

In order to investigate the morphological characteristics of
the catalyst, SEM images of samples were further studied.
As shown in Fig. 8a, the morphology features of Catalyst-1
show large aggregates with flat and smooth surfaces. An
obvious change of the morphology feature was observed for
Catalyst-2 (Fig. 8b): the surface of the catalyst became disor-
dered and a rougher structure was revealed, while no porous
structure was formed. In Fig. 8c, the morphology of the Cat-
alyst-3 shows more porosities, and the particle decreased in
size. Figure 8d is an enlarged view of Fig. 8c, which shows
that there were many microporous structures between lignin
microspheres (as circled in the image). The analysis results
from SEM results can further confirm the hypothesis on the
formation mechanism of the catalyst micropores.

Sample N+P [%] C [%] H [%] S [%] O [%] Table 2 The N, adsorption/desorption analysis of the catalysts
Carbon-1 0.69 62.84 2.297 0.038 34.25 Sample Mean pore diam- Total pore volume BET surface
Carbon-2 056 6495 2727 0058 3155 eter (nm) (em’ g™ area (m2
Carbon-3 0.53 67.31 2.947 0.055 29.15 g)
Catalyst-1 0.68 46.32 2.619 2.321 48.06 Catalyst-1 150.56 423x1073 3.98
Catalyst-2 0.46 47.46 2.802 2.658 46.62 Catalyst-2 83.68 2.36x1072 15.01
Catalyst-3 0.38 48.87 2.967 2.713 45.07 Catalyst-3 2.35 3.72% 107! 338.23
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Fig.8 SEM morphology of
(a) Catalyst-1 with 10 pm,

(b) Catalyst-2 with 10 pm, (c)
Catalyst-3 with 10 pm, and (d)
Catalyst-3 with 1 pm

Table 3 Total acid densities of

Total acid den-
the catalysts

sities (mmol

gh
Catalyst-1 5.57
Catalyst-2 6.15
Catalyst-3 6.43

Sample

3.1.7 Acid densities analysis

The total acid densities of the catalysts were calculated
according to the method of titration analysis from Eq. (1),
and the analysis results were presented in Table 3.

It can be concluded that the acid densities
(SO;H+ COOH + OH) of Catalyst-3 Catalyst-2, and Cata-
lyst-1 were 6.43, 6.15, and 5.57 mmol g™, respectively. The
acid densities of Catalyst-3 were highest among all samples.
The results were consistent with the FTIR and elemental
analysis. Also, the BET surface area of Catalyst-3 was much
higher than Catalyst-1 and Catalyst-2. Although the total
acid density of Catalyst-3 was the highest, the increase of
specific surface area did not significantly increase the acid
densities of solid acid. This proved that the —-SO;H groups
of solid acid may be mainly concentrated on the surface of
the catalysts.

3.2 Cellulose hydrolysis in LBTH

Analysis of TG, FTIR, N, adsorption/desorption and ele-
mental information revealed that the catalytic performance
of Catalyst-3 was the best among the three catalysts. There-
fore, the catalytic effect of Catalyst-3 was further evaluated
by the reaction of cellulose hydrolysis in LiBr molten salt.

3.2.1 Influence of reaction time

In cellulose hydrolysis, the influence of reaction time was
investigated at 110 °C. The histogram of results is presented
in Fig. 9. It seemed that the conversion of cellulose to glu-
cose readily generated in LBTH system, evidenced by rapid
increase of glucose yield in the first 5 h. Upon longer reac-
tion time, the glucose yield began to steady, and the highest
yield of glucose was up to about 80%. However, during the
hydrolysis reaction, the glucose dehydration is also detected,
resulting in the by-product of levulinic acid, as shown in
Fig. 9. It yet can be seen that the hydrolysis of glucose to
levulinic acid was not severe, and the levulinic acid yield
was only 4%. Even if there was a side reaction of glucose,
a high-concentration sugar solution can still be obtained.

3.2.2 Influence of temperature
In most cases, raising the temperature could efficiently

accelerate the rate of reaction. But in cellulose hydrolysis, a
high temperature also boosted the conversion of glucose to
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Fig. 9 Hydrolysis yield at the temperature of 110 °C with Catalyst-3

degradation products. To obtain a high yield of glucose and
avoid side reactions, a relatively low reaction temperature
(90 °C-110 °C) was designed in this study. The effect of
reaction temperature on cellulose hydrolysis catalyzed by
Catalyst-3 is conducted, and the results are shown in Fig. 10.
It was observed that glucose yield increased as temperature
increased. When the reaction was carried out for 10 h, the
yield of glucose was up to 80% at 110 °C, 73.8% at 100 °C,
and 69.3% at 90 °C. This result suggested that cellulose
could be easily hydrolyzed to glucose even at low tempera-
ture in the LBTH system. At the temperature of 90 °C, as
the reaction progresses, the yield of glucose kept increasing
at whole test period which indicates the reaction was not
completed. At 100 °C, the reaction rate was accelerated,
yet according to the curves, the reaction was still not able to
reach a product yield plateau. While at 110 °C, a relatively
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—+—110°C
80
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40 4
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v T ¥ T i T % T b4 T ¥ T
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Fig. 10 Effect of temperature on glucose yield
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high yield can be obtained as early as at 300 min, and the
glucose yield did not change much for a longer reaction time.

Levulinic acid, as the dehydration product of glucose, is
also investigated, and the results are shown in Fig. 11. The
yield trend of levulinic acid was somewhat similar to that
of glucose. The yield increases with the elevated tempera-
ture. Fortunately, the dehydration of glucose to levulinic acid
was not obvious at this system. Even at 110 °C, the yield of
levulinic acid was only 3.58% after reaction for 600 min.
Therefore, to obtain a high yield of glucose and inhibiting
the formation of by-products, reaction at relatively low tem-
perature with longer time was desired. However, low tem-
perature will also reduce the reaction efficiency. Considering
the tradeoff between efficiency and glucose yield, 110 °C
was a suitable reaction temperature.

3.2.3 Comparison with other catalyst

Sulfuric acid was the most common homogeneous catalyst
in cellulose hydrolysis. Therefore, we compared the cata-
Iytic effects of as-prepared catalyst with sulfuric acid. The
catalytic effect of sulfuric acid catalyst is shown in Fig. 12.

By comparing Figs. 9 and 12, it can be found that the
reaction rate of 0.02-M sulfuric acid is higher than that of
the prepared solid acid. When the reaction proceeded for 2 h,
the highest yield of glucose reached 71.01%, indicating that
the homogeneous catalyst sufficiently contacted with cellu-
lose in short time and effectively cut the p-(1-4) glycosidic
linkages. However, although the reaction rate catalyzed by
sulfuric acid was faster, the dehydration of glucose was also
severe. After 10 h, the yield of levulinic acid had exceeded
that of glucose. Serious dehydration of glucose was not con-
ducive to obtaining high yield glucose.

It can be clearly seen from Fig. 13 that the reactant fil-
trate catalyzed by Catalyst-3 is colorless and clear, while

10
0 —=— 90°C

94 —e— 100 °C
——110°C

Yield (%)

T ¥ T ¥ T ¥ T . T x T
0 100 200 300 400 500 600
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Fig. 11 Effect of temperature on levulinic acid yield
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Fig. 12 Hydrolysis yield at the temperature of 110 °C with sulfuric
acid of 0.02 M

Fig. 13 Reactant catalyzed by (1) Catalyst-3, (2) sulfuric acid for 10 h

the reactant catalyzed by sulfuric acid turns black brown.
A darker color of sample indicated that a large amount of
humins was formed in the process of reaction [44]. The pres-
ence of humins would pollute the solvent and make it diffi-
cult to separate glucose from the system. Overall, hydrolysis
cellulose with the as-prepared Catalyst-3 in the LBTH sys-
tem had the advantage of more mild, less glucose degrada-
tion, and no humins were produced.

The cellulose catalyzed by various solid acids in dif-
ferent solvent systems was further compared in Table 4. It
was observed that the glucose yield was relatively low in
water solvent. In comparison, in the LBTH or [BMIM]Cl/
H,O0 polar system, the yield of glucose could be effectively
increased. Particularly for cellulose hydrolysis, the yield of
glucose catalyzed by Catalyst-3 in the LBTH system was
relatively high compared with those reported from previous
studies.

3.3 Insights of the cellulose hydrolysis in LBTH
system catalyzed by solid acid

Cellulose was abundant with both intramolecular and inter-
molecular hydrogen bonds. The hydrogen bonds formed a
certain steric hindrance, therefore —~SO;H group of solid acid
was difficult to attack the B-(1-4) glycosidic linkages in the
aqueous system. However, in the LBTH system, cellulose
could be fully dissolved, and the barrier of the hydrogen
bond was easily broken. In the system, Li* has high charge
density and oxygen affinity, and it was coordinated with H,O
molecules. Br~ was a much weakly bound anion, and it is
almost free. The hydroxyl groups in cellulose combined with
the incompletely hydrated lithium cations, leading to the
disruption of hydrogen bond in cellulose [52]. Moreover, the
hydroxyl group combined with Li* can effectively increase
the hydrophilicity of cellulose and promote the dissolution
of cellulose. The free Br~ may interact with —OH in cellulose

Table 4 Effect of cellulose

hydrolysis with different solid Serial number Catalyst Solvent Temperatqre Gluc:)sc? or Reference
. (°C) and time TRS? yield
acid catalyst (min) (%)
1 Corncob-based solid acid LBTH 110, 600 80.1 This work
2 H-zeolites LBTH 140, 180 61.0 [10]
3 MLC-SO;H [BMIM]CI/H,0 140, 150 69.3 [15]
4 SC-SO;H [BMIM]CI/H,0 110, 240 63.0 [45]
5 HY zeolite [BMIM]CI/H,0 130, 120 50.0 [46]
6 [MIMPSH],-H;_ PW MIBK/H,0 140, 300 36 [47]
7 H;PW ,0,, H,0 180, 120 50.5 [48]
8 Fe;0,~SBA-SO;H H,0 150, 180 26.0 [49]
9 BC-S0, H,0 90, 60 19.8 [50]
10 SCA-SO;H H,0 130, 60 34.6 [51]

4TRS total reducing sugars

@ Springer
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directly and facilitate the dissolution of cellulose. The cata-
lytic mechanism of this process is proposed in Fig. 14; cel-
lulose was dissolved in the LBTH system, and the hydrogen
bonds of cellulose were interrupted. Then, the active sites of
solid acids could contact and then cut the glycosidic bonds.
Therefore, even under moderate conditions, the catalyst still
had a high hydrolysis yield.

3.4 Recyding of catalyst

In addition to catalytic activity, the recyclability of a cata-
lyst was an important indicator for catalyst performance. In
commercial production, catalysts with excellent recyclability
can significantly reduce costs. The recyclability of prepared
catalyst was investigated, and the result is shown in Fig. 15.
It was observed that the yield of glucose gradually decreased
with the reuse of the catalyst. The glucose yield decreased
from 80% (the 1st run), to 59.7% (3rd run), and 48.7% (5th
run), respectively. The results showed that the catalyst was
still active after several cycles. The total acid densities of the
recycle process were also determined, and they are shown
in Fig. 16. It can be seen from Fig. 16 that the total acid
densities of solid acid decreases gradually in recycle, but
catalyst activity decreased notably in the first reaction. The
change of acid content was similar to that of the glucose
yield. This phenomenon attribute to some colloidal carbon
particles with —SO;H sites being lost in the hydrolysis [53].
In polar reaction mixture as the LBTH system, the leaching
of the carbon particles with —SO;H groups from catalyst was
more likely to appear [54]. In the first reaction, many unsta-
ble carbon particles with —~SO;H sites on the surface of solid
acid were easily leached in LBTH system. As the number of
recycle increases, the remaining active sites were relatively

Fig. 14 Reaction mechanism of
cellulose hydrolysis catalyzed

. HO,S
by Catalyst-3 in LBTH system
HO
Li-H,0"
OH
HO
o
OH
Li-H,0*
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Fig. 15 Glucose yield in recycling process. (reaction conditions: 1-g
cellulose, 0.5-g Catalyst-3, 45-g water, 55-g LBTH, 110 °C, 480 min)

stable, and the decrease in activity was not as remarkable
as the first time. In addition, Catalyst-3 had high surface
area with the microporous structures, therefore the soluble
oligomers formed in the reaction may be adsorbed by these
porous. The absorbed soluble oligomers may form a barrier
between the acid active site and cellulose and then inhibit
cellulose degradation to a certain extent [15]. This may be
another factor for the decrease of glucose yield in the recy-
cled catalyst.
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Fig. 16 Total acid density of catalyst in recycling process (reaction
conditions: 1-g cellulose, 0.5-g Catalyst-3, 45-g water, 55-g LBTH,
110 °C, 430 min)

4 Conclusion

In this work, three carbon-based solid acids (Catalyst-1,
Catalyst-2, and Catalyst-3) derived from different corncob
ingredients were prepared by the method of partial carboni-
zation with sulfonation in succession. The Catalyst-3 pre-
sented the best catalytic activity with BET surface area of
338.23 m? g~! and total acid densities of 6.43 mmol g~'. The
catalytic activity was tested through the hydrolysis of cel-
lulose in the LBTH system and a high yield of glucose with
80.1% was achieved at a relatively moderate temperature of
110 °C for 6 h. Moreover, the catalyst remained effective
after five successive runs. A plausible mechanism for the
cellulose hydrolysis in LBTH system over the prepared solid
acid was also proposed. The green utilization of corncob and
high-efficiency hydrolysis of cellulose technology were elab-
orated in this work, which was of great significance for com-
prehensive utilization of corncob and cellulose conversion.
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