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A B S T R A C T

In this design, the swift synthesis of 5-(ethoxymethyl)furan-2-carboxaldehyde (EMF) was systematically in-
vestigated via ultrasound-assisted isomerization-dehydration-etherification of carbohydrate-derived glucose in
the presence of ethanol and tetrahydrofuran as well as zinc oxide nanorod-doped sulfonic-glycerol-carbon mi-
crosphere catalyst (Zn-SO3H-GR-carbon). The catalyst was easily synthesized via in-situ hydrothermal carboni-
zation with sulfonation and followed by trapping with zinc oxide nonorod. The physicochemical properties of as-
synthesized catalyst were studied in details. A combination of linear regression model with 2k factorial design
exhibited three significant parameters for EMF production which were in the order of catalyst amount >
reaction time > reaction temperature. A maximum yield of EMF (86.3%) was successfully obtained from an
actual experiment with Box-Behnken design (R2 > 0.95 and 1.3% error from quadratic regression model),
providing the optimum conditions: catalyst amount (62mg), reaction time (72 min), reaction temperature
(106 °C) and tetrahydrofuran amount (250mmol). Moreover, the long-term reusability for 20 cycles based on
EMF yield was found in Zn-SO3H-GR-carbon catalyst after regeneration. This research was expected that all
useful information for ultrasonic-assisted EMF production from glucose over efficient catalyst could be further
applied in industrial practices.

1. Introduction

The demand of energy increases to some extent due to ever-in-
creasing worldwide population, industrialization, rapidly economic
growth and sustainable development. This increasing demand possibly
results in depleting of petroleum derived fossil fuels in the future [1].
Therefore, it is necessary to search the renewable resources for solving
the problem as mentioned above. Biofuels are very interesting choice to
outdo the energy crisis since lignocellulosic biomass feedstocks are
obtainable independently for the production of chemical building
blocks and additive petroleum fuels by different technologies [2].
Among of them, 5-(ethoxymethyl)furan-2-carboxaldehyde (EMF) has
been identified to be one of high value-added chemicals that can be
applied as important chemical in industrial process, for instance, it can
be utilized as a blending/additive agent for diesel energy production
[3]. In general, EMF can be produced from glucose and fructose via a
series of isomerization, dehydration and etherification using acid cat-
alysts. However, some problems are still found, for instance, in order to
complete the reaction and obtain high EMF yield, longer reaction time

and higher temperature are always required. Therefore, it is necessary
to find the effective ways to solve above problems.

Usually, homogeneous acid catalysts such as HCl and H2SO4 (high/
strong acity) have been used in industrial practices or commercial
process to produce EMF product. Zuo et al [4] used CrCl3·6H2O as
Lewis-acid catalyst for isomerization of glucose into fructose, then EMF
product (48% yield) was easily obtained from fructose conversion via
dehydration-etherification. Interestingly, some researches also reported
that the contribution of ionic liquids such as BMIMCl with AlCl3 well
promoted for EMF production from fructose and glucose under high
pressure hydrothermal system [5,6]. Kraus et al. [7] reported that un-
wanted products such as EL and humins could be well obstructed while
EMF product was obviously expanded by using SO3H-functionalized
ionic liquid. Unfortunately, several drawbacks during EMF production
process are also occurred such as large amount of sewage and high
impurities. It can lead to difficulties on separation and purification
procedures of EMF from catalyst, associating to high production cost
[8]. Recently, several types of heterogeneous catalysts applied for EMF
production have been reported such as HPW/MCM-41, Ar-SO3H-SBA-
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15 and SO3H-polymeric mesoporous materials [9–11]. Morales et al.
[10] reported that contribution of Ar-SO3H-SBA-15 with dimethylsulf-
oxide (DMSO) promoted the conversion of fructose into EMF product
with a maximum yield of 63.4%. However, even though the catalysts
mentioned above have high performance, selectivity and stability for
EMF production but they are also very expensive and quite a lot com-
plicated to prepare, which restricts further application in industrial
scale operation. Thus, it is necessary to consider and find out for other
developed catalysts which have cheaper, more abundance, higher cat-
alytic activity and longer-term stability for EMF production. Other es-
sential consideration is the feasibility for sulfonated carbon reclamation
from economical point of view. Carbonaceous materials derived from
biomass or carbohydrates can be directly applied as environmental/
efficient/low-cost catalyst and catalyst support due its high surface
area, porosity and abundant surface functional group such as car-
boxylic, phenolic and lactone [12,13]. Offering the attentiveness in
developing new process, hydrothermal carbonization using an auto-
clave at low temperatures of ∼180 °C has manifested as an alternative
method for synthesis of carbonaceous materials such as carbon sphere
(CS) or hydrochar [14]. By the way, the application of CS produced
under this process is an alternative way to control the particle size
distribution and surface functional groups.

With these backgrounds, we attempted to use the environmentally
low cost/effective catalyst and carbohydrate-derived glucose as feed-
stock for EMF production, which makes the process economical. In this
work, zinc oxide nanorod-doped sulfonic-glycerol-carbon microsphere
catalyst (Zn-SO3H-GR-carbon) prepared by in-situ hydrothermal carbo-
nization with sulfonation followed by trapping with zinc oxide non-
orod. Zn-SO3H-GR-carbon that having acidic character, was tested in
isomerization-dehydration-etherification of glucose. CS was prepared
using a waste glycerol as a carbon source. The physicochemical prop-
erties of Zn-SO3H-GR-carbon were characterized by N2 sorption, XRD,
TGA, SEM-EDS, NH3-TPD, back-titration and ICP analysis. More inter-
estingly, the designs of experiment (DOE) with response surface
methodology by combination of 2k factorial design and Box-Behnken
model were applied in order to easily approach the significant para-
meters and the levels of optimum conditions, respectively, for EMF
production procedure. Several advantages for these deigns have been
identified, for instance, (I) it could reduce the error for defining the
influence of each parameter and their interactions, (II) the production
cost of EMF could be significantly decreased since lower number of
experiments were carried out by DOE, and (III) much more optimum
conditions and response of yield could be obtained when compared
with the conventional experiments [15,16]. A systematic study on the
process parameters such effects of catalyst amount, reaction time, re-
action temperature and tetrahydrofuran were carried out in order to
optimize EMF yield. To obtain the data of catalyst performance, the
turnover rate of glucose conversion into EMF was investigated under
obtained optimum conditions using Zn-SO3H-GR-carbon and commer-
cial heterogeneous acid catalysts. Moreover, the long-term reusability
of Zn-SO3H-GR-carbon catalyst was also tested for 20 cycles. This re-
search provided the details based on effective process which was ex-
pected to further apply for industrial EMF production.

2. Experimental

2.1. Materials and reagents

A waste glycerol was derived from biodiesel industry in Thailand,
and used as carbon feedstocks for production of CS. Here, water and
alcohol (∼18%) was existed in the glycerol compositions while alkali
and alkali earth metal did found in this study based on analysis process
via ASTM D-6751. All chemical reagents used in this work were of
analytical grade and supplied from Merck and Sigma Aldrich
Companies. Al2O3, Amberlyst-15, SiO2-Tosic acid and H-USY (2.5≤ Si/
Al≤ 30) were purchased from Sigma-Aldrich, Silicycle and Zeolyst

International Companies.

2.2. Synthesis and characterization of catalyst

In brief, a mass ratio of glycerol and concentrated sulfuric acid (1:3)
were altogether mixed into Teflon-lined autoclave reactor and heated at
200 °C for 24 h [17]. Here, the above ratio was fixed in this work since a
maximum density of sulfonic group on CS catalyst was obtained from
our preliminary study. During this reaction process, in-situ hydro-
thermal carbonization and sulfonation were arisen to form black pre-
cipitate product (SO3H-GR-carbon structure). After finishing process, it
was filtered, repeatedly washed with distilled water and ethanol under
a Soxhlet system until neutral pH, and then dried in oven at 110 °C for
24 h. Meanwhile, soluble acid (sulfate ions) was defined using a tur-
bidity test with barium chloride. In the next step, for preparation of zinc
nanorod on SO3H-GR-carbon catalyst via solvothermal synthesis pro-
cedure, 5 g of SO3H-GR-carbon with a certain amount of saturated
ethanol solution of Zn(CH3COO)2·2H2O (30 wt% of Zn) was added into
the autoclave reactor and then hated at 130 °C for 6 h. After finishing
reaction, the Zn-SO3H-GR-carbon catalyst was separated and washed by
distilled water and ethanol for several times until neutral pH. Lastly,
Zn-SO3H-GR-carbon catalyst was dried in oven at 110 °C for 24 h. To
avoid about the humidity matter, the catalyst was kept in the desiccator
before utilization of catalysis process. The details of catalyst char-
acterization such as N2 sorption, XRD, TGA, SEM-EDS, NH3-TPD and
back-titration were provided in Supporting Information (SI).

2.3. Catalytic performance testing for EMF production

The production of EMF from glucose conversion over Zn-SO3H-GR-
carbon catalyst was were conducted in a glass reactor instated with an
ultrasonic probe, a condenser and a thermometer. In a typical run, ul-
trasonic power (80W), frequency (40 kHz), duty cycle (7 s ON/3 s OFF)
and stirring speed (600 rpm) were applied. Also, the certain amounts of
glucose (100mg), ethanol (10mL), water (10mL), NaCl (3.5 g) and
required amounts of THF and catalyst was added into reactor under a
stirring rate of 500 rpm. It should be noted that NaCl was added in
system inorder to enhance immiscibility between water and THF phase,
and layer two phases finally. For DOE, the influences of catalyst amount
(25 to 75 g), reaction time (30 to 90min), reaction temperature (80 to
120 °C) and THF amount (250 to 500mmol) were studied. After fin-
ishing procedure, the reaction was ceased by quenching in an ice bath.
The mixture products were separated by filtration using 0.22 µm syr-
inge filter. The potentiality to reuse the spent catalyst was also in-
vestigated in order to verify its ability in the same catalytic performance
after several cycles. Before reuse in each cycle, the spent catalyst was
easily regenerated by washing with distilled water and ethanol to re-
move some organic products adsorbed on catalyst surface, and then
dried at 105 °C for 24 h. Moreover, the regenerated catalyst was also
compared with the spent catalyst without regeneration by using EMF
yield as a response.

The EMF yield was determined on Agilent 1200 HPLC chromato-
graph equipped with a UV detector at wavelength of 284 nm. The
content of glucose was analyzed by an aminex column HPX-87 column
and Refractive Index detector. Here, the column temperature of 60 °C
was conducted using 0.5mM H2SO4 as a mobile phase with a total flow
rate of 0.6 mL/min. The yield of EMF product was analyzed using an
external standard method. Turnover rate (TOR, min−1) of glucose into
EMF over various catalysts such as Zn-SO3H-GR-carbon, Al2O3,
Amberlyst-15, SiO2-Tosic acid and H-USY was also studied, which was
calculated by rationing the mole of glucose conversion into EMF per
unit catalyst amount with reaction time (mol/g·min) by acidity of cat-
alyst (mol/g). All experiments on these designs were repeated at least
three times under the same conditions in order to minimize error or
variability and corroborate its repeatability.
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2.4. Designs of experiment and optimization of response

The effects of independent input parameters such as catalyst amount
(X1), reaction time (X2), reaction temperature (X3) and THF amount
(X4) on response of EMF yield were investigated to find the significant
levels using 2 k factorial design at 95% confidence level. The ranges of
factorial design consisting of sixteen experiments with their low (−1)
and high (1) levels are shown in Table 1. The regression model for
determining the effect of each parameter was provided as follows in Eq.
(1) [18]:

∑ ∑ ∑= + +
= <

Y β β X β X X
i

k

i i
i j

ij i j0
1 (1)

where Y is the percentage of EMF yield, β0 is the intercept/constant
coefficient, βi is the linear coefficients, βij is the interaction coefficient
of each parameter and Xi and Xj are the codes of independent input
parameters.

The optimization for production of EMF response in this study was
designed by using three levels of Box-Behnken model based on quad-
ratic/response surface methodology. This model was defined from
combination of factorial with an incomplete block designs, presenting
in the shape of a box. Meanwhile, the internal structure of box was
assign by a wire frame which constituted of the edges of the box [19].
The number of experiment in this design were fixed as
Nexp= 2Np(Np− 1)+Ncp where Nexp is the number of experiment, Np
is the number of input parameter and Ncp is the number of central point.
The ranges of this design consisting of fifteen experiments with their
low (−1), medium (0) and high (1) levels are shown in Table 2. The
quadratic model for maximizing the FAME yield was provided as fol-
lows in Eq. (2):

= + + + + + + + +

+

Y β β X β X β X β X β X β X β X X β

X X β X X
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2
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2
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2
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where Y is the percentage of EMF yield, β0 is the intercept/constant
coefficient, β1, β2 and β3 are the linear coefficients, β11, β22 and β33 are
the quadratic coefficients, β12, β13 and β23 are the interaction coefficient
of each parameter and X1, X2 and X3 are the codes of independent input
parameters.

3. Results and discussion

3.1. Physical and chemical properties of catalyst

Fig. S1 show the N2 adsorption-desorption isotherms and pore-size
distributions of catalysts. It is found that all catalysts such as GR-
carbon, SO3H-GR-carbon and Zn-SO3H-GR-carbon presented the similar
IUPAC type VI isotherms with the presence of hysteresis loops, sug-
gesting to evident distinction of catalyst structure with mesoporosity
[20]. Also, an explicit decrease in volume adsorbed with a range of pore
size distribution was found for SO3H-GR-carbon and Zn-SO3H-GR-
carbon when compared with GR-carbon. This result should be attrib-
uted to the existence of zinc and sulfonic group attached in the catalyst
structure. This phenomenon was also in good agreement with the re-
sults of the textural properties such as surface area and pore size as
shown Table S1. Fig. S2 presents the XRD pattern of catalysts. As shown
in Fig. S2A, the diffraction peaks of (0 0 2) and (1 0 1) planes for GR-
carbon were appeared at 10–30° and 35–50 °C, attributing to randomly-
oriented aromatic carbon and amorphous carbon structure, respectively
[21]. This occurred characteristic could be also explained by in-
complete hydrothermal carbonization process. However, for SO3H-GR-
carbon, the diffraction peak was shifted to higher 2 theta and its in-
tensity was decreased to some extent when compared with GR-carbon.
This phenomena might be due to attachment of abundant sulfonic
groups to the sp2 carbon network, leading to an enhanced disorder-
graphitic carbon materials. In Fig. S2B, one can see that diffraction
peaks at 2-theta of 31.8, 34.6, 36.3, 47.7, 56.7, 62.9, 66.6, 68.1, and
69.2° were attributed to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0),
(1 0 3), (2 0 0), (1 1 2), and (2 0 1) ZnO crystal planes, respectively [22].
Here, ZnO crystallite size on Zn-SO3H-GR-carbon calculated from
Scherrer's equation was 34.2 nm. The highest acidity could be found on
SO3H-GR-carbon and Zn-SO3H-GR-carbon based on back titration
method were 3.68 and 4.75mmol/g, respectively (Table S1).

Fig. S3 presents SEM-EDS image of catalyst. It is clearly seen that
SO3H-GR-carbon presented well homogeneous distribution of spherical-
like structure. Interestingly, ZnO nanorod was obviously deposited on
surface of Zn-SO3H-GR-carbon after template-free solvothermal treat-
ment was applied. Meanwhile, the existence of Zn element and sulfonic
group with their well distribution on GR-carbon structure was also
clearly observed in SEM-EDS mapping images. Fig. S4 shows the NH3-
TPD profile of catalyst. Two NH3 desorption peaks were appeared at
around 240 °C and 350 °C which could be attributed to weak
(2.41 mmmol/g of desorbed NH3) and strong (1.34mmmol/g of des-
orbed NH3) Brӧnsted acid sites on SO3H-GR-carbon catalyst,

Table 1
Experimental conditions and EMF yields derived from 24 factorial design.a

Run X1 (mg) X2 (min) X3 (°C) X4 (mmol) EMF yield (%)

1 25 (−1) 30 (−1) 80 (−1) 250 (−1) 15.4
2 75 (1) 30 (−1) 80 (−1) 250 (−1) 40.4
3 25 (−1) 90 (1) 80 (−1) 250 (−1) 34.5
4 75 (1) 90 (1) 80 (−1) 250 (−1) 50.8
5 25 (−1) 30 (−1) 120 (1) 250 (−1) 26.9
6 75 (1) 30 (−1) 120 (1) 250 (−1) 48.8
7 25 (−1) 90 (1) 120 (1) 250 (−1) 41.2
8 75 (1) 90 (1) 120 (1) 250 (−1) 70.3
9 25 (−1) 30 (−1) 80 (−1) 500 (1) 15.3
10 75 (1) 30 (−1) 80 (−1) 500 (1) 40.2
11 25 (−1) 90 (1) 80 (−1) 500 (1) 30.1
12 75 (1) 90 (1) 80 (−1) 500 (1) 49.2
13 25 (−1) 30 (−1) 120 (1) 500 (1) 28.4
14 75 (1) 30 (−1) 120 (1) 500 (1) 48.3
15 25 (−1) 90 (1) 120 (1) 500 (1) 41.8
16 75 (1) 90 (1) 120 (1) 500 (1) 71.5

a The parameters are coded as follows: X1= catalyst amount (mg),
X2= reaction time (min), X3= reaction temperature (°C) and X4=THF
amount (mmol).

Table 2
Experimental conditions and EMF yields derived from Box-Behnken design.a

Run X1 (mg) X2 (min) X3 (°C) EMF yield (%)

Observed Predicted

1 25 (-1) 30 (−1) 100 (0) 20.5 24.6
2 75 (1) 30 (−1) 100 (0) 42.7 42.8
3 25 (−1) 90 (1) 100 (0) 36.8 36.7
4 75 (1) 90 (1) 100 (0) 76.9 72.8
5 25 (−1) 60 (0) 80 (−1) 29.1 24.3
6 75 (1) 60 (0) 80 (−1) 43.8 43.0
7 25 (−1) 60 (0) 120 (1) 30.6 31.4
8 75 (1) 60 (0) 120 (1) 62.3 67.1
9 50 (0) 30 (−1) 80 (−1) 27.1 27.8
10 50 (0) 30 (−1) 80 (−1) 37.5 42.4
11 50 (0) 90 (1) 120 (1) 41.8 36.9
12 50 (0) 90 (1) 120 (1) 65.3 64.6
13 50 (0) 60 (0) 100 (0) 78.3 78.5
14 50 (0) 60 (0) 100 (0) 78.8 78.5
15 50 (0) 60 (0) 100 (0) 78.5 78.5

a The parameters are coded as follows: X1= catalyst amount (g),
X2= reaction time (min) and X3= reaction temperature (°C).

S. Karnjanakom and P. Maneechakr Energy Conversion and Management 196 (2019) 410–417

412



respectively [23]. Interestingly, after coating of Zn on SO3H-GR-carbon,
as shown in Fig. S4B, the NH3 desorption peaks shifted to higher tem-
perature with the increase in their intensities. The total value of NH3

desorption from Zn-SO3H-GR-carbon was 5.67mmol/g which had
higher value than back titration result, resulting from the existence of
Lewis acid sites. This should be the contribution of Zn species, which
may be exchanged with the protons of Brønsted acid sites, resulting in
the obvious increase of Lewis acid sites amounts. The presence of Lewis
acid sites could promoted isomerization of glucose into fructose at first
step, and followed by dehydration-etherification steps from Brønsted
acid sites. The thermal stability of catalyst was determined based on
TG-DTG profiles and the result is shown in Fig. S5. Here, one can see
that SO3H-GR-carbon and Zn-SO3H-GR-carbon have different thermal
decomposition ranges. As shown in Fig. S5A, sulfonic decomposition
from SO3H-GR-carbon was observed at temperature range of
∼250–450 °C [24]. Also, higher thermal stability of catalyst was found
after modification with ZnO metal, resulting from their interaction
between sulfonic and zinc group (Fig. S5B). This suggests that the
catalyst had high thermal stability at a temperature> 200 °C which
was good result for catalytic process in this study, since reaction tem-
perature only conducted at 80–120 °C. It should be noted that the in-
creasing of acidity and thermal stability on catalyst are well beneficial
for the upgrading of glucose via isomerization-dehydration-etherifica-
tion at high reaction temperature.

3.2. Effect of EMF production using experimental designs

The complete sixteen experiments with observed EMF yield under
24 factorial design is shown in Table 1. One can see that the percentage
of EMF yield altered in the range of ∼15 to ∼70%. The minimum and
maximum yields of EMF were achieved following low and high values
in independent input parameters. In order to primarily screen and
confirm the important parameters for EMF production from upgrading
of glucose over Zn-SO3H-GR-carbon catalyst, normal probability plots
with estimated values were preformed, and their results are shown in
Fig. 1. As observed, three parameters such as catalyst amount, reaction
time, reaction temperature with their interactions exhibited a sig-
nificant influence based on the productive order of catalyst
amount > reaction time > reaction temperature for response of EMF
yield. The THF amount in the range applied had no influence on pro-
moting the EMF yield, indicating that a lowest THF amount of
250mmol was adequate for EMF production in this study. In general, an
excessive amount of THF was strongly required following to Le Cha-
telier’s principle in order to shift the equilibrium forward to EMF. As
well known that THF promoted dehydration reaction of fructose via

handling in prompt region of hydrogen atoms at the hydroxyl groups
[25]. However, when too high amount of THF was applied, the capri-
cious on reaction equilibrium and the possible problem for phase se-
paration process could be occurred. It was also possible that the catalyst
surface may be possessed by THF molecules, leading to available of
fewer active sites. At economic part, the THF after reaction could be
economically recovered by evaporation or distillation process. The re-
sults of analysis of variance (ANOVA) at 95% confidence level derived
from experimental design are shown in Table 3. Here, the model terms
were significant owing to the F-value of> 5.32. As expected, highest
and lowest F-value of catalyst amount and reaction temperature were
found to be 1354.19 and 402.10, respectively, indicating to level of
significant influence. The ANOVA results were in good agreement with
the normal probability plots. To identify a significant coefficient based
on above results, linear regression model is expressed as follows in Eq.
(3):

= + + + + +

+

Y X X X X X X

X X X X

40.82 11.619 7.856 6.331 0.956 1.194

1.969
1 2 3 1 3 2

3 1 2 3 (3)

where Y is the EMF yield (%), X1 is the catalyst amount (mg), X2 is the
reaction time (min) and X3 is the reaction temperature (°C).

The dependability of linear regression model was investigated by
the normal probability plot with residual values as shown in Fig. 2. As
expected, the model was well fitted with correlation coefficient (R2)
value> 0.9 (R2= 0.9584), showing a good linearity. Meantime, the
residue distribution on the plot of residue value versus predicted EMF
yield did not meet with a respective trend, suggesting that the model
applied in this study was high accuracy. From above results, a lowest
THF range was chosen for optimization of EMF production.

The complete fifteen experiments with observed EMF yields under
Box-Behnken design is shown in Table 2. From this design consisting of
low, medium and high levels, the quadratic regression model is ex-
pressed in order to define the predicted EMF yields as follows in Eq. (4):

= + + + −

− − + + +

Y
X X X

X X X X X X X X X

78.533 13.588 10.55 7.813 17.892

16.417 19.192 4.475 4.25 3.275
1 2 3

1
2

2
2

3
2

1 2 1 3 2 3

(4)

where Y is the EMF yield (%), X1 is the catalyst amount (mg), X2 is the
reaction time (min) and X3 is the reaction temperature (°C).

From Eq. (4), the predicted EMF yields were calculated and the
results are shown in Table 2. One can see that the predicted yields of
EMF were very close to observed values derived from the experimental
results. Also, the plot of observed versus predicted EMF yields is pre-
sented in Fig. 3, providing a high value of R2 > 0.9 (R2=0.9793).
This indicates that the model was well fitted with 97.93% of variability
for polynomial investigation. In order to provide more details on the
interaction among the independent input parameters, their response
surface and contour plots are also presented in Fig. 4. As shown in
Fig. 4A, the influence of catalyst amount and reaction time on EMF

Fig. 1. Normal probability plot of estimated value determined from 24 factorial
design for ultrasound-assisted upgrading glucose into EMF over Zn-SO3H-GR-
carbon.

Table 3
Analysis of variance (ANOVA) determined from 24 factorial design for ultra-
sonic-assisted upgrading of glucose into EMF over Zn-SO3H-GR-carbon.

Source of
variation

Sum of
square

Degree of
freedom

Mean square Fvalue Fcritical

X1 2159.93 1 2159.93 1354.19 5.32
X2 987.53 1 987.53 619.14
X3 641.36 1 641.36 402.10
X4 0.77 1 0.77 0.48
X1X3 14.63 1 14.63 9.17
X2X3 22.80 1 22.80 14.30
X1X2X3 62.02 1 62.02 38.88
Error 12.76 8 1.60
Total 3901.78 15
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production from ultrasound assisted upgrading of glucose over Zn-
SO3H-GR-carbon catalyst at a constant reaction temperature of 100 °C
(medium level) was investigated. It is found that an increase in the EMF
yield from ∼25 to ∼83% was mainly due to an increase in the amount
of catalyst loading between 25 and 60mg, respectively. This indicates
that an increase in the number of active acidic sites in the reaction
system was well promoted via isomerization-dehydration-etherifica-
tion. This should be also generally attributed to the increasing of the
contact rate/mass transfer between the triglyceride with the catalyst
active sites. Furthermore, a reduction of EMF yield was observed when
higher 60mg of catalyst loading was applied, resulting from a poor
mixing in mixture solution (too high viscous slurries) with an resistance
in mass transfer in the multi-phase system. Also, side reactions might be
easily promoted under acid catalyst loading at too high amount [26]. In
addition, the formation of diethyl ether including water might be oc-
curred in reaction system since amount of ethanol and the acid nature
of the catalyst were applied. This reduction trend of EMF yield was also
appeared in Fig. 4B, with influence of catalyst amount. The possible
mechanism for catalytic upgrading of glucose into EMF are also provide
in Fig. S6. Firstly, glucose could be isomerized into fructose by Lewis
acid site of zinc nonorod. Then, 5-hydroxymethylfurfual (HMF) product
was further formed via hydrolysis of fructose. During this reaction,
ethyl fructose might be possibly formed via ethanolysis and dehydra-
tion before formation of HMF product. Finally, EMF product could be
easily produced via etherification over a contribution of sulfonic acid
(strong Brönsted acid site) with ultrasonic application. Here, the energy
hotspots with gobbet of cavitation bubbles procreated from ultrasonic
application could promote mass transfer and interfacial area on the

glucose towards a fast reaction rate [27]. It should be noted that an
excess amount of ethanol could be easily recovered by evaporation
process. Considering on influence of reaction time, one can see that the
increasing of reaction time had significant effect on EMF yield. A
maximum EMF yield of ∼83% was obtained with a reaction time of
72min. Anywise, when the reaction time was increased from 72 to
90min, the EMF yield was also slightly decreased to some extent, in-
dicating that EMF could be further transformed into side products such
as ethyl levulinate (EL) and humins through ethanolysis-rehydration
and polymerization, respectively [28]. Fig. 4E and F show the influence
of reaction time and reaction temperature on EMF production from
ultrasound assisted upgrading of glucose over Zn-SO3H-GR-carbon
catalyst at a constant catalyst amount of 50mg (medium level). One can
see that the increasing of reaction temperature exhibited a positive
result which optimum temperature was found for 104 °C based on a
highest EMF yield (∼81%). In general, catalytic upgrading of glucose
into EMF required high temperature due to its endothermic nature.
Whereas, the side reaction such as polymerization and carbonization
might be occurred in case of too high temperature applied, leading to
the reduction of EMF yield. This phenomenon could be observed in the
change of color in liquid product from brown color to black color. It is
also possible that the collision of three-phase reflux system consisting of
ethanol-glucose-Zn-SO3H-GR-carbon catalyst was quite difficult since
ethanol could be converted into vapor phase (above boiling point),
resulting in a few available of ethanol liquid phase under reaction
system. It should be mentioned here that this reaction temperature
parameter was still presented to be lower influence than other

Fig. 2. (A) Normal probability plot of residual and (B) distribution plot of re-
sidual versus predicted EMF yield determined from 24 factorial design for ul-
trasound-assisted upgrading glucose into EMF over Zn-SO3H-GR-carbon.

Fig. 3. (A) Plot of observed versus predicted values of EMF yield and (B) dis-
tribution plot of residual value versus predicted EMF yield determined from
Box-Behnken design for ultrasound-assisted upgrading glucose into EMF over
Zn-SO3H-GR-carbon.
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parameters such as catalyst amount and reaction time, probably due to
contribution of ultrasonic energy. Considering on economic process,
high production cost for EMF production process occurred from the use
of too high catalyst amount and reaction time as well as duration time
could be well suppressed by our experimental designs proposed in this
work.

Based on above results, the equilibrium conditions with optimiza-
tion could be obtained from quadratic regression model. A maximum
predicted yield of EMF (85%) was obtained under the optimum con-
ditions: catalyst amount of 62mg, reaction time of 72min, reaction
temperature of 106 °C and THF amount of 250mmol. In order to verify
the accuracy and precision results of experimental deigns, the EMF
production based on actual experiment was also further carried out for
three replicates under optimum conditions mentioned above. As ex-
pected, an average EMF yield of 86.3% was obtained successfully.
Based on these designs, it was substantiated on dependable with 1.3%
error. For comparisons of the catalytic performance with previous lit-
eratures, as shown in Table 4, higher yield of EMF and shorter reaction
than other previously developed catalytic system were found, in-
dicating that the synergistic effect of developed cavitation with catalyst
could play a domineering role in upgrading of glucose. In the case using

conventional reflux system under optimization conditions obtained,
only 21.2% of EMF yield was obtained, indication that the effect of
ultrasonic cavitation and their generated hot spot was very important
for EMF production. To know more details on catalytic performance of
each catalyst for EMF production in practical process, TOR of glucose
into EMF over various catalysts such as Zn-SO3H-GR-carbon and com-
mercial catalysts was investigated, and their results are presented in
Fig. 5. To rid the influence on amount of reactant concentrations owing
to numerous performances of catalysts, the same conversion of glucose
(50%) was performed in this study as well. As expected, a maximum
TOR (0.0553min−1) and a minimum TOR (0.0087min−1) were ob-
tained for Zn-SO3H-GR-carbon catalyst and Al2O3, respectively, com-
monly resulting from acidity or acidic amount of used catalyst. It should
be noted that the presence of solo Lewis acid site on Al2O3 catalyst was
suitable for catalyzing in isomerization of glucose into fructose [29].
Meanwhile, the incitement of Lewis acid with Brönsted acid sites were
very important for EMF production from glucose that is why the cata-
lytic performance of Zn-SO3H-GR-carbon was much better than Al2O3.
In the case of Amberlyst-35, although large amount of active site based
on its highest acidity (5.2 mmol/g, Table S1) was found but low number
of TOR for EMF production was also obtained when compared with Zn-

Fig. 4. Response surfaces plots determined from EMF yield: (A) based on catalyst amount and reaction time, (B) based on catalyst amount and reaction temperature,
and (C) based on reaction time and reaction temperature.

Table 4
Comparison of Zn-SO3H-GR-carbon performance for EMF production derived from ultrasonic-assisted upgrading of glucose with other catalysts reported in
previous literatures.

Catalysts Conditions EMF yield (%) References

DeAl-H-beta Hydrothermal system: 125 °C for 10 h 41.0 [3]
Amberlyst-15-CrCl3 Reflux system: 130 °C for 2 h 46.7 [4]
AlCl3 Hydrothermal system: 100 °C for 11 h 38.4 [6]
OMC-SO3H Hydrothermal system: 100 °C for 15 h 0.9 [11]
MIL-101-SO3H Hydrothermal system: 130 °C for 15 h ∼8.0 [31]
Zn-SO3H-GR-carbon Ultrasonic system: 106 °C for 72min 86.3 [This study]
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SO3H-GR-carbon, suggesting to subsistence of alone sulfonic site. The
TOR of glucose into EMF was in the order of Zn-SO3H-GR-carbon > H-
USY > SO3H-GR-carbon > Amberlyst-35 > SiO₂-Tosic acid >
Al2O3. From these results, poor activity that could be observed from
commercial catalysts for EMF production might be also explained by
their stronger hydrophilic properties which preferred to selectness es-
tablish a reasonable environment for facially adsorption behavior of
polar molecules onto active site of catalyst, resulting in fast deactiva-
tion during reaction process. Zn-SO3H-GR-carbon catalyst in this study
exhibited much better performance than commercial catalysts, prob-
ably due to the plenty presence of nature active sites consisting of
sulfonic, carboxylic lactone and phenolic groups on exterior layer of CS
catalyst. Concurrently, hydrophobic groups such as C–C polyaromatics
were occupied in interior later of CS catalyst, encouraging the influence
of mass transfer of reactance into active site and stability [18]. As above
mentioned results, the EMF production from swift upgrading of glucose
over Zn-SO3H-GR-carbon was very interesting currently for further
application in practical process.

3.3. Catalyst reusability

Here, in order to approach the industrialization and commerciali-
zation processes, the catalyst reusability was tested for 20 cycles under
the optimum condition obtained from DOE. In case of without re-
generation, as shown in Fig. 6A, one can see that Zn-SO3H-GR-carbon
presented long-term stability for five cycles without any decrease in
EMF yield. Thereafter, the EMF yield was dropped to some extent in
each cycle. This reduction should be attributed to the subsistence of
some reactants adsorbed on the catalyst surface, leading to pore
blocking, resulting in resisting the reactant access to active sites of
catalyst [30]. This phenomenon could be also investigated by textural
properties results of fresh and spent catalyst in Table S1. As obtained,
the surface area and pore size of spent catalyst without regeneration
were lower than fresh catalyst, according to mentioned above discus-
sion. After regeneration process was applied, as shown in Fig. 6B, its
catalytic performance and stability were perfectly recovered for 20
cycle based on the EMF yield. It should be mentioned here that the
recovery rate of catalyst could be obtained up to> 98% which was
acceptable for reuse process in each cycle. Also, as shown in Table S1,
the regenerated spent catalyst had quite similar on textural properties
when compared with the fresh one cycle. For XRD and SEM results of
regenerated spent catalyst, there were no different with the fresh one in
this study. This suggests that our regeneration process renewed the
surface and pores of catalyst as well as acquiesced the reactants to
freely access to the active sites. From these results, Zn-SO3H-glycerol-
carbon could be possibly applied as a promising catalyst for EMF pro-
duction in practical procedure.

4. Conclusions

The EMF production at short reaction from ultrasonic-assisted up-
grading of glucose was well achieved over Zn-doped SO3H-GR-carbon
catalyst. A combination of 2k factorial and Box-Behnken design ex-
hibited high preciseness with R2 value> 0.9 as well as 1.3% error, and
provided the optimum conditions: catalyst amount of 62mg, reaction
time of 72min, reaction temperature of 106 °C and THF amount of
250mmol. The catalyst amount exhibited most significant influence for
EMF production. Under these optimum conditions, 86.3% of EMF yield
was obtained from actual experiment. A maximum value of TOR
(0.0553min−1) was obtained for Zn-doped SO3H-GR-carbon catalyst.
Moreover, the Zn-doped SO3H-GR-carbon catalyst was also showed the
excellent reusability and long-term stability for 20 cycle after re-
generation process was applied.
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Fig. 5. Glucose conversion turnover rate (TOR) to EMF using various catalysts.

Fig. 6. Reusability test of (A) Zn-SO3H-GR-carbon without regeneration and (B)
Zn-SO3H-GR-carbon regenerated for EMF production from ultrasound-assisted
upgrading glucose.
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