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Catalytic conversion of carbohydrates into 5-
ethoxymethylfurfural using y-AlOOH and

Ce0,@B,0; catalyst synergistic effectt

Luxin Zhang,@* Xu Xing, Ruijun Sun and Meng Hu

Selective catalytic conversion of carbohydrates to 5-ethoxymethylfurfural (EMF) is a critical approach to the
biorefinery. In this work, solid acid catalysts of y-AlOOH and CeO,@B,0Os were used to convert
carbohydrates to EMF in a one-pot process, performed in an ethanol/DMSO solvent system. The
synergistic effect of y-AlOOH and CeO,@B,0s was studied. Furthermore, the morpho-structural
properties of the catalysts were characterized, and the effects of reaction time, reaction temperature,

catalyst load, and the amount of cosolvent on the conversion of glucose to EMF were examined and

optimized. Under the reaction conditions of 170 °C for 20 h, glucose, sucrose, cellobiose, inulin and

starch were used as raw materials, and the EMF yield range was 9.2-27.7%. The results showed that the
synergistic effect of y-AlOOH and CeO,@B,03 further causes the combination of multiple acid sites
with different types and strength distributions. Particularly, the collaboration between weak, medium-

strong, and strong acid, as well as between Lewis and Brensted acidity, is of great significance for EMF
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generation. The reusability experiments showed that the combined catalytic system was easily separated

and maintained catalytic activity for five successive reactions without further intermediate regeneration

DOI: 10.1039/d2ra01866g

rsc.li/rsc-advances carbohydrates into EMF.

1. Introduction

Excessive dependence on fossil resources has led to severe
environmental pollution, global warming and resource deple-
tion, motivating the use of chemicals and fuels from renewable
resources through clean synthetic routes and environmentally
friendly processes.™ As the only renewable organic carbon
source, biomass is considered as the most potential raw mate-
rial to produce value-added chemicals, and to replace fossil
resources.** Conversion of biomass-derived carbohydrates into
platform compounds or other fine chemicals effectively utilizes
the carbon resources in biomass.>®

5-ethoxymethylfurfural (EMF), as a representative of the 5-
alkoxymethylfurfural ether family, has the advantages of high
energy density (8.7 kW h L"), high cetane number, high boiling
point (508 K), low toxicity, and good fluidity at low temperature
and can dramatically decrease sulfur dioxide and fine particle
matter emissions.”® Generally, EMF can be obtained by the
single-step etherification of 5-hydroxymethylfurfural (HMF), the
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steps. This work provides a promising

route for the catalytic conversion of biomass-derived

two-step dehydration-etherification cascade reaction of fruc-
tose, the three-step isomerization-dehydration-etherification
cascade reaction of glucose, or synthesis from lignocellulosic
biomass materials.">'> Among these, using HMF or fructose as
raw materials to produce EMF can obtain relatively high yields.
For example, Yuan et al. used Fe;0,@C-SO;H to synthesize
EMF, with yields of 88.4% and 67.8% obtained from HMF and
fructose, respectively.* Nonetheless, owing to the high cost, it
could be unfeasible to use HMF or fructose as raw materials in
large-scale industrial production.”®* In contrast, glucose, as
the monomer unit of cellulose and the least expensive hexose,
could be considered the preferred raw material for EMF prep-
aration due to its abundance and availability.'*"”

The multiple cascade reaction pathway of EMF synthesis
from glucose is detailed in Scheme 1. Currently, the three-step
isomerization-hydrolyzation-etherification cascade reaction
pathway of glucose is generally accepted.”>*® Specifically, the
formation of EMF requires the etherification of HMF, and the
formation of HMF requires the isomerization of glucose to
fructose, which is then further dehydrated.'*** Simultaneously,
another parallel generation pathway of EMF is glucose to ethyl
glucoside (EG), isomerization of EG to ethyl fructoside (EF), and
then the resulting EMF reaction route. In different steps of the
three-step reaction strategy, the operation is very complicated if
the intermediate products are separated, increasing the cost
and hindering the large-scale production. Furthermore, since

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the three steps in the route are all acid-catalyzed reactions, it is
logical to integrate them into a one-pot reaction.* In this way,
selectivity and recovery of acidic catalysts are the main issues to
be considered. Homogeneous acid catalysts have been proved to
be highly efficient on etherification and dehydration.** Never-
theless, the use of homogeneous acids has inherent disadvan-
tages such as toxicity, corrosion of the equipment, many waste
by-products and difficult separation.>***

So far, various solid catalysts have been investigated for the
one-pot synthesis of EMF from glucose, such as GO, Lys/
PW(2),2° and USY.?” However, regrettably, most catalytic systems
have low yields, which could be attributed to the high stability
of the six-membered pyranoside structure of glucose and low
enolization degree.>*® For example, Liu et al. reported an
approach to synthesizing EMF from glucose with MIL-101-SO;H
by reacting at 100 °C for 15 hours in an ethanol-THF solvent
system, with a relatively low EMF yield (<10%).° In multiple
parallel and cascade reactions for the efficient production of
EMF from glucose, isomerization from glucose to fructose and
the isomerization from EG to EF are the key rate-limiting
steps.'® The isomerization of glucose may need to go through
two reaction steps, namely enolation reaction and 1,2-H trans-
fer reaction step. According to previous studies, Lewis acid

OH
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(0)
%mc‘f"
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could be considered as the crux to break the isomerization
equilibrium, and Brensted acid is conducive to dehydration.*
Furthermore, the etherification reaction depends on the
synergistic effect of Lewis acid and Brensted acid.** Thereupon,
catalysts containing Lewis and Brensted acid bifunctional
active sites may catalyze more efficiently the conversion of
carbohydrates containing glucose units to EMF.** In addition,
due to the complexity of the cascade reaction steps, each step
requires different acidic sites and strengths. The strength
distribution of different types of acid sites is also an essential
factor affecting EMF yield. Generally speaking, a weak acid
catalyst is more conducive to promoting the dehydration reac-
tion while reducing the furan ring-opening to improve the yield
of EMF, especially the weak Brensted acid in the dehydration
reaction showed an enhanced catalytic effect. Compared with
Brgnsted acid, solid catalysts with strong Lewis acid sites have
higher catalytic activity in isomerization reactions.** Up to now,
the development of a combined catalyst system with different
types and strength distributions of acid sites for the one-pot
conversion of carbohydrates to EMF remained an emerging
challenge.®***

Aluminum and its compounds are widely used in solid Lewis
acid catalysts. Boehmite, an abundant and inexpensive
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Scheme 1 Reaction pathways of biomass to EMF.
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aluminium oxide hydroxide, has weak Lewis acid sites, and the
number of Lewis acid sites can be adjusted with different
preparation conditions.** Moreover, ceria-based materials,
especially cerium dioxide, are widely used in chemical reactions
due to their specific acid activity. The synthesis of CeO,@B,03
by complex boron oxides can effectively enhance the acidity of
cerium dioxide and improve the catalytic activity. The number
and strength of acid sites can also be changed by preparation
conditions to improve the activity of the materials.

Considering these aspects, in the present work, an environ-
mentally friendly, efficient, and sustainable method was
developed to convert biomass-derived carbohydrates into high
value-added product EMF. The synergistic catalytic system of
solid acid catalysts y-AIOOH and CeO,@B,0; has been
synthesized. This system can integrate the cascade catalytic
steps into one pot and has the advantages of easy preparation
and low corrosion. Particularly, the distribution of products can
be optimized by adjusting the acid sites, improving the selec-
tivity and efficiency of the catalyst. The microstructure, physi-
cochemical properties, and acidic properties of the catalysts
were investigated. The influence factors, including catalyst
loading, reaction temperature, and reaction time, especially the
ratio of different catalysts, were meticulously examined. The
recyclability of the catalyst was investigated by a reusability
experiment.

2. Materials and methods

2.1. Chemicals and materials

Glucose (99%), concentrated ammonia water and cerium
nitrate hexahydrate (Ce(NOs);-6H,0) were purchased from
Aladdin Industrial Corporation (Shanghai, China). Anhydrous
ethanol (AR grade, 99.7%) was acquired from Tianli Chemical
Reagent Co., Ltd. (Tianjin, China). The chemicals include
dimethyl sulfoxide (DMSO, 99%), aluminium nitrate non-
ahydrate (Al(NOs);-9H,0), boric acid and ammonium bicar-
bonate were provided by Tianjin Kemiou Chemical Reagent Co.
Ltd. (Tianjin, China). Sigma-Aldrich supplied all the other
reagents and chemicals, which were used as received without
further purification unless otherwise stated.

2.2. Catalyst preparation

The synthesis of boehmite (y-AIOOH) was performed as follows:
aluminium nitrate nonahydrate (Al(NO3);-9H,0, 15 mmol) and
ammonium bicarbonate (NH,;HCOj3;, 30 mmol) were dissolved
in 50 mL deionized water under stirring until the solution
became transparent. In the next step, the pH was adjusted to 9.0
with concentrated ammonia water. Then, the solution was
transferred to a 100 mL Teflon-lined stainless reaction kettle
and heated at 150 °C for 12 h. After cooling to room tempera-
ture, the mixture was centrifuged and washed with deionized
water and dried at 150 °C for 12 h.

CeO,@B,0; was prepared by the following method: 18.9 g
Ce(NOs);3-6H,0 and 0.676 g boric acid were mixed and dis-
solved in 50 mL ethanol, and stirred at room temperature until
it was completely dissolved. The ethanol in the mixture was
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then evaporated by vacuum distillation, resulting in a thick,
gelatinous colorless substance that was cooled and dried at
room temperature to form a white solid substance. Subse-
quently, the obtained solid material was ground evenly and
placed in the tube furnace. The airflow rate was set at 50
mL min~", the heating rate was set at 5 °C min ", and the
temperature was kept at 600 °C for 4 h to obtain the yellow solid
material CeO,@B,0;.

2.3. Conversion of glucose into EMF

In a typical run of glucose conversion to EMF, the first step was
to add 20 mg of glucose, 5 mg of y-AIOOH, 5 mg of CeO,@B,03,
and solvent (0.3 mL DMSO, 1.7 mL ethanol) into a 15 mL thick
wall pressure-resistant glass reactor. Then the reactor was
placed in a preheated oil bath at the set temperature (170 °C)
with continuous magnetic stirring and reacted for a desirable
time (20 h). The reaction vessel was rapidly cooled by running
water when the reaction was completed. Subsequently, the
resulting reaction mixture was filtered and diluted for EL/HMF/
EMF analysis. EL was analyzed by gas chromatography, HMF/
EMF were analyzed by ultra-high-performance liquid chroma-
tography (UHPLC). Details of these analyses are provided in ESI
Appendix, Materials and Methods. ¥

The product yield was determined and calculated according
to the following formula:

Product yield (%)

moles of product produced
= — — x 100%
moles of initial glucosyl units in the feedstock

3. Results and discussion

3.1. Characterization of catalyst

SEM images of y-AIOOH and CeO,@B,O; are depicted in
Fig. S1.7 Among them, the particle size of CeO,@B,0; is mainly
distributed between 100-250 nm. The agglomeration of catalyst
particles forms an irregular spatial structure with a rough
surface. Catalyst y-AIOOH shows a bulk structure with slit
pores.

The XRD patterns of the prepared catalysts are shown in
Fig. 1. Typical diffraction peaks can be observed around 26
angles of 28.46°, 33.04°, 47.38°, 56.29°, 59.05°, 69.41°, 76.72°
and 79.08°. These diffraction peaks belong to the (111), (200),
(220), (311), (222), (400), (331) and (420) diffraction crystal
planes of the cubic crystal system CeO, (JCPDS 078-0694), which
is the characteristic pattern of typical CeO,. Furthermore, it is
remarkable that no diffraction lines of the B,O; phase were
observed in the XRD pattern of the sample CeO,@B,03, indi-
cating that the B,O; species may be amorphous state or highly
dispersed.?” Diffraction peaks appear near 26 = 14.27°, 28.16°,
38.33°, 49.27°, 55.38°, 64.93° and 72.04°, which are consistent
with the pattern of orthogonal-crystal y-AIOOH (JCPDS 021-
1307) markers by comparison with the standard diffraction
patterns. The crystal faces corresponding to these characteristic
peaks are (020), (120), (031), (200), (151), (002), and (171),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction patterns of CeO,@B,03/y-AIOOH.

respectively.®® The characteristic peaks were thin and sharp,
which demonstrated that the products were high purity v-
AIOOH. At the same time, no diffraction peaks of impurities or
other substances were observed.

XPS was used to detect y-AIOOH and CeO,@B,0; and to
determine further the surface element composition and
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chemical state of the solid acid catalyst. As shown in Fig. 2(c),
the binding energy position corresponding to the XPS spectra of
B 1s is 191.7 eV, which may be related to the B-O-B bond in
B,0;. The B element in the samples is composed of triangular
and tetrahedral B-O coordination.?*® In addition, as visible from
Fig. 2(a) and (b), there are six distinct peaks in the Ce 3d spectra
corresponding to one state of Ce, and their corresponding
binding energy positions from right to left are 882.7, 889.3,
898.6, 901.3, 907.5, 917.3 eV, respectively. Among them, the
characteristic peaks of Ce*" appear near 882.7 eV and 898.6 eV,
which are close to the binding energies corresponding to the
spectral peaks of Ce** 3d;,, (882.4 €V) and Ce"* 3d;,, (903.9 eV),
respectively.* More significantly, the unique satellite peak of
CeO, appears at the binding energy of 917.3 eV. Moreover, there
is no such peak in the Ce(ur) spectrum, which also indicates that
Ce exists in the valence state of Ce(1v). To determine the surface
states of the y-AlIOOH, the XPS spectra with Al 2p peaks are
shown in Fig. 2(d). As observed, the peak value of Al 2p appears
at the binding energy of 74.6 eV. Thus, the dominating chemical
state of aluminium atoms in the y-AIOOH is Al(m). The uniform
peak position indicates the stable existence of Al.**

The specific surface area, pore volume, and pore size distri-
bution could affect the activity of the catalyst. The pore

a b
(a) Ce3d (b) Ce 3d
-~ ~
= =
< <
-’ N’
£ £
2 O 1s 2
3 2
= =
1200 1000 800 600 400 200 0 920 910 900 890 880
Binding energy (eV) Binding energy (eV)
(©) Bls @
191.7 Al2
3 74.8 Pl o1s
Gl
~ |
-~ s |&
= < |2
< — |2
N’
2 |E
= =
& 2 AN
5 R 82 80 78 76 74 72 70 68
< = Binding Energy (eV)
—
i Al 2
il | L
19 194 192 19 188 186 184 1200 1000 800 600 400 200 0
Binding energy (eV) Binding Energy (eV)

Fig. 2 XPS spectra of CeO,@B,03/v-AlOOH ((a) XPS survey spectrum of CeO,@B,0s3, (b) XPS spectra of Ce 3d, (c) XPS spectra of B 1s, (d) XPS

survey spectrum of y-AlOOH and XPS spectra of Al 2p).
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Table 1 Acidity distribution of CeO,@B,0O3z/y-AlOOH

Weak acidity Medium-strong Strong acidity
Catalyst (mmol g ) acidity (mmol g™")  (mmol g™ ")
Ce0,@B,0;  0.08 0.25 0.03
v-AIOOH 0.09 1.31 1.97

structure and specific surface area of catalysts CeO,@B,0; and
v-AIOOH were investigated by N, adsorption-desorption
isotherms and pore size distribution curve (Fig. S2(a) and (b)¥).
As can be seen, the sorption isotherms of the catalyst belong to
the IV type isotherms, as there are obvious mesoporous and
hysteretic loops. Catalyst CeO,@B,0; has an H,-type hysteresis
loop between 0.8 and 0.9 relative pressures, indicating that the
catalyst material is a spherical particle aggregate with a rela-
tively uniform size. An H,-type hysteresis loop appears in the
medium pressure part of the y-AIOOH catalyst, reflecting the
complex pore structure and varying pore size. When the P/P,
value is low, the adsorption mainly occurs on the surface and
inner monolayer of the catalyst, and the adsorption amount
slowly increases. When the P/P, value increases, capillary
condensation occurs in the catalyst and the adsorption curve
increases rapidly, then the adsorption curve and desorption
curve are separated. The values of specific surface areas, pore
volumes and pore sizes of CeO,@B,0; and y-AIOOH catalysts
are summarized in Table S1.1 It has to be emphasized that the
specific surface area of y-AIOOH (176.7 m® g ') is much higher
than that of catalyst CeO,@B,03 (22.4 m* g™ ").

Thermogravimetric (TG) analysis was used to investigate the
thermal decomposition of the catalysts. As illustrated in
Fig. S3(a),T the initial weight loss stage from 30-250 °C may be
attributed to the loss of adsorbed water, and the continuous
weight loss from 250-500 °C may be ascribed to the sponta-
neous reduction of Ce(wv) from CeO, to Ce(m) at high tempera-
ture.*> As shown in Fig. S3(b),T the weight loss at 30-200 °C is
due to the loss of free water molecules in the y-AIOOH catalyst
channels. Furthermore, most weight loss occurs above 200 °C,
with a sharp loss = 250 °C, which may account for the partial
decomposition of y-AIOOH to produce H,0.*

NH,;-TPD analysis was used to investigate the surface acidity
of CeO,@B,0; and y-AIOOH catalysts. As demonstrated in
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Fig. S4(a),t there is an ammonia desorption peak around
100 °C, which corresponds to the weak acid sites on the surface
of CeO,@B,0;. Fig. S4(b)t shows a little desorption peak at 100-
200 °C and a broader desorption peak at 500-700 °C, respec-
tively, indicating the presence of weak and strong acid sites on
the surface of y-AIOOH. It can be observed that all samples
showed a desorption peak at about 450 °C, which corresponds
to the medium-strong acid sites on the surface. Table 1 lists the
amount of acid at each acid level in the catalyst. The total
amount of acid for CeO,@B,0; catalyst is 0.36 mmol g’l, and
that for the y-AIOOH catalyst is 3.37 mmol g~ .

To further prove Lewis and Brensted acid sites types in the
catalytic system, the Py-IR method was applied. Fig. 3(a), (b) and
(c) show the Py-IR of the catalyst at 100 °C, 300 °C and 500 °C,
respectively. The results showed that the bands at 1448 cm ™"
and 1608 cm ™! indicated Lewis acid sites, while the bands at
1545 cm™ ' and 1638 cm ™ corresponded to Brensted acid sites,
and the combined peak of Lewis and Brensted acid sites
appeared at 1490 cm™'.** At the desorption temperatures of
100 °C, 300 °C and 500 °C, both Lewis and Brgnsted acid sites
were distributed, and the proportion and number of Lewis and
Bronsted acid sites are collected in Table S2.F

3.2. Effect of different catalyst loading ratio on the
conversion of glucose into EMF

As shown in Fig. 4, the catalyst loading ratio has a significant
effect on the EMF yield. The activity of the dual-acid synergetic
catalytic system was investigated in the reaction system of
20 mg glucose substrate, 1.7 mL anhydrous ethanol and 0.3 mL
DMSO at 170 °C. When y-AIOOH or CeO,@B,0; was used as
catalyst alone, the yield of EMF from glucose alcoholysis was
low. After combining them, the yield of EMF has been improved
to varying degrees. Among them, under the combined catalysis
of 5 mg y-AIOOH and 5 mg CeO,@B,0;, the maximum EMF
yield reached 13.7% after 20 hours of reaction at 170 °C using
an ethanol-DMSO solvent system. The EG yields declined with
prolonging residence time upon all the combined mass ratio of
v-AIOOH and CeO,@B,0;. As for HMF, an intermediate
product to form EMF, the yield was low (<2%). The mass ratio of
v-AIOOH and CeO,@B,0; affects the distribution of different
acid sites, thus affecting the acidic properties of the catalytic
system and then the EMF yield and selectivity.
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Fig. 3 Py-IR spectra of CeO,@B,03/y-AlOOH ((a) desorption at 100 °C; (b) desorption at 300 °C; (c) desorption at 500 °C).
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Fig. 4 Effect of catalyst loading on the conversion of glucose into EMF, (a) HMF yield, (b) EMF yield, (c) EL yield, (d) EG yield. Reaction conditions:

20 mg substrate, 1.7 mL ethanol, 0.3 mL DMSO, 170 °C.

In order to further study the synergistic effect of y-AIOOH
and CeO,@B,0; on the catalytic performance, the distribution
of acid type, amount and strength of the catalytic system were
changed by fine-tuning catalyst mass ratio (10: 0, 8:2, 6:4,
5:5,4:6,8:2,0:10, mg y-AlOOH : mg CeO,@B,03). Tables 2
and 3 show the distribution of acid type, strength and amount
of the paired y-AIOOH and CeO,@B,0; catalysts with different
mass ratio. “5 mg y-AIOOH + 5 mg CeO,@B,0;3” reached the
highest EMF yield (13.7%), further highlighting the importance
of acid sites distribution in the glucose-to-EMF conversion. The
total amount of acid on the catalyst was 3.37 mmol g~ for y-
AIOOH and 0.36 mmol g’1 for CeO,@B,03, respectively. When
the distribution of weak acid, medium-strong acid and strong
acid was close to 1.00: 9.18 : 11.76 (Table S4t), and Brensted
acid to Lewis acid ratio of 0.18 (Table S37), the yield of EMF

reached the maximum mentioned above. This enhancement
could be ascribed to the synergistic of y-AIOOH and
Ce0,@B,0; under these specific acid sites ratio being more
conducive to the isomerization of glucose to fructose and EG to
EF. In parallel, the synergistic catalytic system can catalyze
dehydration and subsequent etherification reaction more
quickly, reduce the possibility of side reactions, and thus
improve the EMF yield.

3.3. Effect of reaction temperature and time on the
conversion of glucose into EMF

Under the synergistic catalysis of y-AlIOOH and CeO,@B,03, the
optimal reaction temperature and time for synthesizing EMF
from glucose alcoholysis was 170 °C and 20 h, respectively. As
shown in Fig. 5, when the reaction temperature was elevated

Table 2 Influence of DMSO amount on EMF yield from glucose alcoholysis”

Entry Reaction solvent HMF yield/% EL yield/% EMF yield/% EG yield/%
1 2.0 mL ethanol 0 0 0.5 34.2

2 1.7 mL ethanol, 0.3 mL DMSO 0.1 1.8 13.7 27.0

3 1.5 mL ethanol, 0.5 mL DMSO 0.1 3.4 21.8 19.6

4 1.3 mL ethanol, 0.7 mL DMSO 0.1 3.3 27.7 14.7

5 1.0 mL ethanol, 1.0 mL DMSO 0.9 2.7 17.6 8.4

¢ Reaction conditions: 20 mg substrate, 5 mg CeO,@B,0;, 5 mg y-AlOOH, 170 °C, 20 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Investigations on EMF production yields from other carbohydrates

Entry Substrate Reaction conditions HMF yield/% EL yield/% EMF yield/%
14 Sucrose 170 °C, 20 h 0.1 4.9 13.6

24 Inulin 170 °C, 20 h 0.1 6.3 13.9

3¢ Starch 170°C, 20 h 0.2 5.2 15.9

4 Cellobiose 170 °C, 20 h 0.4 4.0 9.2

% Reaction conditions: 20 mg substrate, 5 mg CeO,@B,0s, 5 mg y-AIOOH, 1.7 mL ethanol, 0.3 mL DMSO; ND: not detected.

from 160 °C to 170 °C, the EMF production rate increased
rapidly. In comparison, when the reaction temperature
continued to increase to 180 °C, EMF yield decreased. The
optimum temperature was 170 °C, the excessive temperature
would backfire and form its by-product ethyl levulinate (EL), as
shown in Fig. 5(c). Reaction time is another significant factor
influencing the yield of EMF. At all temperatures, the yield of
EMF increased gradually with the prolongation of the reaction
time and then decreased after reaching the peak, which was
caused by the side-reaction occurrence. These results demon-
strate that similar to temperature, excessive time will also
reduce the selectivity.

3.4. Effect of amount of DMSO on the conversion of glucose
into EMF

In addition to catalyst loading, reaction temperature and time,
a suitable solvent system is also vital for the efficient carbohy-
drates conversion into EMF. As an affordable solvent with good
thermal stability and high polarity, DMSO has good application
prospects in the catalytic conversion of carbohydrates to EMF.
In order to enhance the selectivity and yield of EMF, the effect of
solvent on EMF yield was studied by adjusting the ratio of
DMSO and ethanol in solvent system. As indicated in Table 2,
compared with pure ethanol as solvent, the addition of 0.3 mL
and 0.5 mL DMSO can promote the conversion of glucose into
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Fig. 5 Effect of reaction temperature and time on the conversion of glucose into EMF, (a) HMF yield, (b) EMF yield, (c) EL yield, (d) EG yield.
Reaction conditions: 20 mg substrate, catalyst (5 mg CeO,@B,03, 5 mg y-AlOOH), solvent (1.7 mL ethanol, 0.3 mL DMSO), 170 °C, 20 h.
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Table 4 Comparison of various catalyst systems for the synthesis of EMF from glucose

glucose/catalyst

Catalyst mass ratio

Reaction conditions EMF yield/% References

1 v-AlOOH, CeO,@B,0; 2
2 MIL-101SO5H(100) 1.8
3 OMC-SO;H 1.8
4 B-H-beta (12.5) 1.5
5 PCP(Cr)-BA 2

EMF and EL. When the concentration of DMSO is further
increased to 0.7 mL, the maximum yield of glucose reaction at
170 °C for 20 h is 27.7%. However, when the content of DMSO is
further increased to 1.0 mL, the yield of EMF starts to decrease
quickly to 17.6%. These results demonstrate that the addition of
DMSO significantly affects the product distribution and
promotes the formation of EMF until a specific concentration.
This could be ascribed to the fact that the introduction of DMSO
can help the dehydration reaction and prevent the polymeri-
zation of intermediate products and the side reactions.” None-
theless, a high concentration of DMSO would reduce the relative
content of ethanol in the solvent system, thus slowing down the
etherification rate of intermediate HMF, which is not conducive
to generating EMF.*®

3.5. Study on the preparation of EMF from other
carbohydrates

In order to further explore the scope of application of the catalytic
system, other carbohydrates including sucrose, inulin, starch and
cellobiose were involved as raw materials to produce EMF, and
the results are summarized in Table 3. Under the reaction
conditions of 170 °C and 20 h, the EMF yields of sucrose, inulin
and starch were similar, which were 13.6%, 13.9% and 15.9%,
respectively. These results indicate that the catalytic system can
not only promote the etherification and dehydration reactions,
but especially the high strength of Brensted acidity contained in it
can effectively promote the hydrolysis of glycosidic bonds.*® In
contrast, the yield of EMF obtained from cellobiose was lower at
9.2%. This is attributed to the good symmetry of cellobiose linked
by B-1,4 glycosidic bonds, making its hydrolysis more difficult.*”
Moreover, most of the reported heterogeneous catalytic systems
are not ideal for the alcoholysis of glucose dimer, and its depo-
lymerization usually requires more stringent reaction condi-
tions.*® Simultaneously, the catalytic performance was compared
with other heterogeneous solid acid systems, and the results were
shown in Table 4. The substrate/catalyst mass ratio was used as
a measure of the catalytic performance per unit mass of catalyst
(average mass of y-AIOOH and CeO,@B,05). The mass ratio of -
AIOOH and CeO,@B,0; synergistic catalytic system is 2, which is
higher than other catalytic systems, indicating that higher EMF
yield and higher catalytic efficiency can be obtained with lower
catalyst loading.

3.6. Reusability

The reusability and long-term stability of the heterogeneous
catalysts are of great significance for EMF production in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Recycling experiment of CeO,@B,03/y-AlIOOH. Reaction
conditions: 20 mg glucose, catalyst (5 mg CeO,@B,03, 5 mg y-
AlOOH), solvent (1.3 mL ethanol, 0.7 mL DMSOQO), 170 °C, 20 h.

practical application. After the reaction was completed, the
catalyst was separated from the mixture by centrifugation,
washed with ethanol and deionized water for five consecutive
times to remove the deposited carbonaceous products on the
catalyst's surface, and then dried in a vacuum oven at 120 °C for
24 h. The as-separated catalysts were used directly for the next
reusability experiment without further regeneration steps. The
reusability study was conducted five times with glucose as raw
material and the total reaction time of 100 hours. As can be seen
from Fig. 6, during the first two rounds of reuse, the yield of
EMF decreased slightly (~3.0%). Although there was a decline
in the subsequent rounds, the fluctuation was not too high and
the yield remained relatively stable.

4. Conclusions

In summary, this work proposed an alternative promising route
for the heterogeneous catalytic preparation of EMF from
carbohydrates. Specifically, the synergic catalytic system of solid
acid catalysts CeO,@B,0; and y-AIOOH was developed. When
the amount of the two catalysts was the same as 5 mg (the
distribution ratio of weak acid, medium-strong acid and strong
acid was 1.00 : 9.18 : 11.76; the ratio of Brensted acidity/Lewis
acidity was 0.18), in ethanol/DMSO solvent system at 170 °C
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reactions 20 h, catalyzed glucose into EMF, the highest yield was
27.7%. The synergy between strong, medium-strong and weak
different acid sites and the synergy between Brensted acidity
and Lewis acidity together promote the cascade reaction of
carbohydrate conversion to EMF. Moreover, the catalytic system
for other glucose-based carbohydrates (sucrose, cellobiose,
inulin, starch) synthesis of EMF yields were moderate (9.2-
15.9%). In addition, the reusability experiment shows that the
catalytic system has no apparent activity loss after repeated use
five times without regeneration steps, and the separation
process is facile and simple.
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