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Abstract Zeolites (ZSM-5 and Beta) with different

SiO2/Al2O3 ratios were synthesized as solid acids for

hydrolyzing cellulose in an inorganic ionic liquid

system (lithium bromide trihydrate solution, LBTH)

under mild conditions. The results indicated that the

texture properties of zeolite had little effect on

catalytic activity, while acidity of zeolite was crucial

to the cellulose hydrolysis. In the LBTH system,

H-form zeolites released H? into the solution from

their acid sites via ion-exchange with Li?, which

hydrolyzed the cellulose already dissolved. This

unique homogeneous hydrolysis mechanism was the

primary reason for the excellent performance of the

zeolites in catalyzing cellulose hydrolysis in the

LBTH system. It was found cellulose could be

completely hydrolyzed to glucose and oligoglucan

by 2% (w/w on cellulose) zeolite at 140 �C within 3 h

with a single-pass glucose yield 61%. The zeolites

could be recovered with 50% initial catalytic activity

after regeneration and reused with stable catalytic

activity.
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Introduction

As the most abundant natural polymer, cellulose has

been consensually considered as a renewable resource

to replace fossil for sustainable production of chem-

icals and fuels (Huang et al. 2019). Effective hydrol-

ysis of cellulose to glucose is a key step for the

conversion of lignocellulosic biomass to liquid fuels

and value-added chemicals via so-called sugar plat-

form (Jiang et al. 2019; Mu et al. 2019).

Mineral acids, such as H2SO4 and HCl, are the most

common catalysts for hydrolyzing cellulose to glucose

(Rinaldi and Schuth 2010). Although they are effec-

tive, the mineral acids have issues related to equip-

ment erosion, poor selectivity, and acid recovery.

Enzyme (cellulase) is a selective catalyst which works

effectively at moderate temperature (Hammerer et al.

2018). However, the cellulase suffers from high price,

slow reaction, and poor reusability. Solid acids have

attracted more attention in recent years for cellulose

hydrolysis (Huang and Fu 2013; Shrotri et al. 2018),

because of their easy separation, good recyclability,

and competitive price. Among the solid acids inves-

tigated, zeolite has been proven to be a unique catalyst

for cellulose hydrolysis owing to its tunable acidity

and special shape selectivity (Chu et al. 2018). Onda

et al. (2008) found that the H-Beta and H-ZSM-5

zeolites with high Si/Al ratio could catalyze cellulose

hydrolysis to glucose with a yield of 12%. Other

zeolites (H-USY, H-MOR, SAPO-34, Al-MCM-41

and Al-SBA-15) have also been employed in cellulose

hydrolysis in recent decade (Jiang et al. 2014; Zhou

et al. 2013).

However, zeolites are usually not as effective as

homogeneous mineral acids and enzymes in catalyz-

ing cellulose hydrolysis in water because of the limited

interaction between the solid zeolite and solid cellu-

lose. To improve the hydrolysis efficiency, one

strategy is to dissolve cellulose in a solvent such as

ionic liquid and then hydrolyze it with zeolites. For

example, Cellulose dissolved in [C4mim]Cl was

hydrolyzed by HY zeolite with SiO2/Al2O3 molar

ratio of 5, yielding 36.9% glucose (Zhang and Zhao

2009). Another study (Cai et al. 2012) reported a

glucose yield of 50.0% using HY zeolite on dissolved

cellulose in [Bmim]Cl. One of the issues in zeolite-

catalyzed cellulose hydrolyses is the high loading of

the catalyst. For example, it was reported that a
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desilicated ZSM-5 zeolite was able to hydrolyze

cellulose by 63.9%, but the mass ratio of zeolite to

cellulose was as high as 1.6 (Chu et al. 2018). In

another study (Chen et al. 2018), mass ratio of

mesoporous ZSM-5 to cellulose was 1 to reach a

49.6% yield of total reducing sugars.

Some inorganic molten salt hydrates (for example,

lithium bromide trihydrate (LBTH), LiBr�3H2O) were

found to be capable of dissolving cellulose and thereby

facilitate acidic cellulose hydrolysis under moderate

conditions (low temperature and acid concentration)

(Deng et al. 2015; Yang et al. 2016). Pan et al. (Li et al.

2016, 2018a) explored cellulose and biomass saccha-

rification in acidic lithium bromide trihydrate

(ALBTH) system using homogeneous acid (such as

hydrochloric and sulfuric acid) as a catalyst. It was

found that cellulose and hemicelluloses in the biomass

could be quickly and completely dissolved and

hydrolyzed under mild conditions, and meanwhile

lignin was depolymerized in solid state without

condensation. Another unique property of the molten

salt hydrate is that it enhances acidity of an acid. In

other words, the acidity of an acid is significantly

higher in a molten salt hydrate than in water at the

same acid concentration (Franzyshen et al. 1990),

which allows to lower the acid loading as catalyst and

thereby reduce the acid-induced sugar degradation

during cellulose hydrolysis.

Considering the issues (high viscosity of solvent,

high loading of catalyst, and unsatisfactory yield of

cellulose hydrolysis to glucose) of the reported

organic ionic liquid-zeolite systems for cellulose

hydrolysis and the unique properties (such as low

viscosity and enhanced acidity) of inorganic molten

salt hydrate (inorganic ionic liquid) system, we

hypothesized that (1) zeolite could efficiently hydro-

lyze cellulose dissolved in the LBTH system; (2) the

enhanced acidity in the LBTH would allow to

significantly reduce zeolite loading; and (3) tuning

zeolite structure would be able to further improve the

performance of zeolite-catalyzed cellulose hydrolysis

in the LBTH. Therefore, in this study, we investigated

the cellulose hydrolysis catalyzed by zeolites in the

LBTH system to test the hypotheses. ZSM-5 zeolite

and Beta zeolite were synthesized and characterized,

and then used for catalyzing cellulose hydrolysis in the

LBTH system under different conditions. The cat-

alytic behaviors of the zeolites were investigated, and

the effects of zeolite’s properties (surface areas, pore

size, and distribution of acid sites) on the cellulose

hydrolysis were studied.

Materials and methods

Chemicals and materials

Template, tetrapropylammonium bromide (TPABr,

98%), was purchased from Tokyo chemical industry

Co., LTD. Lithium bromide (99%) and microcrys-

talline cellulose (Avicel PH101, 50 lm) were pur-

chased from Sigma Aldrich (St Louis, MO). Lithium

bromide (LiBr) was obtained from Alfa Aesar (Haver-

hil, MA). Aqueous LiBr solution (e.g., 60 wt%) was

prepared by dissolving LiBr in water. Sodium alu-

minum oxide (NaAlO2, 99%), silica gel (150–230

mesh), ammonium nitrate (95%), and tetraethylam-

monium hydroxide (TEAOH, 35%) were purchased

from Alfa Aesar (Tewksbury, MA). Sodium hydrox-

ide (NaOH, 50%) was purchased from VWR (Radnor,

PA). All the chemicals were used as received without

further purification.

Synthesis of zeolites

H-form ZSM-5 zeolite with SiO2/Al2O3 molar ratio of

x (x = 30 or 50, molar ratio in the reagent mixture) and

H-form Beta zeolite with SiO2/Al2O3 molar ratio of y

(y = 30 or 50, molar ratio in the reagent mixture) were

synthesized hydrothermally by using TPABr and

TEAOH as template, respectively (Wu et al.

2017, 2018). NaAlO2, silica gel, and NaOH were used

as aluminum, silicon, and alkali source, respectively.

A typical synthesis procedure of ZSM-5 is described

in supporting information. The obtained H-form ZSM-

5 and Beta zeolites were labeled as Z-5-x and Beta-y,

respectively.

Hydrolysis of cellulose with zeolites

In brief, a certain amount of zeolite, 500 mg of Avicel,

and 5.00 mL 60% w/w LiBr solution were mixed in a

Teflon vial (Saville, USA). The hydrolysis experi-

ments were conducted at a preset temperature (T:

120–150 �C in an oil bath) with a magnetic stirrer

(600 rpm) for a certain time. After the hydrolysis

reaction, the mixture was filtrated. 5-Hydroxymethyl-

furfural (HMF) and glucose in the filtrate was
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quantified by high performance liquid chromatogra-

phy (HPLC) and high-performance ion chromatogra-

phy (HPIC), respectively, as described below. All

hydrolysis experiments were carried out in duplicates,

and average result was reported.

Post-hydrolysis

Quantitation of the total oligosaccharides in the

hydrolysate was conducted following a post-hydroly-

sis procedure that converted all the oligosaccharides to

glucose before HPIC analysis. Briefly, the hydrolysate

(including residual glucose and oligosaccharides)

from the hydrolysis reaction was hydrolyzed in 4%

sulfuric acid at 121 �C for 1 h in an autoclave unit to

convert oligosaccharides to glucose. After neutraliza-

tion, glucose in the post-hydrolysate was quantitated

using the HPIC method. The free glucose in the

hydrolysate before the post-hydrolysis was quantitated

using the same HPIC method. The difference gave the

yield of the oligosaccharides (Y), calculated by

following Eq. 1.

Y ¼ MGlucose �MGulcose;t

MCellulose;0 � 180
162

� 100% ð1Þ

where MGlucose is the total mass of glucose after post

hydrolysis, and MGlucose,t is the mass of glucose after

cellulose hydrolysis before the post hydrolysis. MCel-

lulose,0 is the mass of starting cellulose.

Recycling of zeolites

After completion of a cellulose hydrolysis reaction,

the catalyst zeolite was collected by vacuum filtration

and thoroughly washed with water. Then, the used

zeolite was dried and then calcined at 550 �C for 3 h to

measure the mass loss of zeolite samples during the

reaction before regeneration. The catalyst was regen-

erated by ion exchange with 1 M NH4NO3 solution

and calcination according to the procedure of synthe-

sis described in supporting information.

Characterization and analysis

X-ray diffraction (XRD) analysis was conducted on a

Bruker D8 Advance instrument, using Cu Ka radiation

(k = 1.54 Å) as X-ray source and operated at 40 kV

and 30 mA. The scanning range of 2h was 58–508.

Scanning electron microscope (SEM) images were

collected on a FEI Quanta 200F high-resolution SEM

at an operating voltage of 2000 kV.

N2 adsorption–desorption experiment of the zeolite

samples was conducted on a Micrommeritics ASAP

2020 instrument. Before the experiment, all samples

were pretreated at 250 �C under vacuum of 10-3 Pa

for 15 h. The adsorption–desorption was conducted at

- 196 �C.

The type and concentration of acid sites were

identified and determined by the adsorption of

pyridine, and the Fourier Transform Infrared (Py-

FTIR) spectra were recorded on a Bruker IFS 66

spectrometer. Prior to the measurement, the sample

was pretreated under 10-4 kPa and 400 �C for 3 h.

The sample was then baked at 150 �C for 1 h to

remove the weakly absorbed and gaseous molecules

before FTIR spectra were recorded at this temperature.

Three absorption peaks, correlating to the Brønsted

and Lewis acid sites of zeolite, are appeared in the

range of 1400–1700 cm-1 on all the spectra. The peak

close to 1540 cm-1 was related to Brønsted acid sites;

the peak near 1450 cm-1 was ascribed to Lewis acid

sites; and the peak near 1490 cm-1 was corresponding

to the combination of Brønsted and Lewis acid sites

(Woolery et al. 1997). According to the methods

reported by Madeira and co-workers (Ferreira Madeira

et al. 2012), the concentrations of Brønsted and Lewis

acid sites can be calculated as following.

CB=L ¼ A

e
� S

m
ð2Þ

where CB/L is the concentration of Brønsted or Lewis

acid sites (mmol g-1), S is the surface area of the

sample wafer, A is the integrated area of the peak at

1450 or 1540 cm-1, e is the molar extinction coeffi-

cient (Lewis and Brønsted acid sites were

1.28 cm lmol-1 and 1.13 cm lmol-1, respectively),

and m is the mass of zeolite sample (mg).

Temperature-programmed desorption of ammonia

(NH3-TPD) was performed on a self-built adsorption

instrument. Prior to the adsorption, zeolite sample

(100 mg) was pretreated at 600 �C for 1 h and then

cooled to 110 �C under N2 atmosphere. Subsequently,

to reach a saturated adsorption state, the sample was

treated with anhydrous NH3 stream for 0.5 h at

110 �C, followed by flushing with N2 for 1 h at

110 �C to remove gaseous and weak adsorbed NH3.

Finally, the sample was heated linearly from 110 to
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600 �C with a heating rate of 10 �C min-1, and the

desorption of the NH3 was detected by a thermal

conductivity detector (TCD).

To determine the conversion of cellulose (x), the

residual cellulose after the hydrolysis was collected by

filtration, dried at 110 �C in an oven for 24 h, and

quantitated gravimetrically (we assumed that zeolite

mass did not change during the hydrolysis). Glucose

was quantified using a HPIC system (ICS-3000,

Dionex, Sunnyvale, CA) equipped with integrated

amperometric detector and CarbopacTM PA1 guard

and analytic columns, as described earlier (Shuai et al.

2010). HMF was analyzed using a HPLC system (ICS-

3000, Dionex, Sunnyvale, CA) equipped with a

Supelcogel C-610H column (7.8 9 300 mm) at

30 �C and an UV detector at 210 nm. An isocratic

flow of deionized water containing 0.1% phosphoric

acid was used as the mobile phase at 0.6 mL min-1

(Shuai et al. 2010). Yields of glucose and HMF

were calculated as a weight percentage of theoreti-

cally available ones in the starting cellulose. Conver-

sion (x) of cellulose, glucose yield (y), and HMF yield

(z) were defined by Eqs. 3–5, respectively.

x ¼ 1 � MCellulose;t

MCellulose;0

� �
� 100% ð3Þ

y ¼ MGlucose;t

MCellulose;0 � 180
162

� 100% ð4Þ

z ¼ MHMF;t

MCellulose;0 � 126
162

� 100% ð5Þ

where MCellulose,0 and MCellulose,t are the mass of

starting cellulose before hydrolysis and the residual

cellulose after hydrolysis, respectively. MGlucose,t and

MHMF,t represent the mass of glucose and HMF at time

t, respectively.

Results and discussion

Characteristics of zeolites

As shown in Fig. 1, zeolite ZSM-5 and Beta had

typical MFI (JCPDS No. 42-0024) and BEA (JCPDS

No. 47-0183) topology with a negligible impurity

phase and high crystallinity, respectively. Amorphous

silica-alumina (impurity phase), usually having weak

acidity and small surface area, is seldom used in acid

catalyzed reactions. The relative crystallinity and

crystal size of the zeolites were calculated and

presented in Table S1 (in Electronic Supplementary

Material: ESM). Z-5-30 and Z-5-50 had similar crystal

size, ascribed to the same synthesis process, so did

Beta-30 and Beta-50. Crystal size of Beta was much

smaller than that of ZSM-5.

The morphologies of ZSM-5 series and Beta series

were studied using SEM, and the images are depicted

in Fig. S1 (in ESM). ZSM-5 had short columnar shape,

while Beta zeolite appeared in irregular spherical

shape with particle size ranging from 200 to 600 nm. It

is known that morphology and crystal size of zeolites

have a great effect on zeolite’s physical properties and

distribution of acid sites, which further influence the

catalytic performance in most zeolite catalyzed reac-

tions (Guo et al. 2019; Xiang and Wu 2019).

The textural properties of the zeolites are summa-

rized in Table 1. N2 physisorption isotherms and the

pore size distribution of the zeolites are shown in

Fig. S2 (in ESM). It was observed that ZSM-5 series

possessed a uniform mesoporous structure, while Beta

zeolites did not. Beta zeolites had higher BET surface

but lower external surface than ZSM-5 zeolites due to

their different pore structure, crystal size, and mor-

phology. ZSM-5 series with different SiO2/Al2O3

ratios (Z-5-30 and Z-5-50) had nearly the same surface

and pore structure, ascribed to the same synthesis

process, so did Beta-30 and Beta-50. Due to its large

molecular size, cellulose is unable to enter the crystal

pore (micropore) of zeolite. Therefore, in a heteroge-

nous catalytic system like the zeolite-catalyzed

Fig. 1 XRD patterns of zeolites
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cellulose hydrolysis, large mesopore volume may

benefit the contact/interaction between reactant (cel-

lulose) and acid sites located at zeolite framework, and

thereby ensure high cellulose hydrolysis.

Since the acidic properties (type, concentration and

strength of acid sites) of the zeolites are vital factors

for zeolite catalyzed reactions, the zeolites were

studied using Py-FTIR to identify and quantitate their

acid sites. The Py-FTIR spectra are depicted in Fig. 2

and the acid type and concentration are listed in

Table 1. In general, a zeolite with higher Si/Al ratio

possessed lower acid concentration due to lower

content of alumina that services as the acid site. Z-5-

30 and Beta-30 with the same Si/Al ratio had similar

acid concentration, so did Z-5-50 and Beta-50. It was

reported that in zeolite catalyzed cellulose hydrolysis,

Brønsted acid sites provide/release proton serving as

active centers for cellulose hydrolysis (Li et al.

2018b), while Lewis acid sites promote glucose

degradation (Marianou et al. 2018; Swift et al.

2016). As shown in Table 1, two series of zeolites

synthesized in this study both possessed low content of

Lewis acid sites, which should be one of the reasons

why the zeolites gave lower HMF yield, as discussed

below.

Unlike homogeneous acids (HCl and H2SO4), a

solid acid does not have a unique acid strength. The

acid strength of each acid site is determined by the

surrounding chemical environment of aluminum

(Etim et al. 2019). NH3-TPD was conducted to

investigate the distribution of acid strength of different

zeolites (Fig. 3). Two peaks of ammonia desorption

between 110 �C and 600 �C appeared for all samples,

suggesting a wide distribution of acid strength. The

peak appearing in high temperature range represents

strong acid site, and that in low temperature range the

weak acid site. The spectra were deconvolved to two

Gaussian curves to quantitatively analyze the amount

of these two types of acid sites, and the results are

shown in Table 2. It is apparent that Z-5-30 had more

strong acid sites than Beta-30, so did Z-5-50 than

Beta-50. Beta-50 had lower acid concentration but

larger proportion of strong acid sites than Beta-30.
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Fig. 2 Py-IR spectra of zeolites (desorption
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Fig. 3 NH3-TPD patterns of zeolites

Table 1 Textural properties of zeolites

Zeolite Surface area (m2 g-1) Volume (m3 g-1)

SBET
a SExter

b SMicro
c VMicro

d VMeso

Z-5-30 481 158 323 0.14 0.27

Z-5-50 454 126 328 0.16 0.24

Beta-30 531 65 466 0.32 0.10

Beta-50 523 61 462 0.30 0.11

aBET surface area
bt-plot external surface area
ct-plot micropore surface area
dt-plot micropore volume
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Cellulose hydrolysis catalyzed by the zeolites

The catalytic performance of the synthesized zeolites

in hydrolyzing cellulose in the LBTH system was

evaluated, and it was found that the predominant

products from cellulose hydrolysis were glucose and

water-soluble oligosaccharides (such as cellobiose)

with small amount of HMF from glucose dehydration.

For comparison, cellulose hydrolysis was also con-

ducted in pure water (no LiBr) with zeolite (Beta-30)

as catalyst and in the LBTH without zeolite, but both

cellulose conversion and glucose yield of these two

experiments were very low under the same conditions

(temperature and time) (Table S2 in ESM).

(1) Effect of reaction time

The time profile of zeolite-catalyzed cellulose hydrol-

ysis (0–8 h) was investigated, and the results are

shown in Fig. 4. It seems that the primary hydrolysis

of cellulose to oligosaccharides readily occurred in

this catalytic system, evidenced by the almost com-

plete conversion of cellulose in short time. However,

the secondary hydrolysis of soluble oligosaccharides

to glucose was significantly slower than the primary

hydrolysis. Therefore, longer time was necessary to

reach higher glucose yield. For example, it took 8 h to

get a glucose yield of approximately 60% by both Z-5-

30 and Beta-30. However, when the reaction time was

too long (C 7 h), the glucose dehydration was pro-

moted, leading to the formation of HMF, as shown in

Fig. 4. Interestingly, Z-5-30 and Beta-30 had different

textural properties and acid strength but showed

comparable catalytic performance in cellulose hydrol-

ysis at the same acid concentration.

(2) Effect of temperature

Generally, elevating temperature is an efficient way to

accelerate a reaction. The effect of reaction temper-

ature (120–150 �C) on the cellulose hydrolysis cat-

alyzed by zeolites is shown in Table 3. It was observed

that glucose yield increased first and then declined as

temperature raised, apparently because high temper-

ature promoted the dehydration of glucose to HMF,

which was supported by the increased HMF yield at

high temperature. The yield of oligosaccharides was

high at lower temperature and decreased monotoni-

cally as temperature raised, suggesting that the

primary hydrolysis of cellulose to oligosaccharides

occurred readily in the LBTH system even at lower

temperature. The secondary hydrolysis from oligosac-

charides to glucose was slow and the rate-limiting step

in the hydrolysis course from cellulose to glucose.

A simplified reaction model proposed by Saeman

(1945) divided the cellulose hydrolysis process into
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44.7 45.2

58.1

0.1 0.1 0.1 0.1 2.5 3.8

73.7

99.7 99.7 99.5 99.0 99.1

8.7

22.7
29.0
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60.6
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%
)
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 Yield of glucose
 Yield of HMF
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%
)
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Fig. 4 Hydrolysis of cellulose (Avicel) with zeolites, Z-5-30

and Beta-30. Hydrolysis condition: zeolites (2%, 0.01 g), Avicel

(0.5 g), 60% w/w LiBr (5 mL), and 130 �C. t—hydrolysis time

(h); x—cellulose conversion (%); y—glucose yield (%); z—
HMF yield (%)

Table 2 Acidic properties of zeolites

Zeolite CB
a CL

b CS
c CW

d CT
e H/Lf

Z-5-30 0.20 0.05 0.14 0.12 0.26 1.2

Z-5-50 0.12 0.03 0.09 0.06 0.15 1.5

Beta-30 0.19 0.05 0.09 0.14 0.23 0.6

Beta-50 0.11 0.03 0.07 0.07 0.14 1.0

aBrønsted acid concentration
bLewis acid concentration
cStrong acid concentration
dWeak acid concentration
eTotal acid concentration
fH/L is the ratio of strong acid concentration to weak acid

concentration
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two consecutive reactions: cellulose hydrolysis and

subsequent glucose degradation, as described below:

Cellulose�!k1
Glucose�!k2

Degradation products ð6Þ

This kinetic model contains two pseudo first-order

reactions, and the optimum yield of glucose (yopt, the

maximum yield of glucose at certain temperature)

could be determined by the value of k1/k2. If k1

increases faster than k2 with temperature, the value of

k1/k2 becomes larger, and thus leading to higher yopt.

Otherwise, lower yopt is obtained.

As shown in Fig. 5, yopt decreased as temperature

increased. That is to say k2 increased faster than k1

with reaction temperature. In other words, the glucose

degradation to HMF was more sensitive to tempera-

ture than the cellulose hydrolysis to glucose. There-

fore, it is a better strategy to conduct cellulose

hydrolysis at relatively lower temperature (for exam-

ple, 130 �C) for longer time than at higher temperature

for shorter time, in order to improve glucose yield and

suppress the formation of HMF.

(3) Zeolite loading

The effect of zeolite loading on the cellulose hydrol-

ysis in LBTH was investigated with the zeolite to

cellulose mass ratio between 0.5 and 0.02, and the

results are summarized in Table 4. It is clear that the

conversion of cellulose readily occurred in the LBTH

system at low loading of zeolite as catalyst. For

example, almost 100% cellulose could be hydrolyzed

with 10% (w/w on cellulose) zeolite at 120 �C (entry 5

and 6). The zeolite loading was much lower than that

reported in previous studies (Gonzalez-Rivera et al.

2014; Yu et al. 2018; Zhou et al. 2013). If temperature

was elevated to 140 �C, 2% Beta-30 was able to

completely hydrolyze cellulose. On the other hand, the

yield of glucose was dependent on multiple factors,

zeolite loading, reaction time, and temperature. When

temperature and time were kept at 120 �C and 30 min,

glucose yield linearly increased with zeolite loading

(when\ 20%), suggesting that the additional solid

acid not only ensured the hydrolysis of cellulose to

oligosaccharides but also enhanced the hydrolysis of

oligosaccharides to glucose. However, excessive

Beta-30 ([ 20%) could not further improve the

glucose yield but promote the dehydration of glucose

99.6
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99.0

97.6

96.5
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58.1
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Fig. 5 Cellulose hydrolysis catalyzed by Z-5-30 at different

temperature. Hydrolysis condition: zeolites (2%, 0.01 g), Avicel

(0.5 g), and 60% w/w LiBr (5 mL). T—temperature (�C); t—
hydrolysis time (h); x—cellulose conversion (%); y—glucose

yield (%)

Table 3 Hydrolysis of cellulose catalyzed by zeolites

Entry T (�C) L (%) t (h) x (%) y (%) z (%) Y (%)

1 120 10 0.5 98.1 28.3 0.2 54.4

2 130 10 0.5 96.4 55.7 1.4 38.1

3 120 10 1.0 97.7 40.7 0.5 38.0

4 130 10 1.0 96.5 65.2 3.0 28.5

5 130 2 3.0 99.7 14.1 0.1 63.5

6 140 2 3.0 98.2 51.6 2.9 25.5

7 150 2 3.0 97.6 37.4 10.6 11.3

Entries 1-4, Beta-30; entries 5-7, Z-5-30

T—Temperature (�C); L—zeolite loading (%, w/w on

cellulose); t—hydrolysis time (h); x—cellulose conversion

(%); y—glucose yield (%); z—HMF yield (%); and Y—yield of

oligosaccharides (%)
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to HMF, which was supported by the observation of

the low glucose yield (Fig. S3 in ESM) and high HMF

yield at extra high zeolite loading. Extending the

reaction time at moderate zeolite loading could

improve the glucose yield (entry 5 vs. entry 6).

Reducing Beta-30 loading from 10% (Entry 6) to 5%

(Entry 7), 1-h reaction only hydrolyzed about 70%

cellulose and gave 9.3% glucose yield at 120 �C.

Increasing temperature could enhance cellulose

hydrolysis even at low zeolite loading. For example,

cellulose conversion reached 98.5% with a glucose

yield of 61.2% at 140 �C with only 2% zeolite loading.

However, high temperature promoted the glucose

degradation significantly, resulting in a high HMF

yield of 4.7%.

To further understand the effect of acid loading,

time, and temperature on cellulose hydrolysis, the

cellulose hydrolysis was conducted with high zeolite

loading (20%) for shorter time (\ 3 h) and low zeolite

loading (2%) for longer time ([ 6 h), respectively, as

shown in Fig. 6. It was observed that yopt was higher at

high zeolite loading (69.8%) than at low zeolite

loading (60.6%), and meanwhile HMF yield was

higher at high zeolite loading. The results suggested

that cellulose hydrolysis was more sensitive to zeolite

loading than glucose degradation. In other words, acid

loading was a vital factor to obtain high glucose yield.

Overall, the results in Table 4 and Fig. 6 suggested

that cellulose hydrolysis should be conducted at

moderate temperature, and sufficient hydrolysis time

with relatively low but enough solid acid loading to

achieve high single pass yield of glucose with limited

formation of HMF.

(4) SiO2/Al2O3 ratio

In many zeolite-catalyzed reactions, acid concentra-

tion and acid strength were imperative factors for the

yield and selectivity of target product (Chowdhury and

Gascon 2018; Kim et al. 2019; Xue et al. 2018). Beta-

30 (high H/L ratio) possessed more acid sites than

Beta-50 but weaker acid strength because of their

different framework aluminum distribution. The acid

concentration of Beta-30 was nearly twice that of

Beta-50. When Beta-50 loading was twice of Beta-30,

they had similar catalytic performance under the same

reaction conditions in terms of cellulose hydrolysis,

glucose yield, and HMF formation, as shown in

Table 5. This observation implied that acid concen-

tration was more important than acid strength, and the

distribution of acid sites on framework of zeolite had

little influence on cellulose hydrolysis.

Insights into the zeolite-catalyzed cellulose

hydrolysis in LBTH system

In our previous studies (Li et al. 2016; Liao et al.

2019), it was observed that the LBTH system has the
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Fig. 6 Cellulose hydrolysis by Beta-30 with different loading

at 130 �C. L—zeolite loading (%, w/w on cellulose); t—
hydrolysis time (h); x—cellulose conversion (%); y—glucose

yield (%); z—HMF yield (%)

Table 4 Results of Beta-30 catalyzed cellulose hydrolysis in

LBTH system

Entry T (�C) L (%) t (h) x (%) y (%) z (%) Y (%)

1 120 100 0.5 96.1 47.3 5.0 38.1

2 120 50 0.5 92.2 60.4 3.7 14.5

3 120 20 0.5 97.6 60.8 1.8 20.3

4 120 15 0.5 96.7 45.6 1.0 41.3

5 120 10 0.5 98.1 28.3 0.2 54.4

6 120 10 1.0 97.7 40.7 0.5 38.0

7 120 5 1.0 69.9 9.3 0.0 47.8

8 140 2 3.5 98.5 61.2 4.7 11.7

T—temperature (�C); L—zeolite loading (%, w/w on

cellulose); t—hydrolysis time (h); x—cellulose conversion

(%); y—glucose yield (%); z—HMF yield (%); and Y—yield of

oligosaccharides (%)
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ability to solubilize cellulose, and the dissolved

cellulose is readily hydrolysable. How cellulose is

exactly solubilized in the LBTH system remains

unclear, but it is believed that the disruption of the

hydrogen bonds between cellulose chains by Li? and

Br- is the key step to dissolve cellulose. In the LBTH

system, Li? is coordinated with water molecules, and

Br- is largely free in the system. The incompletely

hydrated lithium cations are able to coordinate with

the hydroxyl groups of the cellulose, which would lead

to the disruption of the intermolecular hydrogen bond

(O(6)H–O(3)) of cellulose. In addition, the coordina-

tion of hydrated lithium cations with hydroxyl groups

could increase the overall hydrophilicity of cellulose

chains and thereby facilitate the dissolution of cellu-

lose. Furthermore, free Br- in the system would

probably promote the dissolution of cellulose by either

facilitating the Li–OH coordination or directly inter-

acting with cellulose-OH.

It is known that acidity (activity of proton) of an

acid could be enhanced in a molten salt hydrate (Deng

et al. 2015; Li et al. 2018a). In other words, the acidity

of an acid is higher in molten salt hydrate than in water

at the same concentration. To verify whether this is

also the case for zeolite in the LBTH, H? concentra-

tion and pH of Beta-30 in the LBTH were investigated.

It is apparent that the pH of 2% Beta-30 in the LBTH

was lower than that in water, as shown in Table 6. This

was the reason why low zeolite loading was able to

efficiently hydrolyze cellulose in the ALBTH. The

used Beta-30 had higher pH in the LBTH, suggesting

that the H? was released via ion-exchange with Li? in

the system during cellulose hydrolysis. When the used

Beta-30 was regenerated, the pH decreased again but

did not go back to the level of fresh Beta-30 (Table 6).

To verify that H-form zeolite with Brønsted acid sites

released H? via ion exchange, the acid sites on used

zeolites were investigated by FTIR through pyridine

adsorption. As shown in Fig. S4 and Table S3 (in

ESM), the used zeolites had almost no Brønsted acid

sites, compared to the fresh ones (Table 1). In contrast,

the amount of Lewis acid sites decreased only slightly

after the hydrolysis. These observations implied that

the Brønsted acid sites released H? by ion exchange

with Li? in the LBTH for catalyzing cellulose

hydrolysis.

Based on the structural characteristics of the

zeolites and the results and observations from the

zeolite-catalyzed cellulose hydrolysis tests above, a

mechanism of H-form zeolites catalyzing cellulose

hydrolysis in the LBTH system could be proposed in

Fig. 7. Initially, Li? entered the inner channels of

H-form zeolite and then ion exchanged with the

Brønsted acid sites of H-form zeolite to release H?

into the solution, which subsequently catalyzed the

hydrolysis of dissolved cellulose in the LBTH homo-

geneously to produce oligosaccharides and glucose.

The oligosaccharide was further hydrolyzed into

glucose. Part of the glucose could be dehydrated to

form HMF under the acid circumstance.

Table 5 Comparison of hydrolysis performance of Beta-30 and Beta-50

Entry Zeolite T (�C) t (h) L (%) x (%) y (%) z (%) Y (%)

1 Beta-50 120 0.5 100 96.8 59.2 3.4 18.3

2 Beta-50 130 1.5 100 91.9 47.3 6.8 –

3 Beta-30 120 0.5 50 92.2 60.4 3.7 14.7

4 Beta-30 130 1.5 50 97.0 43.2 7.0 –

T—temperature (�C); L—zeolite loading (%, w/w on cellulose); t—hydrolysis time (h); x—cellulose conversion (%); y—glucose

yield (%); z—HMF yield (%); and Y—yield of oligosaccharides (%)

Table 6 Acidity of Beta-30 in LBTH system

Sample Solvent pH ca

2% Beta-30 LBTH 3.47 0.89

2% Beta-30 H2O 5.60 0.01

2% used Beta-30b LBTH 5.20 0.02

2% regenerated Beta-30b, c LBTH 3.93 0.31

apH = -lgc[H?]. Theoretical [H?] is calculated based on Py-

IR results of fresh Beta-30
bHydrolysis condition: temperature, 130 �C; hydrolysis time,

1 h; loading, 10% w/w on cellulose
cRegeneration condition: temperature, 90 �C; time, 3 h; twice
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Texture properties (surface area, pore structure,

pore volume, and pore size) of zeolites are very

important factors in zeolite catalyzed reactions. For

example, Fan et al. (Cho et al. 2014) studied zeolite-

catalyzed glucose isomerization, and they found that

Beta zeolite (5.6–6.7 Å) had better catalytic perfor-

mance than ZSM-5 (5.1–5.6 Å), because the pores of

the latter were too small for glucose to access the

active sites located in the inner microporous channels.

In the present study, Beta-30 and Z-5-30 exhibited

similar performance in catalyzing cellulose hydrolysis

in the LBTH system as long as the acid concentration

was the same, likely because the reaction mechanism

in the LBTH is different from that in water system.

Cellulose hydrolysis in water is a typical heterogenous

reaction, and cellulose is hydrolyzed only it could

access the H-sites of zeolite, which located inside the

pores of zeolite catalysts. This is why zeolite is usually

not an effective solid acid to catalyze cellulose

hydrolysis in water, because cellulose particles are

too big to enter the pores and access the acidic sites.

However, in the LBTH system, cellulose was dis-

solved. The cation Li? in the solution could easily and

quickly access the H-sites in the pore channels of

zeolites, ion-exchange with H?, and release free H?

into the solution. The H? in solution was then able to

readily access the dissolved cellulose and catalyze the

cleavage of glycosidic bonds of cellulose. In other

words, the zeolite-catalyzed cellulose in the LBTH

system is a homogeneous reaction in the solution

between free H? and dissolved cellulose rather than a

heterogeneous reaction between solid zeolite and solid

cellulose. Therefore, the catalytic activity of the

zeolite in the LBTH was independent of the texture

properties (such as pore size) but heavily depended on

the quantity of acid sites in zeolites.

It was reported that zeolite-catalyzed cellulose

hydrolysis in water usually required high temperature

or extremely high zeolite loading to obtain a satisfac-

tory glucose yield (Chen et al. 2018; Zhou et al. 2013).

However, as observed above, 2% Beta-30 was enough

to catalyze cellulose hydrolysis in the LBTH at

moderate temperature to a high glucose yield. Another

advantage of the LBTH system is the high boiling

point (low vapor pressure) of the system, which allows

the hydrolysis to be conducted at atmospheric pressure

without the need of pressurized reactor.

In summary, the excellent performance of the

zeolite in catalyzing cellulose hydrolysis in the LBTH

was attributed to the ability of the LBTH system to

Fig. 7 Proposed reaction pathway of cellulose hydrolysis catalyzed by zeolites in LBTH system
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dissolve cellulose, the enhanced acidity, and the

release of proton from zeolite to solution to hydrolyze

the dissolved cellulose. The process of zeolite-cat-

alyzed cellulose hydrolysis in the LBTH can be

summarized below. First, cellulose was dissolved in

the LBTH to form a homogeneous solution, which

made the b-glucosidic bond more readily accessible to

the catalyst. Second, proton on the framework of

zeolite was exchanged into the solution by Li?, which

could freely reach and hydrolyze cellulose. Third, the

activity of the proton was enhanced in the LBTH

system, compared to that in an aqueous solution at the

same acid concentration, which reduced not only the

catalyst loading but also the acid-induced sugar

dehydration. Fourth, the dissolved cellulose was

hydrolyzed by the free proton homogeneously in the

solution.

Recyclability of zeolites

As discussed above, the zeolite hydrolyzed cellulose

by releasing H? to the solution via ion exchange with

Li? in the LBTH. After the hydrolysis, the zeolite lost

its Brønsted acid sites and thereby catalytic activity.

Before the catalyst could be reused, regeneration has

to be conducted to restore the acid sites. A common

method to convert Na-form zeolite to H-form zeolite

in industrial application is to treat the zeolite with

ammonium nitrate. The same method was applied to

the used Li-form zeolite. The regeneration of Beta-30

under different conditions and the performance of the

regenerated Beta-30 are shown in Table 7. For Entry

1, the used zeolite was treated in 1 M NH4NO3

solution at 90 �C for 3 h. The regenerated zeolite was

collected by filtration, dried, and calcined at 550 �C
for 3 h. The operation was repeated twice. The

regenerated Beta-30 was able to hydrolyze (convert)

cellulose by * 97%, which was comparable with

fresh Beta-30 (Entry 5). However, it seems that the

acidity of Beta-30 was not fully recovered, because the

glucose and HMF yields were much lower, and

oligosaccharide yield was much higher than those by

fresh catalyst (Entry 5). Py-FTIR analysis and pH

measurement confirmed that only approximately 50%

catalytic acidity was recovered (Table S3 in ESM and

Table 6). In addition, X-ray fluorescence analysis

revealed the difference in elemental composition

between fresh and regenerated zeolites. Regenerated

zeolite (Entry 1) lost nearly 40% alumina, which

serves as Brønsted acid sites. Leaching of framework

alumina might be responsible for the loss in catalytic

activity and acidity. Milder regeneration conditions

(Entries 2–4 in Table 7), such as short time and low

temperature, were also tested for the regeneration of

Beta-30, but the results were not as good as Entry 1.

These observations indicated that the Li-form zeolite

was not as hydrothermally stable as Na-form zeolite in

ion exchange procedure. It is well known that cations

suppress the hydrolysis of Si–O(H)–Al bonds of

zeolite in the presence of water at elevated tempera-

tures. Due to larger hydrated radius of Li?, Li-form

zeolite has a lower ion exchange capacity compared

with Na-form zeolite, resulting in poor hydrothermal

stability (Ji et al. 2019). Further investigation is

required to improve the hydrothermal stability of Li-

form zeolite.

To investigate the stability of zeolites during the

cellulose hydrolysis in the LBTH system, the used

Table 7 Regeneration of Beta-30 for cellulose hydrolysis in the LBTH system

Entry Regeneration condition Hydrolysis performancea

T (�C) Reagent Time (h) Times x (%) y (%) z (%) Y (%)

1 90 NH4NO3 3.0 Twice 96.7 27.4 0.2 60.3

2 90 NH4NO3 3.0 Once 70.1 15.2 0.1 47.1

3 90 NH4NO3 1.0 Once 65.7 10.3 0.1 43.6

4 50 NH4NO3 3.0 Twice 91.3 20.9 0.2 62.2

5 – – – – 96.5 65.2 3.0 28.5

T—regeneration temperature (�C); x—cellulose conversion (%); y—glucose yield (%); z—HMF yield (%); and Y—yield of

oligosaccharides (%)
aHydrolysis condition: temperature, 130 �C; hydrolysis time, 1 h; loading, 10% w/w on cellulose
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zeolites from cellulose hydrolysis were recovered,

regenerated by the method for Entry 1 in Table 7, and

reused for cellulose hydrolysis for ten times. As shown

in Fig. 8, zeolites (both Beta-30 and Z-5-30) lost their

catalytic activity sharply after the first run of cellulose

hydrolysis. Interestingly, cellulose conversion only

declined slightly, but the glucose yield dropped

sharply, suggesting that the acidity of the regenerated

zeolites was still sufficient to hydrolyze cellulose to

oligosaccharides but not strong enough to further

hydrolyze the oligosaccharides to glucose. This was

apparently attributed to the loss of acid sites of the

zeolites due to the incomplete transformation of Li-

form to H-form during the regeneration and the loss of

unstable framework alumina, as discussed above.

However, from the second run of the hydrolysis, the

catalytic capacity of the zeolites became relatively

stable, and the glucose yield decreased slowly. For

example, Beta-30 achieved 55.8% glucose yield in the

first run, which dropped to 27.4% in the second run,

but still maintained 22.6% in the tenth run. These

observations suggested that after the dealumination

due to the removal of unstable framework alumina, the

zeolites became hydrothermally more stable, and

thereby their catalytic activity kept relatively stable.

On the other hand, to achieve the same glucose yield as

fresh zeolites, the loading of regenerated zeolites

should be higher to complement the lost acidity.

Conclusion

Two types of zeolites (Beta and ZSM-5) were

synthesized and demonstrated as solid acid catalysts

for cellulose hydrolysis in inorganic ionic liquid (the

LBTH) system at moderate temperature without a

pretreatment process. In the LBTH system, cellulose

was dissolved, and the ion exchange between Li? and

the H-sites of zeolite released H? into the solution,

which achieved homogeneous cellulose hydrolysis. As

a result, cellulose could be completely hydrolyzed

with only 2% zeolite at 140 �C within 3.5 h with a

single-pass glucose yield[ 60%. The catalytic activ-

ity of fresh zeolite could be recovered about 50% by

regeneration after the first run, and the catalytic

activity of used zeolite kept stable in the following

runs.
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