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A B S T R A C T

In this work, catalytic transformation of sugar into 2-Formyl-5-ethoxymethylfuran (EMF) was studied using Zn-
trapped sulfonated carbon (SO3H-Zn-SC) catalyst. The catalyst was easily prepared via impregnation-pyrolysis
and sulfonation. The physical and chemical properties of as-prepared catalyst were tested and discussed in
details. For upgrading experiment, EMF synthesis from glucose transformation via isomerization, dehydration
and etherification processes was performed using ultrasonic system. The increasing of ultrasonic power and
ultrasonic duty cycle promoted the formation of EMF product, providing a maximum EMF yield of 97.8%. The
ultrasonic application promoted the selectivity for EMF formation at shorter-faster reaction rate. Moreover,
SO3H-Zn-SC also exhibited good reusability with low amount of acid leaching in each cycle. This research
provided alternative way for improving the yield of EMF at short reaction time.

Introduction

Biomass and carbohydrate are selected as an alternative way to
solve the problem of energy crisis since it can be converted into biofuel,
chemical building blocks and additive petroleum fuels by several
technologies in the past few years [1,2]. 2-Formyl-5-ethoxymethylfuran
(EMF) is identified as a liquid biofuel candidate for application in en-
ergy industrial process because its energy density property is close to
diesel [3]. This chemical can be produced from conversion of sugars
through isomerization, dehydration or etherification in the presence of
water, ethanol and acid catalysts. In general, strong acids such as hy-
drochloric acid and sulfuric acid have been utilized as homogeneous
acid catalysts for EMF production in industrial process. Recently, it is
clearly reported that Lewis-acid catalyst such as chromium chloride had
specific performance for catalytic conversion glucose into fructose [4].
More interestingly, the synergistic effect of 1-Butyl-3-methylimidazo-
lium chloride (BMIMCl) ionic liquid with aluminum chloride well
served for EMF formation under hydrothermal system with high pres-
sure [5,6]. Unluckily, the application of homogeneous system based on
above literatures resulted in the occurrence of serious drawbacks such
as large amounts of impurities and sewage in EMF product. Moreover,
EMF separation/purification processes are quite difficulty, leading to
high production cost [7,8]. Heterogeneous catalysts have been applied
to solve above drawbacks. Liu et al [9] found that A 83.4% of EMF yield

was obtained from HMF conversion via etherification reaction cata-
lyzed by mesoporous MCM-41 supported 12-tungstophosphoric acid.
Morales et al. [10] synthesized the arenesulfonic acid-modified SBA-15
mesostructured silica (Ar-SO3H-SBA-15), and applied for catalyzing in
transformation of fructose in co-solvent (ethanol+ dimethylsulfoxide)
to produce EMF. They found that EMF yield of 63.4% could be achieved
at 116 °C for 4 h using Ar-SO3H-SBA-15 catalyst. Wang et al. [11] re-
ported that the catalytic production of EMF over acid-functionalized
ordered mesoporous carbon (OMC-SO3H) at 140 °C for 24 h, providing
EMF yields of 55.7%, 53.6% and 26.8% from fructose, iuline and su-
crose, respectively. Howsoever, there are some issue that is necessary to
be solved at first. For example, too high reaction temperature and long
reaction was conducted for EMF synthesis process with high product
yield obtained. Also, as-mentioned heterogeneous catalysts have very
expensive and quite a lot complicated to prepare, which limits further
utilization in industrial process. In our ideas, it needs to search and
develop new catalysts where are environmental available, low cost and
better catalytic performance for EMF synthesis. Here, from economical
point of view, we considered to apply carbon materials derived from
biomass residue as heterogeneous catalyst [12–14].

Based on above introduction, the effective carbon catalyst was
prepared by impregnation, pyrolysis and sulfonation processes. The
wood residue obtained from wood processing plant was used as a
carbon source. The properties of catalyst were investigated by N2
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sorption, XRD, SEM-EDS, titration and NH3-TPD techniques. The ex-
perimental designs using 24 factorial design were carried out to find the
significant levels of each factor and optimal conditions for synthesis of
EMF from glucose transformation [15,16]. Various factors such as
catalyst amount, reaction time, reaction temperature and ultrasonic
power were systematically investigated at 95% confidence level. The
turnover rate of glucose conversion into EMF was also studied together
with catalyst reusability test for 5 cycles. This research provided al-
ternative way for improving the yield of EMF at short reaction time
using effective catalyst.

Experimental

Preparation of SO3H-Zn-SC catalyst

10 g of wood residue was impregnated with a certain amount of
15 wt.% ZnCl2 solution, and stirred for 12 h. Here AlCl3 was also used to
compare the activity with ZnCl2. Then, it was heat at 80 °C for 6 h in
order to eliminate water. The pyrolysis of impregnated wood was car-
ried out at 650 °C for 2 h and followed by sulfonation process at 150 °C
for 24 h using concentrated H2SO4. Here, the mass ratio of sample to
H2SO4 (1–3) was selected to use in this study [17]. Thereafter, the
obtained black powder or catalyst was filtered, washed with EtOH and
DI water for several times in order to eliminate excess sulfate ions, and
dried at 110 °C for 24 h. It should be noted that SC trapped with ZnCl2
and functionalized with sulfonic group was denoted as SO3H-Zn-SC
catalyst.

Catalyst characterization

The BET surface area and pore size of catalyst were analyzed by N2

adsorption-desorption analyzer. The XRD pattern of catalyst structure
was recorded using an X-ray diffractometer in 2-theta range of 20-70°
with a scanning step of 0.02°. The surface morphology of catalyst and
the presence of S and Zn elements on catalyst were observed by a
scanning electron microscope (SEM) equipped with energy dispersive
spectroscopy (EDS). The acidity and acid amount of catalyst were in-
vestigated by NH3-Temperature-programmed desorption (NH3-TPD)
and back titration, respectively [18]. Thermal stability of sulfonic group
attached on catalyst surface was analyzed using a Thermogravimetric
analyzer at conditions of 100–800 °C with heating rate of 5 °C/min
under N2 flow.

Catalytic performance testing for EMF production

The catalytic upgrading of glucose was carried out in a three-neck
round bottom flask equipped with a reflux condenser and an ultrasonic
probe as well as a thermocouple thermometer. In each experiment, a
frequency of 40 kHz, a ultrasonic power of 80W and a stirring speed at
600 rpm were applied. In a typical run, 0.5 g of glucose (Ajax
Finechem), 20mL of ethanol (99% Fisher BioReagents), 5 mL of dis-
tilled water, 1.5 g of NaCl (Ajax Finechem), 20 mL of tetrahydrofuran
(99.9%, Sigma-Aldrich), and required amount of catalyst were added
into reactor. Then, reaction was performed at 106 °C for 72min based
on our preliminary optimization. After finishing reaction, the mixture
product was cooled in an ice-bath, diluted and filtered with syringe
filter. Before reusability test, the spent catalyst was washed with DI
water and acetone for several times to eliminate contaminant, and then
dried for 24 h [19]. The glucose and EMF product were analyzed by an
Agilent 1200 HPLC chromatograph equipped with an Aminex HPX-87H
column as well as refractive index and UV detectors. 0.5 mM H2SO4

solution was utilized as mobile phase at column temperature of 60 °C
with a total flow rate of 0.6 ml/min. The conversion of substrate and the
selectivity of each product were determined using an external standard
method, and calculated according to Eqs. (1) and (2):

= ×Glucose conversion (%)
Mole percentage of glucose reacted
Mole percentage of initial glucose

100
(1)

= ×Product selectivity (%)
Mole percentage of product produced

Mole percentage of glucose reacted
100

(2)

The details, including equations and examples of the mathematical
method of experimental designs using 24 factorial of a system with 4
factors and 2 levels, “a screening design of low (-1) and high (+1)” as
well as kinetic study are provided in supporting information (SI).

Results and discussion

Physical and chemical properties of SO3H-Zn-SC catalyst

N2 sorption isotherms of SC and SO3H-Zn-SC are shown in Fig. 1. As
observed, both samples exhibited the same pattern of type VI isotherms
which had characteristic hysteresis loops, indicating to mesoporous
structure with capillary condensation within uniform pores. [20]. Also,
the apparent reduction in volume adsorbed was found for SO3H-Zn-SC,
comparing with SC without modification. This phenomenon could be
described to the presence of sulfonic group and ZnO attached on the
surface of catalyst. This result was in good agreement with Table 1
which presentd the textural properties of catalyst. The surface area and
pore size of SC were decreased to some extent after modification pro-
cess. The XRD pattern of catalysts are presented in Fig.2. The diffraction
peaks for SC were appeared at 10-30° and 35–50 °C, suggesting to
amorphous solid carbon structure [21]. After modification, the dif-
fraction peak of SO3H-Zn-SC were appeared at 2-theta of 31.8, 34.6,
36.3, 47.7, 56.7, 62.9, 66.6, 68.1, and 69.2° which should be attributed
to ZnO crystal planes [22]. In case of AlCl3 modification, the diffraction
peak SO3H-Al-SC presented broad crystalline peaks at 45 and 67◦ which
could be ascribed to the reflections on (400) and(440) crystal planes of
the γ-Al2O3 phase on SC.

The acid amounts of SC and SO3H-Zn-SC and SO3H-Al-SC derived
from back titration were 2.26, 4.59 and 4.68mmol/g, respectively
(Table 1). The NH3-TPD profiles of SO3H-Zn-SC and SO3H-Al-SC are
presented in Fig. 3. It is found that Two NH3 desorption peaks were
appeared at low temperature (∼228 °C) and high temperature

Fig. 1. N2 sorption isotherms SC, SO3H-Zn-SC and SO3H-Al-SC.

S. Karnjanakom, et al. Molecular Catalysis 479 (2019) 110632

2



(∼417 °C) which could be attributed to the weak/Lewis acid and
strong/Brönsted acid sites, respectively [23]. As observed, SO3H-Al-SC
presented the presence of stronger acid site with higher amount than
NH3 desorption of SO3H-Zn-SC. This phenomenon should be resulted

from different kinds of metal elements as well as their interaction. Here,
the high acid amount on catalyst consisted of Lewis and Bronsted acids
should be resulted in promoting the reactions such as isomerization,
dehydration and etherification processes for EMF formation. The SEM-
EDS images of SO3H-Zn-SC are shown in Fig. 4. As observed, the pre-
sence of Zn Al and S elements on SC structure was explicitly observed in
SEM image. The EDS mapping could be confirmed that each element
was well distributed on surface of SC support.

Catalytic transformation of glucose into EMF

The complete sixteen experiments with observed EMF yield under
24 factorial design is shown in Table S1 and Table S2. The discussion on
details of this design are provided in SI. Here, the significant factor such
as catalyst amount (25 to 75 g), reaction time (30 to 90min), reaction
temperature (80 to 120 °C) had significant results at 95% confidence
level. As expected, highest F-value of catalyst amount was found to be

Table 1
Physical and chemical properties of catalysts.

Catalyst Surface areaa(m2/g) Pore volumeb (cm3/g) Pore sizeb (nm) Acid amountc (mmol/g)

SC 752 0.86 2.54 2.26
SO3H-Zn-SC 543 0.69 2.22 4.59
Spent SO3H-Zn-SC 538 0.68 2.13 4.55
SO3H-Al-SC 586 0.73 2.03 4.68
Spent SO3H-Al-SC 563 0.66 1.86 4.43

a BET method.
b BJH method.
c Back titration method.

Fig. 2. (A,B) XRD patterns of (A) SC, (B) SO3H-Zn-SC and (C) SO3H-Al-SC.

Fig. 3. NH3-TPD profiles of (A) SO3H-Zn-SC and (B) SO3H-Al-SC.
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∼2060, indicating to level of significant factor. The THF amount in the
range applied had no influence on promoting the EMF yield, indicating
that a lowest amount of 250mmol was adequate for EMF production in
this study. It should be noted that temperature range about 80 to 120 °C
applied for EMF production had no effect for leaching of sulfonic group

Fig. 4. SEM-EDS images of (A) SO3H-Zn-SC and (B) SO3H-Al-SC.

Fig. 5. TG profiles of SO3H-Zn-SC.

Fig. 6. Effect of ultrasonic power for transformation of glucose into EMF over
SO3H-Zn-SC at conditions: catalyst 62mg, reaction time of 72min, reaction
temperature of 106 °C and THF amount of 250mmol.
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attached on catalyst during reaction process. This could be confirmed in
TGA results (Fig. 5). The thermal decomposition of sulfonic from SO3H-
Zn-SC was observed at temperature range of ∼250-450 °C, suggesting
that the as-prepared catalyst had high thermal stability at a tempera-
ture> 200 °C [24]. Fig. 6 shows the influence of ultrasonic power on
glucose conversion into EMF products using SO3H-Zn-SC. When ultra-
sonic power increased from 70W to 90W, a steady increase in the EMF
yield from 86.3% to 97.8% could be observed, indicating that the
higher ultrasonic power well promoted isomerization-dehydration-
etherification of glucose. In the other words, an increase in ultrasonic
power may be correlated with the number of cavitation bubbles formed
in the medium, and therefore, promoting the EMF formation. This could
also improve in assisting of the niche collapse which resulted in reduced
energy transfer into the reaction system. Here, the advantage of ultra-
sonic technology could be summarized as follows: (I) shorter reaction
time, lower reaction temperature and higher product yield were found
when compared with conventional reflux/hydrothermal method, and
(II) the unwanted products such as humins and carbons could be evi-
dently obstructed. However, the yield of EMF was decreased while
other side products were increased to some extent since too high ul-
trasonic power as over 90W was applied. Thus, ultrasonic power
(90W) was selected as an optimum power dispersal. Fig. 7 shows the
influence of ultrasonic duty cycle on glucose conversion into EMF
products using SO3H-Zn-SC. Here, ultrasonic duty cycle was defined by
varying ON-OFF time of ultrasonic irradiation, for instance, a duty cycle
of 40% was corresponding to ultrasonic irradiation for 4 s and followed
by a rest period of 6 s (no ultrasonic irradiation). This utilization was
expected to achieve the highest EMF yield as well as to recognize the
appropriate increasing of ON time that would affect in unnecessary
consumption of energy. One can see that the EMF yield was obviously
increased from 12.8% to 97.8% with the increasing of duty cycle from
20% (2 s ON and 8 s OFF) to 70% (7 s ON and 3 s OFF) and after that
there was no any significant changing for next increasing in the duty
cycle until to 90% (9 s ON 1 s OFF). It should be noted that in the case
conventional reflux system, it required the reaction time at least 6 h for
obtaining the EMF yield (∼98%). In this study, in-situ extraction of
EMF from THF layer was succeeded, obtaining EMF up to>99%. Also,
to increase the immiscibility between EtOH/distilled water and THF, it
was carried out by adding a small amount of NaCl into the system. The
two layer of mixture solution was finally obtained. (Fig. S3). The pos-
sible mechanism for catalytic upgrading of glucose into EMF are

described in previous literature [25]. Firstly, glucose would be iso-
merized into fructose via Lewis acid site derived from ZnO or Al2O3.
Then, fructose was continuously hydrolyzed into 5-HMF. During this
reaction, Bronstated acid site was required with high amount. It should
be mentioned here that some intermediate such as ethyl fructose might
be formed via ethanolysis and dehydration before formation of HMF
product. It may be depended on the selectivity of used catalyst. Finally,
EMF product could be easily produced via etherification through a sy-
nergistic effect of sulfonic acid and ultrasound. It should be noted that
the energy hotspots with gobbet of cavitation bubbles procreated from
ultrasound could support mass transfer and interfacial area on the
substrate towards a fast reaction rate [26,27]. Meanwhile, in-
appropriate conditions such as high reaction temperature, too high
acidity and long reaction time as well as type of organic solvent resulted
in further conversion of EMF into unwanted products such as Humins
and polymers. As well known that catalytic conversion of sugar into
EMF required high temperature based on endothermic nature. Whereas,
the side reaction such as polymerization and carbonization might be
occurred in case of too high temperature applied, leading to the re-
duction of EMF yield [28]. This phenomenon could be observed in the
change of color in liquid product from brown color to black color.
Considering on economic process, it is possible since all recycle process
at short reaction time was well performed and it was acceptable in
industrial technology.

The kinetic study of glucose conversion was investigated with a
function of reaction temperature and time in the range of 70 to 100 °C
and 30 to 70min, respectively. Here, the optimum catalyst amount
(62mg) and THF amount (250mmol) were fixed. One can see that
glucose conversion favored a first-order reaction as the kinetic data
curves in each temperature were well fitted with R2>0.99. According
to the previous report, Nguyen et al. [29] found that the acid catalyzed
glucose dehydration process was a first-order reaction. From the plot of
Fig. 8A, the rate constants of 0.0124, 0.0223, 0.0385 and 0.0534min−1

were obtained at 70, 80, 90 and 100 °C, respectively. An increase in the
temperature together with rate constant for glucose conversion in-
dicated that high temperature was required for EMF fomation. More-
over, the reaction rate was also supported by cavitation effect from
ultrasound, resulting in the creation of microemulsions between the
two phases taking part in the reaction, giving faster reaction rates for
isomerization, dehydration and etherification processes. Fig. 8B shows
the Arrhenius plot of rate constant data controlled at various reaction
temperatures. Here, the activation energy and pre-exponential factor
were found to be 52.5 kJ/mol and 4.0× 105min−1, respectively.

To know more details on catalyst stability for application in prac-
tical process, the reusability of SO3H-Zn-SC and SO3H-Al-SC were also
reused for 5 cycles (Fig. 9). Here, turnover rate (TOR) of glucose con-
version to EMF was investigated in each cycle. TOR (min−1) defined by
dividing the glucose moles which was converted into EMF per unit of
catalyst adding amount and reaction time (mol/g·min) by acid amount
of catalyst (mol/g). In addition, glucose conversion was fixed at 50% in
order to remove the related parameters such reactant concentrations
with various performance of each catalyst. As presented in Fig. 9A, the
SO3H-Zn-SC exhibited excellent reusability for 5 cycles with a few de-
activation based on TOR value. This phenomenon should be attributed
to leaching of sulfonic and Zn species from catalyst surface. Also, partial
blocking of the catalyst pores from adsorption of some reactants during
reaction cycle may be one reason for catalyst deactivation [30]. More
interestingly, considering on SO3H-Al-SC, higher performance was
found for first cycle, comparing with SO3H-Zn-SC. Unfortunately, its
reusability was quite low. It is probably due to the different of acid
sites. It is also possible that larger amount of strong acid sites for SO3H-
Al-SC based on NH3-TPD results might facilitate for side reaction,
leading to the formation of other unwanted product such as EL and
humins/polymers. From these results, SO3H-Zn-SC was expected to
further apply for EMF production in practical process.

Fig. 7. Effect of ultrasonic duty cycle for transformation of glucose into EMF
over SO3H-Zn-SC at conditions: catalyst 62mg, reaction time of 72min, reac-
tion temperature of 106 °C and THF amount of 250mmol.
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Conclusions

The EMF product was easily synthesized with high selectively at
short reaction from ultrasonic-assisted transformation of glucose cata-
lyzed by SO3H-Zn-SC. The EMF yield could be evidently increased from
86.3% to 97.8% when ultrasonic power increased from 70W to 90W.
This suggested that the higher ultrasonic power well promoted iso-
merization-dehydration-etherification of glucose. The activation energy
and pre-exponential factor for EMF production were found to be
52.5 kJ/mol and 4.0× 105min-1 A maximum value of TOR
(0.06 min−1) was obtained for first cycle. The SO3H-Zn-SC exhibited
excellent reusability for 5 cycles with a few deactivation. This research
was expected to further apply in practical process.
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