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The catalytic behavior of a series of MFI catalysts with different Si/Al ratio (25-300) in the direct
aqueous-phase hydrolysis of a-cellulose was studied. The effects ultrasonic pretreatment time, ZnCl,
content, zeolite pore structure and acid-basic properties on catalyst activity and products distribution
were systematically investigated. The results indicated that HZSM-5 with lower Si/Al ratio was ben-
eficial for production of glucose and LA from «-cellulose. Ultrasonic pretreatment could decrease the
degree of crystallinity and polymerization of a-cellulose, enhance the accessibility of acid sites and ZnCl,
to the loosened amorphous regions of a-cellulose in water, and improve the hydrolysis efficiency of
a-cellulose. The desilicated ZSM-5 (HZSM-5-DS(0.2)) showed much higher catalytic activities as com-
pared to commercial ZSM-5 and a-cellulose conversion reached 76.5% over HZSM-5-DS(0.2) at 200°C.
Catalytic conversion of a-cellulose consisted of at least three important parallel reactions under the
present hydrothermal conditions and a plausible pathway was proposed. Effective control of these reac-
tions would be helpful to further maximize the target product yield during the catalytic conversion of

a-cellulose.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Considering the depletion of fossil resources and global warm-
ing issues, investigations of alternative energy strategies are of
importance. In this respect, biomass as sustainable and renewable
raw materials was considered to be one of the most potential substi-
tutes for the production of liquid renewable fuels and chemicals to
displace petroleum in the next few years [1-3]. Cellulose, a natural
polymer consisting of glucose units, were considered as a versa-
tile feedstock for the production of interesting bulk chemicals by
the acid-catalyzed hydrolysis reaction [4,5]. During hydrolysis, the
[3-(1,4)-glycosidic bonds of cellulose are cleaved to give glucose,
which can be converted further to various organic (bulk) chemicals.

Hydrolysis of cellulose has been studied previously using var-
ious types of acidic catalysts including mineral acids or solid
acids [6-11]. While homogeneous catalytic processes often suf-
fered some disadvantages, such as difficult separation and recovery
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of catalysts, serious environmental pollution and equipment cor-
rosion. Therefore, various solid acid catalysts were developed to
hydrolyze cellulose to value-added chemicals in recent years [12].
Among the known solid acid catalysts for the hydrolysis of cellulose,
zeolites has proven to be the best choices, owing to their tun-
able acidities, special pore structure, excellent shape-selectivities
[13,14], easily separated from the reaction mixture, and reused in
repeated reactions. In recent years, several zeolites with different
structure, such as microporous zeolites (H-USY, H3, H-MOR, HZSM-
5 and SAPO-34) and mesoporous molecular sieves (Al-MCM-41
and Al-SBA-15) have been employed for cellulose hydrolysis using
water or ionic liquids (ILs) as solvent [15,16].

In 2008, Onda and co-workers found that the H3 and HZSM-5
zeolites with high Si/Al ratios showed higher catalytic activities for
the production of glucose from cellulose hydrolysis. However, the
yield of glucose was only of 12% [17]. Recently, Zhao found that
HY zeolite with Si/Al molar ratio of 5 showed the highest yield of
glucose 36.9% using [C4,mim]|Cl as solvent under microwave irra-
diation [18]. In this context, Zhang and co-workers investigated a
variety of H-type zeolites (HY, H3, HZSM-5 and SAPO-34) for cellu-
lose hydrolysis and found that the yield to glucose was about 50.0%
on HY catalyst under [Bmim]|Cl [19]. However, the expensive cost


https://doi.org/10.1016/j.mcat.2017.11.032
http://www.sciencedirect.com/science/journal/24688231
http://www.elsevier.com/locate/mcat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2017.11.032&domain=pdf
mailto:guoxc@qibebt.ac.cn
mailto:muxd@qibebt.ac.cn
https://doi.org/10.1016/j.mcat.2017.11.032

S. Chu et al. / Molecular Catalysis 445 (2018) 240-247 241

and high viscosity of ILs hamper its commercialized application.
Compared with ILs, water as an economic and environment friendly
solvent [20], was used as cellulose hydrolysis medium [21]. How-
ever, cellulose and solid acids are typically not soluble in water,
so the hydrolysis of cellulose can only proceed at the interface of
solid catalyst under water. To achieve a high conversion of cellulose,
large pore diameter and high external area of solid materials are
favorable for cellulose hydrolysis catalysts. Recently, Zhou reported
hierarchical H-USY zeolite (H-USY-meso) with meso/micropores
and large external area for the hydrolysis of hemicelluloses [22].
It was found that meso/macropores and large external area ben-
efited the improvement of activity and selectivity for reducing
sugars. Unfortunately, the acid strength and amount of H-USY meso
decreased sharply with introduction of meso/macropores by acid-
dealumination. On the other hand, the low selectivity makes the
separation and purification of the intermediate products a big prob-
lem.

Previous studies have shown that reaction pathway for the
hydrolysis of cellulose was complex, including a series of consec-
utive and parallel reactions, such as hydrolysis, dehydration and
hydrogenation. Cellulose hydrolytic conversion to different prod-
ucts depending on the catalyst and reaction condition. Therefore,
development of effective solid acid catalysts with suitable acidity
and pore structure for hydrolysis of cellulose to obtain high selectiv-
ity for target product is still a magor challenge. In order to design of
catalysts rationally and gain better insights into the reaction path-
ways of catalytic conversion of cellulose, the depolymerization of
a-cellulose over zeolites containing HZSM-5 with different Si/Al
ratios and modified HZSM-5 by desilication or dealumination are
investigated systematically in this work.

The effect of pore structure and acidity of zeolites, ZnCl,
content and ultrasonic pretreatment on products distribution of
a-cellulose hydrolysis are also demonstrated. By combination of
XRD, physisorption, FT-IR, NH3-TPD characterizations and element
analysis, we provide new insights into the behavior of zeolite for
a-cellulose hydrolysis in water. A hydrolysis pathway is proposed
based on the reactivity and products distribution observed on these
catalysts.

2. Experimental
2.1. Materials

a-cellulose (MW=162) and 5-HMF were purchased from
Sigma-Aldrich. Glucose and other chemicals were obtained from
Aladdin Industrial Inc.; HZSM-5 zeolites with various Si/Al ratios
(25, 60, 120 and 300, respectively) were obtained from Catalyst
Factory of Nankai University, named as “HZSM-5(Si/Al ratio)”.

2.2. Catalysts preparation

Alkali-treatment of the HZSM-5 zeolites with Si/Al ratio about
25 was performed at 65 °C for 60 min with NaOH solution at a con-
centration of 0.2 and 0.4 mol/L with the mass ratio of 1: 30. Finally,
1 g solid products were exchanged with 15 mL 0.2 mol/L NH4NO3
solution at 85°C and washed with a large amount of deionized
water, repeatedly. After drying, the samples in NH4-form were
calcined in static air at 550°C for 5h (heating rate of 1°C/min)
to convert them into H-form. The samples treated with 0.2 and
0.4 mol/L of NaOH are denoted as HZSM-5-DS(0.2) and HZSM-5-
DS(0.4), respectively.

The acid dealumination of zeolite HZSM-5 with Si/Al ratio of 25
was carried out under reflux for 10 h with 0.4 and 0.8 mol/L aque-
ous solution of HCl, the sample was separated by filtration and then
washed with deionized water extensively. The obtained solid prod-

uct was dried at 100°C and calcined at 550 °C for 5 h. The obtained
samples are referred to as HZSM-5-DA(0.4) and HZSM-5-DA(0.8),
respectively.

In this work, the ultrasonic-treatment of the a-cellulose was
carried out in Ultrasonic Generator (KH100E, China) at a power
of 750 W and a frequency of 20kHz for O, 1 and 2 h, respectively.
The obtained samples were denoted as C-U-0, C-U-1 and C-U-2,
respectively.

2.3. Catalyst characterization

X-ray diffraction (XRD) patterns of samples were carried out
with a Bruker D8 Advance X-ray diffractometer (Bruker, Germany)
using Cu Ka source (A =0.154 nm) in a 26 range from 5° to 60° with
a scan speed of 10°/min. Nitrogen adsorption-desorption experi-
ments were measured on a Micromeritics ASAP 2020 surface area
and porosity analyzer to characterize BET surface area and textural
properties of catalysts. The total surface area and micropore volume
was calculated according to the BET and the t-plot method, respec-
tively. NHs-temperature-programmed desorption (NH3-TPD) was
conducted on a Micromeritics Auto II 2920 (USA) to measure the
numbers of acidic sites and acid strengths for these catalysts with
a heating rate of 10°C/min from 25°C to 900°C. FT-IR spectra
were recorded with FT-IR spectrometer (Nicolet 6700 spectrome-
ter, America). The IR-pyridine adsorption was obtained on a Nicolet
6700 spectrometer to study the nature of acid. The catalyst sam-
ples were placed into a fine powder and pressed into self-supported
discs. The discs were placed in the centre of IR cell. Firstly, the sam-
ple discs were heated to 100°C at 10°C/min under vacuum and
kept for 1 h. Then, the excess pyridine in the IR cell was removed.
After each step, spectra were recorded at room temperature.

2.4. Catalytic hydrogenolysis reaction

A general procedure to conduct the a-cellulose hydrolysis was
the same as reported before [23,24], after 0.4¢g catalyst, 0.25¢g
a-cellulose and 20 mL water were loaded into a 50 mL stainless-
steel autoclave, the reactor was purged four times with nitrogen to
remove air, pressurized to 1 MPa nitrogen pressure at room temper-
ature and finally programmed to 200 °C for 2 h at a stirring speed of
800 RPM. After reaction, the reactor was cooled down to room tem-
perature as soon as possible. The product mixture was centrifuged.
The supernatant was filtered through a 0.45 pm membrane before
analysis. The solid residual was dried at 80 °C for overnight. The con-
version of a-cellulose was calculated by the weight difference in the
solid before and after reaction. Reactant conversion was defined as
follows:

(mass of inlet cellulose — mass of outless cellulose)

Conversion (%) = -
(%) mass of inlet cellulose

x100%

Concentration changes of main products such as glucose, 5-
HMF, LA and FA were quantitatived by external standard method.
5-HMF was quantified using a Waters HPLC with an UV detector
at 284 nm and a SB-C18 column (4.8 x 150 mm). The mobile phase
was a mixture of methanol and water (20: 80, v/v) with a flow rate
of 0.7 mL/min at 35 °C. Glucose, LA and FA were analyzed by a HPLC
system (Agilent 1200) equipped with RI detector and an Aminex
HPX-87H column (Bio-Rad, 7.8 x 300 mm), using 5 mM H;SO4 as
eluent with a flow rate of 0.5 mL/min at 55°C.

The substrate used in this study was a-cellulose and the crys-
tallinity index (Crl) [25] was estimated by XRD analysis according
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Fig. 1. NH3-TPD profiles of various MFI zeolites: (a) HZSM-5(25); (b) HZSM-5(60);
(c) HZSM-5(120); (d) HZSM-5(300); (e) Silicalite-1; (f) HZSM-5-DA (0.4); (g) HZSM-
5-DS (0.2); (h) HZSM-5-DS (0.4); (i) HZSM-5-DA (0.8).

to the empirical method developed by Segal and coworkers using
the following equation [26-28]:

loo2 — Iam

Iern =
loo2

Where Ijq; is the maximum intensity (in arbitrary units) of the 002
lattice diffraction and I, is the intensity diffraction (in the same
units) at 20 =18°.

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. Surface acid properties (NH3-TPD)

The catalytic activity during the dehydration of cellulose
depends on the nature of surface acidic properties of the used
catalysts. NH3-TPD is a typical technology to distinguish distribu-
tion and determine the amount of acidic sites over solid catalysts
[29,30]. NH3-TPD profiles for different HZSM-5 samples are shown
in Fig. 1, and the corresponding acid amount of these catalysts mea-
sured by temperature-programmed desorption of NH; method are
listed in Table 1. All the samples show two main peaks:

a low-temperature desorption peak centered at around
150-300°Cassigned to NH3 chemisorbed on weak acid sites or non-
acidic sites [31], and a high-temperature desorption peak observed
above 400°C generally attributed to the desorption of NH3 from
strong Brgnsted and Lewis sites, which plays important role for
cellulose conversion.

As shown in Fig. 1, the profiles of unmodified zeolites are
remarkably different from each other. Both the two desorption
peaks slightly move to a lower temperature, and the peak area
decreases with increasing Si/Al ratio, which is in line with the
number of aluminum atoms. The NH3 desorption profiles for desil-
icated HZSM-5 are analogous to those of unmodified HZSM-5
zeolites, which shows similar strength in acidity, but different in
acid amount.

The desorption temperature of HZSM-5-DS(0.2) catalyst,
whether low temperature or high temperature peak, is both higher
than HZSM-5-DA(0.4) sample obviously. The amount of acid sites
calculated from the NH3-TPD curves are depicted in Table 1. It can
be found that the total acid amounts of HZSM-5-DS(0.2) has no
obvious changes compared with HZSM-5(25) catalyst. According
to the previous works [32], a few extra-framework Al species con-
tributed to the Lewis acidity were produced inevitably during alkali
treatment. As can be seen from the results reported in Fig. 1, The
desorption temperatures of NH3z corresponding to moderate and
strong acid strengths, shift to lower temperature range for dealu-
minated HZSM-5-DA(0.4) catalyst. As shown in Table 1, the acidity
of HZSM-5-DA(0.4) (1.22 mmol g~!) catalyst is slightly decreased
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Fig. 2. Py-IR spectra of different catalysts: (a) HZSM-5(25); (b) HZSM-5(60); (c)
HZSM-5(120); (d) HZSM-5(300); (e) Silicalite-1; (f) HZSM-5-DA (0.4); (g) HZSM-5-
DS (0.2); (h) HZSM-5-DS (0.4); (i) HZSM-5-DA (0.8).

than the HZSM-5(25) (1.35mmol g-1) catalyst due to the partial
removal of Al atoms (Si-OH-Al) that occurs simultaneously with
the preferential removal of Si atoms (Si-OH-Si) from the HZSM-5
framework.

NH;3-TPD patterns of the dealuminated HZSM-5-DA(0.8) zeo-
lites reveal that the high-temperature TPD peak decreased after
the dealumination process indicating that part of framework
aluminum species are removed during the treatment with HCl solu-
tion. For desilicated HZSM-5(0.4) zeolites, the total amount of acid
sites decrease to 1.02 mmol g~ !. Both the weak and strong acid sites
in the parent HZSM-5(25) zeolites decreased during the desilication
process (Fig. 1h). As presented in Fig. 1, the TPD profile of silicalite-
1 shows one peak at lower temperature about 170 °C, suggesting
that weak acid sites mainly exist over silicalite-1, the lower acidity
of silicalite-1 is also further supported by Py-FTIR results.

3.1.2. Py-FTIR

For characterizing the acidity on the surface of HZSM-5 catalysts,
the samples were saturated for 2 h at 150°C in a pyridine stream
(mL/min), then cooled down to ambient temperature and a sub-
sequent purged for ca. 15-30 min until a constant baseline level
was attained. As shown in Fig. 2, the band at 1445cm™!, arising
due to the v(C—C) vibration of pyridine adsorbed at the Lewis acid
sites, can be assigned to extra-framework AlOH species or Bransted
site dehydration [33]. The band at 1546 cm™~!, generated from the
v(C—C) vibration of pyridine adsorbed at the Brensted acid sites,
is associated to tetra-coordinated Al atom of zeolite framework
[34]. The band in this spectrum at 1490 cm~! are ascribed to both
Lewis and Brensted acid sites [35]. Whereas the intensity of these
three bands for different HZSM-5 samples decrease progressively
with increasing Si/Al ratio. Therefore, the data on acid site distri-
bution given in Table 1 clearly reveals that the total acid amount of
HZSM-5 zeolites decreases with increasing Si/Al ratios, which is in
agreement with NH3-TPD results described above.

In the case of silicalite-1 (curve e), mainly one bands at
1445cm~! corresponding to the adsorption of pyridine at Lewis
acid site is observed and its intensity is smaller than HZSM-5 sam-
ples. The bands assigned to Brensted acid sites or Brgnsted and
Lewis acid sites disappear almost completely for silicalite-1. The
spectra for dealuminated (HZSM-5-DA(0.4) and HZSM-5-DA(0.8))
and desilicated (HZSM-5-DS(0.2) and HZSM-5-DS(0.4)) samples in
the region are similar as the spectra of HZSM-5(25), indicating that
dealumination or desilication of HZSM-5 is not accompanied by
destruction of the zeolite framework.

3.1.3. FTIR

The FTIR spectra of HZSM-5 zeolites are shown in Fig. 3.
The bands near 794, 1098 and 1220cm~! are characteristic
of SiO4 tetrahedron units [36]. The strong band in the region
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Table 1
NH;-TPD and Py-IR results of various MFI samples.

Catalysts Acid sites from NH3-TPD (mmolg~')? Acid sites from Py-IR (mmol g=')P
Weak Strong Total L acid B acid L/B

HZSM-5(25) 0.86 0.49 135 0.10 0.49 0.20
HZSM-5(60) 0.71 0.38 1.09 0.15 0.31 0.48
HZSM-5(120) 0.49 0.30 0.79 0.14 0.19 0.74
HZSM-5(300) 0.24 0.11 0.35 0.06 0.12 0.50
Silicalite-1 0.65 - 0.65 0.06 - -
HZSM-5-DA(0.4) 0.81 0.41 1.22 0.09 0.45 0.20
HZSM-5-DS(0.2) 0.78 0.34 1.14 0.14 0.21 0.67
HZSM-5-DA(0.8) 0.66 0.30 1.08 0.07 0.41 0.17
HZSM-5-DS(0.4) 0.75 0.37 1.02 0.13 0.25 0.52

@ Acid sites density is calculated from NH3-TPD (weak acid 100-350°C, strong acid 350-600 °C).
b Density of the acid sites, assorted according to the acidic type, determined by Py-IR, L/B, the ratio of density of L acid sites to B acid sites.
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Fig. 3. FTIR spectra for various catalysts, transmission during 4000-400cm~": (a)
HZSM-5(25); (b) HZSM-5(60); (c) HZSM-5(120); (d) HZSM-5(300); (e) Silicalite-1;
(f) HZSM-5-DA (0.4); (g) HZSM-5-DS (0.2); (h) HZSM-5-DS (0.4); (i) HZSM-5-DA
(0.8).

1000-1300cm™! is assigned to the internal vibration of Si04, AlO4
tetrahedra for HZSM-5. The band around 1098 cm~! is attributed to
the internal asymmetric stretching vibration of Si-O-T linkage [37].
As shown in Fig. 3, the asymmetric stretching vibration peaks at
1220 cm~! generally shift to higher wavenumbers with increasing
Si/Al ratio. This shift is due to the slightly lower mass of aluminum
compared to that of silicon. The band near 794 cm~! is assigned to
the symmetric stretching of the external linkages, and the strong
band near 546cm™! is attributed to the double five-ring lattice
vibration of the external linkages. The band at around 451 cm™!
is due to the T—0 bending vibrations of the SiO4 and AlO4 internal
tetrahedra. The bands around 546 and 451 cm~! are characteristic
of the HZSM-5 crystalline structure.

3.1.4. XRD

a-Cellulose is a highly crystalline polymer of d-
anhydroglucopyranose unites jointed together in long chains
by B-1,4-glycosidic bonds [38], which makes it indiscerptible
in most solvents and thus notoriously resistant to hydrolysis.
A physical pretreatment such as ultrasonication is essential for
breaking down the hydrogen bonds and enhancing accessibility
of active sites of catalyst to the loosened amorphous regions of
a-cellulose.

The effect of ultrasound treatment on the crystallinity of a-
cellulose is investigated through XRD analysis (Fig. 4). It can be
seen from Fig. 4 that all the XRD patterns present five crystalline
peaks (101, 10-1, 021, 002 and 040), indicating that the struc-
ture of a-cellulose after ultrasound is not disrupted significantly.
Although raw and pretreated a-cellulose have similar diffraction
patterns, some changes in the peak intensity occur after pretreat-
ment. In order to qualify the changes of a-cellulose, the crystallinity
index (ICR) is calculated from Eq. (3) according to the conven-
tional peak intensity method [39]. The ICR decreases from 0.750
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Fig. 4. The XRD patterns of a-cellulose before and after ultrasonic treatment.
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Fig. 5. a-Cellulose hydrolysis performance over MFI zeolites with various Si/Al
ratios. Reaction conditions: 0.25g a-cellulose, 20mL H,O, catalyst charge 0.4g,
200°C, 800 RPM.

(C-U-0) to 0.515 (C-U-1) after one hour ultrasonic pretreatment.
With prolonging ultrasonic treatment time to 2 h, the ICR is fur-
ther decreased to 0.364, indicating that ultrasound treatment with
appropriate ultrasonic time is an efficient method for decreasing
crystallinity of a-cellulose.

3.2. Catalytic activity studies

3.2.1. Effects of Si/Al ratio of HZSM-5 on a-cellulose hydrolysis

As shown in Fig. 5, the conversion of a-cellulose is only 23.4%
without using catalyst, which can be greatly improved after adding
the HZSM-5 orsilicalite-1 catalyst. The hydrolysis activity of HZSM-
5 zeolites is decreased from 63.9% to 41.6% with Si/Al ratios
increasing from 25 to 300. Compared with a series of HZSM-5 cata-
lysts, only about 31.6% a-cellulose conversion is achieved on pure
silica silicalite-1 catalyst. Above results indicate that the acid den-
sity of catalysts play an important role in a-cellulose hydrolysis.
The acid properties of different MFI zeolites are influenced by their
Si/Al ratios of frameworks or structure. According to the results of
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NH3-TPD and Py-FTIR as shown in Table 1, it can be found that
both the total acid amounts and Brensted acid sites of different
MFI zeolites decline with increasing Si/Al ratios. The amounts of
surface Brensted acid sites decrease from 1.35 to 0.35 (mmol of
NH3) (g of zeolite)~! with Si/Al ratio increasing from 25 to 300,
whereas the Lewis acid sites almost remain unchanged. There is no
adsorption band characteristic of Bronsted acid sites at 1546 cm™!
is observed from sample silicalite-1, indicating that Brensted acid
is more favorable for the hydrolysis of [3-1,4 glycosidic bonds of
cellulose [40].

It can be seen from Fig. 5, the products for a-cellulose con-
version are mainly consisted of glucose, 5-hydroxymethylfurfural
(5-HMF), levulinic acid (LA) and formic acid (FA). The undesired
minor byproducts are not quantified in this work. 0.23 gL~! of glu-
cose is produced in the absence of catalyst under the same reaction
conditions. This value can be increased sharply after adding HZSM-
5 catalysts, but it is observed to decrease from 0.64 to 0.38gL"!
as Si/Al ratio increases from 25 to 300. The results suggest that
glucose yield is strongly influenced by the Si/Al ratios of HZSM-
5 zeolites and lower Si/Al ratio is beneficial to the formation of
glucose. The concentration to 5-HMF is about 0.40gL~! with no
catalyst. It is worth noting that after adding HZSM-5 catalysts,
5-HMF concentration substantially decreases to below 0.01 gL,
When with silicalite-1 as catalyst, the concentration of 5-HMF
increases to over 0.09gL-! under identical reaction conditions.
Compared with blank experiment, cellulose conversion is greatly
improved after adding silicalite-1 catalyst, but the total concen-
tration of products is very low, which may be due to the fact that
the produced 5-HMF is further transformed into humins or car-
bon dioxide during the reaction. The textural properties and of all
the MFI samples, are listed in Table S1 (see Supporting informa-
tion). The main differences between HZSM-5 and silicalite-1 are
their framework component and acidity types due to their simi-
lar properties (BET surface area and total pore volume). It suggests
that 5-HMF yield strongly depends on the acid strength as well
as types of catalysts. The type and amount of surface acid for all
the catalysts are determined by the method of FT-IR spectroscopy
of pyridine adsorption (Fig. 1) and NH3-TPD technique (Fig. 3). As
listed in Table 1, only surface Lewis acid sites are presented on
the surface of silicalite-1 from FTIR-Pyridine analysis. After incor-
poration with aluminium, both Lewis and Brensted acid sites are
detected on the surface of series HZSM-5 samples. So it can be con-
cluded that 5-HMF may further convert into LA and FA by Brensted
acid site.

The concentrations of LA and FA, known as products derived
from rehydration of 5-HMF, decrease with the increase of Si/Al ratio
over HZSM-5 zeolites. In the meanwhile, the decreasing rate of LA
concentration is more faster than that of FA. Highest concentra-
tion of LA (0.94gL~1) is obtained when HZSM-5(25) is used (Fig. 5),
followed by the Si/Al ratio of 60 (0.43gL-!), 120 (0.17gL-!) and
300 (0.04gL-1), respectively. The concentration of LA decreases to
about0.01 and 0.02 gL~ ! either with silicalite-1 or without catalyst.
The results show that low Si/Al ratio (higher acid concentration) is
beneficial to the conversion of 5-HMF to LA. This may be due to
the increased availability of Brensted acid sites required for the
rehydration of 5-HMF.

3.2.2. Catalytic activity of post-treated HZSM-5 samples

Various crystalline microporous zeolites [19] were developed
to hydrolyze a-cellulose to sugars in recent years due to their high
ion-exchange capacity, strong acidity and high stability. Despite
above advantages, the hydrolysis of a-cellulose can only proceed
at the interface of zeolites and cellulose, due to the low solu-
bility of a-cellulose in water and small pore size (usually less
than 1nm) of zeolites. It was found that meso/macropores and
large external area benefited the improvement of activity and

selectivity for reducing sugars. So, considerable efforts have been
devoted to the development of mesoporous materials that have
a zeolitic framework, with the aim of combining the advantages
of the high acidity of the crystalline zeolite and the facile diffu-
sion of bulky molecules in a mesoporous material. Zhou et al. [41]
recently reported that hierarchical H-USY zeolite (H-USY-meso)
with meso/micropores and large external area for the hydrolysis
of hemicelluloses. It was found that meso/macropores and large
external area remarkably improved the activity for a-cellulose
hydrolysis. Unfortunately, the acid strength and stability of H-USY-
meso decreased sharply with introduction of meso/macropores
by acid-dealumination. Srivastava et al. recently reported that
MFI zeolite with a mesoporous/microporous hierarchical structure
(MeMFI zeolite) showed remarkably improved resistance to the
deactivation of the catalytic activities in various reactions [42]. So,
in this study, various H-ZSM-5 zeolites with different Si/Al ratios or
pore structures introduced by dealumination or desilication treat-
ment are used as catalysts for a-cellulose hydrolysis.

As shown in Fig. S1 (see Supporting information), there is no
pronounced structure difference between parent and modified
HZSM-5 zeolites. Only diffraction peaks belong to MFI structured
zeolite can be found and, indicating that no new phase formed after
the acid or basic-treatment. The alkali-treated zeolite of HZSM-5-
DS(0.2) with Si/Al ratio of 21 has crystallinity similar to that of
the parent zeolite, and the relative crystallinity decreases slightly
after alkali-treatment. The XRD peak intensity of HZSM-5-DA(0.4)
(Si/Al=31) has no obviously change after 0.4 mol/L HCI treatment.
However, increasing the HCl acid solution concentration to 0.8 M,
its crystallinity decreases to 93.6% due to Al extraction from the
framework.

N, physical adsorption/desorption measurements for par-
ent and post-treated HZSM-5 samples are also carried out,
and the results are shown in Fig. S2 (see Supporting informa-
tion). The parent HZSM-5 and dealuminated H-ZSM-5 samples
show type 1 isotherms indicating their purely microporous
nature. Both HZSM-5-DS(0.2) and HZSM-5-DS(0.4) show typical
IV N, adsorption-desorption isotherm due to the presence of
mesopores with narrow distribution. The surface area of HZSM-
5-DS(0.2) is 385m2g-!, higher than the parent HZSM-5(25)
catalyst (360m2 g~!). The mesopore volumes of HZSM-5-DS(0.2)
(0.16cm3 g~1) is much larger than that of parent HZSM-5 cata-
lyst(0.02 cm3 g~1) and HZSM-5-DA(0.4) sample (0.04 cm3 g~ 1) (see
Supporting information, Table S1).

The NH3-TPD profiles of the post-treated HZSM-5 samples are
also shown in Fig. 1 and two distinct NH3 desorption peaks in the
range below 500°C are observed. The desorption peak in the range
of 0-300°C is due to NH3 bound to weak acid sites, and the high
temperature desorption peak in the range of 300-500°C is caused
by NH3 desorption from strong acid sites (Brensted and Lewis acid
sites). The numbers of both the strong and weak acid sites in HZSM-
5-DA(0.4) and HZSM-5-DS(0.2) samples are similar with those in
the parent HZSM-5, indicating that the acidity of modified HZSM-5
samples after low concentration acid or alkali- treatment has no
obvious change. Compared to HZSM-5, the total amount of acid of
HZSM-5-DA(0.8)is 1.08 mmol g~! which is 80% of the total acid con-
tent of HZSM-5(25) zeolite. The acid amount in HZSM-5-DS(0.4) is
about 76% of the HZSM-5(25)’s total acid quantity, which is in good
agreement with earlier report regarding the acidity of hierarchical
porous zeolites by Suzuki et al. [43].

The main product distributions of the a-cellulose hydroly-
sis reaction at 200°C for all the catalysts are given in Table 2.
As shown in Table 2, the desilicated HZSM-5-DS(0.2) exhibits
higher a-cellulose hydrolysis activity (76.5%) than the parent
HZSM-5(25) (63.9%). Compared to HZSM-5-DS(0.2), the conver-
sion of a-cellulose decreases to 68.2% over HZSM-5-DS(0.4). It
is found that HZSM-5(25) catalysts treated with different con-
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Table 2
Product distributions of a-cellulose hydrolysis over the parent HZSM-5 and post-
treated samples.

Entry  Catalysts Conversion (%)  Product distribution (gL ")

Glucose HMF LA FA

1 HZSM-5-DA(0.4) 62.4 0.28 0.11 0.01 0.00
2 HZSM-5-DS(0.2)  76.5 0.35 0.15 0.07 0.02
3 HZSM-5-DA(0.8) 59.7 0.31 0.06 022 0.08
4 HZSM-5-DS(0.4)  68.2 0.41 023 026 0.01
5 Blank 234 0.23 040 0.01 0.06
6 Blank? 44.1 0.15 045 0.16 0.09
7 HZSM-5(25) 63.9 0.64 0.00 094 0.220
8 HZSM-5(25)° 84.2 0.70 0.03 324 127
9 HZSM-5(25)° 66.2 0.72 0.01 205 071
10 HZSM-5(25)4 11.5 0.18 0.11 0.03 0.07

Reaction conditions: 0.25g a-cellulose, 0.4 g catalyst, 20 mL total volume, 200 °C,
2h.2P 0.2 gZnCly; € 0.3gZnCly; 4 0.4g ZnCl,.

centrations of HCl solution show almost the same «a-cellulose
conversion (Table 2, entries 1 and 3) at the reaction tempera-
ture of 200°C. This may be due to the acid sites in microporous
HZSM-5 zeolites are mainly located at the channels of the zeolite.
Due to the small size of the channel of HZSM-5(25), a-cellulose
can hardly diffuse into the channels and the hydrolysis of a-
cellulose in water can only proceed at the external surface or
in meso/macropore of zeolite. At the same time, the size of glu-
cose molecular (0.50 nm x 0.57 nm x 0.58 nm) is too large to enter
the micropores of HZSM-5 [44]. So glucose concentration is high
and small amounts of LA and FA are detected over HZSM-5(25).
Almost no 5-HMF is detected using HZSM-5 with different Si/Al
molar ratios in the range of 25-300 as catalysts, indicating that
the formed 5-HMF is unstable and can be easily hydrolyzed to LA
and FA catalyzed by the acid sites in the micropores. When using
desilicated HZSM-5-DS(0.2) as catalyst, large external surface area
and mesopore are beneficial for a-cellulose and glucose conver-
sion. The catalytic activity of HZSM-5-DA(0.4) zeolite is lower than
HZSM-5-DS(0.2) with respect to conversions of a-cellulose and glu-
cose. This may be due to a-cellulose and glucose conversions are
mainly catalyzed by Brensted acids of the framework tetrahedral
Al species and the diffusion limitation of the micro-sized channels
of HZSM-5-DA(0.4) cause incomplete of a-cellulose or glucose into
the micropores.

3.2.3. Effect of ZnCl, on a-cellulose hydrolysis

It was recently reported that a highly concentrated ZnCl, aque-
ous solution (>60wt%) was used as an efficient reaction medium
for transforming lignocellulosic biomass and chitin biomass into
value-added fine chemicals [45], such as 5-HMF and isosorbide,
under relatively mild conditions. However, it is a challenge to
separate the target products from the highly concentrated ZnCl,
solutions and usually high energy consumption is needed during
this process. On the other hand, compared with aqueous solu-
tion, recycling of this solvent is difficult due to the formation of
excess amounts of undesired by-products such as humins or other
polymers in ZnCl, solution is high, which leads to low product
selectivity and yield in the next run. Whereas, high concentration
of Zn?* ions in reaction solutions can bring some difficulty for the
qualitative and quantitative analysis of main products using 'H
NMR or HPLC.

So in this work, the hydrolysis of a-cellulose is promoted by
dilute ZnCl, even its concentration below 0.2 mol/L. So, ZnCl,
plays a completely different role in the degradation of a-cellulose
biomass. Hence, a set of experiments are conducted varying ZnCl,
amountinorder to investigate how the ZnCl, contents influence the
conversion of a-cellulose and the products distribution including
5-HMF and LA in water.
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Fig. 6. Effect of ultrasonic pretreatment on a-cellulose hydrolysis. Reaction condi-
tions: 0.25 g a-cellulose, 20 mL H,0, 0.4 g HZSM-5(25), 200 °C, 800 RPM.

Table 2 presents the effect of ZnCl, content ranging from 0 to
0.4 g on catalytic results for a-cellulose hydrolysis over HZSM-5(25)
catalyst. It is found that suitable amounts of ZnCl, can improve a-
cellulose conversion obviously, implying that ZnCl, is an effective
promoter for a-cellulose hydrolysis. Total products concentration
shows no great changes whether or not adding ZnCl, in the absence
of catalyst. But, a-cellulose conversion is much affected by the
content of ZnCl,. After adding 0.2 g ZnCl,, a-cellulose conversion
is raised from 23.4% up to 44.1% (entry 6), glucose concentration
decreases from0.23gL~1 t00.15 gL', while the productivity of LA,
FA and 5-HMF are all increased. This indicates that ZnCl; can pro-
mote the hydrolysis of a-cellulose to glucose, which can be further
transformed into 5-HMF. When only HZSM-5(25) catalyst is added,
the conversion of a-cellulose is 63.9% at 200°C after 2 h (entry 7)
and 1.78 gL of the overall product concentration toward glucose,
levulinic acid and formic acid is obtained. Moreover, the FA and LA
concentrations are up to 0.20 and 0.94 g L-! and almost no 5-HMF is
detected. These results suggested that HZSM-5 as active acid sites
can promote quickly rehydrate of the yielding 5-HMF to FA and
LA. It was shown that the conversion of a-cellulose and the total
concentration of products first increase and then decrease with the
increasing ZnCl, content when HZSM-5(25) and ZnCl, are added
into the reactor together. Up to 84.2% of a-cellulose conversion
and 5.23 gL~ of total products concentration are obtained when
0.2 g ZnCl, and 0.4 g HZSM-5 are added (entry 8). However, when
the content of ZnCl, is higher than 0.4 g, lower a-cellulose con-
version (11.5%) and total products concentration (0.38gL~1) are
obtained (entry 10). This indicates that a small amount of ZnCl; is
effective in promoting the hydrolysis of a-cellulose. It is supposed
that appropriate amount of ZnCl, is necessary for the cooperative
or synergetic action of ZnCl, and HZSM-5. Too much ZnCl, may
decrease the hydrolysis activity of HZSM-5 catalyst.

3.2.4. Effect of ultrasonic (US) pretreatment on «-cellulose
hydrolysis

The influence of ultrasonic time over HZSM-5(25) is investigated
and the results are shown in Fig. 6. It can be seen that a-cellulose
conversion always keeps at about 23.3% with different ultrasonic
time without catalyst (Fig. 6). Glucose concentration is increased
from 0.23 to 0.84gL-! after ultrasonic treatment for 1h in the
absence of catalyst, but still no LA and FA are detected. By com-
paring the two blank reactions, the result indicates that ultrasonic
pretreatment is favorable for the formation of glucose, while there
is no significant increase in glucose yield with further prolonging
ultrasonic time to 2 h. This indicates that glucose concentration is
affected strongly by ultrasonic time and ultrasonic treatment has no
obvious effect on LA and FA formation without catalyst. Under the
similar reaction conditions, a-cellulose conversion is about 53.9%
after adding 0.4 g HZSM-5(25) before ultrasonic treatment and this
value is further increased to 63.9% after ultrasonic treatment for
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Scheme 1. Reaction pathways for a-cellulose conversion in water over HZSM-5 catalysts.

2h as shown in Fig. 6. The conversion of a-cellulose decreases to
59.0% and 50.9% after prolonging ultrasonic time to 3h and 4h,
respectively. The results show the optimum ultrasonic time for a-
cellulose hydrolysis is 2 h and the combined product concentration
to glucose, 5-HMF, FA and LA is up to 1.63 gL~ over HZSM-5(25)
catalyst. The concentrations to glucose and 5-HMF are kept at about
0.2 and 0.02gL-1, respectively, with the increase of a-cellulose
conversion. But, FA and LA concentrations increase sharply with
a-cellulose conversion, implying that 5-HMF is further rehydrated
to FA and LA on HZSM-5(25).

In order to gain more insight into the controlling factors on a-
cellulose hydrolysis, the effect of the ultrasonic treatment and the
degree of crystallinity of a-cellulose on hydrolysis of a-cellulose
are further analyzed. It can be seen from Fig. 4, the ICR for a-
cellulose, after 0, 1 and 2 h of ultrasonic pretreatment are 0.651,
0.615 and 0.564, respectively. It is found that there exists a good
linear relationship between ICR value of a-cellulose and its conver-
sion, indicating that ultrasonic treatment with appropriate time is
an efficient method for decreasing crystallinity of a-cellulose and
improving its hydrolysis.

3.3. Cellulose hydrolysis pathway

As discussed above, it can be seen that the catalytic hydroly-
sis of a-cellulose in aqueous-phase is a complex process, including
breakage of 3-1,4-glycosidic bond, isomerization, dehydration and
hydration steps. Moreover, in this study the role of different types of
acid sites on zeolite catalysts in this reaction has been investigated,
including Breonsted or Lewis acid sites. From the experimental
results, the possible reaction pathway of hydrolysis of a.-cellulose in
aqueous phaseis proposed in Scheme 1.1t can be seen that glucose is
produced from a-cellulose firstly with the promotion of ultrasonic
assisted and the external Brensted acid sites of zeolite and then
they are further transformed to 5-HMF. Generally, the conversion
of glucose to 5-HMF would undergo two successive steps: isomer-
ization to fructose by Lewis acid sites of HZSM-5 catalyst and then
dehydration of fructose to 5-HMF over Bronsted acid sites of HZSM-
5 [46], which indicates that glucose is the reaction intermediates
for a-cellulose conversion to 5-HMF (see Supporting information,
Table S2). When no catalyst is added, a 0.40 g L~ of 5-HMF concen-
tration with 23.4% of a-cellulose conversion can be obtained. Only
a poor 5-HMF yield of 0.02 g L~! with above 63.9% of cellulose con-
version are obtained using HZSM-5 catalyst. This results confirm
that both Lewis and Brgnsted acid sites on the HZSM-5 catalyst
are active enough to synergistically convert generated glucose to
5-HMF. Meanwhile, the HZSM-5 catalyst plays an important role

in the degradation of 5-HMF to LA and FA. Hence, the proposed
reaction network of a-cellulose conversion to LA and FA over the
HZSM-5 catalyst, as shown in Scheme 1, includes three steps: (1)
a-cellulose is hydrolyzed into glucose at acid sites located on the
outer surface of zeolite; (2) isomerization of glucose to fructose
over Lewis acid sites and fructose further dehydration to 5-HMF by
Brgnsted acid sites; (3) the generated 5-HMF diffuses into microp-
ores of HZSM-5 and hydrates to FA and LA on the inner surface of
zeolite. All of the above results demonstrate that generated 5-HMF
is consumed within 1h and is almost fully converted to LA and
FA over the HZSM-5 catalyst due to its poor stability in the water
phase.

4. Conclusion

Liquid-phase hydrolysis of a-cellulose to glucose and other
value-added products such as 5-HMF, levulinic acid (LA) and formic
acid (FA) is carried out over HZSM-5 zeolites with different Si/Al
ratio and pore structure. Low Si/Al ratio is beneficial to conversion
of a-cellulose and the highest a-cellulose conversion (63.9%) and
glucose (0.64gL~1)and LA (0.94gL-1) concentrations are obtained
over HZSM-5(25). The parent HZSM-5(25) is dealuminated or desil-
icated using HCI or NaOH solution, respectively. The total amount
of acid sites in desilicated HZSM-5 zeolite decrease slightly, but a
remarkable decrease for dealuminated HZSM-5 zeolite compared
to that of the parent HZSM-5. These modified HZSM-5 catalysts
are applied to the hydrolysis of a-cellulose in a batch reactor.
Compared to parent HZSM-5 catalysts, both dealuminated and
desilicated HZSM-5 samples show a higher a-cellulose conver-
sion. But the desilicated HZSM-5 with mesopores exhibites a much
higher 5-HMF yield due to the conversion of large amount of inter-
mediate glucose on the external acid sites of zeolite. It is found that
ultrasonic pretreatment can reduce the crystallinity of a-cellulose
and improve its dispersion in the water as well as the activity of
a-cellulose hydrolysis. A marked improvement in a-cellulose con-
version and LA or FA yields are obtained after suitable amounts of
ZnCl, (0.2 g) and HZSM-5(25) are added together under ultrasonic
treatment.
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