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This work studied the application of sulfonated ZSM-5 zeolite, a bi-functional catalyst for conversion of
biomass-derived glucose to HMF. Glucose hydrolysate was obtained by enzymatic hydrolysis of rice

straw,

that was pretreated by sodium hydroxide. Glucose hydrolysate was then subjected to

a transformation reaction to achieve HMF using HSO3—-ZSM-5 zeolite under the assistance of sonication.
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The reaction conditions including solvent, temperature, catalyst dosage and reaction time were studied.

Suitable conditions, which gave the highest yield of HMF of 54.1% have been found. The HSO3-ZSM-5
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1. Introduction

Hydroxymethylfurfural (HMF) is an important platform in the
chemical industry. It is used as valuable intermediate for chemical
synthesis of biofuel, solvents, polymers, adhesives, plastic, pesti-
cides, organic compounds, etc. In general, HMF is produced
from monosaccharides including fructose and glucose, catalyzed
by acids in water or in biphasic solvents. It is highly valuable to
produce HMF from lignocellulose or other nonedible poly-
saccharides, which are more abundant and low cost than edible
glucose or fructose. Therefore, much attention has been paid to
study and optimize the “green” process for production of HMF.
Recently, there have been several researchers that reported the
synthesis of HMF with high conversion yield from abundant and
low cost lignocellulose biomass.>™*

Vietnam is an agriculture country, annually produces about
50 million tons of rice and about 60 million tons of rice straw
biomass.'* "¢ It is potential resource for bio-refinery process to
achieve the valuable green-chemicals and fuel such as HMF.
The utilization of these agricultural residues for production of
valuable products such as green chemicals, fuel or platforms is
effective solution as it brings us great benefit in economics and
environment. It could not only resolve the environment issue
but also help to improve the agricultural section by producing
of valuable chemicals and fuel. Hence, this current work
focuses on production of HMF from glucose hydrolysate, ob-
tained by enzymatic hydrolysis of rice straw, using bi-function
zeolite catalyst.
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zeolite presented a high catalytic efficiency for conversion of glucose to HMF, an important and useful
intermediate in the chemical industry.

As known that, it is very important to choose the suitable
catalyst for lignocellulosic biomass conversion to achieve high
yield of green chemicals. The conversion of lignocellulose into
HMF using liquid catalysts could give high yield of products.
However, the application of liquid catalysts has many drawbacks
in catalyst recycling and reproducing, as well as economic and
environmental issues. Solid acid catalysts have several advantages
over inorganic (liquid) acid catalysts®” "> such as recyclability,
high selectivity leading to fewer by-products formed during the
catalytic reactions, reducing reaction time and product decom-
position; their surface acidity can be adjusted to improve selec-
tivity, ability to work at higher temperatures the reusability of
solid catalysts helps reduce energy consumption for the process.
Among several different sorts of solid acid catalysts, zeolite ZSM-5
is one of the most popular ones, which is also effective in organic
syntheses.”*>** ZSM-5, a solid acid catalyst, possess excellent
shape selectivity and acidity, high thermal stability makes it an
interesting material for catalyzing organic reactions. To enhance
the catalytic activity and acidity, incorporation of other elements
such as Cr, B, W and Ce into the lattice of ZSM-5 zeolite or adding
chemical function into the pores of zeolites with organic groups
should be carried out. ZSM-5 zeolite would contain two types of
acid site: Bronsted and Lewis site after ion exchange process with
cation Me™ or adding sulfonic acid function group into the
structure of zeolites.”**” There have been some reports on appli-
cation of zeolite, especially ZSM-5 zeolite for conversion of glucose
and carbohydrate into HMF.*»** However, the efficiency of the
process and yield of HMF was not high. Thus, in this work, ZSM-5
zeolite modified with sulfonic acid functional groups (HSO3;-ZSM-
5) with higher acidity and catalytic activity over traditional ZSM-5
was used as catalyst for conversion of lignocellulose into HMF.
The use of bi-functional catalyst would enhance the conversion
efficiency and yield of HMF from biomass.
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Ultrasound technology is considered a green technique for
use in chemical processes as it can reduce reaction times and
chemical loading.*** Recently, several researches reported on
using of sonication for lignocellulosic biomass conversion. For
bio-refinery, ultrasound has been currently used as pre-
treatment process to destroy the recalcitrant matrix of cellu-
lose-lignin-hemicellulose in biomass. Sonication has been
proven to enhance the separation and hydrolysis of lignocellu-
losic materials for the use in biofuel production by providing
physical augmentation via shear forces, mass and heat transfer
as well as chemical effects of producing oxidizing radicals.

Therefore, we were motivated that a combination process for
conversion of rice straw derived glucose into HMF could be
prepared by taking fully advantages offered by both sulfonic acid-
functionalized mesoporous ZSM-5 zeolite and sonication. Strong
sulfonic acid group could produce a new catalyst with higher
acidity, higher catalytic activity as well as many advantages of
a solid acid catalyst for production of HMF. Lewis acid site would
promote the isomerization of glucose to fructose and Brgnsted
acid site would promote the dehydration of fructose to HMF.
Besides, the ultrasound energy would help to enhance the mixing
of reaction mixture, heat and mas transfer inside the reaction thus
enhance the biomass conversion efficiency and yield of HMF.
HSO0;-ZSM-5 zeolite catalyst showed very good catalytic activity in
conversion of rice straw derived glucose into HMF with high yield
of 54.1%.

2. Experimental

2.1. Preparation of HSO;-ZSM-5 zeolite

Sulfonic acid-functionalized mesoporous ZSM-5 zeolite was
synthesized by a method following a report.”® In typical, first
mesoporous ZSM-5 was synthesized by hydrothermal method
using hexadecyl trimethyl ammonium bromide (C;6Hz3(CH3)s-
NBr, CTAB) as a mesogenous templates. The synthetic solution
was hydrothermally heated at 170 °C for 24 h in an autoclave.
Subsequently, the product was collected by centrifugation,
washed with DI water for three times and dried at 100 °C for
several hours. Finally, it was calcined in air at 550 °C for 6 h to
obtain mesoporous ZSM-5 zeolite. Then, HSO;-ZSM-5 zeolite
was prepared by a two-stage process. The as-synthesized mes-
oporous ZSM-5 particles were added in a solution containing 3-
mercaptopropyltrimethoxysilane (MPTS) and 5 ml of toluene
solvent. The mixture was maintained at 60 °C with continuous
stirring for 8 h. After the reaction time, solid part was collected
and washed with toluene and DI water, then dried at 100 °C for
6 h. Subsequently, an oxidation was conducted by adding the
solid part to 30 wt% hydrogen peroxide solution with solid/
liquid ratio of 1/10 (w/v) and stirred at room temperature and
for 12 h. HSO;-ZSM-5 particles obtained from the reaction were
washed for 3 times with DI water, then dried at 100 °C for 6 h.

2.2. Rice straw biomass conversion into HMF using solid
acid catalyst HSO;-ZSM-5 zeolite

Dry rice straw collected from the North of Vietnam was used for
preparation of biomass-derived glucose feedstock. The rice
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straw was ground to 2 mm size for the sodium hydroxide
pretreatment. The condition for pretreatment is: temperature of
about 100 °C, pretreatment time of 2 hours and solid/
liquid ratio of 1:10 with active alkali dosage of 20% of dry
rice straw.**

For enzymatic saccharification, samples of pretreated
biomass solid was taken and placed in 250 ml flask for enzy-
matic hydrolysis with concentration of 10% at 50 °C in 120 h.
0.05 M sodium citrate solution was used as buffer. Cellic® Ctec2
enzyme (Novozymes, Denmark) dosage is 35 FPU g ' dry
biomass matters.'*'*> After hydrolysis the slurry was filtered to
get the solid residue and the liquid glucose hydrolysate.

The glucose liquid was then subjected for conversion
process using the as-synthesized solid acid catalyst in an
autoclave. Prior to the reaction, the mixture was sonicated by
placing in an ultrasonic bath at 60 °C for 15 min. The autoclave
was then heated to reach desired temperature (120-140 °C)
and maintained at that temperature for a specific duration (2-
8 h). After the reaction, the slurry was centrifugated to separate
the solid catalyst and the liquid hydrolysate. The liquid
hydrolysate was used for HPLC analysis to determine the
conversion yield. The solid acid catalyst that recovered from
the mixture was washed 3 times with ethanol, then DI water
and dry at 105 °C.

2.3. Characterization

X-ray diffraction (XRD) data were obtained on a Rigaku D/max
11IC (3 kW) with a 6/6 goniometer equipped with a Cu KR radi-
ation generator. Scanning electron microscopy/energy disper-
sive X-ray spectroscopy (SEM/EDS) was performed using a JSM-
7000F, JEOL (Japan). Mesoporous properties of modified zeolite
catalysts were examined by N, adsorption-desorption
isotherms at 77 K with a Quantachrome NOVA 4200 E Poros-
imeter analyzer. Fourier transform infrared (FT-IR) absorption
spectra were recorded at room temperature on a Nicolet Nexus
670 FT-IR spectrometer. Amount and strength of acid sites were
measured by ammonia temperature programmed desorption
(NH3-TPD) using Micrometrics 2900 instrument with a thermal
conductivity detector. Approx. 0.20 g of sample was saturated
with NH; at 120 °C, then flushed with helium to remove all
physically adsorbed NH;. Finally, the desorption of NH; was
carried out from 100 to 550 °C with heating rate of 10 °C min .
The HMF concentrations in the hydrolysate were analyzed by
a high-performance liquid chromatography system using
a ProStar 210 HPLC system equipped with a UV detector and
a reversed-phase C18 column (200 x 4.6 mm) at a wavelength of
280 nm. 1.75 x 107> M acetic acid aqueous solution and
acetonitrile, volume ratio 15 : 85, was used as the mobile phase,
at a flow rate of 1.0 ml min~". The content of HMF in samples
was quantified by external standard calibration curve method,
which were based on the standard compounds.

The yields of HMF were calculated using the following
equation:

Yield = mole of product formed/mole of glucose utilized x 100%

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussions

3.1. Synthesis of mesoporous HSO;-ZSM-5 zeolite catalyst

Mesoporous ZSM-5 zeolite was prepared by a hydrothermal
method at 170 °C for 24 h. The as-synthesized ZSM-5 was sub-
jected to a 2-step reaction to attach sulfonic acid group onto its
structure. The reaction resulted in a sulfonated zeolite (HSO3-
ZSM-5 zeolite), whose structure was characterized by XRD, IR
spectroscopy, while EDS technique helped confirm the presence
of HSO; groups based on S content of the zeolite.

As seen from X-ray diffraction (XRD) patterns of the meso-
porous HSO;-ZSM-5 zeolite in Fig. 1A, the sample showed
relatively high intensity peaks corresponding to dominant
(011), (200), (031), and (051) reflections, which present a crys-
talline MFI-type zeolitic structure with high structural order.
There were almost no changes in framework structure and
crystallinity of the zeolite, which were, after the sulfonation,
confirmed by XRD analysis. IR spectra of the as-synthesized
HSO3;-ZSM-5 zeolite particles (Fig. 1B) and of parent ZSM-5
zeolite (Fig. S1, ESIt) also showed several typical bands of
ZSM-5 zeolite type with a peak at 1100 cm ™' assigned to an
intermolecular vibration of SiO, or AlO, and band at 1229 cm™*
assigned to an intramolecular vibration of these groups. After
the sulfonation, new peaks observed at 693, 1068, 2589 and
2932 cm ™' indicate the presence of S-O, S=O0 bonds and strong
hydrogen bond in HSO; groups.”**”*' This suggests that
sulfonic (HSOj;) group was successfully added to the ZSM-5
zeolite structure. These results are once again confirmed by
EDS data as shown in Fig. 2.

The obtained product, HSO;-ZSM-5, was elementally
analyzed using Energy-dispersive X-ray spectroscopy (EDS) for
determination of S (in HSO;) attached on ZSM-5 particles.
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Fig. 1 (A) XRD pattern and (B) IR spectrum of as-synthesized meso-

porous HSOz—-ZSM-5 zeolite.
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According to EDS spectrum in Fig. 2B, 1.7% of S was present in
the sample, while no S was detected in the non-modified zeolite
(data not shown). Morphology and size of the HSO;-ZSM-5
zeolites (Fig. 2A) and of parent ZSM-5 zeolite (Fig. S2, ESIf)
were relatively uniform with a diameter of 350 4= 50 nm as seen
from SEM image. Moreover, after sulfonation, there were
almost no change in morphology and size of zeolite.

On the other hand, NH;-TPD was utilized to investigate the
concentration and strength of acid sites by the amount of des-
orbed NH; and the location of desorption peak (Fig. S3, ESIf).
The acidity of zeolite catalyst was remarkably improved after the
sulfonation. As seen, the acid concentration of the HSO;-ZSM-5
is 2.78 mmol g~ ' (corresponds to S content of the sulfonated
zeolite of approx. 1.7%), while the acid concentration of the
parent ZSM-5 zeolite was of 0.29 mmol g~ . This indicated that
sulfonic groups were successfully incorporated into the zeolite
structure (surface and/or pores), which reflected in a significant
enhancement in acidity of the as-obtained HSO;-ZSM-5 zeolite.

After sulfonation of zeolite, both surface area and pore size
of the sulfonated zeolite are slightly lower than those of the
parent zeolite. In typical, surface area and pore size of HSO;-
ZSM-5 zeolite is 470 m® g~ ' and 5.5 nm, respectively. While
these parameters of parent zeolite are 486 m”> g ' and 5.7 nm,
respectively. It is attributed to the presence of the bulky sulfonic
groups on the pore surface of the HSO3;-ZSM-5 zeolite. This
suggests that the incorporation of sulfonic groups into the
zeolite structure does not change the pore structure of zeolite.

3.2. Conversion of biomass-derived glucose into HMF using
HSO,;-ZSM-5 zeolite catalyst

HSO;-ZSM-5 zeolite catalyst, which contains both of Lewis and
Bronsted acid site, was used to replace conventional liquid acid

Si

o
S
Al

Fig.2 (A) SEM image and (B) EDS spectrum of as-synthesized HSOz—
ZSM-5 zeolite.
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catalyst in the conversion of glucose obtained from hydrolysis
process of rice straw biomass. The first attempt studied in this
work was the effect of solvent on conversion of glucose. It is well
known that solvent plays an important and sometimes decisive
role in the catalytic behavior of a catalyst. In most of organic
reactions, solvents must be used as reaction medium; to
dissolve reactants making them able to contact well with each
other as well as with catalyst if available, and therefore facilitate
the reaction; to dilute reactants to control side reactions; and
prevent the catalyst deactivation. As reported in a reference®
that aqueous medium cannot provide high HMF yields
comparing to other organic solvent or two-component solvent.
Hence, in this work, DMSO and THF were used alternately to
add to sugar hydrolysate in a volume ratio to aqueous of 2 : 1,
while other parameters were kept constant.

As obtained results in Fig. 3, changing of solvent would
induce the change of HMF yield, indicating that suitable solvent
used is very important for conversion of glucose to HMF. At the
same temperature condition, the yield of HMF when using
DMSO/H,0 (24%) was higher than when using THF/H,O
(15.8%). Using DMSO/H,0 resulted in higher yield of HMF than
using THF/H,O. It could be attributed to low solubility of the
reaction mixture in THF/H,O due to low polarity of the two
components results in low reaction efficiency. With higher
polarity than THF, DMSO is a good solvent for dissolving
reagents like glucose, can facilitate the mixing of glucose
molecules and catalyst.*>** The formation of hydrogen bonds
between the acidic site of the zeolite and THF were also believed
to be the reason that induce the lower HMF yield in the case of
THF/H,O solvent. These hydrogen bonds would reduce the
acidity and catalytic activity of acidic zeolite catalyst.** More-
over, DMSO can absorb water to promote the dehydration
reaction and suppresses the hydrolysis of HMF to levulinic acid
and formic acid resulting in high conversion efficiency of
glucose to HMF.*** According to the obtained results, DMSO
was chosen for further investigations.

As known that temperature is important factors that influ-
ences the efficiency of chemical transformation reactions. Thus,
effect of reaction temperature on the conversion yield was
studied by varying from 120 to 140 °C, while other conditions

30
25
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10

Yield of HMF, %

DMSO/H,0 THF/H,O

Solvent

Fig. 3 Effect of solvent on yield of HMF (reaction condition:
temperature of 130 °C in 2 h with 20% catalyst).
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were maintained constant. Effect of reaction temperature on
HMTF yield was summarized in Fig. 4.

It is seen that, the yield of HMF increased with the increase
of reaction temperature. At 120 °C the yield of HMF was 17.5%,
increasing reaction temperature to 130 and 140 °C resulted in
a significant increase in HMF yield to 24.2 and 34.6%, respec-
tively. At low temperature, diffusivity as well as number of
effective collisions between reactant molecules with reactant
molecules and between reactants with catalyst acid sites were
low. Hence, reaction velocity and yield of HMF was low. When
reaction temperature increased, these above factors are
improved and reaction velocity and yield of HMF thus
increased. However, temperature was further increased (over
150 °C) the yield of HMF decreased due to the degradation of
HMF to form levulinic acid, formic acid, humins.>?® The
formation of these undesired by-products can be visually
observed by the change of reaction mixture color from brown to
dark brown. Therefore, reaction temperature was chosen at
140 °C for further study.

The influence of catalyst loading on the yield of HMF ob-
tained by glucose conversion using the HSO;/ZSM-5 zeolite was
investigated and shown in Fig. 5. Catalyst dosage was 20, 30 and
40% based on weight of the glucose, while other parameters
were maintained. It can be seen from Fig. 5, the amount of
HSO,/ZSM-5 zeolite affected clearly the conversion of glucose
into HMF. Increased the catalyst dosage from 20 to 30%, the
yield of HMF was significantly increased from 34.6% to 43.5%.
This indicated that HSO;-ZSM-5 zeolite showed high catalytic
efficiency in glucose conversion into HMF. When catalyst
dosage was further increased from 30 to 40%, the yield slightly
decreased to 39.4%. It could be explained that at large amount
of catalyst, the catalyst particles could not disperse well in
solution. They tended to aggregate and flocculate to form larger
particles and fell down to the bottom of the reactor. Thus it
would reduce the efficiency of catalyst. Moreover, due to large
amount of catalyst the side reactions could be enhanced or
product tended to be adsorbed more into pores of catalyst
resulting in decrease of HMF yield.

To prove the efficiency of sulfonic acid groups, two experi-
ments: without catalyst and using unmodified ZSM-5 zeolite
were conducted while other reaction conditions were kept
unchanged. According to the results, the reaction carried out in
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Fig. 4 Effect of solvent on yield of HMF (reaction condition: reaction
time of 2 h with 20% catalyst).
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Fig. 5 Effect of catalyst dosage on yield of HMF (reaction condition:
temperature of 140 °C in 2 h).

absence of catalyst showed very low yield of HMF (about 3%).
The result indicated that the contribution of the non-catalyzed
reactions is negligible. While the reaction carried out using
unmodified ZSM-5 zeolite resulted in yield of HMF of 22.8%.
ZSM-5 is an acidic zeolite catalyst, able to support the conver-
sion of glucose into HMF. However, the acidity of ZSM-5 zeolite
is not as high as sulfonated ZSM-5 zeolite thus unmodified
ZSM-5 zeolite catalyst gave a lower conversion efficiency than
HSO3;-ZSM-5 zeolite catalyst. From these obtained results, the
HSO;-ZSM-5 catalyst dosage was selected to be 30% as suitable
catalyst amount for further investigation.

The reaction time was varied from 2 to 8 h to estimate the
influence of reaction time on the conversion of glucose into
HMEF. As seen from Fig. 6, the HMF yield were increased with
the increase of the reaction time. When reaction time increased
from 2 h to 4 h the yield of HMF increased from 43.5% to 54.1%.
Obviously, at short reaction time the reaction occurs incom-
pletely resulting in low yield of HMF. When lengthening the
reaction time, high HMF yield could be observed. However,
when conducting the reaction for longer than 4 h, HMF yield
increased slightly (58% and 58.3% at 6 h and 8 h, respectively),
which can be considered as a sign of saturation after 6 h reac-
tion time. While the conversion of glucose kept rising from
69.5% to 85.1% when increased the reaction time from 4 h to
8 h. This phenomenon can be attributed to the degradation of
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W
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Fig. 6 Effect of reaction time on yield of HMF (reaction condition:
temperature of 140 °C with catalyst dosage of 30%).
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HMF at high temperature after long reaction time to form by-
products such as: levulinic acid, formic acid, humins, etc. The
obtained result by using sulfonated ZSM-5 zeolite catalyst is
comparable or higher than HMF yield obtained in previous
reports using other solid acid catalyst.'>** The high acidity
supplied by strong sulfonic acid group could give the higher
acidity, higher catalytic activity to the ZSM-5 zeolite catalyst. The
bi-functional catalyst with Lewis and Bregnsted acid site would
enhance the conversion efficiency and yield of HMF. Further-
more, the high yield of HMF obtained in our work could be
attributed to the assistance of sonication which help to enhance
the mixing of reaction mixture, dispersion of catalyst particles
and heat and mas transfer inside the reaction hence improve
the conversion efficiency and yield of HMF. According to the
result and considering both efficiency and economic issue, 4 h
reaction time was chosen as suitable condition for the catalytic
conversion of glucose.

To evaluate the recyclability and durability of catalyst, HSO;-
ZSM-5 zeolite was subject to several runs of carbohydrate
conversion (data are shown in Table S1, ESIt). Reaction condi-
tions were used as: 140 °C; 4 h and 30 wt% of catalyst loading in
co-solvent of DMSO/H,0. The obtained results showed that
there was no significant decrease in catalytic activity of
sulfonated ZSM-5 after several runs. HSO;-ZSM-5 zeolite could
be recycled and reused efficiently for at least 5 times. The HMF
yield was about 51.9% after fifth run, quite close to the result of
first run with about 54.1% HMTF yield. This indicated that the
HSO;-ZSM-5 is highly stable in catalytic reactions and is more
resilient to catalytic deactivation.

Interestingly, in the product mixture after reaction, a small
amount of furfural was observed. It can be attributed to the
conversion of xylose sugar presented in the reducing sugar
hydrolysate after enzymatic hydrolysis of rice straw. Further-
more, the reactions were conducted at the suitable condition
except using pure glucose for comparison. The HMF yield ob-
tained from conversion of pure sugar was slightly higher that
the yield obtained from saccharification hydrolysate. It could be
explained by the influence of other components in the
hydrolysate.

4. Conclusion

The sulfonic acid functional ZSM-5 zeolite showed high cata-
Iytic activity in the conversion of biomass-derived glucose and
gave high yield of HMF. Several factors that affect the yield of
HMF were studied to determine the suitable condition to obtain
HMF. The suitable parameters were found to be: solvent:
DMSO/H,0; reaction temperature: 140 °C; dosage of HSO;-
ZSM-5 catalyst: 30%; reaction time: 4 h. Prior to the reaction, the
reaction mixture (glucose hydrolysate and zeolite catalyst)
should be sonicated at 60 °C for 15 min. When the conversion of
rice straw derived glucose conducted under the suitable
conditions, about 54.1% of HMF was achieved from glucose
hydrolysate. The results indicated that HSO;-HZSM-5 zeolite
can be considered as a promising catalyst for conversion of
glucose to HMF, and further for lignocellulosic biomass
conversion to chemicals and fuel.
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