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A B S T R A C T   

Several sulfonated polymers, which are typical Brønsted acid catalysts, have been employed in the production of 
two biofuels: 5-ethoxymethylfurfural (EMF) and ethyl levulinate (EL) as main byproduct, and the catalytic results 
have been attributed to their different chemical and morphological properties. The Purolite CT275DR attained 
the best results from 5-hydroxymethylfurfural (HMF) with a 63% EMF yield after 16 h at 100 ◦C thanks to their 
more abundant superficial acid sites. Moreover, Purolite CT275DR was able to efficiently dehydrate and etherify 
fructose, with a total EMF plus EL yield of 65% after 24 h at 100 ◦C. When glucose or galactose were used as 
feedstock, alumina was utilized to provide Lewis acid sites, necessary for the transformation of aldoses in so-
lution enabling a combined biofuel yield (EMF plus EL) of 40% from glucose after 24 h at 140 ◦C. With the study 
of the role of each catalyst, both Brønsted and Lewis acid catalysts (resin and alumina, respectively) were 
required to obtain considerable EMF yields from aldoses. The reutilization of the catalysts employed for 5 cat-
alytic runs demonstrated that Purolite CT275DR suffers no appreciable loss of activity, but alumina showed 
progressive losses in activity in each cycle due to carbonaceous deposits and catalyst loss.   

1. Introduction 

The ever-threatening depletion of fossil resources together with 
environmental concerns are pushing for more sustainable and renew-
able resources, like biomass. This is expected to find a niche position 
providing materials for the production of polymers, intermediate 
chemicals and biofuels, and as energy source, alleviating our depen-
dence on fossil resources on the short term and substituting them totally 
or partially in the long term [1]. Lignocellulosic biomass has been 
thoroughly studied as one of the best candidates given its abundance and 
extensive possibilities [2,3]. Lignocellulose is composed of 35–50% 
cellulose (β-D-glucose biopolymer), 20–35% hemicellulose (biopolymer 
of various pentoses and hexoses) and 10–25% lignin (a polyphenolic 
biopolymer). Therefore, lignocellulosic biomass is composed primarily 
out of saccharides in the form of biopolymers [4]. Additionally, algal 
biomass has attracted great interest due to its faster growth than 
terrestrial plants and does not require fertile land to grow. Furthermore, 
lignin is absent in algal biomass, which facilitates depolymerization of 
algal raw materials [5,6]. Instead of lignin and hemicellulose, other 

biopolymers make up for the composition of algae like laminarin, starch, 
agar, and others, which are abundant in glucose, galactose and dehy-
drogalactose [5]. Therefore, it is not questionable that saccharide mass 
valorisation is of utmost importance due to its abundance in the 
biosphere as a renewable resource. 

In consequence, dehydration of hexoses has been extensively stud-
ied, yielding 5-hydroxymethylfurfural (HMF), a promising platform 
molecule from which a wide variety of products can be derived, among 
them: levulinic acid, formic acid, γ-valerolactone or 2,5-furandicarbox-
ylic acid, biofuels, etc [7–10]. In the last years, one of the biofuels that 
has attracted the attention of researchers is 5-ethoxymethyl furfural 
(EMF), which can be synthesized from the simple etherification of HMF 
with ethanol in acid conditions. EMF shows a high energy density (30.3 
MJ L− 1), high miscibility with fuels currently employed and improves 
the combustion in engines reducing carbonaceous particulate emission 
[11]. Its production results advantageous over other biofuels that can be 
also derived from HMF, given that there is no need to carry out a 
reduction step of this chemical under high hydrogen pressures, also 
avoiding the loss of energy density. 
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In general, it has been widely proposed that firstly hexoses have to be 
isomerised and dehydrated into HMF and then etherified into EMF [12, 
13]. On the one hand, HMF and EMF have been produced with relevant 
yields from biomass through the utilization of high amounts of HCl, with 
5-chloromethylfurfural as intermediate. Mascal et al. synthesized 
5-chloromethylfurfural with a yield of 81% from glucose and even 80% 
from corn stover, which they could convert to EMF with a 95% yield [14, 
15]. However, the handling of highly concentrated HCl solutions is 
associated with equipment corrosion and health and environmental 
concerns that make implementation difficult. On the other hand, het-
erogeneous catalysts are easily recoverable, active, and do not cause 
severe corrosion problems. Yang et al. utilized a niobium-molybdate 
layered catalyst that could etherify selectively (>99% yield) HMF with 
alcohols such as methanol and ethanol [16]. Collins et al. prepared 
sulfonated aluminium-zirconium mixed oxides supported over KIT-6, 
which provided both Lewis and Brønsted acids sites. They demon-
strated higher zirconium loading to be favourable to the final EMF yield 
in the direct etherification of HMF, attaining a maximum EMF yield of 
67% [17]. Changwei et al. synthesized organic sulfonated polymers that 
were subsequently used in the one-pot transformation of fructose to 
EMF, achieving a 69% yield at 140 ◦C after 18 h in ethanol:THF (3:1) 
solution, [18]. Liu et al. employed sulphonic acid supported over mes-
oporous silica [19]. Although the catalyst could dehydrate fructose and 
produce EMF with high yield (84% and 63% from HMF and fructose, 
respectively), it was not capable of converting glucose into EMF. In 
contrast, ethyl glucoside (EG) was produced in great quantity (92% 
yield). 

Thus, it has been reported that fructose can be readily dehydrated 
into HMF and etherified using strong Brønsted acids but these sites 
regularly lead to the etherification of the anomer carbon in the case of 
the aldose glucose when it is employed as feedstock [19–23]. Therefore, 
although relevant EMF yields could be obtained from fructose, its pro-
duction from aldoses such as glucose and galactose, which are present in 
different types of biomass like lignocellulosic or algae biomass, is more 
interesting but more difficult. To overcome that drawback it is necessary 
the presence of Lewis acid sites in the reaction medium, whose purpose 
is to isomerize aldoses to their correspondent ketoses, via hydride 
transfer [24]. Li et al. combined protonic and dealuminated zeolites with 
Amberlyst-15 to improve the catalytic performance, achieving up to 
46% EMF yield in a one-pot two-step process, in which the reaction was 
stopped by cooling to add a second catalyst, before initiating the reac-
tion again [25]. In the same way, Lew et al. employed jointly a Sn-Beta 
zeolite as Lewis acid catalyst for the isomerization of glucose into 
fructose, and a Brønsted acid resin (Amberlyst-131) to promote the 
dehydration of the ketose and the etherification reaction [13]. They 
introduced both catalysts in sequential order in such a way that they 
filtered Sn-Beta zeolite after 5 h and added Amberlyst-131, obtaining a 
final EMF yield of 31% after 24 h. It should be noted that each catalyst 
was incorporated in an independent step, not being a real one-step pro-
cess. Xin et al. carried out the reaction using AlCl3 as Lewis acid catalyst 
and combining it with PTSA-POM to provide Brønsted acid sites. This 
resulted in the production of 31% EMF and 12% HMF yield from glucose 
at 150 ◦C after 30 min in an ethanol–water (9 : 1) solvent system [26]. 

Therefore, a suitable combination between Lewis and Brønsted acid 
catalysts is crucial for EMF production from aldoses. In the present work, 
cation-exchange resins and alumina were employed as pure Brønsted 
and Lewis acid catalysts, respectively, to produce biofuels from biomass 
derivatives and evaluate the role of each type of acid sites. Firstly, the 
catalytic performance of several Brønsted acid resins was evaluated. In 
this sense, different commercial sulfonated polymers were tested in the 
etherification of HMF and production of biofuels from hexoses derived 
from biomass. Sulfonated polymers are interesting options for the val-
orisation of biomass, given their strong Brønsted functional groups al-
lows these resins to act as active heterogeneous catalysts. Thus, Purolite 
CT275DR, Purolite CT269DR, Amberlyst-15DRY (macroreticular type 
resins) and Purolite PD206 (gel type resin) were evaluated in order to 

deepen about the influence of their properties on the catalytic perfor-
mance and know which resin is more suitable for EMF production. 
Furthermore, the resin that yielded the best results was chosen for 
further research and optimization, as well as their activity in the con-
version of fructose, glucose and galactose, by itself and together with the 
addition of acid alumina to provide Lewis acid sites to the process in 
order to maximize the EMF production from aldoses like glucose and 
galactose. The influence of both catalysts on the catalytic performances 
was studied in one-pot, incorporating both materials at the beginning of 
process, unlike other studies previously reported in the literature. 

2. Experimental 

2.1. Materials 

The following solids were employed as acid catalysts as received: 
ion-exchange resins, such as Purolite CT275DR, Purolite CT269DR and 
Purolite PD206 obtained from Purolite. Amberlyst-15DRY (Fluka) and 
an acidic γ-Al2O3 (Alfa Aesar, Acidic Alumina Brockmann Grade I, 58 Å). 
HMF (99,9%), D-Glucose (99%), D-galactose (99%) and D-fructose 
(99%) were purchased from Sigma-Aldrich. Ethanol (96%) was obtained 
from VWR Chemicals. 

2.2. Reaction procedure 

All reactions for EMF production were carried out in batch reactors 
(glass pressure tube with thread bushing Ace, 15 mL). General reaction 
conditions were 5 mL of ethanol 96% as solvent, 0.1 g of HMF or 0.15 g 
of hexose, and 0.05 g of catalyst in such a way that the substrate:catalyst 
weight ratio were 2 and 3, respectively. Before heating, reactors were 
purged with N2 to avoid unwanted processes that could lead to HMF 
polymerization. Batch reactors were introduced in a temperature regu-
lated aluminium block with magnetic stirring. 

In the case of reuse tests, the reaction liquid was decanted leaving the 
solids, Purolite CT275DR and/or γ-Al2O3 catalysts, in the reactor, fol-
lowed by drying at 80 ◦C for 1 h, without washing and regeneration 
steps. Then, the catalysts were reused again without any treatment, after 
adding a new reaction mixture formed by 0.15 g of glucose and 5 mL of 
ethanol 96%. 

In all cases, once the reaction was finished, the reactor was sub-
merged in water at room temperature to stop the reaction. To guarantee 
the dissolution of all components in the reactor tube allowing their 
proper quantification by high performance liquid chromatography 
(HPLC), 2.15 mL of deionized water were added before homogenising 
and taking a sample. Liquid samples were analysed by means of JASCO 
HPLC. The different compounds were detected and quantified using 
both a multiwavelength detector (MD-2015) and a refractive index de-
tector (RI-2031-PLUS). Previously, the different components in the 
matrix were separated through a Phenomenex REZEX Ca2+-Mono-
saccharide (300 mm × 7.8 mm) heated at 70 ◦C by a column oven (CO- 
2065). Flow conditions employed were 0.4 mL min− 1 of deionized and 
microfiltered water, provided by a quaternary gradient pump (PU- 
2089). Conversion, selectivity and yield were defined as followed 
(Equations (1)–(3)): 

ConversionX =
( (

molinitialX − molfinalX
)) /

molinitialX
)

⋅ 100 (1)  

SelectivityY =
(
molfinalY

/ (
molinitialX − molfinalX

))
⋅100 (2)  

YieldY =(SelectivityY ⋅ ConversionX) / 100 (3) 

The carbon balance was determined using the following equation: 

Carbon Balance=
∑

moli⋅ni
6

molinitial  

Where i represents each of the detected compounds and ni was the 
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number of carbon atoms in the detected compounds. 

2.3. Catalyst characterization 

Elemental analysis of ion-exchange resins was carried out in a LECO 
CHNS932 analyzer (LECO Corporation, St. Joseph, MI, USA). The cat-
alysts were burned at 1100 ◦C in oxygen. 

The swelling ratio was calculated by adding 10 mL of the polymer 
studied into a 50 mL graduated tube. Then, the tube was filled with 40 
mL of ethanol 96%. After 24 h, the new volume occupied by the polymer 
is measured. The swelling ratio is therefore calculated by the Swelled: 
Non-swelled volume ratios. 

Textural properties of catalysts were studied employing N2 
adsorption-desorption isotherms at − 196 ◦C, after evacuation at 100 ◦C 
and 10− 4 mbar, utilizing an automatic ASAP 2020 from Micrometrics. 
Brunauer-Emmett-Teller (BET) [27] equation was employed to deter-
mine specific surface area considering a N2-molecule cross section of 
16.2 Å2. The pore size distribution was calculated by the density func-
tional theory model (DFT) by alumina catalyst and the pore diameter 
was calculated by BHJ method for resins [28]. 

X-ray photoelectron spectra were acquired with non-monochromatic 
Mg Kα radiation (300 W, 15 kV, 1253.6 eV) in a Physical Electronics PHI 
5700 with a multichannel detector. Adventitious carbon at 284.8 eV was 
used to calibrate the measurements, taken in pass-energy mode at 29.35 
eV and a diameter area of 720 μm. Spectra were acquired and treated 
using a PHI ACCESS ESCA-V6.0 F software package. A Shirley type 
background was subtracted from the signals. Peaks were fitted using a 
Gaussian-Lorentzian curve. 

Thermogravimetric analysis was performed by a TGA/DSX 1 model 
(Mettler-Toledo) under 50 mL min− 1 air flow. Heating ramp was set to 
10 ◦C⋅min− 1 and the sample were analysed from 30 to 900 ◦C. 

Fourier Transformed Infrared Spectroscopy Analysis (FTIR) was 
carried out in a Shimadzu Fourier Transform Infrared Instrument 
(FTIR8300). The catalyst was compacted into self-supported wafers, 
with a mass surface ratio of 15 mg cm− 2, that was evacuated at 300 ◦C 
and 10− 2 Pa overnight. The wafer was exposed to a pyridine atmosphere 
(pyridine vapor pressure of 200 mbar) for 10 min, before outgassing at 
room temperature, 100 ◦C and 200 ◦C. 

Temperature-programmed desorption of ammonia was used to 
quantify the total acidity of alumina. Prior to the analysis, 0.08 g of the 
solid was heated under a helium stream at 550 ◦C, to remove any su-
perficial impurities. After that the sample was cooled under He flow and 
then ammonia was adsorbed on the catalyst at 100 ◦C. Then, tempera-
ture was increased from 100 ◦C to 550 ◦C, under 40 mL min− 1 helium 
flow. Desorbed ammonia was quantified using a Shimadzu GC-14A Gas 
Chromatograph equipped with a thermal conductivity detector (TCD). 

3. Results and discussion 

3.1. Characterization and properties of heterogeneous catalysts 

3.1.1. Sulfonated polymers 
Cationic exchange resins studied in this work possess polystyrene 

structure crosslinked with divinylbenzene and functionalized with sul-
fonic groups that provide them with strong Brønsted acidity. In order to 
know the influence of resin type, macroreticular resins like Purolite 
CT275DR, Purolite CT269DR and Amberlyst-15DRY, and gel resin like 
Purolite PD206 were compared. Their elemental analysis reveals that all 
the polymers have a similar sulphur content, ranging from 12.8 wt% for 
the Purolite CT275DR to 13.8 wt% for the Amberlyst-15DRY (Table 1). 
These resins also showed similar values of ion-exchange capacity, as 
supplied by the provider, but a correlation between their dry weight 
capacity and sulphur content was not found. 

Likewise, the sulphur content on the catalyst surface was determined 
by XPS (Table 1). Notably, Purolite CT275DR showed the highest su-
perficial sulphur content (19.8 wt%), being much higher than that found 

by CHNS analysis which demonstrates high sulfonic group content on 
the catalytic surface of this resin. On the other hand, it should be noted 
that the lowest value was found for Purolite CT269DR, with only a 9.9 
wt%. Purolite PD206 and Amberlyst-15DRY presented 14.9 wt% and 
13.7 wt% respectively, a middle ground between the Purolite CT275DR 
and Purolite CT269DR. The chemical states of the different components 
of the polymers were also studied by XPS (Table S1, Fig. S1). It can be 
observed that three contributions were found in the C 1s region: the first 
signal at 284.8 eV corresponded to adventitious carbon (C–C, C–H), 
another signal at 286 eV was ascribed to both the carbon in divinyl-
benzene groups (C––C) with electron withdrawing groups, hydroxyl 
groups (C–OH) and sulphur bonded carbon (C–S), and the third signal, 
found at 287 eV, produced by carbonyl groups (C––O) in the polymer 
[29–32]. O 1s core level spectra presented two bands: the first, at 532 
eV, is caused by the oxygen in sulfonic groups, while the other signal, at 
533.6 eV, is caused by physisorbed water over the hydrophilic centres of 
the polymer [32]. The doublet in the sulphur region is caused by the 
sulfonate groups on the aromatic rings [29,30]. 

On the other hand, the catalytic activity of a resin also depends on 
the accessibility of reagents into its matrix. Thus, the textural properties 
of these resins were evaluated by N2 adsorption-desorption isotherms 
(Fig. S2). Thus, the macro-reticular polymers exhibited values of BET 
surface area between 26 and 44 m2 g− 1 (Table 2). The resins present 
mesoporosity that facilitates diffusion to and from active sites, with an 
average pore diameter ranging between 7.7 and 12.4 nm, as determined 
by BHJ method, being the lowest value found for Purolite CT275DR 
(Table 2). 

However, N2 adsorption–desorption isotherms only provide infor-
mation about dry catalysts. Considering that the accessibility to the 
inner resin active sites varies in function of reaction medium since resins 
can swell due to solvent absorption, considerably expanding their vol-
ume, their study in the reaction media is a key factor [32]. Many 
morphological studies of resins have concluded that the most important 
factors to consider that affect activity and selectivity are the quantity of 
acid sites, along with of the expanded polymer volume in the solvent 
[33]. The swelling ratio for macro-reticular resins were determined, 
obtaining values of 1.68, 1.49 and 1.38 for Amberlyst-15DRY, Purolite 
CT275DR and Purolite CT269DR, respectively (Table 1). The swelling 
ratio found for the Amberlyst-15DRY was very similar to the ratio re-
ported by Soto et al. [33]. In the case of the gel type resin, its 
morphology allows for a swelling of 2.55, almost triplicating their initial 
volume. This is favourable for exposing their active centres in the re-
action media and improve diffusion. 

Another key aspect is their thermal stability since it limits their ap-
plications at high reaction temperatures required for these reactions. It 
can be observed that Purolite CT275DR and Purolite CT269DR are the 
most stable, with a maximum operational temperature of 180 ◦C, while 
the gel type resin Purolite PD206 is only useable up to 120 ◦C (Table 2). 
Amberlyst-15DRY remains stable up to 120 ◦C in non-aqueous solution. 

SEM micrographs revealed that all fresh resins, both macroreticular 
and gel type, are formed by spherical particles with a homogeneous 

Table 1 
Dry weight capacity and sulphur content of the sulfonated polymers.   

Dry weight 
capacity (meq 
H+ g− 1)a 

Swelling 
ratio 

Sulphur content 
by elemental 
analysis (wt%) 

Sulphur 
content by 
XPS (wt%) 

Purolite 
CT275DR 

5.2 1.49 ±
0.02 

12.8 19.8 

Purolite 
CT269DR 

5.2 1.38 ±
0.03 

13.3 9.9 

Purolite 
PD206 

4.9 2.55 ±
0.06 

12.9 14.9 

Amberlyst- 
15DRY 

4.7 1.68 ±
0.09 

13.8 13.7  

a Provided by the supplier. 
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distribution (Fig. 1). 

3.1.2. Alumina 
Textural properties of alumina were determined from its N2 

adsorption-desorption isotherm at − 196 ◦C. The analysis provided a 
specific surface area of 158 m2 g− 1. The adsorption-desorption isotherm 
can be classified as Type IVa (Fig. S3a), according to IUPAC, which is 
typical of mesoporous materials in which the adsorbate condenses in 
mesopores. The hysteresis resembles H2(b), where pore blockage or 
percolation takes place in mesopores of varied neck widths. Pore dis-
tribution calculated by DFT (Fig. S3b) shows pore widths ranging from 2 
to 10 nm, with most of the pore area concentrated around 5 and 6 nm 
width pores. Only pores wider than >0.9 nm are able to accept a sugar 
molecule in their cavity and facilitate its interaction with acid sites. 
However, it has been reported that introduction of molecules in pores 
results in reduced selectivity by promotion of high molecular weight 
polymeric materials [34,35]. The study of temperature-programmed 

desorption of NH3 (NH3-TPD) (Fig. S4) revealed a high concentration 
of acid sites (478 μmol NH3⋅g− 1) for alumina. The NH3-TPD curve also 
showed the existence of acid sites of different strength. A superior in-
tensity of the desorption band at 160 ◦C reveals that weak acid sites are 
the most abundant on the surface, but desorption of ammonia molecules 
extends up to 550 ◦C, the maximum temperature at which the analysis 
has been carried out. FTIR spectra, after pyridine adsorption, showed 
vibration bands at 1614, 1593, 1578, 1493 and 1449 cm− 1 (Fig. S5). 
After evacuation at 100 ◦C, the band at 1593 cm− 1 almost disappears. 
This is caused by the elimination of the contribution of the weakly 
physisorbed pyridine, which, as previously reported, gives rise to signals 
at 1590, 1580, and a doublet at 1445-1439 cm− 1 [36]. Still, after 
evacuation at 200 ◦C, the four characteristic bands associated to Lewis 
acid sites are identified in the spectra at 1614, 1593, 1493 and 1449 
cm− 1, associated to the vibration modes 8a, 8b, 19a and 19b of the 
C–C–N of the pyridine. Therefore, we can unambiguously claim the 
Lewis acidity of this alumina catalyst [36,37]. 

Table 2 
Physical properties of the ion-exchange resins.   

Structure Particle size (μm)a BET Surface area (m2 g− 1)b Pore Diameter Average (nm)c Maximum operating temperature (◦C)a 

Purolite CT275DR Macro-reticular 425–1200 26 7.7 180 
Purolite CT269DR Macro-reticular 425–1200 40 10.6 180 
Purolite PD206 Gel 300–1200 0.5 10.4 120 
Amberlyst-15DRY Macro-reticular 300–425 44 12.4 120d  

a Provided by the supplier. 
b Calculated by BET. 
c Calculated by BJH method using the adsorption branch. 
d In non-aqueous media. 

Fig. 1. SEM images of resins before and after the catalytic test at 1400 rpm, 100 ◦C and 3 h (*after use at 250 rpm at 100 ◦C and 3 h).  
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3.2. Screening of commercial resins in the HMF etherification 

Firstly, the ion-exchange resins were employed as heterogeneous 
catalysts for HMF etherification in order to evaluate the influence of 
morphology and physicochemical properties of these sulfonated poly-
mers on the EMF production. Thus, a kinetic study was carried out at 
100 ◦C to evaluate their catalytic activity (Fig. 2). 

Regarding HMF conversion values (Fig. 2a), Purolite CT275DR and 
Purolite PD206 seemed to be slightly more active than the others, pro-
ducing higher HMF conversion and yield values than Purolite CT269DR 
and Amberlyst-15DRY. It should be noted that, under these experi-
mental conditions, the lowest activity values were found for Purolite 
CT269DR. Despite possessing the same concentration of acid sites than 
Purolite CT275DR, according to data provided by the supplier (Table 1), 
XPS analysis points out that Purolite CT275DR exhibited a higher con-
tent of superficial sulphur than Purolite CR269DR (19.8 wt% versus 9.9 
wt%). This large difference in number of available sulfonic groups on the 
catalyst surface could thus explain its lower activity with respect to 
Purolite CT275DR. In addition, the swelling ratio for Purolite CT275DR 
was slightly higher than value found for Purolite CT269DR, which could 
have influence on the number of available sites in ethanol medium for 
these resins. Amberlyst-15DRY was also found to have a smaller number 
of superficial active sites than Purolite CT275DR by XPS. Thus, the 
highest surface S content determined by XPS for Purolite CT275DR, 
combined with its swelling, allowed it to obtain higher values of con-
version and yields than the rest of macroreticular polymers. On the other 
hand, Purolite PD206 displayed a 14.9 wt% of superficial sulphur con-
tent. This resin has exhibited the highest swelling ratio respect to any 

other studied resin by an ample margin. Therefore, Purolite PD206 ex-
poses a larger number of active sites than possible for the macro- 
reticular sulfonated polymers. The high swelling compensates for the 
lesser superficial sulfonic acids and allowed the Purolite PD206 to pro-
duce EMF yields comparable with the Purolite CT275DR, and even to 
provide higher EL yields. 

On the other hand, HMF conversion followed a first order reaction 
(Fig. 2d) with very high conversion values after 24 h of reaction for all 
studied resins. In all cases, the main product detected was EMF, whose 
yield increased along reaction time, being maximum (63%) in the 
presence of Purolite CT275DR after 16 h of reaction (Fig. 2b). However, 
it should be mentioned that all resins achieved an EMF yield close to 
60% after 24 h. When most of the HMF had already been consumed, and 
EMF production halted, from 16 to 24 h depending on each catalyst, 
only a small decrease in EMF yield was observed. This slight decrease 
confirms the great stability of the etherified furan, which is barely 
affected by secondary reactions. It should be also noted that HMF con-
version and yield attained with Purolite CT275DR and PD206 surpass 
those obtained with Amberlyst-15DRY. 

Likewise, HMF and EMF rehydration are known to produce levulinic 
and formic acids, or their respective esters in alcohol media [38]. Over 
time, EL yield increased in agreement with this statement (Fig. 2c). 
Indeed, ethyl levulinate was detected as main by-product. It can be 
observed that while Purolite CT275DR, CT269DR and Amberlyst-15DRY 
presented similar values of EL yield, Purolite PD206 showed an espe-
cially high EL selectivity, with an EL yield of 26% after 24 h. Thus, the 
Purolite PD206 favoured the HMF rehydration, as inferred from its high 
EL yield. As mentioned before, the higher swelling ratio found for 

Fig. 2. a) Conversion of HMF, b) EMF yield, c) EL yield, d) logarithmic representation of HMF concentration and e) carbon balance, as a function of reaction time 
(Experimental conditions: 100 ◦C, 0.1 g HMF, 0.05 g catalyst and 5 mL ethanol). 
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Purolite PD206 indicates that a high quantity of active sites can be 
exposed in the reaction medium that, in turn, catalyse the rehydration of 
HMF and EMF into EL with more ease than the other materials. There-
fore, it can be deduced that the effect of catalyst morphology plays an 
important role in product selectivity and HMF rehydration. Finally, it 
can be observed that carbon balance was similar in all cases (Fig. 2e). 
Thus, different resins exhibited a carbon balance about 90% at the first 
hours of the reaction, which was only reduced to about 80% after 24 h of 
reaction. 

On the other hand, HMF conversion and EMF yield values attained in 
these experiments were higher than those values reported by Che et al. 
[39], who achieved a EMF yield of 16% after 4 h at 90 ◦C by using 
Amberlys-15 as catalyst. They also detected 5,5′ (oxy-bis(methylene)) 
bis-2-furfural (HMF dimer) and EL with selectivities of 12.4 and 5.2%, 
respectively. In our case, HMF or EMF dimers or acetals were not pro-
duced in detectable quantities, as reported by several publications 
[39–42]. Bell et al. reported a yield of 31% for 5-ethoxymethyl diethyl 
acetal, after 24 h of reaction at 75 ◦C in the presence of Amberlyst-15 
[41]. This difference could be explained by the higher temperature 
used in the present work, that would affect unfavourably the formation 
of the acetal [43]. 

After these reactions, it was observed that the rounded particles lost 
their spherical structure and particle size was diminished. Considering 
that some of fresh resins presented visible cracks in the microspheres, 
they were recovered after reaction for 3 h at 100 ◦C under 1400 rpm and 
studied by SEM (Fig. 1). Amberlyst-15DRY and Purolite CT269DR, 
together with Purolite CT275DR were not mechanically stable under 
1400 rpm. The gel type resin, Purolite PD206, was the only resin that 
endured high rates despite having the less divinylbenzene content. The 
macro-reticular resins are composed of many micro-sized gel-type 
spheres. The mechanical forces of the stirring cause the micro-spheres to 
break free and the macro-reticular structure disintegrates. This problem 
is absent in compact gel type resins [44]. Therefore, the larger particle 
sizes of macro-reticular resins could be responsible of their lower me-
chanical stability, as was mentioned by Ginés-Molina et al. [45]. Thus, 
functionalized crosslinked polymers are vulnerable to mechanical stress, 
in such a way that stirring rate could cause the breakdown of catalyst 
particles, which may be source of reproducibility issues. For this reason, 
the influence of the stirring rate was studied with Purolite CT275DR. 
However, no significant differences were found in the activity or product 
distribution (Fig. S6). 250 rpm was deemed the most appropriate stirring 
rate to avoid particle breakdown and conserve their spherical structure, 
which facilitates manipulation, separation from the solvent and reuti-
lization (Fig. 1*). Moreover, elemental analysis could not detect any loss 
in sulphur content in the sulfonated polymer or in the reaction media 
after submitting fresh Purolite CT275DR for reaction for 5 h at 100 ◦C 
and 1400 rpm. This would indicate that leaching does not occur under 
these experimental conditions, or at least it does not occur to an 
appreciable extent. 

Therefore, Purolite PD206, which presented the best total EMF plus 
EL yield among the tested resins (73% biofuel yield at 24 h), exhibited 
the highest stability under high stirring rate values. However, Purolite 
PD206 gel type resin is considerably sensitive to temperature, being 
recommended by the provider not to exceed 120 ◦C. Purolite CT275DR 
originated a similar EMF yield, although total EMF plus EL yield (69% at 
24 h) was slightly lower than that obtained for Purolite PD206. Hexoses 
are more difficult to convert than HMF, and more severe experimental 
conditions will be required to achieve a suitable catalytic performance 
from hexoses, therefore, Purolite CT275DR was selected to continue this 
study. Thus, several experimental parameters were modified to assess 
their effect on the catalytic activity, such as reaction temperature, the 
catalyst loading, the EMF production from hexoses as well as the reuse of 
catalyst. 

3.3. HMF etherification and hexoses dehydration using Purolite 
CT275DR as catalyst 

3.3.1. Influence of temperature on HMF etherification 
Firstly, reaction temperature was varied between 80 and 120 ◦C and 

its effect was evaluated throughout the 24 h reaction for HMF ether-
ification in the presence of Purolite CT275DR, keeping constant the rest 
of the parameters (Fig. 3). As expected, using higher temperatures 
increased conversion rate. Thus, full HMF conversion was attained after 
24 h of reaction at 100 ◦C (Fig. 3a). However, the consumption of HMF 
only required 5 h of reaction to be complete at 120 ◦C. The maximum 
operating temperature of this resin is 180 ◦C (Table 2), being completely 
feasible to carry out the etherification reaction at 120 ◦C without risking 
thermal degradation of the resin. Moreover, the highest EMF yield was 
reached at 120 ◦C, achieving a value of 60% after only 3 h of reaction 
before declining in a short lapse of time down to 58% at 5 h and 39% at 
24 h (Fig. 3b). At 100 ◦C, longer reaction times were required to attain 
similar EMF yield values, obtaining an EMF yield of 63% after 16 h of 
reaction. However, EMF yield decreased along reaction time, in a 
seemingly linear way at 120 ◦C. This enhancement of HMF conversion 
and decrease of EMF yield with the reaction temperature was also 
observed by Liu et al. in the presence of silica-SO3H catalysts [19]. They 
affirmed that a higher reaction temperature provoked more side re-
actions, mainly the polymerization of HMF and the formation of ethyl 
levulinate. This same fact was found in the presence of Purolite 
CT275DR, in such a way that EL yield increased and reached up to 35% 
after 24 h at 120 ◦C, while its formation was less relevant at lower 
temperatures (Fig. 3c). In addition, carbon balance was negatively 
affected by temperature. This demonstrates that higher temperatures 
favour the rehydration and polymerization of furans. 

However, there still was the question whether the protected EMF 
could be rehydrated into EL, or it was solely produced from HMF in 
solution. This was checked by putting in contact 800 μmol of EMF with 
0.05 g of Purolite CT275DR for 24 h at 100 ◦C, in ethanol (5 mL) 
(Fig. S7). EL was produced with a 9.5% yield, with a 29% of conversion. 
This value is lower than the EL yield value obtained when using HMF as 
feedstock. Moreover, the carbon balance is also better in this case. 
Therefore, it can be deduced that, although EMF is also vulnerable to 
undergo secondary processes that lead to rehydration and polymeriza-
tion, the etherified form of HMF is more stable to decomposition and 
rehydration than its un-etherified counterpart, as carbon balance is 
greater in the case of using EMF instead of HMF (80% against 71%, 
respectively). 

3.3.2. Conversion of hexoses into EMF 
Therefore, it has been demonstrated that Brønsted acid sites existing 

in Purolite C275DR were able to catalyse the HMF etherification, being 
EMF the main product detected with high yield values. However, it is 
important to achieve the direct transformation of hexoses to EMF 
instead of utilizing HMF as feedstock, given that these carbohydrates are 
widely available from biomass resources, such as lignocellulose or algae. 
Hence, Purolite CT275DR was tested by using fructose, glucose, and 
galactose as feedstocks to obtain EMF in a one-pot reaction (Fig. 4). The 
catalytic data revealed that fructose was readily dehydrated in the 
presence of strong Brønsted acid sites present on sulfonated resins, 
giving rise to a HMF yield of 40% after 3 h, which rapidly decreased due 
to the formation of EL and, mainly, EMF (Fig. 4a). Thus, an EMF yield of 
52% was achieved from fructose after 24 h in the presence of Purolite 
C275DR, together with an 8% HMF yield and a 14% EL yield, with a 74% 
carbon balance. Under similar experimental conditions, when HMF was 
used as feedstock, the EMF Yield obtained was 60%. Considering that 
fructose dehydration could lead to an EMF yield of 52%, that would 
mean that fructose dehydration to HMF took place with a selectivity of 
at least 87%. Zhang et al. found very low EMF yield (5.1%) from fruc-
tose, after 4 h at 120 ◦C, using another cationic exchange resin, 
Amberlyst-15, as acid catalyst [46]. Morales et al. detected a higher EMF 
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yield (22%) using this same resin and carrying out this reaction from 
fructose at 110 ◦C for 8 h [47], being lower than that value found in this 
work using Purolite C275DR. Likewise, Maneechakr et al. used a sulfo-
nated carbon, obtaining an EMF yield of 32% at 120 ◦C after 6 h in 
ethanol, using fructose as feedstock [48]. Ge et al. prepared a 
carbon-based sulphonated catalyst, which was tested under microwave 
radiation for the dehydration of fructose to EMF. At 75 ◦C, the catalyst 
achieved a 61.2% EMF yield with 80.3% fructose conversion, under 110 
W of microwave radiation [49]. Recently, Dowaki et al. synthetised a 
lignin-derived biochar catalysts functionalized with sulfonic groups. The 
transformation of fructose was carried out at 115 ◦C for 6 h in ethanol 
medium and was able to provide a 66% EMF yield, as well as moderate 
yields of HMF and EL (11% and 22%, respectively) [50]. Therefore, 
relevant EMF yields were obtained using Purolite C275DR as acid 
catalyst from fructose in comparison with others previously reported in 
the literature. 

However, when other hexoses, such as glucose and galactose, were 
employed as feedstocks, only traces of HMF, EMF and EL were detected 
(Fig. 4b and c). Although the mechanism of glucose dehydration con-
tinues to be somewhat polemic and unclear, in general, it is accepted 
that glucose transformation occurs via the isomerization to fructose, 
before dehydrating to HMF [51,52]. To this purpose, the presence of 
Lewis acid or basic sites are needed to promote the enediol formation or 
hydride shift isomerization from the aldose to the ketose form [53]. 
From there forth, fructose dehydration takes place normally on Brønsted 
acid sites. The mechanisms behind galactose dehydration are much 
more unclear, though presumably the same could be also applicable to 
this aldose. It has been identified the presence of tagatose as interme-
diate to HMF, when galactose was employed as feedstock [54]. There-
fore, due to the lack of Lewis acid sites, aldoses were converted into their 
etherified forms, ethylglucopyranosides (EGp) and ethyl-
galactopyranosides (EGalp), in both, their α and β forms, instead of 
dehydrated to HMF. 

In our case, aldose etherification took place very fast compared to 
dehydration of fructose or etherification of HMF. Thus, galactose 
etherified completely in the first 3 h of reaction with a yield over 97%. 
On the other hand, glucose etherification was slightly slower, with 78% 
EGp yield. No by- products were detected in either case. These results 

agree with those found by Pinheiro et al., who demonstrated that sili-
cotungstates exchanged with tin were active in the ethanolysis of fruc-
tose, but they failed when aldoses, like glucose and galactose, were 
employed as feedstock, instead, being converted to unspecified products 
[55]. Zhong et al. came to a similar conclusion, demonstrating that the 
absence of Lewis acid sites in silica-carbon sulfonated mesostructured 
composites led to the formation of ethylglucoside (EG) from glucose, 
instead of evolving to fructose and, subsequently, to HMF and EMF [56]. 
Likewise, Zang et al. prepared sulfonic polymer microspheres for the 
production of EMF from fructose and glucose [46]. Zang et al. could 
attain a 67% EMF yield from fructose, after 2 h at 150 ◦C. However, EMF 
could not be produced from glucose due to the lack of Lewis acid sites. 

It should be also noted that the α and β forms were found in different 
proportions in the case of glucose and galactose. On the one hand, the α- 
and β-ethylgalactopyranosides were formed in an almost 1:1 ratio. On 
the other hand, in the case of glucose etherification, it is interesting to 
note that β ethylglucopyranoside was formed preferentially in the first 
hours of the reaction. As the process continued, the α anomer grew in 
proportion respect to the β anomer, until a α:β relation close to 2:1 was 
achieved (Fig. S8). Therefore, the formation of the β-ethyl-
glucopyranoside isomer is favoured from a kinetic point of view, but the 
α isomer is the thermodynamically favoured. The explanation to the 
superior α isomer stability is caused by the anomeric effect, since α 
substituents have hyperconjugation effects that stabilize the axial posi-
tion [57]. On the other hand, β isomers suffer from unstable interaction 
between the –OCH2CH3 electron pair and the pyranose ring’s oxygen. 
However, the only difference between galactose and glucose is the 
configuration of the C4; therefore, the orientation of this hydroxyl group 
must play a key role in defining the final configuration of the anomeric 
carbon. This must be caused by anchimeric participation of the hydroxyl 
in position 4, assisting the attack by the upper face of the pyranose ring. 

3.4. Conversion of hexoses using Purolite CT275DR in the presence of 
alumina 

Once demonstrated the inability of Brønsted acid sites for aldose 
conversion to HMF and, subsequently, EMF, it was proceeded with the 
addition of a catalyst that provided Lewis acid sites to promote 

Fig. 3. Effect of reaction temperature along reaction time on: a) HMF conversion, b) EMF yield, c) EL yield and d) carbon balance (Experimental conditions: 0.1g 
HMF, 0.05 g Purolite CT275DR, 5 mL ethanol). 
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isomerization of aldoses into ketoses and, therefore, allowing aldoses to 
be dehydrated in the reaction medium. Thus, an acidic γ-Al2O3 was 
chosen to study the interaction of hexoses with a typical Lewis acid solid 
in ethanol media. Firstly, the catalytic behaviour of this acid alumina by 
itself was performed between 100 and 140 ◦C in ethanol medium 
(Fig. S9). When using fructose as feedstock, glucose was found at all 
temperatures, therefore, alumina is isomerising fructose to the aldose. It 
can be observed that fructose was not dehydrated using alumina be-
tween 100 and 120 ◦C, since only at 140 ◦C, HMF could be detected with 
11% yield (Fig. S9a). EMF could not be found, indicating that Lewis acid 
sites on γ-Al2O3 are unable to etherify HMF. When glucose was 
employed as feedstock in the presence of γ-Al2O3 (Fig. S9b), a mixture of 
α- and β-ethylglucofuranoside yield of 23%, corresponding to a selec-
tivity of 81%, was found after 3 h at 100 ◦C. The further increase in 
temperature led to a decrease in the selectivity towards ethyl-
glucofuranosides at 140 ◦C, in favour of the dehydration of the reactants 
to HMF (6% HMF yield), but no etherification to EMF took place. Thus, 
dehydration to form HMF can occur in the absence of strong Brønsted 
acid sites on the catalyst. However, without these strong Brønsted acid 
sites, HMF etherification could not take place, since neither EMF nor EL 
could be detected in the reaction media. Therefore, Lewis acid sites 

existing in this alumina were able to isomerize glucose into fructose, in 
ethanol medium. Also, Lewis acid sites were able to dehydrate hexoses 
to HMF, but they were incapable of etherifying to EMF. 

Considering that the presence of alumina allowed us to produce HMF 
when utilizing glucose as feedstock, a mixture of alumina and ion- 
exchange resin was employed in order to promote the EMF formation 
from different hexoses, evaluating this catalytic process at different 
temperatures (Fig. 5). 

Thus, the total substrate:catalyst weight ratio was 3:2. When fructose 
was employed as feedstock (Fig. 5a), a similar catalytic performance was 
found in the presence of both alumina and resin than that obtained in the 
presence of only the resin at 100 ◦C (Fig. 4a). This fact demonstrates 
again that alumina did not promote the EMF production. Therefore, 
HMF etherification is mainly accomplished on Brønsted acid sites, unlike 
that proposed by Lanzafame et al., who affirmed that Lewis acid sites 

Fig. 4. Influence of reaction time on conversion and yield values in the pres-
ence of Purolite CT275DR by using: a) fructose, b) glucose and c) galactose, as 
feedstock (Experimental conditions: 0.15 g hexose, 0.05 g Purolite CT275DR 
and 100 ◦C). 

Fig. 5. Influence of reaction temperature on conversion and yield values in the 
presence of γ-Al2O3 and Purolite CT275DR by using: a) fructose, b) glucose and 
c) galactose, as feedstock (Experimental conditions: 0.15 g hexose, 0.05 g 
Alumina, 0.05 g Purolite CT275DR and 3 h). 
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enhanced the EMF production from HMF (yEMF = 68%) with Al-MCM-41 
for 5 h at 140 ◦C [58]. 

On the other hand, when glucose was employed as reactant, ethyl-
glucofuranosides were only detected at 100 ◦C, which represents 10% of 
the total carbon balance, but they were not present at 120 or 140 ◦C. 
This would suggest that ethylglucofuranosides produced from glucose 
are unstable and are consumed rapidly at higher temperatures. It can be 
observed that glucose conversion enhanced with reaction temperature, 
whereas galactose conversion was almost complete for all temperatures 
(Fig. 5b and c). The addition of alumina affected negatively to ethyl-
glucopyranoside yield: 78% with only Purolite CT275DR versus 63% 
when alumina was added, at 100 ◦C. Ethylglucoside production was 
promoted by increasing the temperature from 100 ◦C (63%) to 120 ◦C 
(67%), but decreased to 41% with a higher reaction temperature 
(140 ◦C) due to increased reaction rates, as those leading to dehydration, 
as inferred from increased EMF yield. At 140 ◦C, 20% EMF yield was 
produced from glucose. Concurrently, HMF, EMF and EL were detected 
in the presence of both catalysts, γ-Al2O3 and Purolite CT275DR, by 
dehydration of glucose and subsequent HMF etherification. In the case 
of EL, it started to be detected at 120 ◦C, also increasing its selectivity 
with reaction temperature. Galactose behaved in a similar way, and, 
after 3 h at 140 ◦C, EMF yield reached 26% (Fig. 5c). However, EL yield 
did not exceed 8% in any case, under the reaction conditions studied. 

As the highest EMF yield obtained from hexoses, in the presence of 
γ-Al2O3 and Purolite CT275DR, was attained at 140 ◦C, the influence of 
reaction time was evaluated at this temperature by using both catalysts 
(Fig. 6). 

In the first hour, a glucose conversion of 80% was achieved, although 
only a 10% EMF yield was detected. Both glucose conversion and EMF 
yield enhanced along reaction time, in such a way that, with 97% 
glucose conversion, EMF yield reached 26% after 24 h. This result is 
similar to that found by Zhang et al., who synthesized a porous coor-
dination polymer by self-assembly, with Brønsted and Lewis acid sites, 
provided by sulfonic groups and Cr3+ cations, respectively [59]. This 
catalyst produced a 23% EMF yield under the optimised conditions from 
glucose, using an ethanol-water system at 140 ◦C for 22 h. If Fig. 6 is 
compared with Fig. 4b, it can be seen that the presence of alumina 
favoured the formation of EMF instead of EG, due to the presence of 
Lewis acid sites, which promoted the glucose isomerization. It should be 
noted that HMF yield remained low, being consumed rapidly after its 
formation to produce EMF. However, EMF yield was enhanced from 1 to 
3 h, but, then, it remained almost unchanged. With a 45% of glucose and 
ethyl glucopyranosides (EGp) combined yield after 3 h reaction, a EMF 
yield of 20% was achieved, but the conversion of the remaining 45% 
hardly produced 6% of extra net EMF in the following hours. The ratio 
between α:β EGp was also constant, with a value of 2 under these 
experimental conditions. Ethyl glucofuranosides (EGf) were detected 
with 2% yields at 1 h (not shown), but was no longer present in the 
analysis of longer reaction times. Regarding EL yield, it also started to 

increase as reaction time progressed. Thus, although only a value of 1% 
was detected for 80% glucose conversion after 1 h, over time rehydra-
tion took place, which caused EL yield to steadily rise up to 18% after 24 
h. Therefore, EMF could be partially converted to EL as was detected in 
Section 3.3.1. Hence, after 24 h, the combination between Purolite 
CT275DR and Al2O3 led to a 42% biofuel (EMF plus EL) yield from 
glucose, as well as 5.5% yield HMF. On the other hand, more than 20% 
of the carbon balance remained unaccounted for in the first hour, which 
steadily declined over time, despite the quantification of all major peaks 
present in the chromatogram. This same fact was observed in Fig. S9, 
when glucose dehydration was carried out using only alumina as acid 
catalyst. Therefore, it would be possible that glucose and/or some re-
action products remained adsorbed on Lewis acid sites existing on 
alumina. 

3.4.1. Purolite CT275DR and Alumina role and loading optimization 
To gain further insights about the role of each catalyst during the 

process, the mass ratio between both catalysts, γ-Al2O3 and Purolite 
CT275DR, was modified (Fig. 7). 

For these experiments, one of the catalyst loading was kept constant 
(0.05 g), while the other was varied between 0.025 and 0.15 g. In 
addition, for comparison, the result obtained by using the same loading 
for both catalysts was included. First, the amount of Purolite CT275DR 
added was modified, keeping the alumina loading constant (Fig. 7a). It 
can be observed that this change did not affect the results significantly. 
Glucose conversion was almost complete (98%) in all cases. Likewise, 
the ethylglucoside yield (45%) was similar, despite varying Purolite 
CT275DR loading six-fold. In the case of EMF, similar values of yield 
were attained, although a maximum can be detected when 0.05 g (2:2 wt 
ratio) of Purolite CT275DR were employed. 

Nevertheless, EL yield experienced a notable increase, from 3%, 
when using 1:2 mass ratio of catalysts, to an 11%, with a 6:2 mass ratio, 

Fig. 6. Conversion and yield values from glucose as a function of reaction time 
(Experimental conditions: 0.15 g glucose, 0.05 g γ- Al2O3, 0.05 g Purolite 
CT275DR and 140 ◦C). 

Fig. 7. Glucose conversion and product yields, varying the Purolite 
CT275DR:γ-Al2O3 weight ratio, (a) Keeping constant the loading of Alumina 
(0.05 g) and (b) keeping constant the loading of Purolite (0.05 g) (Experimental 
conditions: 0.15 g glucose, 140 ◦C and 3 h). 
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after 3 h of reaction. These results could indicate that Brønsted acid sites 
are present in the reaction in a large excess. Thus, modifying the 
quantity of Purolite CT275DR added to the reaction medium did not 
affect substantially the product distribution. Only EMF and, mainly, EL 
were affected, after modifying the amount of sulfonated polymer, 
because their strong Brønsted acid sites favoured the rehydration of the 
furan compounds (HMF and EMF), not detecting any effect on glucose 
conversion, nor the yield of ethylglucoside, since the Lewis acid sites 
were the ones limiting them. 

However, the trend was different when the loading of alumina was 
modified (Fig. 7b), since this affected glucose conversion and ethyl-
glucoside yield. Thus, the combined yield of glucose plus EGp is 73% 
when 0.025 g of alumina were added (Purolite CT275DR:γ-Al2O3 2:1 
mass ratio) instead of 0.05 g (2:2 wt ratio). Nevertheless, when 0.15 g of 
alumina (mass ratio of 2:6) were added instead, glucose and all EG only 
accounted for 21% yield. Most notably, EGp was produced in a 65% 
yield when the lowest quantity of alumina was employed, and that value 
decreased progressively as added alumina was raised until there was 
only a 19% EGp yield when a mass ratio of 2:6 was utilized. 

Likewise, HMF, EMF and EL yields showed signs of improvement, 
increasing from 3, 20 and 5% (2:2 mass ratio) to 5, 26 and 9% (2:6 mass 
ratio), respectively. However, as was expected, this enhancement was 
very small, since Lewis acid sites of alumina mainly contributed to 
isomerization reaction as was previously observed (Fig. S9), which 
agrees with glucose conversion and EGp yields detected in this case. 

3.4.2. Reutilization of the catalysts 
For reuse tests, given that the system was mostly insensitive to the 

amount of resin added, but the amount of alumina strongly influenced 
the product distribution, as was previously observed, 0.05 g of Purolite 
CT275DR and 0.1 g of alumina were added (Fig. 8), so that any loss of 
alumina between cycles would not translate in complete loss of the 
ability to transform the aldose into EMF. 

In the case of reusing the combination of catalysts (Fig. 8a), glucose 
conversion basically unaffected between catalytic runs, decreasing only 
slightly from 98% after 1st run, to 97% in the fifth. Regarding product 
distribution, it should be noted that, after four reuses, the ethylglucoside 
yield rose between experiments, which could be due to a possible 
deactivation of alumina catalyst. Thus, a steadily increasing lack of 
Lewis acid sites severely hindered the wanted glucose transformations 
towards furan derivatives and, consequently, the etherification of 
glucose gained importance. Moreover, EMF and EL yields fell from 16 to 
8% to 9 and 4%, respectively, after 5 catalytic runs. Therefore, Lewis 
acid sites are essential for the isomerization reaction and subsequent 
EMF production, in such a way that these vulnerable sites limited the 
reuse test and reduced the final EMF yield obtained after several cata-
lytic runs. 

The fact that the deactivation of alumina, and not the deactivation of 
Purolite CT275DR, is behind the loss of the capacity of the mixture of 
catalysts to convert glucose and, subsequently, produce EMF, was 
demonstrated with reutilization tests of each catalyst separately. When 
0.1 g of alumina was only employed in 5 catalytic runs with 0.15 g of 
glucose, at 140 ◦C for 3 h (Fig. 8b), the ability of alumina to produce EGp 
was deteriorated until barely any EGp could be detected. Instead, the 
EGf yield increased progressively as the catalysts lost the capacity to 
isomerize the furanose to the pyranose form. On the other hand, HMF 
yield decreased along catalytic cycles. When the used catalyst after 5 
catalytic runs was analysed by thermogravimetry (Fig. S10), it was 
found to have a 16.0% weight loss between 130 ◦C and 600 ◦C due to the 
carbonaceous deposits formed over the material, compared to barely 1% 
found in the fresh catalyst. By N2 adsorption-desorption isotherms, a 
decrease in the specific surface area from 158 m2 g− 1 in the fresh 
alumina, to 75 m2 g− 1 was observed. Moreover, a carbon content of 19.8 
wt% was found on the surface of alumina by XPS, after these catalytic 
runs. It has also been reported that both sugars and HMF are susceptible 
to form humins during dehydration processes [56,60]. EMF, on the other 

hand, is less prone to humins formation due to the protection of the 
hydroxyl group as an ether, as pointed out by Zhong et al. [56]. 
Therefore, Lewis acid sites of alumina were partially blocked by 
carbonaceous deposits, thus decreasing the HMF production. 

On the other hand, when only Purolite CT275DR was employed in 
the reusability runs (Fig. 8c), the material performed in an identical way 
in each of the five runs performed, with around 89% yield towards EGp 
and a smaller 6% yield of EGf. This gives us valuable insight in the re-
action path followed by glucose in the production of EMF. First, it be-
comes clear that both, Lewis and Brønsted acid sites are able to catalyse 
the etherification of D-Glucopyranose, although the weaker acid sites of 
alumina lead to the formation of great quantities of the furanoside, while 
the stronger sites in the Purolite transform it quickly in the pyranose 
form and equilibrium between both forms is achieved. After each cycle 
in the presence of alumina, in addition of its deactivation, as it has been 
commented, part of catalyst that remained in suspension was lost, and 
therefore the number of active sites in the medium decreased. Neither 
the furanoside nor the pyranoside form can be dehydrated in the 

Fig. 8. Glucose conversion and product yields in the reusing study, by using a) 
0.05 g of Purolite CT275DR and 0.1 g of γ-Al2O3, b) 0.1 g of Alumina, c) 0.05 g 
of Purolite CT275DR (Experimental conditions: 250 rpm, 140 ◦C and 3 h). 

B. Torres-Olea et al.                                                                                                                                                                                                                            



Renewable Energy 207 (2023) 588–600

598

presence of the Brønsted acid sites, or the EMF yield in would not have 
decreased between cycles in Fig. 9a, as furanosides are present in great 
quantity, even in the fifth cycle of the alumina catalysts. Therefore, the 
Lewis acid sites in the alumina must promote the formation of inter-
mediate, probably fructose, as it has been reported in the literature, that 
is then quickly dehydrated by a the Purolite CT275DR. 

3.4.3. Pathways followed by conversion of hexoses in the presence of 
Purolite CT275DR and alumina catalysts 

The following processes have been identified in the transformation of 
glucose to EMF. Glucose was etherified forming the intermediate EGf, as 
this is isomer is kinetically favoured to be formed over EGp. The 
furanoside is, however, less stable than the pyranoside, and isomeriza-
tion takes place quickly, specially in the presence of strong Brønsted acid 
sites, to form the ethyl glucopyranoside. As it could be seen in our ex-
periments, both Lewis and Brønsted acid sites can catalyse the formation 
of both glucosides. However, both compounds are very stable and re-
action does not seem to advance. Therefore, the HMF and, subsequently, 
EMF production would take place from glucose by another pathway. In 
general, the isomerization of glucose into fructose and subsequent 
dehydration to HMF has been widely proposed. Guo et al. proposed a 
mechanism in with glucose could be dehydrated directly to HMF 
following ring opening. In an alternative pathway, the enediol inter-
mediate could form fructose, that dehydrated to HMF after the loss of 3 
water molecules [61]. In the mechanism shown by Zang et al., ethyl 
glucosides could evolve to EMF via ethyl fructosides, but glucose could 
also isomerize in the media to fructose, and this fructose could dehy-
drate with the appropriate acid sites [46]. Therefore, it would be plau-
sible that dehydration of glucose to HMF took place via fructose due to 
Lewis acid sites coming from alumina promoted this isomerization re-
action. Thus, fructose would be quickly transformed to HMF, which 
could be etherified in the presence of Brønsted acid sites (Fig. 9). HMF 
etherification to EMF required of very strong Brønsted acid sites, such as 
those provided by sulfonic groups. It could be observed how alumina 
was able to carry out the dehydration of fructose to HMF at 140 ◦C, but 
still no EMF could be detected, meaning that the HMF is unable to be 
etherified on the active Lewis acid sites of the alumina catalyst. Chen 

et al. proposed that glucose could dehydrate to form EMF through the 
treatment of ethyl glucoside with Brønsted acid sites, in contrast with 
our observed results. Moreover, they indicate that Lewis acid sites are 
also suitable for the etherification of HMF to EMF [62]. 

4. Conclusions 

Several sulfonated polymers (Purolite CT275DR, CT269DR, PD206 
and Amberlyst-15DRY) have been employed in the etherification of 
HMF to EMF. Purolite CT275DR and Purolite PD206 exhibited the 
highest activity and selectivity values for EMF and EL production, due to 
both their higher surface sulphur content and swelling capacity. Thus, a 
higher amount of acid sites was exposed to the reactant molecules. 
Concretely, Purolite CT275DR produced the most promising results 
using HMF as feedstock: 63% EMF yield after 16 h at 100 ◦C. Although 
the fructose could be transformed to EMF with a 50% yield, after 24 h at 
100 ◦C, in the presence of Brønsted acid sites of Purolite CT275DR, this 
catalyst promoted the etherification of aldose sugars, such as glucose or 
galactose, to provide the corresponding ethylglucosides and ethyl-
galactosides, respectively, not being able to isomerize glucose to fruc-
tose, and, consequently, HMF can’t be formed, neither EMF. 

After the addition of alumina, together with the ion-exchange resin, 
both glucose and galactose could be transformed to EMF and EL (26 and 
8% yields, respectively) after 3 h at 140 ◦C, from galactose, and 26 and 
16% yield, respectively, after 24 h at 140 ◦C, from glucose. Lewis acid 
sites existing in alumina promoted the glucose isomerization, facilitating 
the HMF production and its subsequent transformation into EMF. 
Therefore, both Brønsted and Lewis acid sites are required to produce 
EMF from aldoses. In the reusability test, it was found that EMF yield 
decreased between cycles due to carbonaceous deposits and catalyst loss 
between cycles found for alumina, while the Purolite CT275DR retained 
its full activity along catalytic runs. 
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