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The  selective  catalytic  oxidation  of  furfural  to  2(5H)-furanone,  succinic  acid  (SA)  and  maleic  acid  (MA) was
studied.  Under  optimized  conditions,  furfural  was  oxidized  to 2(5H)-furanone  with  a yield  of  60–62%  in
an aqueous/organic  bi-phasic  system  using  1,2-dichloroethane  or ethyl  acetate  as  the  solvent  and  formic
acid  as the  catalyst,  while  the  total  yield  of  SA  and MA  was  15–20%.  Compared  with  other  homoge-
neous  and heterogeneous  acid catalysts,  formic  acid gave  a much  higher  selectivity  to  2(5H)-furanone
because  it reacted  with  hydrogen  peroxide  to  generate  performic  acid  that  had  a  strong  oxidizing  nature
and  good  solubility  in both  the  aqueous  and  organic  phases.  The  solvent  had  a  significant  influence on
urfural
atalytic oxidation
(5H)-furanone
olvent effect
eaction network

the  product  distribution.  A  simplified  reaction  network  was  established  to quantitatively  analyze  the
solvent  effect  based  on  the reaction  rate constants.  In the  homogeneous  system,  the  yield  of  2(5H)-
furanone  decreased  while  the  yield  of  SA  increased  with  an  increasing  dielectric  constant  of the  solvent.
The formic  acid/furfural  molar  ratio,  reaction  temperature  and  furfural  concentration  were  optimized  for
the selective  oxidation  of  furfural  to 2(5H)-furanone  in  the  bi-phasic  reaction  system.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

With increasing consumption of energy and diminishing sup-
ly of fossil fuels, substantial interest has been devoted to search

or renewable energy resources in the world. In this respect,
iomass, which is renewable, environmental-friendly, abundant
nd widespread, is considered to be an ideal substitute for tradi-
ional fossil fuels [1–4]. In recent years, various catalytic conversion
trategies have been developed for the conversion of biomass to
io-based platform compounds, which can be further converted to

 wide range of target products [5–9]. Among these renewable plat-
orm compounds, furfural, produced by hydrolysis and dehydration
f xylan contained in hemicellulose, is one of the most important
uilding blocks for bio-refinery [10–12]. Catalytic oxidation has
een used to convert furfural to many chemical intermediates and
nd products, including furanone, furoic acid, fumaric acid (FA),
uccinic acid (SA) and maleic acid (MA) [6,13–18]. Most of the cur-
ent studies focus on the selective oxidation of furfural to diacids or
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

cid anhydrides, especially to SA, MA  and maleic anhydride. How-
ver, the studies on the oxidation of furfural to 2(5H)-furanone are
ery limited.

∗ Corresponding author.
E-mail address: wangtf@tsinghua.edu.cn (T. Wang).

ttp://dx.doi.org/10.1016/j.cattod.2015.11.036
920-5861/© 2016 Elsevier B.V. All rights reserved.
Furanone can be synthesized by deoxygenation of substituted
butanoic acids at high temperature, transformation of hydroxybu-
tyrolactones with acids or amines, hydrolysis of 2-methoxyfuran
and cyclocarbonylation of terminal alkynols in the presence of
palladium [19–22]. Nevertheless, the above methods are deficient
owing to their expensive reagents, complicated processes, extreme
reaction conditions and low yield. Currently, 2(5H)-furanone is
mainly produced by furfural oxidation. Badovskay [23] reported
the oxidation of furfural to 2(5H)-furanone with a yield of 25% by
autocatalysis, and the yield was  not significantly improved in the
presence of Mo  (VI) or Cr (VI). Cao et al. [13]. found that when the
autocatalytic oxidation of furfural was carried out in a bi-phasic
system using dichloroethane as the solvent, a 37% yield of 2(5H)-
furanone was  obtained, however the reaction time was longer than
10 hours. Poskonin [24] reported the synthesis of 2(5H)-furanone
from furfural in water using niobium (V) acetate tetrahydrate as
the catalyst and hydrogen peroxide as the oxidant, but more than
80 hours were needed to obtain a 60% yield. Despite decades of
study, problems with furfural oxidation to 2(5H)-furanone still
exist in the moderate yield (30–50%), long reaction time and the
use of chlorinated solvents. The main utility of 2(5H)-furanone at
present is limited to the intermediate for the synthesis of biologi-
ural in a bi-phasic system with homogeneous acid catalyst, Catal.

cally active natural products [25].
2(5H)-Furanone is an ideal material for the production of lac-

tones and diols in terms of its chemical structure. In our previous

dx.doi.org/10.1016/j.cattod.2015.11.036
dx.doi.org/10.1016/j.cattod.2015.11.036
http://www.sciencedirect.com/science/journal/09205861
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ork, 2(5H)-furanone was hydrogenated to �-butyrolactone (GBL)
ith a high yield using supported metal catalysts [26]. The use of

(5H)-furanone as the intermediate for the conversion of furfural
o C4 lactones and diols can improve the atom economy of the con-
ersion path and reduce the cost caused by harsh conditions, in
omparison with other biomass-derived intermediates like diacids
nd acid anhydrides. Thus, the highly selective oxidation of furfural
o 2(5H)-furanone can provide a better approach to produce C4 lac-
ones and diols from furfural, which have been widely used in the
elds of medicine, chemical, plastics, electric and others [27,28].
ydrogen peroxide is usually used as the oxidant for furfural oxida-

ion to 2(5H)-furanone, because the non-catalytic polymerization
f furfural is severe when furfural interacts with molecular oxy-
en [29]. The control of selectivity is a great challenge for furfural
xidation to 2(5H)-furanone, as many side reactions including non-
atalytic polymerization, oxidation to diacids and deep oxidation
ay occur.

In this work, different acid catalysts were evaluated for the
xidation of furfural to 2(5H)-furanone in both the bi-phasic and
omogeneous systems. A simplified reaction network was  estab-

ished, and the reaction rate constants and apparent activation
nergies were calculated to analyze the solvent effect. The solvent
ffect was investigated in homogeneous, bi-phasic and tri-phasic
ystems using a variety of solvents with different polarities. The
roduct distribution was correlated with the solvent property to
uide the selection of solvent for improved yield of 2(5H)-furanone.
dditionally, the effects of the formic acid/furfural molar ratio, reac-

ion temperature and furfural concentration were studied in detail.

. Materials and methods

.1. Materials

Methanol, tetrahydrofuran, tetrachloromethane, benzene,
oluene, cyclohexane, iso-octane, n-heptane, ethyl acetate, sulfuric
cid (98%), phosphoric acid (85%) and sodium sulfate were all
f analytical grade and purchased from Beijing Chemical Works.

sopropanol (SCR Beijing, 99.5%), 1,2-dichloroethane (J&K Chem-
cal, 99%), �-butyrolactone (Xiya Reagent, 99%), formic acid (SCR
eijing, 88%) and hydrogen peroxide (Beijing Modern Oriental
ine Chemistry Co., Ltd., 30%) were purchased. The above reagents
ere used without further purification. Furfural (SCR Beijing, 99%)
as purified by vacuum distillation before use. The strong acid

on exchange resin Amberlyst-15 was purchased from Aladdin
ndustrial Corporation, and ZrTiO4 was prepared according to the
iterature [30]. The corresponding precursors were co-precipitated
o synthesize Ti(OH)4–Zr(OH)4, and this hydroxide was calcined at
23 K to obtain ZrTiO4.

.2. Oxidation reaction

.2.1. Oxidation of furfural
All the furfural oxidation reactions were carried out in a three-

ecked flask of 50 mL,  equipped with a condenser to reduce
olatilization loss of the solvent. An oil bath was used to control
he reaction temperature. In a typical experiment, 10 mL  of sol-
ent, 1.5 mL  of distilled water, 4.0 g of furfural, 4.0 g of sodium
ulfate and an appropriate amount of acid catalyst were added to
he flask and heated to the reaction temperature. When the reaction

ixture reached the set temperature, 10 mL  of hydrogen peroxide
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

30%) was added to the reactor dropwise during the first hour while
tirring. The reaction mixture was sampled and analyzed by a gas
hromatograph (GC) and a high performance liquid chromatograph
HPLC).
 PRESS
 xxx (2015) xxx–xxx

2.2.2. Oxidation of 2(5H)-furanone
The oxidation of 2(5H)-furanone was  carried out in a sim-

ilar apparatus to that for the oxidation of furfural. For each
experiment, 4.0 g of 2(5H)-furanone was  dissolved in 10 mL of 1,2-
dichloroethane, then 1.5 mL of formic acid and 1.5 mL  of distilled
water were added to the mixture. When the reaction temperature
reached the set value, 10 mL  of hydrogen peroxide was added drop-
wise to the mixture during the first hour while stirring. The reaction
mixture was sampled and analyzed by GC and HPLC.

2.3. Analytical methods

Gas chromatograph (GC 7900 II, Techcomp Instrument
Company) equipped with a super-wax capillary column
(30 m × 0.25 mm × 0.5 �m)  and an FID detector was  used to
analyze the contents of furfural and 2(5H)-furanone in the reac-
tion mixture. The diacids including SA and MA  were analyzed
with a Shimazu 10 AT–VP HPLC equipped with a C18 column
(150 mm × 4.6 mm)  and a UV detector. For HPLC measurement, the
samples were diluted 500 times with distilled water; The mobile
phase was methanol with distilled water (3/97, v/v) containing
KH2PO4 (0.02 mol/L), and its pH was  adjusted to 2.75 by H3PO4;
The flow rate was fixed at 1.0 mL/min and the temperature of the
column was  kept at 303 K; The injection volume was 20 �L.

The conversion of furfural and the selectivity and yield of prod-
ucts are calculated as follows:

Furfuralconversion (%) =
(
n0

fur − nfur

)

n0
fur

× 100 (1)

Productselectivity (%) = npro(
n0

fur − nfur

) × 100 (2)

Productyield (%) = npro

n0
fur

× 100 (3)

where n0
fur is the initial mole quantity of furfural loaded into the

reactor, and nfur and npro are the moles of furfural and products,
respectively. The mole quantity of each component ni in the homo-
geneous system and bi-phasic system was calculated based on Eq.
(4) and Eq. (5), respectively:

ni = Ci × V (4)

where Ci is the concentration of the component measured by GC or
HPLC, and V is the volume of the reaction mixture at a given time.

ni = Ci,aq × Vaq + Ci,or × Vor (5)

where Ci,aq and Ci,or refer to the concentration of the component in
the aqueous and organic phases, respectively, and Vaq and Vor refer
to the volume of the aqueous and organic phases at a given time,
respectively.

3. Results and discussion

3.1. Homogeneous and heterogeneous acid catalysts

The furfural oxidation reaction was first studied in a bi-phasic
system with 1,2-dichloroethane as the solvent and in a homoge-
neous system with methanol as the solvent, focusing on the effect
of acid catalysts. The results are shown in Fig. 1. Among the selected
homogeneous catalysts, formic acid had the best performance for
furfural oxidation to 2(5H)-furanone in both the bi-phasic and
homogeneous systems. The yield of 2(5H)-furanone reached 60.3%
ural in a bi-phasic system with homogeneous acid catalyst, Catal.

in the bi-phasic system, while it decreased to 13.1% in the homo-
geneous system. When inorganic acid, H3PO4 or H2SO4, was used
as the catalyst, the yield of 2(5H)-furanone was lower than 10% in
both the bi-phasic and homogeneous systems. For heterogeneous

dx.doi.org/10.1016/j.cattod.2015.11.036
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Fig. 1. Yield of 2(5H)-furanone using homogeneous and heterogeneous acids.

atalysts, Amberlyst-15 with strong acidity was  tested considering
ts proven capability of converting furfural to C4 diacids [18], and
rTiO4 with moderate acid sites was chosen because of its catalytic
ctivities for aldehyde oxidation [30]. The yield of 2(5H)-furanone
ver ZrTiO4 (7.6% in the bi-phasic system and 10.2% in the homoge-
eous system) was similar to that over Amberlyst-15 (5.1% in the
i-phasic system and 9.0% in the homogeneous system).

Fig. 2 compares the catalytic mechanism of formic acid with that
f the other selected catalysts in the bi-phasic system and homo-
eneous system. When formic acid was used as the catalyst in the
i-phasic system, it reacted with hydrogen peroxide to generate
erformic acid, which was the real active oxidant and soluble in the
rganic phase. Then performic acid transferred from the aqueous
hase to the organic phase and reacted with furfural to form 2(5H)-

uranone following the proposed reaction pathway A (Scheme 1)
31]. Furfural and 2(5H)-furanone mainly existed in the organic
hase, thus their direct contact with hydrogen peroxide and deep
xidation were effectively reduced. The water soluble byproducts,
uch as succinic acid (SA, 12.0%) and maleic acid (MA, 6.3%), were in
he aqueous phase. The strong oxidizing nature and good solubility
n both aqueous and organic phases of performic acid contributed to
he better performance of formic acid [32]. When the reaction was
arried out in the homogeneous system with methanol as the sol-
ent, the yield of 2(5H)-furanone significantly decreased and more
A was formed. The reason was that the effective concentration
f perfomic acid decreased due to the esterification of formic acid
ith methanol occurring under the reaction conditions. In addi-

ion, furfural also reacted with hydrogen peroxide directly in the
resence of H+ following the reaction pathway B, contributing to
n increased yield of SA. When other catalysts were used in the
i-phasic system, the oxidation reaction occurred in the aqueous
hase and the organic phase served as a reservoir to gradually
elease the reactant furfural via phase equilibrium. Meanwhile, the
on-catalytic polymerization of furfural occurred in the organic
hase, and the color turned brown gradually. Consequently, the
irect oxidation with hydrogen peroxide in the aqueous phase and
he severe polymerization of furfural in the organic phase resulted
n a much lower yield of 2(5H)-furanone. When inorganic acids or
olid acids were used in the homogeneous system, the polymeriza-
ion of furfural was slowed down. The concentration of furfural in
he homogeneous system was lower than that in the organic phase
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

f the bi-phasic system. With the assumption that furfural oxida-
ion reaction is first-order and furfural polymerization reaction is
econd-order, the decrease of the concentration of furfural can pro-
ote the ratio of oxidation reaction to polymerization reaction. In
 PRESS
 xxx (2015) xxx–xxx 3

the homogeneous system, the produced 2(5H)-furanone, SA and
MA were easier to be further oxidized to small molecular acids as
secondary byproducts.

3.2. Effect of formic acid/furfural molar ratio

The effect of formic acid/furfural molar ratio was studied in
the bi-phasic system with 1,2-dichloroethane as the solvent at
333 K. The furfural conversion, selectivity to 2(5H)-furanone and
selectivity to SA and MA  are shown in Fig. 3. As a function of the
reaction time. The reaction rate of furfural significantly increased
with an increasing amount of formic acid. For example, the reac-
tion time required for complete conversion of furfural was 180 min
at a formic acid/furfural molar ratio of 0.8, and was only 60 min
at a molar ratio of 2.0. With an increasing amount of formic acid,
the concentration of performic acid increased and the mass trans-
fer rate of this active oxidant from the aqueous phase to the
organic phase also increased. As a result, the furfural oxidation was
enhanced in the organic phase. During the reaction, the selectivity
to 2(5H)-furanone first increased and then decreased. The high-
est selectivity to 2(5H)-furanone (62.3%) was  obtained at a formic
acid/furfural molar ratio of 0.8 and furfural conversion of 96.9%.
Note that the selectivity to 2(5H)-furanone slightly decreased in
the later stage of the reaction due to deep oxidation. The selectivity
to diacids (SA and MA)  decreased gradually during the reaction, as
small molecular byproducts were formed.

Fig. 4 shows the influence of the formic acid/furfural molar
ratio on the final yields of 2(5H)-furanone and diacids. With an
increasing amount of formic acid, the yield of diacids monotonically
increased, while the yield of 2(5H)-furanone first increased and
then decreased. The highest yield of 2(5H)-furanone was obtained
at a formic acid/furfural molar ratio of 0.8. At a low amount of formic
acid, the catalytic oxidation of furfural was  very slow and the non-
catalytic polymerization decreased the yield of 2(5H)-furanone.
However, a high amount of formic acid may  accelerate side reac-
tions such as deep oxidation of the produced organics.

3.3. Reaction network

To further analyze the oxidation reaction of furfural, a simplified
reaction network is proposed, as shown in Scheme 2. This reaction
network consists of the following four Reactions: (1) oxidation of
furfural to 2(5H)-furanone, (2) further oxidation of 2(5H)-furanone
to diacids including SA and MA,  (3) direct conversion of furfural to
diacids, and (4) deep oxidation of the produced diacids to some
small molecular acids like malic acid, lactic acid and propionic
acid. In the bi-phasic system, the concentration of performic acid
in the organic phase is assumed to be constant, while the concen-
tration of hydrogen peroxide in the aqueous phase is considerably
excessive with respect to the dissolved organic compound. In the
homogeneous system, the concentration of hydrogen peroxide is
hypothesized to be unchanged considering that hydrogen perox-
ide is continuously added during the reaction. For simplicity, all
the reactions in Scheme 2 are considered to be irreversible first-
order with respect to the organic reactant. The mass balance of
each component leads to Eqs. (6)–(9).

dCF1

dt
= −k1CF1 − k3CF1 (6)

dCF2

dt
= k1CF1 − k2CF2 (7)
ural in a bi-phasic system with homogeneous acid catalyst, Catal.

dt
= k2CF2 + k3CF1 − k4CF3 (8)

dCF4

dt
= k4CF3 (9)

dx.doi.org/10.1016/j.cattod.2015.11.036
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Fig. 2. Catalytic mechanism of acid catalysts in bi-phasic system and homogeneous system.

Scheme 1. Illustration of the proposed reaction pathways for furfural oxidation. Pathway A: furfural is transformed into 2-formyloxyfuran via Baeyer–Villiger rearrangement
at  first. Then 2-formyloxyfuran is hydrolyzed to 2-hydroxyfuran and its tautomers, 2(5H)-furanone and 2(3H)-furanone, which can be further oxidized to maleic acid and
succinic  acid, respectively. Pathway B: the furan ring of furfural is opened to form a dienol which is ketonised into diketo aldehyde. The diketo aldehyde is then oxidized to
succinic acid by hydrogen peroxide.

Scheme 2. The reaction network for furfural oxidation.

dx.doi.org/10.1016/j.cattod.2015.11.036
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Table 1
Reaction rate constants and apparent activation energies based on the proposed
reaction network in the bi-phasic system.

Entry k (10-2 min-1) T (K) Ea (kJ/mol)

323 333 343

1 k1 1.36 1.86 3.63 45.1
2 k2 0.18 0.40 0.61 55.8
3b k2’ 0.25 0.48 0.69 46.9
4 k3 1.23 1.66 2.15 25.7

aReaction conditions: 1,2-dichloroethane (10 mL), furfural (4.0 g), sodium sulfate
(4.0 g), H2O2 (30%, 10 mL), distilled water (1.5 mL), formic acid (88%, 1.5 mL), 3 h.
bThe reaction rate constant k2

′ and apparent activation energy Ea2
′ were calculated

based on the experimental data of the oxidation of 2(5H)-furanone.

0.00 29 0.0030 0.003 1
3

4

5

6

k
1

k
2

k
3

k'2

-ln
k 

(ln
(m

in
-1
))
ig. 3. Furfural oxidation with different formic acid/furfural molar ratios, (a) con-
ersion of furfural,(b) selectivity to 2(5H)-furanone, and (c) selectivity to diacids.

here k1, k2, k3 and k4 are the reaction rate constants and CF1,
F2, CF3 and CF4 are the concentrations (mol/mL) of furfural, 2(5H)-
uranone, diacids and secondary byproducts, respectively. The
eaction rate of each component was obtained from derivation of
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

ts concentration-time curve. Then the reaction rate constants were
alculated by solving Eqs. (6)–(9).

Using 1,2-dichloroethane as the solvent and formic acid as the
atalyst, the reaction rate constants k1, k2 and k3 were estimated
1/T (K-1 )

Fig. 5. Arrhenius plots of -ln(k) versus 1/T.

for the bi-phasic system. In this case, the temperature range of
323–343 K was  used for collecting the kinetics data, because the
loss of solvent could not be neglected at a higher temperature while
the non-catalytic polymerization was severe at a lower tempera-
ture. The results are listed in Table 1. For the same temperature,
the reaction rate constants followed the trend of k1 > k3 > k2, and
ural in a bi-phasic system with homogeneous acid catalyst, Catal.

k3 was three to five times larger than k2, indicating that diacids
were mainly formed via the direct conversion of furfural rather than
the oxidation of 2(5H)-furanone. Fig. 5 demonstrates the Arrhe-
nius plots of -ln(k) versus 1/T, showing a good linear relationship.

dx.doi.org/10.1016/j.cattod.2015.11.036
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Table 2
Reaction rate constants based on the proposed reaction network in the homoge-
neous system.

Entry Solvent ε k (10-2min-1)

k1 k2 k3 k4

1 Methanol 33 1.26 0.35 2.58 0.89
2  Isopropanol 19 1.37 0.30 2.37 1.59
3  THF 8 1.60 0.39 2.12 1.10
4  GBL 39 1.00 0.38 3.73 0.92
ARTICLEATTOD-9941; No. of Pages 8
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he apparent activation energies Ea1, Ea2 and Ea3 were calculated
rom the slope of the Arrhenius plots. The activation energy for
urfural oxidation to 2(5H)-furanone (Ea1, 45.1 kJ/mol) was higher
han that for furfural oxidation to diacids (Ea3, 25.7 kJ/mol), there-
ore increasing temperature was beneficial to improve the yield
f 2(5H)-furanone. However, the yield of 2(5H)-furanone slightly
ecreased with a further increase in the reaction temperature,
ecause Ea2 (55.8 kJ/mol) was even higher than Ea1. To verify the
eliability of the proposed reaction network, the oxidation of 2(5H)-
uranone was also carried out under the same conditions. The
esults showed that the reaction rate constant k2

′ and apparent
ctivation energy Ea2

′ directly determined from 2(5H)-furanone
xidation reaction were very similar to those calculated based on
he proposed reaction network.

.4. Solvent effect

The solvent had a strong effect on the furfural oxidation reac-
ion [26], therefore a variety of solvents were investigated using
ormic acid as the catalyst at 333 K. When nonpolar solvents such
s cyclohexane, iso-octane and n-heptane were used, a tri-phasic
eaction system consisting of an aqueous phase with little furfural,
n organic phase with a low concentration of furfural and another
rganic phase rich in furfural was formed. Formic acid and per-
ormic acid existed in all the three phases. In such a tri-phasic
ystem, the yield of 2(5H)-furanone was lower than 10%, and the
rganic phase rich in furfural became brown gradually. The addition
f a nonpolar solvent like cyclohexane, iso-octane and n-heptane
annot dilute furfural, so the polymerization of furfural phase was
till severe. In addition, the formation of the second organic phase
ecreased the concentration of performic acid in the furfural phase,
hus reduced the reaction efficiency of furfural oxidation.

When other solvents such as ethyl acetate, 1,2-dichloroethane,
etrachloromethane, benzene and toluene were introduced, a bi-
hasic system was formed. In this system, the performic acid was

ormed in the aqueous phase and transferred to the organic phase,
here furfural was oxidized to 2(5H)-furanone by performic acid.

he product distributions with different solvents are shown in
ig. 6(a). When using 1,2-dichloroethane as the solvent, the yield of
(5H)-furanone was 60.3%, and the yields of MA  and SA were 12.0%
nd 6.3%, respectively. Ethyl acetate with lower toxicity was found
o be an ideal substitute for the toxic solvent 1,2-dichloroethane,
iving 61.5%, 6.7% and 8.5% yields of 2(5H)-furanone, MA  and SA,
espectively. With the utilization of another chlorinated solvent,
etrachloromethane, a 40.2% yield of 2(5H)-furanone was obtained.
n contrast, when benzene and toluene were used as the solvent,
he yield of 2(5H)-furanone was only 8.9% and 12.2%, respectively.

 possible reason for these low yields was that the interaction of
uran ring with benzene ring promoted the polymerization of fur-
ural. With different weak polar solvents, the yields of MA and SA

ere 5–15%, which was less dependent on the solvent, because
he direct oxidation of furfural to diacids mainly occurred in the
queous phase.

The solvent effect on furfural oxidation was also studied in the
omogeneous system using methanol, isopropanol, tetrahydrofu-
an (THF) and GBL as solvents. As shown in Fig. 6(b), SA was  the

ajor product and the product distribution strongly depended on
he solvent. The highest yield of SA was 38.3% with GBL as the sol-
ent, and the yield of SA decreased with the decreasing dielectric
onstant of the solvent. The highest yield of MA  (17.3%) was also
btained with GBL, and the yield of MA  was 10.0–12.0% with the
ther three solvents. When THF was used as the solvent, an 18.2%
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

ield of 2(5H)-furanone was obtained, while methanol, isopropanol
nd GBL gave similar yields of 2(5H)-furanone (13.1%, 11.3% and
2.8%, respectively). The total yield of 2(5H)-furanone and diacids
68.4% in GBL) in the homogeneous system was lower than that in
aReaction conditions: solvent (10 mL), furfural (4.0 g), sodium sulfate (4.0 g), H2O2

(30%, 10 mL), distilled water (1.5 mL), formic acid (88%, 1.5 mL), 333 K, 3 h.

the bi-phasic system with 1,2-dichloroethane or ethyl acetate as
the solvent. In the homogeneous system, the products were easier
to be excessively oxidized to small molecular acids. The incom-
plete carbon balance was caused by the formation of some GC and
HPLC-silent products via deep oxidation or polymerization.

The reaction rate constants were calculated for the homo-
geneous system to quantify the solvent effect. The results are
summarized in Table 2. It can be seen that the values of k2 were
similar with different solvents, but k1 and k3 strongly depended on
ural in a bi-phasic system with homogeneous acid catalyst, Catal.

the solvent. The polarity of the solvent, which can be described by
the dielectric constant, is an important factor for the influence of
solvent. As shown in Fig. 7, when the dielectric constant increased
from 8 of THF to 39 of GBL, the reaction rate constant k3 increased

dx.doi.org/10.1016/j.cattod.2015.11.036
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Fig. 8. Effect of reaction temperature on furfural oxidation in the bi-phasic system
(a)  with 1,2-dichloroethane as the solvent, and (b) with ethyl acetate as the solvent.
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ig. 7. Correlation of reaction rate constants with dielectric constant of the solvents.

rom 0.0212 min−1 to 0.0373 min−1, while the reaction rate con-
tant k1 decreased from 0.0160 min−1 to 0.0100 min−1. It indicates
hat increasing polarity of the solvent promotes the direct conver-
ion of furfural to diacids and decreases the oxidation of furfural
o 2(5H)-furanone. This is consistent with the experimental results
hat a higher yield of SA was obtained using a solvent with a larger
ielectric constant.

.5. Effect of reaction temperature

The influence of the reaction temperature on furfural oxidation
as investigated in the bi-phasic system using 1,2-dichloroethane

s the solvent with a formic acid/furfural molar ratio of 0.8.
s shown in Fig. 8(a), the conversion of furfural increased with

ncreasing reaction temperature. When the reaction temperature
ncreased from 313 K to 333 K, the yield of 2(5H)-furanone sig-
ificantly increased from 9.0% to 60.3%, whereas a slight decrease
as observed when the reaction temperature further increased to

43 K. In particular, the yield of 2(5H)-furanone increased from
4.9% at 323 K to 60.3% at 333 K. The non-catalytic polymeriza-
ion of furfural was the main reaction under a lower temperature,
ntil the reaction temperature reached a certain value to pro-
ote the catalytic oxidation of furfural. The slight decrease of the

(5H)-furanone yield at 343 K was probably caused by the fast
ecomposition of hydrogen peroxide and reduced stability of per-

ormic acid. The yield of diacids only slightly changed with the
eaction temperature. The total yield of 2(5H)-furanone, SA and MA
ncreased from 29.5% at 313 K to 86.4% at 333 K. For the bi-phasic
ystem using ethyl acetate as the solvent, the reaction tempera-
ure varied in the range of 313–339 K, considering that the boiling
oint of ethyl acetate is lower than that of 1,2-dichloroethane. As
hown in Fig. 8(b), the conversion of furfural and the yield of 2(5H)-
uranone increased with increasing reaction temperature, while the
ield of diacids was nearly unchanged. At the same reaction tem-
erature, the yield of 2(5H)-furanone in the bi-phasic system using
thyl acetate as the solvent was higher while the yield of diacids
as lower than that using 1,2-dichloroethane as the solvent.

.6. Effect of furfural concentration

To investigate the influence of furfural concentration, the oxida-
ion reaction was carried out with different initial concentrations of
Please cite this article in press as: X. Li, et al., Selective oxidation of furfural in a bi-phasic system with homogeneous acid catalyst, Catal.
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036

urfural at 333 K in the bi-phasic systems using 1,2-dichloroethane,
thyl acetate and toluene as solvents. The formic acid/furfural
olar ratio was maintained at 0.8. It can be seen from Fig. 9

hat the yield of 2(5H)-furanone was almost unchanged when

Fig. 9. Yield of 2(5H)-furanone with different initial furfural concentrations.

dx.doi.org/10.1016/j.cattod.2015.11.036
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,2-dichloroethane or ethyl acetate was used as the solvent. When
oluene was used as the solvent, however, the yield of 2(5H)-
uranone decreased gradually with increasing concentration of
urfural, which aggravated the second-order polymerization reac-
ion in the presence of benzene ring.

. Conclusions

The selective oxidation of furfural to 2(5H)-furanone was stud-
ed using hydrogen peroxide as the oxidant and acid as the catalyst.
ormic acid showed the best catalytic performance for furfural oxi-
ation to 2(5H)-furanone when the reaction was carried out in

 bi-phasic system using 1,2-dichloroethane or ethyl acetate as
he solvent, giving a 60–62% yield of 2(5H)-furanone. The catalytic

echanism of formic acid in comparison with other acid catalysts in
oth homogeneous and bi-phasic systems was explained in detail.
he good solubility in the organic phase and the strong oxidiz-

ng nature of performic acid, which was the real active oxidant
enerated from formic acid and hydrogen peroxide, contributed
o the better performance of formic acid. The formation of a bi-
hasic system using 1,2-dichloroethane or ethyl acetate as the
olvent was beneficial for the selective oxidation of furfural to
(5H)-furanone, while the oxidation to diacids and polymeriza-
ion of furfural were the dominant reactions in the homogeneous
ystem and tri-phasic system, respectively. To further discuss the
olvent effect, a simplified reaction network was established. In the
omogeneous system, the yield of SA increased gradually, while the
ield of 2(5H)-furanone first increased and then decreased with
n increasing dielectric constant of the solvent. Additionally, the
eaction conditions were studied in the bi-phasic system, show-
ng that the optimum reaction temperature was 333 K and formic
cid/furfural molar ratio was 0.8.
Please cite this article in press as: X. Li, et al., Selective oxidation of furf
Today (2015), http://dx.doi.org/10.1016/j.cattod.2015.11.036
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