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Abstract: In this paper, tannic acid, a polyphenolic substance rich in plants, is modified
by the glutamic acid and cross-linked with formaldehyde to prepare a high acid density
tannin-glutamate acid resin-based imitation enzyme solid acid catalyst (T-Glu-R), which
is completely different from traditionally carbon-based solid acid synthesized by
concentrated sulfuric acid and carbonized matter. The solid acid catalyst was
characterized by Fourier transform infrared spectroscopy, scanning electron microscope,
thermogravimetry, and X-ray photoelectron spectroscopy. The catalytic activity and
cycle performance of T-Glu-R in the cellulose hydrolysis reaction were evaluated. The
results show that the acid density of T-Glu-R reached 7.28 mmol/g, which is much
higher than that of the highest acid density of carbon-based solid acid. Microcrystalline
cellulose was hydrolyzed in distilled water at 180 °C for 2 h, the yield of total reducing
sugars reached 72.15%. After four cycles of hydrolysis, the yield was only reduced by
4.32%, showing excellent cycle performance and stability. The study provides a new
strategy with the synthesis of solid acid catalyst for hydrolysis of cellulose converted
into platform compounds without concentrated sulfuric acid.

Keywords: Solid acid; Glutamic acid; Hydrolysis of cellulose; Tannic acid; catalyst

1. Introduction
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The use of traditional fossil energy has brought various environmental problems,
like air pollution and global warming. Fossil resources will not be able to meet the
future energy needs of humanity due to their non-renewability. As the only renewable
organic carbon source on Earth, biomass is regarded as the best substitute for fossil
resources (Huang and Yao 2013; Zhang et al. 2016). The most valuable biomass is
cellulose, which can produce glucose after depolymerization. Glucose can be fermented
to ethanol or dehydrated to form platform compounds, such as 5-hydroxymethylfurfural
(Arthur et al. 2006).

Cellulose is a high polymer composed of glucose units connected by B-1,4-
glycosidic bonds. Numerous hydrogen bonds exist within and between cellulose
molecules, bringing great difficulties to the hydrolysis of cellulose into glucose. Acids
and biological enzymes are often used to hydrolyze cellulose. For example,
concentrated sulfuric acid can effectively cause the swelling of and hydrolyze
crystalline cellulose to form glucose by breaking the hydrogen bonds. However, many
kinds of issues should be considered, such as by-products, corrosion equipment, the
difficult separation of catalyst and product, and wastewater treatment. Studies have
identified the main reason for the efficient hydrolysis of cellulase as the presence of
binding and catalytic groups in the structure. Catalytic groups, like the carboxyl and
phenolic hydroxyl groups of amino acids, are used as proton sources to attack and
hydrolyze the glycosidic bond on the cellulose chain. Meanwhile, binding groups
enables the cellulase and the hydroxyl group on the cellulose chain to form a hydrogen
bond to shorten the distance between the cellulase and the cellulose. Cellulase can
selectively hydrolyze cellulose under mild conditions. However, due to the thermal
instability of cellulase, the hydrolysis rate cannot be increased by increasing the
temperature, resulting in a long reaction time. Cellulase itself is expensive and difficult

2



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

to recycle, limiting its use in enzymatic hydrolysis. The above shortcomings limit the
application of liquid acid and cellulase in cellulose hydrolysis (Lanzafame et al. 2012).

The widely studied new type of catalyst solid acid used to catalyze the hydrolysis
of cellulose has the advantages of easy separation of products, recyclability, low
corrosion to equipment, and low cost. This catalyst solid acid can meet the needs of
catalytic reactions by adjusting the specific surface area and pore size and grafting
active functional groups, such as the acid and adsorption centers (Pang et al. 2010).
Suganuma et al. (2012) used polyvinyl chloride as a carbon source to synthesize
sulfonation catalysts to catalyze the hydrolysis of cellobiose. The absence of -OH makes
cellobiose adsorption difficult, preventing the catalyst from exhibiting high catalytic
activity, thereby resulting in a glucose yield of only 30.1%. Jiang et al. (2011) used
glucose as a carbon source to prepare a solid acid catalyst. When the degree of
carbonization is low, the catalyst retains a high -OH density and has a strong adsorption
to cellulose, and the glucose yield reaches 74%. Thus, the catalyst has a high -OH
density as the binding group, which can selectively form hydrogen bonds with the
oxygen atoms of the glycosidic bond of cellulose to produce adsorption and improve the
hydrolysis efficiency.

Fan et al. (2013) synthesized a sulfonated polymer solid acid (SPS-DVB-SO3H).
After the catalyst undergoes catalytic hydrolysis, the loss of H* greatly reduces the acid
density of the catalyst, and the glucose yield drops from 37% to 7%. Therefore, the
catalyst must be immersed in a sulfuric acid solution for regeneration after the reaction.
Yang and Pan (2016) synthesized an enzyme-like solid acid (POP-SOsH-CI). After four
cycles of use of the solid acid, the glucose yield dropped from 84.9% to 17.2%. The test
revealed that the density of its sulfonic acid dropped from 0.74 mmol/g to 0.16 mmol/g.
Zhang et al. (2013) treated activated carbon with low-concentration nitric acid, not only
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oxidizing the lactone, ether, quinine, and other functional groups on the surface of the
activated carbon to -COOH, but also dissolving the ash on the surface of the activated
carbon to allow the grafting of more -SO3H onto the activated carbon. The acid density
of the catalyst increased from 1.58 mmol/g to 2.23 mmol/g, and the glucose yield
increased to 62.2%. In summary, high-density acid centers are essential to cellulose
hydrolysis.

Most of the above solid acids use -SOsH as the catalytic group. However, the -SO3°
formed after the sulfonic acid group releases H* will be hydrolyzed and fall off in the
aqueous acidic medium, causing the loss of the sulfonic acid group (Min et al. 2013).
Moreover, -SOsH will further degrade glucose at high temperatures. The concentrated
sulfuric acid and the sulfonating agent chlorosulfonic acid used in the catalyst
sulfonation process cause great environmental pollution and are inconsistent with the
environmental friendliness of green chemistry. In the current research, co-doping,
grafting, and other methods are used to introduce binding groups (Jin et al. 2020; Zhou
et al. 2013). However, these groups easily leach out under high-temperature hydrolysis
conditions, reducing the catalytic efficiency of the catalyst cycle.

Tannic acid (TA) is a type of polyphenol widely found in plants. Given the
presence of numerous phenolic hydroxyl groups in TA, the resin prepared by cross-
linking TA with formaldehyde also has many polar functional and phenolic hydroxyl
groups, which can be used as binding groups for the preparation of cellulose hydrolysis
catalysts. Glutamic acid is an acidic amino acid containing the -COOH group, which is
present in cereal protein. To overcome the low surface acid density problem of the
existing imitation enzyme solid acid catalysts, this experiment used TA as the raw
material and modified it with glutamic acid to prepare tannic-glutamate (T-Glu). Then,
T-Glu was crosslinked with formaldehyde to prepare a tannic glutamate phenolic resin
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(T-Glu-R) imitation enzyme solid acid catalyst with a binding group (-OH) and a
catalytic group (-COOH). On the one hand, the T-Glu-R solid acid catalyst has a wide
range of raw materials, is biodegradable, does not pollute the environment, and is easier
to recycle than cellulase. On the other hand, the direct cross-linking method avoids the
loss of active groups, retains the original cellulase-like active sites of TA and glutamic
acid, and can effectively reduce the activation energy of the reaction. In addition, the
resin-based enzyme that mimics solid acid has a certain thermal stability, which can
increase the temperature appropriately, accelerate the reaction speed, and effectively
hydrolyze cellulose into reducing sugars, providing a powerful means of converting
cellulose to platform compounds.
2. Materials and methods
2.1 Materials

The chemical reagents, including TA, glutamic acid, 3,5-dinitrosalicylic acid
(DNS), formaldehyde, natrium bicarbonate (NaHCO3), hydrochloric acid (HCI, 37%),
sodium hydroxide (NaOH), nickel nitrate (Ni(NOs3)2), and hydrogen peroxide (H20.),
were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were of
analytical grade and directly used without further purification. Microcrystalline
cellulose (MCC) was purchased from Shandong Ehua Pharmaceutical Co., Ltd.
2.2 Preparation of T-Glu-R solid acid catalyst

First, TA was modified with glutamic acid. According to the 1:3 molar ratio of TA
to glutamic acid, 4 g of TA and 1.05 g of glutamic acid were dissolved in 100 mL of
distilled water. Then, the pH was adjusted to 1.5 with 37% HCI, and the solution was
heated in a water bath at 60 °C for 5 h. After adjusting the pH to 6.8 by the isoelectric
point method, the product appeared as a precipitate (Aelenei et al. 2009; Badawi et al.
2017). Then, the precipitate was washed with distilled water, centrifuged, and dried to
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obtain T-Glu. Subsequently, 4 g of T-Glu, 3 mL of formaldehyde, 2 mL of HCI, and 20
mL of distilled water were added to a 100-mL Teflon-lined stainless-steel autoclave and
reacted hydrothermally at 120 °C for 12 h to obtain a brown resin, which was washed to
the solution is neutral. The product was ground and passed through a 100-mesh sieve to
obtain a resin-based solid acid catalyst, which was named T-Glu-R. The preparation’s

reaction equation is shown in Fig. 1.

@N-
o o t O HoocC €oon
NH =
o Hooc’\/'\czoon H%oc>\/\coon Formaldehyde G G
G: i Modified & - Cross-linking o CH, o
:G
2 °  T-Glu

0G
TA: 6o 0
Go oG

0G

Fig. 1 Reaction equation for preparing T-Glu and T-Glu-R.

2.3 Determination of acid density of T-Glu-R solid acid catalyst

According to the literature, the densities of the total acid, the carboxyl group, and
the phenolic hydroxyl group on the surface of the prepared catalyst were measured by
the Boehm back titration method (Zhang et al. 2013). First, 0.1 g of catalyst was added
to a 30 mL, 0.05 mol/L. NaOH aqueous solution. The solution was sonicated at room
temperature for 60 min and then centrifuged. Using phenolphthalein as an indicator, the
filtrate was titrated with a 0.05 mol/L. HCI aqueous solution, and the total acid density
(Ct) was calculated according to Formula (1). Finally, 0.1 g of the catalyst was added to
a 30 mL, 0.01 mol/L NaHCOs3 aqueous solution. The solution was sonicated at room
temperature for 60 min and centrifuged. Using BroMo Green-Methyl Red TS as an
indicator, the filtrate was titrated with a 0.01 mol/L HCl aqueous solution, and the

carboxyl group density (Ccoon) on the catalyst surface was calculated according to
6
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Formula (2), and the phenolic hydroxyl group (Con) density was calculated according to

Formula (3).
100 mmol/Lx0.03 L—100 mmol/L XVyc
Cr= ey
01g
__ 100 mmol/Lx0.03 L—100 mmol/L XVy]
Ccoon = 0.1 2)
1g
Con = Cr — Ccoon 3)

2.4 Characterization of T-Glu-R solid acid catalyst

The changes in the structure of the catalyst were investigated by Fourier
transform—infrared spectroscopy (FTIR, BRUKER TENSOR 27). The spectra were
recorded from 400 cm™! to 4000 cm™! with a 4 cm ™! resolution. Approximately 1 mg of
the sample was mixed with 80 mg of spectroscopy-grade KBr, and the mixture was
pressed in a standard device. The morphology of the catalyst was analyzed by field-
emission scanning electron microscopy (FE-SEM, Hitachi, S-3000N) working at 5 kV.
Thermal gravimetry (TG) was adopted to analyze the thermal behavior of the catalyst
using a thermal gravimetric analyzer (WCT-2D) from 50 °C to a final temperature of
800 °C with a heating rate of 10 °C/min under N> flow (40 mL/min). The X-ray
photoelectron spectra (XPS) of the catalyst were recorded using a Thermo Fisher
ESCALAB 250xi spectrometer with Al Ka radiation (1486.6 eV). The binding energies
were calculated with respect to Cls at 284.8 eV with a precision of £0.05 eV.
2.5 Cellulose pretreatment

The pretreatment of cellulose before hydrolysis can reduce its crystallinity and
improve hydrolysis efficiency (Syaftika and Matsumura 2018; Kumar and Sharma
2017). Studies on the pretreatment of cellulose have shown that some organic solvents
can dissolve cellulose, like phosphoric acid (Zhang et al. 2006). After adding the

dissolved cellulose to the reverse solvent, the cellulose is precipitated and regenerated.
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During this process, the crystalline form of cellulose is transformed, and the hydrogen
bonds between molecules are broken and rearranged, reducing the crystallinity of
cellulose and increasing the pores (Yuan et al. 2017). Metal ions are often used to
promote hydrolysis to pretreat cellulose because the empty orbitals of metal ions can
combine with the lone pair of electrons on the B-1,4 glycosidic bond oxygen atom of
cellulose (Li et al. 2015), thereby activating the carbon-oxygen bond, which is
conducive to cellulose hydrolysis. In this experiment (Li et al. 2018), pretreated
cellulose was obtained by combining ultrasonic wave, metal ion, and oxidation methods.
In the typical pretreatment process, 5 g of MCC, 200 mL of 0.15 wt% nickel ion
solution, and 0.5 mL of H>O; were added into a flask and sonicated at 75 °C for 2 h.
Then, the solid was separated and washed with distilled water. The dried sample was
labelled pretreated cellulose.
2.6 Hydrolysis of cellulose

Typically, 0.2 g of T-Glu-R, 0.1 g of pretreated cellulose, and 30 mL of distilled
water were added into a 100-mL Teflon-lined stainless-steel autoclave and heated to
180 °C for 2 h. After the reaction, the mixture was separated by filtration. The total
reducing sugar (TRS) yield was analyzed by the DNS method (Mission et al. 2017). A
mixture containing 1 mL of hydrolysate, 1 mL of DNS, and 3mL of distilled water was
heated at 100 °C for 5 min and then cooled to room temperature. The absorbance of the
mixture was measured using a TU-1901 spectrophotometer at 540 nm. The TRS
concentration was quantified based on a standard curve obtained with glucose. The TRS

yield is calculated as follows:

CTRsXV

TRS(%) = X 100%, “)

Cellulose

where Ctrs is the concentration of the reducing sugar in the hydrolysate (mg/mL),

Meulose 1s the 1nitial cellulose mass (mg), and V is the volume of the hydrolysate (mL).

8



194 At the end of the reaction, the unreacted cellulose and the solid acid catalyst were
195 filtered. Afterward, it was washed with distilled water and dried at 100 °C. The
196  separated catalyst was used in the cyclic hydrolysis experiment.

197 3. Results and discussion

198 3.1 Characterization of T-Glu-R solid acid catalyst

199 3.1.1 FTI-IR

200 The infrared spectra of TA, T-Glu, and T-Glu-R are shown in Fig. 2. The figure
201  shows a stretching vibration peak of -OH around 3400 cm™, indicating that TA, T-Glu,
202  and T-Glu-R contain phenolic hydroxyl groups. In the T-Glu spectrum, 1310, 1715, and
203 2976 cm! are the stretching vibration peaks of C-N, carboxyl C=0, and N-H (Erdem et
204  al. 2013; Zhao et al. 2011), respectively. A new infrared absorption band appeared at
205 1542 cm’!, confirming the formation of the O-NH>" bond. The reaction between TA and
206  glutamic acid formed between the amino and phenolic hydroxyl groups indicates the
207  successful preparation of T-Glu. The characteristic peak of T-Glu-R is more obvious at
208 1380 cm’!, which is the characteristic peak of -CH»- (Shi et al. 2019), indicating the
209  existence of many methylene groups in T-Glu-R and the successful cross-linking of

210  formaldehyde with T-Glu.

Transmittance (a.u.)
?

4000 3500 3000 2500 2000 1500 1000 500
211 Wavenumber (cm™)
212 Fig. 2 FTIR spectra of T-Glu-R (a: TA, b: T-Glu, c: T-Glu-R).
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3.1.2 FE-SEM Analyses

Fig. 3 presents a scanning electron micrograph of the catalyst. The solid acid
catalyst has a rough surface and pores, exhibiting an obvious porous structure. A resin
network structure forms when formaldehyde cross-links with T-Glu, thereby forming a
porous structure. Therefore, this structure is highly conducive to the contact of the
prepared resin-based solid acid with the reactants, which can expose more effective
groups on the surface of the catalyst, provide sufficient catalytic reaction sites, and
increase the collision frequency between the catalyst and the cellulose. Consequently,
the catalytic performance of the catalyst is improved (Onda et al. 2009; Akiyama et al.

2011).

SElI  30kV

Fig. 3 SEM images of T-Glu-R (a:x100, b:x1000).

3.1.3 TG Analyses

The thermal behavior of the solid acid catalyst is shown in Fig. 4. The
thermogravimetric curve indicates that the percentage of mass retention gradually
decreases as the temperature increases. The temperature increased from 100 °C to
200 °C, and the weight of the catalyst was reduced by 1.7%. The weight loss may be
caused by the evaporation of water adsorbed on the sample (Hu et al. 2016). The
respective temperatures at 5% and 10% weight loss (Ts% and Tio%) were 254 °C and

307 °C, indicating that when the temperature was below 254 °C, the catalyst did not

10
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change significantly when cellulose was hydrolyzed. T-Glu-R performance was
relatively stable. At 420 °C, the maximum weight loss rate was reached. At this time,
the mass retention percentage was 66%. This phenomenon may be attributed to the
decomposition of -OH and -COOH groups at high temperatures. When the temperature
continued to rise, the rate of weight loss began to decrease, and the rate of weight loss
approached zero at 800 °C. The mass retention percentage at 800 °C indicates the good

thermal stability of T-Glu-R.

4 0.0

Weight remaining(%o)
s
b
derivative weight(%/min)

L
=4
1)

30 1 1 1 0.4
200 400 600 800

Temperature(°C)

Fig. 4 TG curves spectra of T-Glu-R (a: TG, b:DTG).

3.1.4 XPS Analyses

X-ray photoelectron spectroscopy was used to analyze the surface chemical
composition of T-Glu-R. Fig. 5a shows the full scan spectrum of the catalyst, the
surface of the solid acid catalyst contains three elements, namely, C, O, and N. The
typical N 1s peak appeared at 401.7 eV (Xu et al. 2016), confirming that glutamic acid
successfully modified TA and has the unique amino group of glutamic acid. The C 1s
spectra for T-Glu-R can be resolved into four peaks centered at 284.79, 285.7, 286.26,
and 288.48 eV, which can be respectively assigned to C=C, C-N, C-O, and C=0.
Moreover, the O 1s spectra can also be resolved into three peaks centered at 531.5 and

533.3 eV, which are most likely related to C=0 and C-O (Chen et al. 2017; Pan et al.
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2017), respectively. Meanwhile, the XPS results show that the solid acid catalyst

surface contains active groups, such as -OH, -COOH, and -NHo.

Intensity (a.u.)

..,ML-/\ ik

Il 1 1 Il 1
1200 1000 800 a0 400 200 )

Binding Energy (eV)

—C-0
—— =0

Intensity (a.u.)
Intensity (a.u.)

" 1 N 1 " " 1 . 1 . 1 N 1 " 1
295 290 285 280 5400 537 534 531 528

Binding Energy (V) Binding Energy (eV)
Fig. 5 XPS spectra of T-Glu-R solid acid catalyst (a: full spectra, b: C Is spectra, c: O
1s spectra).

3.2 Analysis of the surface acid density of T-Glu-R solid acid

The surface acid density of T-Glu-R under different preparation conditions was
measured according to the experimental method in Section 1.2.2, and the results are
shown in Fig. 6. The influence of different temperatures on the acid density of the
prepared catalyst is shown in Fig. 6a. The figure indicates that when the molar ratio of
TA to T-Glu was 1:3, the reaction time was 12 h, the total acid, phenolic hydroxyl, and
carboxyl group densities increased from 100 °C to 120 °C, and the maximum densities

were 7.12, 5.84, and 1.28 mmol/g, respectively. The surface acid density of acid T-Glu-
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R decreased slightly and remained unchanged with the increase of temperature,
indicating that the high-temperature hydrothermal synthesis conditions had little effect
on the structure of T-Glu-R.

The influence of different times on the acid density of the prepared catalyst is
shown in Fig. 6b. When the temperature was 120 °C and the molar ratio of TA to T-Glu
was 1:3, the total acid, phenolic hydroxyl, and carboxyl group densities were the highest
at 12 h, namely, 7.23, 5.91, and 1.32 mmol/g, respectively. The amount of acid on the
surface of the resin solid acid no longer changed with the increase of time, probably due
to the increase of steric hindrance between the functional groups and absence of
reaction.

The influence of the molar ratio of TA to Glu on the acid density of the catalyst is
shown in Fig. 6¢. The carboxyl group density rose rapidly with the molar ratio from 1:1
to 1:3. With the further increase of the molar ratio, the carboxyl group density tended to
be stable, which may be attributed to the saturation of the reaction between the phenolic
hydroxyl group on the TA and the glutamic acid.

The total acid, phenolic hydroxyl, and carboxyl group densities of the catalyst
prepared under 120 °C for 12 h and at the molar ratio of TA to Glu of 1:3 were the

highest, namely, 7.28, 5.55, and 1.73 mmoL/g, respectively.
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Fig. 6 Influence of reaction temperature (a), time (b), and the molar ratio (c) of TA and
T-Glu on catalyst acid density.

Table 1 shows a comparison of the acid density of solid acid and the TRS yield in
the literature. Compared with other catalysts, T-Glu-R solid acid has the highest surface
acid density of 7.28 mmol/g, and the catalytic efficiency is also the highest (72.15%).
The surface hydroxyl content of T-Glu-R (5.55 mmol/g) is much higher than those of
other catalysts because the raw material TA is rich in phenolic hydroxyl groups, which
can provide more adsorption sites in the cellulose hydrolysis reaction. -COOH as the
acid center (1.73 mmol/g) dissociates H* in water to attack the oxygen atom on the
glycosidic bond to rapidly protonate it, breaking the cellulose glycosidic bond and

thereby depolymerizing the cellulose. -COOH can also form hydrogen bonds with the -

14



295  OH of cellulose, improving the efficiency of the hydrolysis reaction of cellulose. The
296  schematic of the active site of T-Glu-R is shown in Fig. 1.

297  Table 1 Comparison of acid density of solid acid and TRS yield in the literatures.

Solid acid (‘;f;;g . lfligi?g> ( ncl;fl?)%‘; : (mﬁiﬁi‘@ TRS/% References
CMC-SO:H 1.82 0.73 1.09? 44.4 Hu et al. (2016)
Amberlyst-15 4.70 4.7 - - 29.5 Tyufekchiev et al. (2018)
(CCE‘SZ‘;Z‘OT?;;??; 43 1.9 0.4 20 68  Suganuma et al. (2008)
LPC-SO:H 3.52 0.88 0.96 1.68  50.8 Zhu et al. (2017)
SLC-SO;H 2.4 0.85 0.59 096  41.1 Erdem et al. (2013)
T-Glu-R 7.28 - 1.73 5.55 72.15 This work
T-Glu-R® 7.03 - 1.65 538  67.83 This work
298 a:C_cooH and —on. b: After four times run.

299
300 3.3 T-Glu-R solid acid hydrolysis of cellulose capacity

301  3.3.1 Mechanism of T-Glu-R solid acid catalyst for hydrolysis of cellulose

302 The large number of phenolic hydroxyl groups in the T-Glu-R solid acid catalyst
303  has a similar effect to the binding group of cellulase, which can form hydrogen bonds
304  with cellulose, thereby shortening the distance with cellulose and playing a binding role.
305 The carboxyl group can cut the glycosidic bond of the cellulose chain, which acts
306 similarly as the catalytic group of cellulase. Fig. 7 presents a schematic of the

307  hydrolysis of cellulose with the T-Glu-R solid acid catalyst.

15



308
309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

TA TA

| I

Lﬁ

(o]

oH 7 OH OH oH
0-NH, 0-RH,
|
CHCOOH CHCOOH

CH,CH,COOH cuzcuzcoou

Cellobiose +o” A/°/€/A/

Glucose ou%

Fig. 7 T-Glu-R solid acid catalyst hydrolysis mechanism diagram of cellulose.

To better understand the mechanism of cellulose hydrolysis catalyzed by solid acid
catalysts, the hydrolysis kinetics was analyzed. Cellulose was first hydrolyzed by a
catalyst to generate reducing sugars, and then the reducing sugars were further
decomposed into other by-products (Kobayashi et al. 2011). The hydrolysis process is a
continuous first-order reaction. The hydrolysis kinetic model is as follows:
Cellulose ki Reducing sugar k> Byproducts. 5)
ki and k; represent the rate constants of the cellulose hydrolysis reaction and the
reducing sugar decomposition, respectively.
According to Formula (5), the cellulose hydrolysis reaction rate equation can be

expressed by Formulas (6) and (7):

ar = _klcc 6)
dcy
- k,C. — k,C, (7

where C. and C: respectively represent the concentrations of cellulose and reducing
sugar. After solving Formula (6), the cellulose concentration can be obtained and

expressed by Formula (8):
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C. = Coexp(—k,t) ()
where Cp represents the initial cellulose concentration.

Combining Formulas (7) and (8), the total reducing sugar concentration is expressed by

Formula (9):

_ Cokq(e~F1t—e—kzat)

C
r ky—kq

)
The apparent activation energy required for the reaction is calculated by Arrhenius
Formula (10).
Ink = InA — E,/RT (10)
The mass ratio of fixed microcrystalline cellulose to catalyst is 1:2 (g/g). The effect
of temperature on the yield of hydrolyzed cellulose TRS was studied, and the results are
shown in Fig. 8a. When the hydrolysis temperature was 160 °C, 170 °C, 180 °C, and
190 °C, the TRS first increased and then decreased with the increase of time. When the
hydrolysis temperature was 180°C and the hydrolysis time was 2 h, the TRS yield
reached 72.15%. Under optimal hydrolysis temperature and time, the influence of the
amount of catalyst on the experimental results is shown in Fig. 8b. The TRS yield
showed increased first and then decreased with the increase of the amount of catalyst.
When the amount of catalyst was 0.3 g, the TRS yield was 66.48%. The presence of
excess catalyst might not only accelerate the hydrolysis of cellulose into sugars but also
cause further hydrolysis of reducing sugars into small molecular compounds, such as 5-

hydroxymethylfurfural and furfural (Shen et al. 2018).
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Fig. 8 Effects of temperature and catalyst dosage on TRS yield of hydrolysis for MCC.
Reaction conditions: (a) 0.1 g of MCC, 0.2 g of T-Glu-R, and 30 mL of H>O, (b) 0.1 g
of MCC, 30mL of H>O, 180°C, 2 h.

The kinetic analysis of hydrolyzed cellulose was carried out at different
temperatures according to Formula (9). The kinetic fitting results are shown in Table 2
and Fig. 9. Figure 9 indicates that as the reaction temperature increased, both ki and k2
showed an increasing trend, indicating that increasing the temperature promotes the
hydrolysis of MCC and the decomposition of reducing sugars. The calculation by
Formula (6) shows that the apparent activation energy required for the hydrolysis of
MCC and the decomposition of reducing sugar by T-Glu-R are 70.9 and 61.87 kJ/mol,
respectively. The values are much lower than the apparent activation energy (170 kJ
/mol) required for the sulfuric acid hydrolysis of MCC and near the apparent activation
energy (3—50 kJ /mol) for the cellulase hydrolysis of MCC (Li and Pan 2012). The T-
Glu-R catalyst has a high density of central phenolic hydroxyl groups (5.55 mmol/g),
which can form hydrogen bonds with the oxygen atoms of the cellulose glycosidic bond
to adsorb the cellulose on the surface of the catalyst. However, it cannot form hydrogen
bonds with glucose to cause adsorption. The selective adsorption of cellulose and
glucose by the catalyst avoids further acid-catalyzed reaction of glucose, which is

beneficial to improving the selectivity of glucose. -COOH can also form hydrogen
18
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bonds with -OH on cellulose, which improves the reaction efficiency of cellulose
hydrolysis. In addition, the carboxyl group also serves as a catalytic group, which
greatly improves the reducing sugars yield of hydrolyzed cellulose. The -COOH and -
OH functional groups are hydrophilic, not only facilitating the uniform distribution of
the catalyst in water but also the entry of oligosaccharides into the catalyst (Shimizu and
Satsuma 2011). The synergistic effect of these two functional groups effectively reduces
the apparent activation energy required for MCC hydrolysis.

Table 2 Kinetic parameters for hydrolysis of cellulose and decomposition of reducing

sugar with T-Glu-R as a catalyst.

Temperature(K) ki(h™h ka(h'h
433 0.409 0.197
443 0.545 0.303
453 0.984 0.466
463 1.379 0.583

B Cellulose hydrolysis
® Reducing sugar decomposition|

00 [
Y=-8528X+18.75
R*=0.9699

05 F

Ink (h™")

Y=-7442X+15.59
R*=0.9777

1 1 1 1 1
2.16 2.20 224 2.28 2:32
UT (x10°,K™")

Fig. 9 Arrhenius plot of cellulose hydrolysis with T-Glu-R catalyst.
3.3.2 Study on cyclic performance of catalyst
The recyclability of the catalyst plays an important role in practical applications.
The hydrolysis performance of the catalyst after three recoveries is shown in Fig. 10.
The TRS yield gradually decreases as the recycling iteration increases. After four
recoveries, the TRS decreased by 4.32%. In addition, the amount of acid on the surface
of the catalyst recovered each time was measured, and the results are shown in
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supplementary material. After recycling the solid acid four times, the total acid content
and carboxyl groups on the surface of the solid acid catalyst were 7.03 and 1.65 mmol/g,
respectively, indicating respective decreases of 0.25 and 0.08 mmol/g from before the
first catalysis. This result indicates that the structure of the solid acid catalyst is stable,

the active groups on the surface do not easily fall off, and it has excellent recyclability.

80

TRS vield (%)

Recycling times

Fig. 10 Cellulose hydrolysis by recycled T-Glu-R (note: 0.1 g of MCC, 30mL of
H>0, 180°C, 2 h).

4. Conclusions

The polyphenolic substance of tannic acid was the raw material and modified with
glutamic acid. A resin rich in phenolic hydroxyl and carboxyl groups was successfully
synthesized through cross-linking reaction, showing strong solid acid properties, and its
acid density reached 7.28 mmol/g. Compared with carbon-based solid acid acidified by
sulfuric acid, the acid density increases 1-1.5 times. As a catalyst, the resin contains
both the hydroxyl group that forms a hydrogen bond with cellulose and the catalytic
group carboxyl group, which has the structural characteristics of an imitation enzyme
catalyst. The solid acid catalyst catalyzes the hydrolysis of cellulose, and the total
reducing sugar yield is 72.15%. After four cycles, the acid density can still reach 7.03
mmol/g, and the total reducing sugar yield is 67.83%. The catalyst avoids the use of
sulfonating agents such as concentrated sulfuric acid and chlorosulfonic acid that have a
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serious impact on the environment and equipment. This research provides a new route
for the synthesis of solid acid, which has potential market application value.
Conflicts of interest
The authors declare no conflicts of interest.
Acknowledgements

This work was supported by the National Natural Science Foundation of China
(No. 51174144), the Graduate Science and Technology Innovation Fund Project of
Shanxi (No. 2019SY178) and the Project for Transformation and Cultivation of
Scientific and Technological Achievements in Colleges and Universities of Shanxi
Province (201930).
References

Huang YB, Yao F (2013) Hydrolysis of cellulose to glucose by solid acid catalysts.
Green Chem 15:1095-1111.

Zhang XG, Wilson K, Lee AF (2016) Heterogeneously Catalyzed Hydrothermal
Processing of C5-C6 Sugars. Chem Rev 116:12328-12368.

Arthur J, Ragauskas AJ, Williams CK, Davison BH, Tschaplinski T (2006) The Path
Forward for Biofuels and Biomaterials. Science 311:484-489.

Lanzafame P, Temi DM, Perathoner S, Spadaro AN, Centi G (2012) Direct conversion
of cellulose to glucose and valuable intermediates in mild reaction conditions
over solid acid catalysts. Catal Today 179:178-184.

Pang J, Wang AQ, Zheng MY, Zhang T (2010) Hydrolysis of cellulose into glucose
over carbons sulfonated at elevated temperatures. Chem Commun 46:6935-6937.

Suganuma S, Nakajima K, Kitano M, Hayashi S, Hara M (2012) sp3-Linked
Amorphous Carbon with Sulfonic Acid Groups as a Heterogeneous Acid
Catalyst. Chemsuschem 5:1841-1846.

Jiang Y, Li X, Quan C, Mu X (2011) Acid functionalized, highly dispersed
carbonaceous spheres: an effective solid acid for hydrolysis of polysaccharides.
J Nanopart Res 13:463-469.

Fan G, Liao C, Fang T, Wang M, Song G (2013) Hydrolysis of cellulose catalyzed by
sulfonated poly(styrene-co-divinylbenzene) in the ionic liquid 1-n-butyl-3-
methylimidazolium bromide. Fuel Process Technol 116:142-148.

Yang Q, Pan X (2016) Synthesis and Application of Bifunctional Porous Polymers
Bearing Chloride and Sulfonic Acid as Cellulase-Mimetic Solid Acids for
Cellulose Hydrolysis. BioEnergy Res 9:578-586.

Zhang X, Zhang Z, Wang F, Wang Y, Song Q, Xu J (2013) Lignosulfonate-based
heterogeneous sulfonic acid catalyst for hydrolyzing glycosidic bonds of
polysaccharides. J Mol Catal A Chem 377:102-107.

21



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487

Min L, Jia S, Gong Y, Song C, Guo X (2013) Effective Hydrolysis of Cellulose into
Glucose over Sulfonated Sugar-Derived Carbon in an Ionic Liquid. Ind Eng
Chem Res 52:8167-8173.

Jin S, Gong J, Yang C, Cheng Y, Wang H (2020) A recyclable and regenerable solid
acid for efficient hydrolysis of cellulose to glucose. Biomass Bioenergy
138:105611.

Zhou L, Liu Z, Shi M, Du S, Su Y, Yang X, Xu J (2013) Sulfonated hierarchical H-
USY zeolite for efficient hydrolysis of hemicellulose/cellulose. Carbohydr
Polym 98:146-151.

Aelenei N, Popa MI, Novae O, Lisa G, Balaita L (2009) Tannic acid incorporation in
chitosan-based microparticles and invitro controlled release. J Mater Sci Mater
Med 20:1095-1102.

Badawi MA, Negm NA, Kana MA, Hefni HH, Moneem MA (2017) Adsorption of
aluminum and lead from wastewater by chitosan-tannic acid modified
biopolymers: Isotherms, kinetics, thermodynamics and process mechanism. Int J
Biol Macromol 99:465-476.

Syaftika N, Matsumura Y (2018) Comparative study of hydrothermal pretreatment for
rice straw and its corresponding mixture of cellulose, xylan, and lignin.
Bioresour Technol 255:1-6.

Kumar AK, Sharma S (2017) Recent updates on different methods of pretreatment of
lignocellulosic feedstocks: a review. Bioresources and Bioprocessing 4:7.

Zhang Y, Cui J, Lynd LR, Kuang LR (2006) A transition from cellulose swelling to
cellulose dissolution by o-phosphoric acid: evidence from enzymatic hydrolysis
and supramolecular structure. Biomacromolecules 7:644-648.

Yuan X, Duan Y, He L, Singh S, Simmons B, Cheng G (2017) Characterization of
white poplar and eucalyptus after ionic liquid pretreatment as a function of
biomass loading using X-ray diffraction and small angle neutron scattering.
Bioresour Technol 232:113-118.

Li J, Zhang X, Zhang M, Xiu H, He H (2015) Ultrasonic enhance acid hydrolysis
selectivity of cellulose with HCI-FeCls as catalyst. Carbohydr Polym 117:917-
922.

Li HX, Zhang K, Zhang X, Cao Q, Jin L (2018) Contributions of ultrasonic wave, metal
ions, and oxidation on the depolymerization of cellulose and its kinetics.
Renewable Energy 126:699-707.

Mission EG, Quitain AT, Sasaki M, Kida T (2017) Synergizing graphene oxide with
microwave irradiation for efficient cellulose depolymerization into glucose.
Green Chem 19:3831-3843.

Erdem P, Bursali EA, Yurdakoc M (2013) Preparation and characterization of tannic
acid resin: Study of boron adsorption. Environ Prog Sustainable Energy
32:1036-1044.

Zhao LW, Wang CP, Shi JJ, Zhang W, Chu FX (2011) Study on Relations between
Structure and Properties of Three Kinds of Melamine-modified UF Resins.
China Forest Products Industry 38:16-20.

Shi ZY, Wei YR, Ba LS, An LP (2019) Preparation of molecularly imprinted polymer
and its adsorption properties of aniline by tannin acid. Ion Exchange and
Adsorption 35:333-344.

Onda A, Ochi T, Yanagisawa K (2009) Hydrolysis of Cellulose Selectively into
Glucose Over Sulfonated Activated-Carbon Catalyst Under Hydrothermal
Conditions. Top Catal 52:801-807.

22



488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

526

Akiyama G, Matsuda R, Sato H, Takata M, Kitagawa S (2011) Cellulose Hydrolysis by
a New Porous Coordination Polymer Decorated with Sulfonic Acid Functional
Groups. Adv Mater 23:3294-3297.

Hu L, Li Z, Wu Z, Lin L, Zhou S (2016) Catalytic hydrolysis of microcrystalline and
rice straw-derived cellulose over a chlorine-doped magnetic carbonaceous solid
acid. Ind Crops Prod 84:408-417.

Xu Z, Zhuang X, Yang C, Cao J, Yao Z, Tang Y, Jiang J, Wu D, Feng X (2016)
Nitrogen-Doped Porous Carbon Superstructures Derived from Hierarchical
Assembly of Polyimide Nanosheets. Adv Mater 28:1981-1987.

Chen Y, Ai X, Huang B, Huang M, Yi L (2017) Consecutive preparation of hydrochar
catalyst functionalized in situ with sulfonic groups for efficient cellulose
hydrolysis. Cellulose 24:2743-2752.

Pan H, Liu XF, Zhang H, Yang KL, Huang S, Yang S (2017) Multi-SO3H
functionalized mesoporous polymeric acid catalyst for biodiesel production and
fructose-to-biodiesel additive conversion. Renewable Energy 107:245-252.

Tyufekchiev MV, Pu D, Schmidt-Rohr K, Granados-Focil S, Emmert MH (2018)
Cellulase-Inspired Solid Acids for Cellulose Hydrolysis: Structural Explanations
for High Catalytic Activity. ACS Catalysis 8:1464-1468.

Suganuma S, Nakajima K, Kitano M, Yamaguchi D, Kato H, Hayashi S, Hara M (2008)
Hydrolysis of cellulose by amorphous carbon bearing SO3H, COOH, and OH
groups. J Am Chem Soc 130:12787-12793.

Zhu J, Gan L, Li BX, Yang X (2017) Synthesis and characteristics of lignin-derived
solid acid catalysts for microcrystalline cellulose hydrolysis. Korean J Chem
Eng 34:110-117.

Erdem P, Bursali EA, Yurdakoc M (2013) Preparation and characterization of tannic
acid resin: Study of boron adsorption. Environ. Prog. Sustainable Energy 32:
1036-1044.

Kobayashi H, Ito Y, Komanoya T, Hosaka Y, Dhepe PL, Kasai K, Hara K, Fukuoka A
(2011) Synthesis of sugar alcohols by hydrolytic hydrogenation of cellulose over
supported metal catalysts. Green Chem 13: 326-333.

Shen F, Guo T, Bai C, Qiu M, Qi X (2018) Hydrolysis of cellulose with one-pot
synthesized sulfonated carbonaceous solid acid. Fuel Process Technol 169:244-
247.

Li S, Pan U (2012) Hydrolysis of cellulose by cellulase-mimetic solid catalyst. Energy
Environ Sci 5:6889-6894.

Shimizu KI, Satsuma A (2011) Toward a rational control of solid acid catalysis for
green synthesis and biomass conversion. Cheminform 4:3140-3153.

23



