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ABSTRACT: Sustainable production of biofuel additive ethyl levulinate
(EL) from biomass-derived furfural (FF) is an interesting way owing to its
application in improving the diesel combustion process without the expense
of octane number. In this study, a stable mesoporous SO3H@Ni−Al catalyst
prepared via facile a hydrothermal-functionalization process was characterized
and applied for ultrasound-assisted transformation of FF into EL using
ethanol as a hydrogen donor. Interestingly, the formation of humins in the
mixture solution and on the catalyst surface was effectively suppressed after
introduction of an oxygen environment, resulting from an oxidative
degradation reaction. The optimization process was carried out under catalyst
acidity, ultrasonic power generation, and statistical design. As desired, a high
yield of EL (∼97%, Ea = 25.95 kJ/mol) without humins’ formation was well
achieved in a shorter reaction time (95 min) and at a low reaction
temperature (112 °C), compared with a previous conventional reaction. Moreover, the introduction of oxygen strongly promoted
the catalyst reusability with a slight reduction in its catalytic behavior, while selectivity/distribution in the liquid product had slight
differentiation.
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■ INTRODUCTION

Due to the drastic decrease of fossil fuel resources in the past
few years, investigating a renewable energy resource has
attracted a lot of attention.1,2 Biomass-derived furfural is a
good candidate that can be further upgraded for sustainable
production of biofuels and value chemicals such as ethyl
levulinate (EL), γ-valerolactone (GVL), 2-(diethoxymethyl)-
furan (DTMF), and others.3−6 As such, some advantages in EL
properties are evidently revealed as follows: (I) excellent
flashpoint and combustion stabilities are found since it has an
energy density of about 24.8 MJ/L, compared to EtOH (∼24
MJ/L) and gasoline (∼35.2 MJ/L), and (II) it can be utilized
as a biofuel additive or blend in diesel engine due to its unique
ability to suppress CO, CO2, and NOx emissions.7−9 In a
commercial way, as known, EL is produced from levulinic acid
(LA), furfural (FF), furfuryl alcohol (FA), 5-hydroxymethyl-
furfural (HMF), or carbohydrates via principal reactions such
as ethanolysis and etherification over a homogeneous acid
catalyst and EtOH as well as a H2 source.10 Nevertheless,
several advantages of the homogeneous acid catalyst including
fast reaction rate, high yield and selectivity of products, and
low price have been exposed, but it also has some
disadvantages such as corrosive conditions in equipment/

environment and difficult/complex recycling.11,12 Also, the
cost in an industrial process may be increased to some extent
due to H2 consumption in large amounts or high operation
pressures.
From the above intentions, many researchers have tried to

develop several heterogeneous acid catalysts bearing Lewis and
Brønsted acid sites for EL production.13−16 Guo et al.17

studied the EL production from FAL over an amino-sulfonated
functional carbon catalyst, and the results indicated that an EL
yield of 65% was obtained at 150 °C for 6 h. Zhu et al.18

achieved conversion of furfural into EL (EL yield = 77.6%)
without an external H2 source at 120 °C for 24 h over a Au-
HSiW/ZrO2 catalyst. Tang et al.19 found that a maximum EL
yield of 55% was obtained from FF conversion catalyzed by Zr-
SBA-15 at 180 °C for 18 h via tandem reactions between FF
hydrogenation and FAL ethanolysis. They also reported that a

Received: July 7, 2021
Revised: September 27, 2021

Research Articlepubs.acs.org/journal/ascecg

© XXXX American Chemical Society
A

https://doi.org/10.1021/acssuschemeng.1c04606
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

Su
ra

ch
ai

 K
ar

nj
an

ak
om

 o
n 

O
ct

ob
er

 1
2,

 2
02

1 
at

 2
3:

01
:0

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Surachai+Karnjanakom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asep+Bayu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panya+Maneechakr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chanatip+Samart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suwadee+Kongparakul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqing+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoqing+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.1c04606&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04606?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04606?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04606?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04606?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c04606?fig=abs1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c04606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf


combination of Lewis and Brønsted acid sites on the as-
prepared catalyst resulted in facile production of EL via the last
step of ring opening in ethyl furfuryl ether (EFE). As reported
in previous literature studies, a high EL yield of >90% from FF
conversion may be achieved since a long reaction time and
high reaction temperature as well as an active acid catalyst are
required, leading to a very high production cost. Moreover, the
main problem during the EL production process is the
coformation of humins in the solvent system and on the
catalyst surface via polymerization/condensation, resulting in
low EL yield and rapid deactivation of catalysts.20−22

To solve the above problems, a stable mesoporous SO3H@
Ni−Al catalyst was developed via facile hydrothermal and
functionalization processes with the assistance of cationic
surfactant cetyltrimethylammonium bromide (CTAB) and
chlorosulfonic acid (CA). Here, a mesoporous catalyst was
carefully selected since it had high surface area/large pore size
(easily accessible active sites), suitable acidity (easily accessible
Lewis and Brønsted acid sites), and good thermal stability.23

The textural, morphological, and chemical properties of the
catalyst were systematically characterized in detail. The
environmental behaviors for O2 and N2 introduction in the
system were tested and compared to obstruct the coformation
of humins and to enhance the long-term stability of the catalyst
during the FF conversion into EL. To increase the reaction rate
for selective formation of EL, ultrasonic power generation was
applied, compared to the conventional stirring system. Various
effects including the catalyst type, catalyst loading amount,
ultrasonic power, O2 and N2 atmosphere conditions, alcoholic
solvent, reaction temperature, and time were studied along
with the optimization processes for EL production using an
integration of 2k factorial and Box−Behnken designs as well as
kinetic reaction/activation energy. The possible mechanisms
for EL formation and humin suppression under the as-
developed system were discussed. The efficiency of the as-
selected catalyst was compared with the commercial catalyst
based on the turnover rate (TOR) for conversion of FF into
EL. Moreover, to confirm the long-term stability of the catalyst,
the reusability test was performed under an O2 and N2
atmosphere. This work not only provides a facile way that
enables the production of EL with high yield as well as the
retention of catalyst stability but also is highly expected to be
further applied in practical processes.

■ EXPERIMENTAL SECTION
Preparation of Ni−Al Support. Herein, the molar compositions

were fixed as follows: 0.9Al:0.1Ni:1.2CTAB:85H2O:4.6CH4N2O for
support preparation via hydrothermal and functionalization processes.
First, the exact amounts of urea, aluminum nitrate, and nickel nitrate
were mixed with distilled water and stirred at ambient temperature for
1 h. The CTAB surfactant was introduced and severely stirred until a
homogeneous solution was obtained. Then, the solution was heated at
150 °C for 12 h under hydrothermal conditions. The formed solid
product was separated by filtration, washed with distilled water, and
dried at 105 °C. Finally, the solid product was heated at 650 °C for 2
h under calcination to obtain the mesoporous Ni−Al catalyst.
Preparation of SO3H@Ni−Al Catalyst. First, 1.0 g of support

and 20 mL of dichloromethane were mixed using setup equipment
consisting of a suction + dropping funnel. Then, an exact amount of
CA was carefully dropped into the resulting mixture and stirred for 2
h at ambient temperature. During this functionalization process, the
produced gas was trapped by the CaCl2 section with a vacuum system,
while surplus HCl was separated by the suction process. Finally, the
SO3H@Ni−Al catalyst was washed with ethanol and distilled water
and dried at 105 °C. It should be mentioned here that the as-prepared

catalysts were denoted SO3H@Ni−Al-(0), SO3H@Ni−Al-(1),
SO3H@Ni−Al-(2), SO3H@Ni−Al-(3), and SO3H@Ni−Al-(4)
based on the weight ratios of CA to Ni−Al of 0/1, 1/1, 2/1, 3/1,
and 4/1, respectively. The details of the characterization method of
the as-prepared catalyst including N2 sorption, X-ray diffraction
(XRD), scanning electron microscopy−energy dispersive X-ray
spectroscopy (SEM−EDS), transmission electron microscopy
(TEM), thermogravimetric analysis−derivative thermogravimetry
(TGA−DTG), NH3-temperature-programmed desorption (TPD),
and Py-Fourier transform infrared (FTIR) techniques are given in
the Supporting Information (SI).

Catalytic Transformation of FF to EL. Herin, the EL production
process was carried out in a three-necked, round-bottom flask
equipped with a gas tube, an ultrasonic probe, and a reflex condenser.
First, an exact amount of catalyst and 1.0 g of FF substrate were added
to 20 mL of ethanol. The reaction was conducted using ultrasonic
frequency at 2500 Hz with a stirring speed at 650 rpm. During the
reaction, O2 or N2 gas was introduced inside the reactor at a flow rate
of 20 mL/min. Various effects such as the weight ratio of CA to Ni−
Al (0−4), ultrasonic power generation (0−100 W), catalyst loading
amount (0.1−0.5 g), reaction temperature (70−140 °C), and reaction
time (30-120 min) were systematically investigated via cointegration
of 2k factorial and Box−Behnken designs. The details on these
experimental designs are provided in the SI.24 After finishing the
process, the reaction was immediately stopped by soaking in a cooling
bath. Prior to the reusability study, the spent catalyst was separated by
the centrifugation technique along with washing with ethanol +
distilled water and drying at 105 °C.

Chemical Product Analysis. Chemical liquid products such as
FF substrate, EL, and others were qualitatively analyzed by gas
chromatography (Agilent instrument) equipped with a flame
ionization detector (GC-FID) including a capillary Agilent HP-5
column (30.0 m × 0.25 mm × 0.25 μm). The temperature programs
are as follows: 313 K (4 min) − 5 K/min − 523 K (5 min). N2 was
utilized as a carrier gas at a flow rate of 1.0 mL/min. The
concentrations (% mol) in each product were calculated using a
dodecane sample as an internal standard.

■ RESULTS AND DISCUSSION

Textural, Morphological, and Chemical Properties of
Catalysts. Figure 1A presents the N2 sorption isotherms of
different catalysts. One can see that the isotherms with type IV
were found for all catalysts, according to an ordered
mesoporous structure.25,26 Figure 1B presents the pore size
distributions of different catalysts. The narrow distributions
with a pore size range of around 2.5−3.5 nm were observed for
all catalysts, while the pore volume of the catalyst was reduced
to some extent with an increase in the weight ratio of CA to
Ni−Al from 0 to 4. This also indicated that the mesoporous
structure of the catalyst was still maintained after the
functionalization process was applied. Physical properties
such as the surface area, pore volume, and pore size are
provided in Table 1. As related, the pore size of the SO3H@
Ni−Al catalyst did not significantly change, while its surface
area and pore volume were clearly decreased after an increase
in the weight ratio of CA to Ni−Al. This might be attributed to
well ability for sulfonic distribution on the catalyst structure
without pore blockage.
Figure 2 presents the XRD patterns of SO3H@Ni−Al-(0)

and SO3H@Ni−Al-(3) at small/wide-angle X-ray scattering.
As shown in Figure 2A, three diffraction peaks at 2.2, 3.8, and
4.4° should be ascribed to [100], [110], and [200] planes,
respectively, suggesting mesoporous material with the
hexagonal structure. In Figure 2B, crystalline peaks of the γ-
alumina structure appeared at 32.6, 36.6, 39.5, 45.8, 60.6, and
67.2°, corresponding to the reflections on [220], [311], [222],
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[400], [511], and [440] planes, respectively. It should be
mentioned here that no diffraction peaks of NiO were
observed in this study, resulting from its homogeneous
dispersion in the SO3H@Ni−Al structure. For comparison,
after the functionalization process such as SO3H@Ni−Al-(3),
the apparent reduction of the XRD peak occurred without any
shifting of the pattern, indicating that sulfonic introduction on
the Ni−Al support had a nonsignificant influence on
destruction of the ordered mesoporous structure.
Figure 3 presents the TEM and SEM−energy dispersive X-

ray analysis (EDX) images of SO3H@Ni−Al-(0) and SO3H@
Ni−Al-(3). In Figure 3A,B, the ordered mesoporous network
at the [110] plane was observed for both samples, confirming
that a hexagonal mesoporous structure still existed after the
functionalization process was applied. In Figure 3C,D, the
similar rodlike morphologies were revealed along with the
uniform shape/particle for both catalysts, indicating that their
morphologies did not destroy after the modification process.
Good distribution patterns of Al, Ni, and S elements on
SO3H@Ni−Al-(3) were also supported using EDX mapping
images (Figure 3E−G). The formation behavior of the rodlike
structure was controlled using urea as a precipitant substrate.
Herein, the pH value in the resulting mixture was increased via
thermal decomposition of urea to NH3 and CO2 gases. In this
case, aluminum carbonate hydroxide formed and further
interacted with the CTAB surfactant, resulting in reformation
of the rodlike structure as-prepared catalyst/support.27,28 It
should be mentioned here that the molar composition of Ni
was fixed at 0.1 since it could homogeneously occur with Al.
Higher compositions could lead to heterogeneous phases.
Figure 4 presents the chemical properties of SO3H@Ni−Al

catalysts, which were investigated by NH3-TPD and Py-FTIR
analyses. In Figure 4A, for SO3H@Ni−Al-(0) without a

Figure 1. (A) N2 sorption isotherms and (B) pore size distributions
of various acid catalysts.

Table 1. Physicochemical Properties of Various Catalysts

catalyst

surface
area

(m2/g)

pore
volume
(cm3/g)

pore
size
(nm)

acidity
(mmol/g)

SO3H@Ni−Al-(0) 748 1.05 3.27 0.64
SO3H@Ni−Al-(1) 731 0.98 3.25 1.42
SO3H@Ni−Al-(2) 716 0.92 3.25 2.11
SO3H@Ni−Al-(3) 702 0.85 3.24 2.53
SO3H@Ni−Al-(4) 673 0.77 3.21 3.20
SO3H-Al2O3 205 0.86 9.16 1.94
SO3H-ZSM-5 342 0.38 0.41 1.73
SO3H-activated carbon 844 1.20 2.27 1.22
SiO2-tosic acid 279 0.77 9.85 0.80
Amberlyst-35 52 0.62 30.14 5.20
spent SO3H@Ni−Al-(3)a 689 0.84 3.22 2.49
spent SO3H@Ni−Al-(3)b 323 0.19 1.58 2.43

aSpent SO3H@Ni−Al-(3) after the reusability test under an oxygen
environment. bSpent SO3H@Ni−Al-(3) after the reusability test
under a nitrogen environment.

Figure 2. XRD patterns of SO3H@Ni−Al-(0) and SO3H@Ni−Al-(3)
using (A) small- and (B) wide-angle X-ray scattering.
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sulfonic functionalization process, one main peak of
NH3desorption appears at a low temperature of ∼140 °C,
which could be ascribed to weak acid sites/Lewis acid
sites.29−31 Interestingly, with an increase of CA amount such
as SO3H@Ni−Al-(1) to SO3H@Ni−Al-(3), the NH3
desorption peaks shifted to the higher temperature, while the
intensities of peaks at the temperature range of around 150−
300 °C increased, resulting from new creation of a strong acid
site/Brønsted acid. Remarkably, for SO3H@Ni−Al-(4), the
intensity of NH3 desorption peaks at the highest temperature
was significantly reduced, while the density of medium acid
sites was higher than the other ones. This suggests that the
presence of an excessive number of sulfonic groups
tremendously covered the catalyst surface, while some Lewis
acid sites in the alumina structure were destroyed during the
functionalization process. On the other hand, the different
locations of the sulfonic group on the catalyst structure might

be a part of acid dispersion behavior. The acidity and L/B ratio
of each catalyst are shown in Tables 1 and 2, respectively. As
expected, the increase of the CA to Ni−Al ratio from 1 to 4
resulted in an increase of acidity from 1.42 to 3.20 mmol/g,
while the L/B ratios decreased from 0.78 to 0.17.
In Figure 4B, Py-FTIR spectra at 200 °C were applied to

confirm the existence of Lewis and Brønsted acidic sites on the
SO3H@Ni−Al catalyst. Here, the predominant bands appear-

Figure 3. (A), (B) TEM images, (C), (D) SEM images of SO3H@
Ni−Al-(0) and SO3H@Ni−Al-(3), and (E)−(G) EDX mapping
images of SO3H@Ni−Al-(3).

Figure 4. (A) NH3-TPD profiles and (B) Py-FTIR spectra of various
acid catalysts.

Table 2. Lewis and Brønsted Acid Amounts on Various Acid
Catalysts

catalyst

Lewis acid
amount
(mmol/g)

Brønsted acid
amount (mmol/g)

L/B
ratio

SO3H@Ni−Al-(0) 0.64 0.00
SO3H@Ni−Al-(1) 0.62 0.80 0.78
SO3H@Ni−Al-(2) 0.61 1.50 0.41
SO3H@Ni−Al-(3) 0.62 1.91 0.32
SO3H@Ni−Al-(4) 0.47 2.73 0.17
SO3H-Al2O3 0.37 1.57 0.24
SO3H-ZSM-5 0.21 1.52 0.14
SO3H-activated carbon 0.03 1.19 0.03
SiO2-tosic acid 0.69 0.11 6.27
Amberlyst-35 0.00 5.20
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ing at wavenumbers of 1545, 1490, and 1450 cm−1 could be
assigned to vibration characteristic of pyridine adsorption on
Brønsted acid sites, Brønsted−Lewis acid sites, and Lewis acid
sites, respectively.32 The increase of the sulfonic group amount
resulted in an increase of the Brønsted acid site, which was
beneficial for the catalytic conversion of FF into EL. This Py-
FTIR result was in good agreement with NH3-TPD analysis.
Figure S1 presents the TG-DTG profile of the SO3H@Ni−Al-
(3) catalyst at temperatures of 100−600 °C under oxygen flow.
Two mass losses at the ranges around 100−200 and 250−450
°C could be revealed on certain decomposition processes of
water and sulfonic groups. Based on this study, it is
demonstrated that the SO3H@Ni−Al catalyst had stability at
high temperatures, which could be satisfactorily applied in EL
production at the as-selected temperature range.
EL Production from FF Substrate. The role of humins

deposited on the spent SO3H@Ni−Al-(3) catalysts in EL
production from FF transformation at a reaction time of 10−
60 min under O2 and N2 conditions is presented in Figure 5A.
Remarkably, the yield of humins’ formation on the catalyst
continuously reduced with an increase of reaction time when
the oxygen environment was applied, indicating that oxidative
degradation was well promoted.33 Meanwhile, the opposite
trend was found, and the colors of the catalyst and chemical
liquid became dark-brown under oxygen conditions. From this
result, it is demonstrated that the oxygen environment under
this EL production system promoted the catalyst stability via a
humin suppression process. To check the stability in EL
production, the catalytic performance was tested as follows: for

the first run, the nitrogen environment was introduced under
FF transformation for 60 min. Thereafter, for the second run, it
was further tested under the oxygen environment without the
presence of the FF substrate and nitrogen gas. As predicted,
pristine color in the catalyst was obtained from humins’
decomposition, indicating that the existence of the oxygen
environment was very important for the reaction system.
Figure 5B presents the decomposition behavior of humins on
the SO3H@Ni−Al-(3) catalyst after finishing the reaction
process via the DTG profile at 100−400 °C. One can see that
different thermal decomposition ranges were found, resulting
from the presence of humins with different species on the
catalyst structure. In the case of the spent catalyst derived from
the oxygen environment, the humins on the catalyst were more
easily decomposed at a lower temperature of around 265 °C,
while higher thermal decomposition of humins (300 °C) was
required for the spent catalyst derived from the nitrogen
environment. This also suggests that small and big species of
humins were preferred to form under oxygen and nitrogen
conditions, respectively. Based on the above results, in situ
suppression of humins could be easily performed in the
presence of molecular oxygen, which was highly useful for
further regeneration of the spent catalyst at lower temper-
atures, leading to saving energy consumption.
Figure 6A,B presents the effect of catalyst type on catalytic

transformation of FF to EL under the oxygen environment. In

Figure 5. (A) Effect of reaction time on humins’ deposition on the
spent SO3H@Ni−Al-(3) catalysts and (B) DTG profiles of spent
SO3H@Ni−Al-(3) catalysts after reaction for 30 min for trans-
formation of FF to EL under the oxygen and nitrogen environments.

Figure 6. (A) FF conversion with EL yield and (B) chemical
distribution in the liquid product in a reaction catalyzed by the oxygen
environment based on the effect of catalyst type. Reaction conditions:
catalyst amount = 0.5 g, reaction temperature = 140 °C, reaction time
= 120 min, ultrasonic power = 80 W.
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this study, the product selectivity was divided into six
chemicals such as EL, EFE, FA, GVL, DTMF, and humins.
As can be seen, no EL yield was observed in the case of
without catalyst loading where even the FF conversion was
59.1%, suggesting that some FF and EtOH were easily
acetalized into DTMF via ultrasonic assistance. When
SO3H@Ni−Al-(0) was applied, FF still could not be converted
into EL, but the DTMF selectivity significantly decreased with
an increase of FA selectivity. This suggests that the
acetalization of FF was suppressed via co-contribution of
nickel oxide and aluminum oxide catalysts, as well as their
Lewis acid sites, and promoted to transfer hydrogenation
reactions based on the tandem reaction pathways in Figure 7.34

This also indicates that reversible acetalization was supported
via ultrasonic generation without the assistance of Lewis acid
sites from SO3H@Ni−Al-(0). It should be noted that in situ
generation of hydrogen without any external addition occurred
from an ethanol/hydrogen donor.35 Also, ethanol was used in
an excessive amount of 20 mL to shift the equilibrium forward
EL, corresponding to Le Chatelier’s principle. Remarkably, the
existence of Brønsted acid sites with an increase of CA to Ni−
Al ratios from 1 (SO3H@Ni−Al-(1)) to 3 (SO3H@Ni−Al-
(3)) resulted in the facile formation of EL with an increase of
the EL yield from 42.2 to 81.3% and then decrease to some
extent using a SO3H@Ni−Al-(4) catalyst. These behaviors
should be described to further generation of GVL and humins’
products via second transfer hydrogenation and polymer-
ization/condensation reactions, respectively, when excessive
acidity with a L/B ratio of 0.17 existed in the SO3H@Ni−Al-
(4) catalyst. Here, the reaction mechanisms could be explained
as follows: (I) FF was converted to FA via transfer
hydrogenation with the assistance of Lewis acid Ni−Al
catalyst, (II) FA etherification was catalyzed by Lewis/
Brønsted acid sites from SO3H@Ni−Al to form EFE chemical,
and (III) EFE was further converted to desired EL via a

hydrolytic ring-opening process with the assistance of Brønsted
acid sites on the catalyst.36,37 This indicates that the synergistic
effect of Brønsted and Lewis acid sites on SO3H@Ni−Al
catalysts was very important for catalytic production of EL.
Based on these results, the SO3H@Ni−Al-(3) catalyst was
chosen to be utilized in the next sections.
Figure 8 presents the effect of ultrasonic application for

transformation of FF to EL under the oxygen environment
catalyzed by SO3H@Ni−Al-(3). One can see that a low EL
yield of 14.9% was found with the abundant presence of
undesired chemicals in the liquid product such as FA, EFE,
DTMF, and humins since the ultrasonic generation did not
apply. However, when ultrasonic power was generated from 50
to 80 W, the EL yield was significantly increased from 39.3 to
81.3%, indicating that transformation of FF to EL was highly
favored with ultrasonic power at 80 W. This should be
attributed to the in situ production of cavitation bubbles as well
as oxidizing species such as hydroxyl and hydrogen radicals
from ultrasonic generation, which could strongly catalyze the
reaction series, leading to facile formation of EL. Unlikely, the
EL yield was reduced to some extent with the increase of
ultrasonic power from 80 to 100 W, suggesting that second
transfer hydrogenation was replaced by further conversion of
EL to GVL, leading to the increase in GVLselectivity in the
liquid product.38 Therefore, an ultrasonic power of 80 W was
fixed as the best condition in this study.
To obtain more information on the catalytic system, the

integrations of 2k factorial and Box−Behnken designs as well as
kinetic reactions was fully investigated in detail, and the results
are provided in the SI (Figures S2−S7 and Tables S1−
S3).39−42 Based on these designs, the highest yield of EL
(97.2%) was perfectly produced under the following optimal
conditions: catalyst amount = 0.36 g, reaction temperature =
112 °C, reaction time = 95 min, ultrasonic power = 80 W and
ultrasonic duty cycle = 60%. The activation energy and pre-

Figure 7. Possible reaction pathways for conversion of FF + EtOH into EL and other chemicals.
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exponential values for EL production obtained from the
ultrasonic system (25.95 kJ/mol and 1.57 × 102 min−1) were
lower when compared with those from the conventional
autoclave system (33.37 kJ/mol and 2.85 × 102 min−1). To
update our obtained results, the comparison of each catalytic
system for EL production from the FF substrate is shown in
Table 3.18−21 The SO3H@Ni−Al catalyst exhibited better
activity than previous catalysts, resulting from proper chemical
and physical properties to FF transformation under the as-
developed system (entries 1−4 vs 7). Also, higher energy
consumption based on higher reaction temperatures and
longer reaction times was revealed under the application of
autoclave and conventional reflux processes when compared

with the ultrasonic technique (entries 1−4, 6−9 vs 5). In
addition, ultrasonic application not only promotes the reaction
kinetic rate but also suppresses the polymerization reaction for
humins. Here, the changing in physical properties of liquid
chemical and catalyst colors could be observed.
Table 4 presents the effect of alcohol type on transformation

of FF to alkyl levulinates (AL) under the oxygen environment
catalyzed by SO3H@Ni−Al-(3). As obtained, the increase of C
number in alcohols resulted in a significant reduction of the AL
yield in the liquid product, while the GVL yield was increased
to some extent. The selectivity for AL production was in the
sequence MeOH > EtOH > n-PrOH > n-BuOH > i-PrOH > i-
BuOH. This indicates that AL was preferred to form in primary
alcohols, especially in methanol. However, considering
sustainable chemistry, ethanol was still chosen since it was a
more eco-friendly chemical. Meanwhile, the opposite trend was
found in GVL formation, which was favored in secondary

Figure 8. (A) FF conversion with EL yield and (B) chemical
distribution in the liquid product under the reaction catalyzed by
SO3H@Ni−Al-(3) and the oxygen environment based on the effect of
ultrasonic application. Reaction conditions: catalyst amount = 0.5 g,
reaction temperature = 140 °C, reaction time = 120 min, and
ultrasonic power = 0−100 W.

Table 3. Catalytic Production of EL from FF Substrate by Comparison with Previous Works

entry catalyst temperature (°C) time catalytic system EL yield (%) ref

1 Au-HSiW/ZrO2 120 24 h autoclave system + N2 pressure 77.6 18
2 Zr-SBA-15 180 18 h autoclave system + N2 pressure 55.0 19
3 Zr-Al/SBA-15 180 3 h autoclave system + N2 pressure 71.4 21
4 Pt/ZrNbPO4 130 6 h autoclave system + H2 pressure 75.7 22
5 SO3H@Ni−Al 112 95 min ultrasonic system + O2 atmosphere 97.2 this work
6 SO3H@Ni−Al 112 95 min autoclave system + O2 pressure 64.8 this work
7 SO3H@Ni−Al 120 6 h autoclave system + O2 pressure 87.3 this work
8 SO3H@Ni−Al 112 95 min reflux system + O2 atmosphere 32.5 this work
9 SO3H@Ni−Al 120 24 h reflux system + O2 atmosphere 82.8 this work

Table 4. Formation Behaviors of AL and GVL in the Liquid
Product Based on Effect of Alcohol Type under the
Reaction Catalyzed by SO3H@Ni−Al-(3) and the Oxygen
Environment

entry alcohol type conversion (%) AL yield (%) GVL yield (%)

1 MeOH 100 98.6 0.0
2 EtOH 100 97.2 0.7
3 n-PrOH 100 85.3 6.8
4 i-PrOH 100 54.1 32.9
5 n-BuOH 100 72.7 15.5
6 i-BuOH 100 39.9 48.2

Figure 9. Turnover rate for transformation of FF to EL under the
oxygen environment using different catalysts.
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alcohols, especially for i-BuOH, confirming that second
transfer hydrogenation was preferred for alcohol with lower
reduction potential based on the data of standard molar
enthalpy reported in the previous literature.43

Catalytic Comparison and Catalyst Reusability. Before
study on catalyst reusability, the performance of the as-
prepared S-A catalyst was compared with that of various
commercial catalysts such as Al2O3, ZSM-5, SiO2-tosic acid,
Amberlyst-35, and activated carbon. It should be mentioned
here that Al2O3, ZSM-5, and activated carbon were function-
alized with sulfonic groups using the same method of the S-A
catalyst. Figure 9 presents the turnover rate (TOR, min−1) of
FF into EL over different catalysts. The value of TOR was
calculated by dividing the mole amount of FF that is converted
into EL per the catalyst amount with reaction time (mol/g·
min) by acidity of the catalyst (mol/g). Here, FF conversion

into EL was fixed at 50% for all catalysts to avoid some
problems on concentrations of the substate and catalyst. As it
can be seen that Amberlyst-35 exhibited poor catalytic activity
with the lowest value of TOR, suggesting that FF was
converted into humins. As it is known, its excessive acidity with
only the existence of the Brønsted acid site of Amberlyst-35
and SO3H-activated carbon favored promoting the side
reactions such as condensation/polymerization. In the cases
of SiO2-tosic acid, poor catalytic performance was observed,
resulting from the existence of low acidity with a ratio of L/B =
6.27 (Table 2). Moreover, hard accessibility of reactants into
active sites of the catalyst with a low TOR value was found in
ZSM-5 (narrow pore size = 0.28 nm) and SO3H-Al2O3 (larger
pore size = 9.03 nm) (Table 1). Thus, the S-A catalyst had the
best activity for EL production based on the highest value of
TOR. Based on these results, S-A had the possibility to be
utilized as a promising catalyst for sustainable upgrading of FF
into EL in the practical process.
Figure 10 presents the reusability result of SO3H@Ni−Al-

(3) under the oxygen and nitrogen environments. Remarkably,
under the oxygen environment, much higher stability of
SO3H@Ni−Al-(3) was found for 20 run number with a slight
decrease of the EL yield/selectivity. It demonstrates that
oxidative degradation to protect the humins’ formation on the
catalyst was well promoted by introduction of oxygen without
requirement in catalyst regeneration. Unlikely, the catalytic
activity based on EL yield under introduction of nitrogen was
highly reduced to some extent with an increase of recycling
number from the first to the twentieth without any
regeneration. Meanwhile, FA and EFE chemicals in liquid
products were increased with the incessant reduction of EL
selectivity. This should have resulted from catalyst deactivation
during the reaction cycle that occurred from humins’ formation
on the catalyst surface, leading to facile blockage of the porous
structure.44 To ensure this physical deactivation of SO3H@
Ni−Al-(3) without the sulfonic leaching process, the spent
catalysts after the 20th run were characterized by Brunauer−
Emmett−Teller (BET) and NH3-TPD. As shown in Table 1,
the strong reductions in textural properties such as the surface
area and porosity for spent catalysts derived from the reaction
cycle under the nitrogen environment were found, while its
acidity result did not notably change. Moreover, the spent
catalyst after the 20th cycle was further regenerated to remove
the humins by only heating at a temperature of 350 °C. As
expected, its structure, morphology, and acidic behavior were
quite similar to those of the fresh catalyst (Figures S8−S10). In
addition, as also shown in Figure 10, the catalytic activity at the
21st cycle was well restored based on EL yield/selectivity,
confirming that only the physical deactivation process
occurred.

■ CONCLUSIONS
In summary, SO3H@Ni−Al was successfully synthesized and
applied as a catalyst for ultrasound-assisted transformation of
FF into EL under the oxygen environment using ethanol as a
hydrogen donor. SO3H@Ni−Al-(3) with its physiochemical
properties such as the high surface area of 702 m2/g, high
thermal stability of >350 °C, and acidity of 2.53 mmol/h (L/B
ratio = 0.32) was found to be the best catalyst for EL
production. The proper application of the ultrasonic power
value for EL production was at 80 W. The introduction of
oxygen along with an increase of reaction time was highly
beneficial for humins’ elimination via an oxidative degradation

Figure 10. (A) EL yield derived from the reusability effect of SO3H@
Ni−Al-(3) under the oxygen and nitrogen environments. Production
distribution derived from the reusability effect of SO3H@Ni−Al-(3)
under environments of (B) oxygen and (C) nitrogen. Reaction
conditions: catalyst amount = 0.36 g, reaction temperature = 112 °C,
reaction time = 95 min, and ultrasonic power = 80 W.
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reaction. The use of the SO3H@Ni−Al catalyst with a lower
L/B ratio of 0.32 promoted an undesired polymerization
reaction. The GVL chemical could be easily formed via second
transfer hydrogenation of EL when too high ultrasonic power
and secondary alcohols were applied. The optimal conditions
including a catalyst amount of 0.36 g, a reaction temperature of
112 °C, a reaction time of 95 min, an ultrasonic power of 80
W, and an ultrasonic duty cycle of 60% were carried out,
providing a maximum EL yield of 97.2% with an activation
energy of 25.95 kJ/mol. The physical deactivation of the
catalyst could be suppressed by oxygen introduction, leading to
excellent reusability. This research is expected for sustainable
production of EL with a novel strategy.
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