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ctionalized PCP(Cr) catalysts with
Cr3+ and –SO3H sites for 5-ethoxymethylfurfural
production from glucose†

Luxin Zhang, * Yuting Liu, Ruijun Sun and Simin Yi

5-Ethoxymethylfurfural (EMF) has been identified as a potential biofuel and fuel additive, for which the

production from glucose (the most abundant and inexpensive monosaccharide) in a one-step process

would be highly desirable. Here, the synthesis of sulfonic acid-functionalized porous coordination

polymers (PCPs) and their application as catalysts for EMF synthesis are reported. PCP(Cr)-BA (PCP

material with Cr3+ ions and H2BDC-SO3H linkers) and PCP(Cr)-NA (PCP material with Cr3+ ions and

H2NDC(SO3H)2 linkers) materials containing both Cr3+ sites and Brønsted-acidic –SO3H sites were

prepared. The morphology, pore structure, acidity, chemical composition, and thermal stability of the

two functionalized PCP(Cr) catalysts were analyzed by systematic characterization. The catalysts featured

a porous morphology and dual Cr3+ and –SO3H sites, which enabled the cascade conversion of glucose

to EMF. PCP(Cr)-BA exhibited higher performance than PCP(Cr)-NA with an EMF yield of 23.1% in the

conversion of glucose at 140 �C after 22 h in an ethanol/water system. In addition, the as-prepared

catalyst exhibited a high stability in the current catalytic system for EMF production from glucose with

a constant catalytic activity in a four-run recycling test without an intermediate regeneration step.
1. Introduction

The increasing demand for energy and useful chemicals in
modern society has led to the accelerated depletion of non-
renewable fossil resources.1,2 With fossil fuel resources dimin-
ishing and CO2-emission concerns rising, there has been
considerable interest in the production of multipurpose mate-
rials, fuels, and chemicals from renewable resources to create
a carbon-neutral valorization cycle.3–6 5-Hydroxymethylfurfural
(HMF) and its derivatives are interesting building blocks or
platform chemicals that can be utilized as both biofuels and
precursors for various products and therefore have the potential
to replace petrochemicals and fossil fuels. Among HMF deriv-
atives, 5-ethoxymethylfurfural (EMF), which can be obtained by
ethanolysis of raw bioresources and renewable biomass-derived
carbohydrates, has recently attracted considerable attention.
EMF, as a potential biofuel alternative, is an oily liquid at room
temperature.7 EMF has a high energy density and exhibits many
excellent chemical properties. For example, when used as a fuel
additive, the amounts of exhaust gas, smoke, nitrogen oxides, and
sulfur oxides are reduced because of its high oxidation stability,
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while it delivers a superior combustion performance when used as
a fuel. Consequently, EMF has emerged as a potential excellent
fuel additive and new biofuel.8,9 In addition, EMF can also be used
as a avoring agent for foods and wines.

In recent years, EMF production from HMF or commercial
carbohydrates via catalytic routes has been reported.10–12 Acidic
catalysts are mainly applied in the synthesis of EMF from these
feedstocks, and both homogeneous and heterogeneous cata-
lysts are widely investigated for these reactions.13,14 EMF can be
prepared from HMF by etherication reaction in high yields
(>80%) with catalysts including mineral acids (e.g., sulfuric
acid), heteropolyacids (e.g., phosphotungstic acid
(H3PW12O40)15) or other solid acids (e.g., MOF-based hetero-
polyacid materials),16 tungstophosphoric acid supported on
mesoporous niobium oxophosphate17 or MCM-41,18 layered
niobium-molybdate,19 and Ag1H2PW (partially silver exchanged
phosphotungstic acid).20 When using fructose as feedstock,
satisfactory EMF yields can also be achieved in the presence of
a variety of homogeneous catalysts (e.g., sulfuric acid,21

ZrOCl2$8H2O,22 hydrogen sulfate ionic liquids,23 deep eutectic
solvent24) or heterogeneous catalysts (e.g., sulfonic acid-
functionalized solid acids,25–29 acidic nanospheres,30 carbona-
ceous solid acids12,31). Although the above-mentioned routes
proceed easily and with high EMF yields, their large-scale appli-
cations are limited due to the high prices of fructose and HMF.

Glucose, the most abundant and least expensive available
monosaccharide, has a price advantage over fructose or HMF
for EMF production.32 The one-pot transformation of glucose to
RSC Adv., 2021, 11, 33969–33979 | 33969
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EMF would be an economically more feasible process, because
it avoids the isolation of HMF or fructose and the subsequent
purication steps. Currently, single catalysts (e.g., ionic
liquids),33 Al(DS)3 (aluminum tridodecyl sulfate),34 multi-
functional zeolites35) or paired catalysts (e.g., H-USY(Si/Al ¼ 6)
+ Amberlyst-15,13 AlCl3$6H2O + PTSA–POM (polymer of p-tol-
uenesulfonic acid (PTSA) and paraformaldehyde (POM))36 have
been tested for EMF production from glucose. However, the
reactions are more difficult, and the obtained EMF yields are
lower than those from ketose-based carbohydrates. Using
glucose as raw material, at least one of three continuous
processes consisting of three consecutive reactions each must
be promoted: (i) “isomerization of glucose to fructose” –

“dehydration of fructose to HMF” – “etherication of HMF to
EMF”, (ii) “ethanolysis of glucose to ethyl glucoside (EG)” –

“isomerization of EG to ethyl fructoside (EF)” – “dehydration of
EF to EMF”, or (iii) “isomerization of glucose to fructose” –

“ethanolysis of fructose to EF” – “dehydration of EF to EMF”.
Brønsted acids are benecial to the dehydration and ether-

ication reactions.14,33,37 The investigations on the catalytic
synthesis of EMF from glucose or real raw biomass feedstocks
containing glucosyl units require as catalysts a combination of
Brønsted acids and active sites which are benecial for over-
coming equilibrium limitations of the glucose-to-fructose or
EG-to-EF isomerization reactions. Therefore, the design of
a bifunctional acidic catalyst with both Brønsted acid sites and
catalytic sites conducive to isomerization is reasonable for
achieving the “one-pot” catalytic conversion of glucose to EMF.
Other real biomass or waste materials containing glucose sub-
units, such as starch,7 corn stover,38 food waste,39 or sewage
sludge4 have been explored as alternative renewable feedstocks
for producing EMF catalyzed by homogeneous catalytic
systems, but these systems encounter limitations such as
equipment corrosion, catalyst separability, and recycling prob-
lems. Therefore, the development of a stable, recyclable, and
efficient heterogeneous solid catalyst is required.

Porous coordination polymers (PCPs) are porous crystalline
materials, which are formed by self-assembly of metal ions/
clusters and organic ligands, and are characterized by an
adjustable and modied pore structure and the presence of
functional groups.40,41 In recent decades, PCP materials have
widespread applications because of their special structure. As
a new type of solid catalysts, PCPs show broad development
prospects in the eld of catalytic applications. In the present
work, sulfonic acid-functionalized heterogeneous PCP(Cr)
catalysts, with both Cr3+ and –SO3H sites on the surface, were
synthesized and used for the direct production of EMF from
glucose. The Cr3+ and –SO3H sites on the catalytic materials
were expected to promote the catalytic conversion of glucose to
EMF, while the synergistic effect between porosity and acidity
would be conducive to enhancing catalytic performance. The
structures of the catalysts were systematically characterized, the
relationship of catalytic activity and physicochemical properties
in the synthesis of EMF were investigated and analyzed.
Furthermore, the role of co-solvent, the possible reaction
pathway, the reuse and recycle of the catalyst were examined.
33970 | RSC Adv., 2021, 11, 33969–33979
2. Experimental
2.1 Materials

All chemicals were used as received without further purication.
Glucose ($99%), 2-sulfoterephthalic acidmonosodium salt (H2BDC-
SO3Na,$98%)was purchased fromShanghai Aladdin Industrial Inc.
4,8-Disulfonyl-2,6-naphthalenedicarboxylic acid (H2NDC(SO3H)2,
$98%) was purchased from Chemsoon Chemical Co., Ltd.
(Shanghai, China). CrCl3$6H2O, Cr(NO3)3$9H2O, N,N-dime-
thylformamide (DMF), hydrochloric acid, hydrouoric acid, and
other chemicals were supplied by Tianjin Kermel Chemical Co., Ltd.
(Tianjin, China).

2.2 Catalyst preparation

CrCl3$6H2O (10 mmol), H2BDC-SO3Na (5 mmol), hydrochloric acid
(20mmol), deionized water (50 mL) weremixed in a 100mL Teon-
lined stainless-steel autoclave and then heated at 210 �C for 24 h.
Aer the reaction systemwas cooled down to room temperature, the
formed green powder was collected by centrifugation and washed
three times with water. Then, aer washing three times each with
DMF and methanol, the product was dried under vacuum at 80 �C
for 12 h. The obtained powder was denoted as PCP(Cr)-BA.

Cr(NO3)3$9H2O (1 mmol), H2NDC(SO3H)2 (1 mmol), HF
(�47 wt%, 110 mL, 2.6� 10�3 mmol) and DMF (6 mL) were added
into a 100 mL Teon-lined stainless-steel autoclave. The autoclave
was heated at 190 �C for 24 h, the following washing and drying
procedure was similar to that of PCP(Cr)-BA, the obtained product
was denoted as PCP(Cr)-NA.

2.3 Catalyst characterization

The surface morphologies of the catalysts and elemental mappings
(Cr, S) were observed using a JSM-6510LV scanning electron micro-
scope (SEM) from JEOL Ltd., Japan. X-ray photoelectron spectroscopy
(XPS) patterns of samples were determined with amonochromatic Al
Ka X-rays from Thermo Scientic ESCALAB 250Xi. Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet NEXUS-6700 FTIR
spectrometer from Thermo Fisher Scientic Inc., USA, in the wave
number range of 400–4000 cm�1. Thermogravimetric (TG) analysis
was conducted under nitrogenowby using a TGA/SDTA851 thermal
analyzer from Mettler-Toledo International Inc., USA. A sample was
placed in a sample pan and heated from room temperature to 350 �C
at aheating rate of 10 �Cmin�1. TheN2physisorption isothermswere
recorded by an ASAP 2460 system surface analyzer from Micro-
meritics Instruments Corp., USA, at 77 K applying the Brunauer–
Emmett–Teller (BET) andBarrett–Joyner–Halenda (BJH)method. The
Cr and S contents in PCP(Cr)-BA and PCP(Cr)-NA were measured by
ICP-AES (Agilent 725) analysis. The crystalline structures of the two
catalysts were analyzed on a BrukerMETALJETD8 Venture powder X-
ray diffraction (XRD) with Cu Ka radiation (l ¼ 0.154 nm).

3. Results and discussion
3.1 Characterization of the PCP(Cr)-BA and PCP(Cr)-NA
catalyst

The microstructures of PCP(Cr)-NA and PCP(Cr)-BA are clearly
visible in Fig. 1. The two catalysts exhibited an entirely different
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM and elemental mapping of PCP(Cr)-BA and PCP(Cr)-NA. (a)–(f) PCP(Cr)-BA, (g)–(l) PCP(Cr)-NA.
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morphology. For PCP(Cr)-BA, spherical microstructures were
successfully fabricated through the hydrothermal process, and
numerous nanobers were present on the surface of these
microspheres. PCP(Cr)-NA exhibited an irregular block-particle
morphology, in which many particles with different diameters
were formed during the synthesis process. PCP(Cr)-BA and
PCP(Cr)-NA showed homogeneous dispersions of the Cr and S
elements as observed by elemental mapping.

The porosity characteristics of the catalysts can be revealed
by the shape of the N2 adsorption/desorption isotherm (Fig. 2).
BET surface area and BJH pore volume were determined as 21
m2 g�1 and 0.04 cm3 g�1 and as 92 m2 g�1 and 0.46 cm3 g�1 for
Fig. 2 Nitrogen adsorption–desorption isotherms and pore size distribu

© 2021 The Author(s). Published by the Royal Society of Chemistry
PCP(Cr)-BA and PCP(Cr)-NA, respectively. The pore size and
pore volume of PCP(Cr)-NA were larger than those of PCP(Cr)-
BA. At a relative pressure of 0.4 < P/P0 < 0.98, a steep increase
was observed. The morphological and textural property
measurements and analysis conrmed the presence of porous
structures in these PCP(Cr) catalysts. As evident from the data of
ICP-AES (Table 1), PCP(Cr)-BA contained higher amounts of S
and Cr than PCP(Cr)-NA.

The XPS results for PCP(Cr)-BA and PCP(Cr)-NA are displayed
in Fig. 3. According to Fig. 3(a), both catalysts contained Cr, O,
C, and S elements. In Fig. 3(b), the binding energy peaks at
577 eV and 587 eV could be assigned to Cr 2p3/2 and Cr 2p1/2.
tion curves of PCP(Cr)-BA and PCP(Cr)-NA.

RSC Adv., 2021, 11, 33969–33979 | 33971
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Table 1 Results of physiochemical characteristics of PCP(Cr)-BA and PCP(Cr)-NA

Catalyst
Surface area
(m2 g�1)

Pore volume
(cm3 g�1) Smicro (m2 g�1) Vmicro (cm

3 g�1) Pore size (nm)
S content
(wt%)

Cr content
(wt%)

PCP(Cr)-BA 21 0.04 9 0.0006 7 9.3 8.9
PCP(Cr)-NA 92 0.46 18 0.07 27 6.7 8.6

Fig. 3 XPS patterns of PCP(Cr)-BA and PCP(Cr)-NA.

Fig. 4 FTIR spectra of PCP(Cr)-BA and PCP(Cr)-NA.
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The S 2p binding energy peaks of PCP(Cr)-BA and PCP(Cr)-NA in
Fig. 3(c) were in similar positions at around 167 eV, indicating
all the S species were S6+.
Fig. 5 XRD patterns of PCP(Cr)-BA and PCP(Cr)-NA.

33972 | RSC Adv., 2021, 11, 33969–33979
The chemical structure of PCP(Cr)-BA and PCP(Cr)-NA was
characterized by FTIR analysis (Fig. 4). For PCP(Cr)-BA, the band
at 1629 cm�1 was assigned to C]O stretching vibrations, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TG profiles of PCP(Cr)-BA and PCP(Cr)-NA.
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bands at 1044 and 1185 cm�1 could be assigned to O]S]O
symmetric stretching vibrations in –SO3H, and the band at
1449 cm�1 was assigned to O]S]O asymmetric stretching
vibrations in –SO3H. For PCP(Cr)-NA, the peak at 1035 cm�1 in
the IR spectra can be assigned to the symmetric stretching
vibration of –SO3

�-groups.42 The band at 1186 cm�1 could be
assigned to O]S]O symmetric stretching vibrations. The
peaks at 1423 cm�1 and 1641 cm�1 were the absorption peaks of
carboxyl groups and were assigned to the asymmetric stretching
vibration and symmetric stretching vibration of –COOH,
respectively. These results indicated that the sulfonic acid
Fig. 7 Effect of temperature and time on EMF production from glucose
PCP(Cr)-NA, ethanol + H2O ¼ 1.9 + 0.1 mL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
groups were retained in the catalyst surface aer solvothermal
reaction at high temperature.

To clarify the crystal structure, the XRD patterns of PCP(Cr)-
NA and PCP(Cr)-BA were provided, as shown in Fig. 5. The
crystal structures of PCP(Cr)-NA and PCP(Cr)-BA were totally
different. For PCP(Cr)-BA, there were obvious diffraction peaks
at 22.4�, 23.6�, 29.3�, 39.2� and 46.3�. For PCP(Cr)-NA, the
diffraction peaks were at 9�, 14.2�, 15.6�, 17.9� and 22.6�.
PCP(Cr)-NA exhibited larger particle size than PCP(Cr)-BA, the
particle size for PCP(Cr)-BA and PCP(Cr)-NA were 21.6 and
55 nm, respectively.
catalyzed by PCP(Cr)-NA. Reaction conditions: 20 mg glucose, 10 mg

RSC Adv., 2021, 11, 33969–33979 | 33973
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Fig. 8 Effect of reaction time and co-solvent on the ethanolysis of glucose catalyzed by PCP(Cr)-BA or PCP(Cr)-NA at 140 �C. Reaction
conditions: 20 mg glucose, 10 mg catalyst, 2 mL ethanol, ethanol + H2O ¼ 1.9 + 0.1 mL, ethanol + DMSO ¼ 1.9 + 0.1 mL.
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The thermal decomposition properties of the PCP(Cr)-BA and
PCP(Cr)-NA catalysts were investigated by TG analysis, and the
results are shown in Fig. 6. The mass loss of catalyst below 150 �C
33974 | RSC Adv., 2021, 11, 33969–33979
was assigned to the loss of free water molecules in the pores of
PCP(Cr)-BA and PCP(Cr)-NA. PCP(Cr)-BA is more stable than
PCP(Cr)-NA and retained about 93% of its mass at 350 �C.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2 Catalytic properties of PCP(Cr)-BA and PCP(Cr)-NA
catalyst

Reaction temperature and time are key factors in the study of
catalytic performance and optimal reaction conditions. To
investigate the effects of temperature and reaction time, cata-
lytic experiments were carried out by employing PCP(Cr)-NA at
different temperatures (130 �C to 150 �C) and for different
reaction times (4 to 28 h) in ethanol/water system. Referring to
Fig. 7, the yield of EMF progressively increased with the gradual
increase of time between 4 and 24 h, while prolonging the
reaction time aer reaching the peak would lead to a decrease
in EMF yield. The tested temperatures had a small effect on
glucose conversion, because the glucose conversion reached
100% aer 4 h for different temperatures.

An EMF yield of 12.8% was obtained aer 24 h at 130 �C. As
the temperature rose to 140 �C, the yield of EMF increased to
18% aer the same reaction time. Raising the temperature
accelerated the conversion efficiency of glucose, whichmight be
explained by atoms being more likely to donate or receive
electrons at higher temperatures, leading to higher reaction
rates. However, when the reaction temperature was further
raised to 150 �C for 24 h, the EMF yield decreased to 17.4%. The
reason for this phenomenon may be that the high temperature
led to further transformation of EMF to other unwanted by-
products, which resulted in the decrease in EMF yield.

In addition to the catalyst, the solvent system has a notice-
able effect on the solubility of raw materials, product yields, as
well as the stability of key intermediates.43 Since the introduc-
tion of a co-solvent may change the properties of the solvent
system and then affect reaction selectivity, the effect of co-
solvent on EMF production catalyzed by PCP(Cr)-BA and
PCP(Cr)-NA was investigated by using ethanol/DMSO, ethanol/
H2O, or pure ethanol as the reaction medium.

As depicted in Fig. 8, the co-existence of Cr3+ and –SO3H sites
in a single PCP(Cr) catalyst enabled “one-pot” cascading and
concatenating reactions for glucose to EMF. Generally, PCP(Cr)-
BA exhibited better catalytic activity than PCP(Cr)-NA in the
EMF production from glucose, and the presence of water as co-
solvent improved the reaction efficiency remarkably. Without the
addition of co-solvent, 6.9% yield of EMF was obtained with
PCP(Cr)-NA as catalyst in 24 h at 140 �C, while 15.7% yield was
achieved in the presence of PCP(Cr)-BA with a reaction time of
22 h. When 5 vol% water was introduced into the reaction system,
the yield of EMF increased for both catalysts. When using PCP(Cr)-
BA as catalyst, the yield of EMF increased noticeably from 15.7% to
21.3%, and the yield of HMF (the main intermediate product)
increased from 0.5% to 5% at 140 �C in 22 h.

When DMSO (5 vol%) was introduced into the reaction
system with the PCP(Cr)-BA catalyst, the yield of HMF increased
remarkably, but the yield of EMF decreased greatly. Different
from the results with PCP(Cr)-BA, the addition of DMSO
increased EMF yield with PCP(Cr)-NA as catalyst compared with
pure ethanol reaction system. Notably, the yield of ethyl levu-
linate (EL) increased by adding DMSO under PCP(Cr)-NA
catalysis, however, EL yield remained in low level for PCP(Cr)-
BA catalysis with DMSO or water as co-solvent. The results
© 2021 The Author(s). Published by the Royal Society of Chemistry
above indicated that catalyst property and solvent have syner-
gistic catalytic effects on the reactions for ethanolysis of
glucose. The addition of DMSO caused different yield increase
or decrease for EMF, HMF and EL over different catalysts, may
be because the “solvent effect” was corelated to catalyst pore
size. As shown in Fig. 2 and Table 1, the pore volume and pore
size of PCP(Cr)-NA were larger than those of PCP(Cr)-BA, the
cooperation of pore dimension and solvent characteristics
resulted in differences for products distribution.

In Fig. 8, glucose conversion of 100% being obtained for all
the solvents. Furthermore, both EMF and HMF yields increased
in the presence of the two catalysts at the beginning of the reac-
tion, and as time progressed the yields decreased gradually,
whereas the EL yield continuously increased with reaction time. EL
was proved to be formed not only from the rehydration of EMF, but
another feasible alternative route is the production of levulinic
acid (LA) via HMF followed by its esterication to EL.44–46 Long
reaction times were not favorable for EMF production due to the
instability of EMF and easy conversion to by-products.

These two catalysts are materials with dual Cr3+ and –SO3H
sites. The metal sites and organic ligands of PCP materials can
function as catalytically active centers. Both PCP(Cr)-BA and
PCP(Cr)-NA contained Cr3+ sites with coordinative unsatura-
tion, with the potential to catalyze glucose-to-EG isomerization.
On the other hand, the sulfonic acid functional groups, H2BDC-
SO3H, or H2NDC(SO3H)2 were dispersed on the surfaces of
PCP(Cr)-BA or PCP(Cr)-NA to introduce catalytically active
centers with Brønsted acidity. The Cr3+ sites in the PCP(Cr)-B/
NA catalysts served as active sites for the isomerization step in
the cascade reaction from glucose to EMF, and Brønsted-acidic
sulfonic acid group sites catalyzed the subsequent dehydration
reactions (fructose to HMF, EF to EMF) and etherication
reaction (HMF to EMF). PCP(Cr)-BA was more active than
PCP(Cr)-NA, mainly because PCP(Cr)-BA contained more Cr3+

sites and –SO3H sites than PCP(Cr)-NA (Table 1). The efficiency
of PCP(Cr)-BA and PCP(Cr)-NA in catalyzing glucose to 5-EMF
was more noticeably affected by the contents of Cr3+ sites and
–SO3H sites than textual property. The 5-EMF yield was not
strongly correlated with high BET. PCP(Cr)-BA demonstrated
higher activity than that of PCP(Cr)-NA, whereas the overall BET
surface area, pore volume, and pore size of PCP(Cr)-BA was
signicantly lower than that of PCP(Cr)-NA.

To verify the superiority of the synergistic effect between Cr3+

and –SO3H active sites, the catalytic performance of catalyst
with single Cr3+ or single –SO3H group was tested. Commercial
MIL-101(Cr) with single Cr3+ site and commercial UIO-66-SO3H
with single –SO3H group were used as catalyst for the comparative
experiments. As can be seen from entries 1 and 2 in Table 2, UIO-
66-SO3H afforded 0.7% EMF yield, while no EMF was detected in
the presence of MIL-101(Cr). These observations indicated that the
combination of Cr3+ and –SO3H sites was essential for EMF
production from glucose. Furthermore, in bifunctional catalyst,
the proximity of the two active sites may play a crucial role on the
catalytic performance. Therefore, comparative tests were carried
out by (i) adding singleMIL-101(Cr) and single UIO-66-SO3H (Table
2, entry 3); (ii) simple powder mixing between MIL-101(Cr) and
UIO-66-SO3H particles (Table 2, entry 4); and (iii) grinding
RSC Adv., 2021, 11, 33969–33979 | 33975
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Table 2 EMF production from glucose using various catalystsa

Entry Catalyst Catalyst loading/mg Reaction conditions EMF yield/%

1 MIL-101(Cr) 10 140 �C, 22 h —
2 UIO-66-SO3H 10 140 �C, 22 h 0.7
3b MIL-101(Cr)+ UIO-66-SO3H 10 + 10 140 �C, 22 h 13.4
4c MIL-101(Cr)+ UIO-66-SO3H 10 + 10 140 �C, 22 h 14.5
5d MIL-101(Cr)+ UIO-66-SO3H 10 + 10 140 �C, 22 h 15.7

a Reaction conditions: 20 mg glucose, ethanol + H2O ¼ 1.9 + 0.1 mL. b Single MIL-101(Cr) and single + UIO-66-SO3H were added to the reaction.
c Simple powder mixing between single MIL-101(Cr) and single UIO-66-SO3H particles. d Grinding a powder mixture of MIL-101(Cr) and UIO-66-
SO3H in an agate mortar.

Table 3 Synthesis of EMF from glucose under different reaction conditionsa

Entry Catalyst
Catalyst loading
(mg)

Reaction time
(h)

Glucose conversion
(%)

HMF yield
(%)

EMF yield
(%)

EL yield
(%)

1 PCP(Cr)-BA 10 22 100 5.0 23.1 0.1
2 PCP(Cr)-BA 5 22 100 1.6 17.9 —
3 PCP(Cr)-BA 15 22 100 4.2 21.1 0.2
4 PCP(Cr)-NA 5 24 100 1.7 3.7 —
5 PCP(Cr)-NA 10 24 100 0.02 18 0.1
6 PCP(Cr)-NA 15 24 100 0.1 15.6 0.2
7 PCP(Cr)-NA 20 24 100 0.02 5 0.5
8b PCP(Cr)-NA 10 24 100 1.8 5.7 ND
9c PCP(Cr)-NA 10 24 100 0.06 11.7 0.1

a Reaction conditions: ethanol + H2O ¼ 1.9 + 0.1 mL, 20 mg glucose, 140 �C. b 10 mg glucose. c 30 mg glucose.
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a powder mixture of MIL-101(Cr) and UIO-66-SO3H in an agate
mortar (Table 2, entry 5). The results showed that the closer
distance between Cr3+ and –SO3H group, the higher EMF yield,
which further veried the superiority of the synergistic effect
between Cr3+ and –SO3H group active sites.

3.3 Effect of glucose concentration and catalyst
concentration

Catalyst and feedstock loading affected the products distribu-
tion signicantly. As listed in Table 2 for initial glucose loading
Fig. 9 Recycle experiments of glucose conversion into EMF catalyzed
by PCP(Cr)-BA. Reaction conditions: 20 mg glucose, 10 mg PCP(Cr)-
BA, ethanol + H2O ¼ 1.9 + 0.1 mL, 22 h, 140 �C.

33976 | RSC Adv., 2021, 11, 33969–33979
of 20mg, the yield of EMF reached themaximum value of 23.1%
with PCP(Cr)-BA catalyst loading of 10 mg (Table 3, entry 1),
while increasing the catalyst loading to 15 mg or decreasing it to
5 mg exhibited a remarkable negative impact on the EMF yield
in the reaction system.When increasing the PCP(Cr)-NA catalyst
loading from 5 mg to 20 mg, the EMF yields rst increased and
then decreased with amaximum value of 18% at 10 mg PCP(Cr)-
NA (Table 3, entry 5), while the yield of EL constantly increased
with the increase of catalyst amount. Furthermore, at 140 �C
and 10 mg PCP(Cr)-NA, the EMF yield varied with different
initial glucose concentration (Table 3, entry 5, 8, 9). At initial
glucose amounts of 10 mg and 30 mg, the EMF yields reached
5.7% and 11.7%, respectively. Higher glucose concentration
promoted side reactions and resulted in a decrease in EMF
yield. A lower EMF yield was observed with a glucose amount of
Table 4 Synthesis of EMF from various feedstocks catalyzed by
PCP(Cr)-BAa

Entry Substrate
Reaction time
(h)

HMF yield
(%)

EMF yield
(%)

EL yield
(%)

1 EG 18 0.9 30.2 0.1
2b Fructose 6 0 41.9 7.7
3 Fructose 6 0.5 52.3 0.6
4 EF 10 1.4 47.1 0.2
5 HMF 4 1.9 62.7 0.1

a Reaction conditions: ethanol + H2O ¼ 1.9 + 0.1 mL, 20 mg substrate,
5 mg catalyst, 140 �C. b 2 mL ethanol.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Reaction routes for EMF production from glucose catalyzed by PCP(Cr)-BA.
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5 mg compared to 10 mg, mainly because the lower glucose
concentration resulted in excess catalytic sites, which were
more conducive to catalyzing side reactions.
3.4 Catalyst recycling experiments

The recycling evaluation experiments of the PCP(Cr)-BA catalyst
were carried out by conducting the synthesis of EMF from
glucose in ethanol/H2O under the same conditions as with the
fresh catalyst. Aer each reuse reaction run, the PCP(Cr)-BA
catalyst was separated by simple ltration. The obtained
yields of the main products, i.e., EMF, EL, and HMF, were dis-
played in Fig. 9, which indicate an approximately constant yield
over four runs. Furthermore, we conducted ICP-AES analysis for
the solvents aer reactions, and no Cr or S was detected, indicating
the heterogeneous nature of the reaction. Consequently, PCP(Cr)-
BA can be considered as a PCP material with a good thermal
stability in ethanol/H2O reaction environment and with a good
catalytic activity in the recycling tests for EMF production from
glucose. Therefore, PCP(Cr)-BA possesses a great potential appli-
cation in the catalytic conversion of glucose to biofuel EMF.
3.5 Discussion of the reaction networks for the production
of EMF

The PCP(Cr)-BA catalyst featured a porous structure and both
Cr3+ and –SO3H groups, which were conducive to EMF
production from glucose via multi-step reactions in ethanol/co-
solvent reaction systems. EMF was also detected with EG, EF,
fructose or HMF as raw materials (Table 4). Based on the liter-
atures47–49 and the determination of products in the applied
reaction system under different conditions, the co-existence of
three main reaction pathways can be inferred, as shown in Fig. 10;
(i) glucose–EG–EF–EMF; (ii) glucose–fructose–HMF–EMF; and (iii)
glucose–fructose–EF–EMF. The reaction proceeded via the
© 2021 The Author(s). Published by the Royal Society of Chemistry
isomerization reaction of glucose to fructose (and EG to EF) over
Cr3+ sites on PCP(Cr)-BA, and then the dehydration reaction of
fructose to HMF (and EF to EMF), followed by the etherication
reaction of HMF and ethanol to EMF over the Brønsted-acidic
sulfonic acid group sites on PCP(Cr)-BA catalyst.
4. Conclusion

In this work, a facile method to synthesize sulfonic acid-
functionalized PCPs via solvothermal-induced self-assembly
was demonstrated. The prepared PCP(Cr)-BA and PCP(Cr)-NA
catalysts contained both Cr3+ and Brønsted-acidic –SO3H sites
in a single PCP(Cr) material. Because of their acidity features,
these materials were explored as catalysts for EMF production
from glucose. The amounts of Cr3+ and –SO3H sites signicantly
contributed to the catalytic performance. The presence of water
in the reaction medium notably improved the catalytic effi-
ciency, enhancing EMF yields in the reactions catalyzed by
PCP(Cr)-BA or PCP(Cr)-NA. It was found that PCP(Cr)-BA could
convert glucose to EMF with the highest yield of 23% in an
ethanol/H2O system. Cr3+ sites were identied as the major
catalytic species for the isomerization steps of the cascade
reactions from glucose to EMF, while –SO3H groups on the
catalyst surface were benecial for the dehydration and ether-
ication reaction steps for synthesizing EMF. In recyclability
studies consisting of a four-run recycling test, the possible reuse
of the PCP(Cr)-BA catalyst was demonstrated without signicant
changes in product yields, conrming good recyclability and
stability of the catalyst. This work provides a novel strategy to
biofuel EMF synthesis and valorization of carbohydrates.
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