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Abstract: Furfural is one of the most important biomass platform compounds and can be used to
prepare various high-value-added chemicals. The reactions of furfural with aliphatic alcohols via an
oxidative esterification reaction or oxidative condensation reaction can bond two carbon molecules
together and produce longer hydrocarbon chains chemicals, including methylfuroate and some
low-volatility liquid biomass fuels. Thus, these reactions are considered significant utilization routes
of furfural, and many inspiring catalytic systems have been designed to promoted these reactions. In
this work, the reported catalytic systems for the oxidative esterification and oxidative condensation
reactions are reviewed separately. The catalysts for the oxidative esterification reaction are reviewed
for the classification of noble metal catalysts and non-noble metal catalysts, according to the active
metals in the catalysts. For the oxidative condensation reactions, the studies using oxygen as the
oxidant are reviewed firstly, and then the studies conducted using the hydrogen transfer process
are analyzed subsequently. Furthermore, suggestions for future research directions for the oxidative
esterification and oxidative condensation reactions are put forward.

Keywords: furfural; oxidative esterification; oxidative condensation

1. Introduction

Furfural is one of the most important biomass platform compounds, which can be
prepared from widespread, abundant and inexpensive renewable biomass resources [1-5].
Meanwhile, because of its active aldehyde and furan ring groups, furfural can convert to
various high-value-added chemicals via oxidation, hydrogenation, reductive amination,
isomerization and so on [6-10]. Among them, reactions of furfural with aliphatic alcohols
via oxidation processes, including an oxidative esterification reaction and oxidative con-
densation reaction, could bond two molecules together and produce longer hydrocarbon
chains and chemicals. As shown in Figure 1, through the oxidative esterification reaction,
furfural can react with the methanol to prepare methylfuroate (MF), which is a significant
synthetic perfume and chemical intermediate [11-13]. Through the oxidative condensa-
tion reaction, furfural can react with various short-chain aliphatic alcohols to prepare low
volatile liquid biomass fuels [14-16]. These reactions of furfural are considered significant
utilization routes of furfural, and many inspiring catalytic systems have been designed
to promoted these reactions. Thus, a summary of these previous studies is important to
facilitate an understanding of the reactions and provide a reference for the design of novel
catalytic systems.

Hence, reactions of furfural with aliphatic alcohols via oxidation processes, including
oxidative esterification and oxidative condensation, are reviewed. The catalysts used in
the reactions are summarized and the reaction routes are presented. Moreover, the future
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research directions of the reactions are prospected. This review has the potential to provide
knowledge and insights on the utilization of furfural by catalytic oxidation.
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Figure 1. Schematic diagram reactions of furfural with aliphatic alcohols via oxidation processes.

2. Oxidative Esterification of Furfural

Generally, the oxidative esterification of furfural with aliphatic alcohols is accom-
plished in two steps, as shown in Figure 2 [11]. In the first step, a condensation reaction
is conducted between furfural and alcohol to produce the intermediate hemiacetal. In
the second step, the hemiacetal is oxidized to furoic acid esters. Theoretically, furfural
can react with various aliphatic alcohols to produce furoic acid esters via the oxidative
esterification reaction. However, only methylfuroate (MF) can be obtained efficiently via
the oxidative esterification reaction between furfural and methanol. The reason is that the
steric effects and electronic structure of the other aliphatic alcohols limit their activity in
terms of oxidative esterification with furfural. MF is a significant synthetic perfume with
broad application prospects. Therefore, many researchers have focused on the oxidative
esterification of furfural with methanol. In the oxidative esterification process, the oxidation
of the hemiacetal is the rate-determining step and is usually promoted by catalysts. Vari-
ous catalysts have been used for the oxidative esterification reaction, and have exhibited
good performance. Herein, these studies are reviewed for the classification of noble metal
catalysts and non-noble metal catalysts, according to the active metals in the catalysts.

(0] OH 0
o _OH Condensation (0] Oxidation o _R

H *+o <
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Figure 2. Mechanism diagram of the oxidative esterification of furfural with aliphatic alcohols.

2.1. Noble Metal Catalysts

Noble metal catalysts are one class of important catalytic materials with good proper-
ties in terms of their high activity, high temperature resistance, oxidation resistance, and
corrosion resistance. Au has been widely used as active metal in the catalytic oxidative
esterification of furfural, and exhibits excellent activity. Meanwhile, it was discovered
that the composition and particle size of the active components and the properties of the
supports affect the performance of the catalysts significantly.

Xu et al. [17] reported a general oxidative esterification process of aldehydes with
methanol to produce methyl esters over metallic gold nanoparticles. Various aldehydes,
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including formaldehyde, acetaldehyde, benzaldehyde, and benzeneacetaldehyde, were
converted to relative methyl esters with high selectivity. The schematic mechanism for this
process conducted on the surface of Au (111) was revealed by the authors. Atomic oxygen
(O(a)) and methoxy (CH30(,)) were formed when O, and CH30H were introduced onto the
Au (111) surface. The methoxy could react with aldehydes rapidly via nucleophilic attack
to form the intermediate hemiacetal, whereas the atom oxygen promoted the oxidation of
the intermediate hemiacetal to form the methyl esters.

Nielsen et al. [12] stated that the Au/TiO; catalyst exhibited excellent performance
in the aerobic oxidation of primary alcohols to methyl esters with the CH3ONa additive.
The selected substrates, including 1-hexanol, benzyl alcohol, cinnamyl alcohol, and 2-
(hydroxymethyl) pyridine, were converted to corresponding methyl esters with yields
over 88%. Then, the catalyst was used in the oxidative esterification of furfural by the
authors [13]. As shown in Table 1, the furfural was full oxidized to MF under mild reaction
conditions within 10-12 h with the addition of CH3ONa.

Table 1. Studies on the oxidative esterification of furfural to MF over noble metal catalysts.

Furfural MF
Entry Condition Catalyst Conversion Selectivity Ref.
(%) (%)
Catalyst (0.25 g), furfural (4 mmol), methanol (12.65 mL),
molar ratio Au/furfural/methanol = 1,/300/23,500, .
1 8% CH30ONa relative to furfural, 22 °C, 0.1 MPa O, Au/TiO, + CH;0Na ~100 ~100 [15]
(bubbling conditions), 10-12 h.
AZ150 99 94
Catalyst (0.1 g), furfural (3.6 mmol), methanol (150 mL), AZ300 98 94
22 molar ratio Au/furfural/methanol = 1/500/5 x 10°, AZ500 100 98 [18]
120 °C, 0.6 MPa O,, 3 h. AZ600 57 76
AZ650 24 60
Catalyst (0.1 g), furfural (3.6 mmol), methanol (150 mL), Au/ZrO, 82 92
3 molar ratio Au/furfural/methanol = 1/500/5 x 105, Au/CeO, 66 ~70 [19]
120 °C, 0.6 MPa O,, 90 min. Au/TiO, 20 ~90
Ce90Au300 29 100
Catalyst (0.1 g), furfural (3.6 mmol), methanol (150 mL), gelloAu?;OO 29 100
. 5 e300Au300 54 100
4b molar ratio Au/furfural/methanol = 1/500/5 x 10°, [20]
120 °C. 0.6 MPa O, 90 mi Ce90Au500 6 100
A DO Ta S, Z i Ce110Au500 28 100
Ce500Au500 74 100
Catalyst (0.05 g), furfural (2.1 mmol), K,COj3 (0.05 g), methanol
5 (15 mL), molar ratio Au/furfural/methanol = 1/160/29,000, Au/FH + K,COs3 93 99 [14]
140 °C, 0.3 MPa Oy, 4 h.
Catalyst (0.05 g), furfural (3.6 mmol), methanol (20 mL),
6 molar ratio Au/furfural/methanol = 1/300/38,900, 5%Au/CMK-3 99.7 99.6 [21]

120 °C, 1.5 MPa O, 3 h.

2 AZ150, AZ300, AZ500, AZ600, and AZ650 were the Au/ZrO; catalysts calcined in air for 1 h at 150 °C, 300 °C,
500 °C, 600 °C, and 650 °C, respectively. ® Here, Ce90 means the synthesis temperature of the CeO, support was
90 °C without calcination. Ce110, Ce300, and Ce300 mean the CeO, supports without calcination and calcined at
300 °C and 500 °C, respectively. Au300 and Au500 mean the calcination temperatures of catalysts after loading
Au were 300 °C and 500 °C, respectively.

Signoretto’s team [18] performed several inspiring studies on the oxidative esterifi-
cation of furfural catalyzed by Au nanoparticles supported on the metal oxides. They
found that the Au/ZrO, catalyst could promote the oxidative esterification of furfural
to MF efficiently without any base additive. The effect of the calcination temperature of
the catalysts on their catalytic performance was investigated, and the catalyst obtained at
500 °C (AZ500) showed the best performance among the tested catalysts (Table 1, entry 2).
Depending on the experiment results, the authors suggested that the calcination at 500 °C
allowed the modulation of the size of the gold nanoparticles (below 3 nm) and stabilized
the gold clusters, which could dissociate the O, molecules. The furfural conversion and



Processes 2023, 11, 640

40f 15

MF selectivity could reach 100% and 98%, respectively, over the AZ500 catalyst under
optimal conditions.

Afterwards, Menegazzo et al. of Signoretto’s team [19] investigated the catalytic
performance of Au-based catalysts supported on different supports in the oxidative es-
terification of furfural. It was found that the catalytic performance followed the trend of
Au/ZrO; > Au/CeO, >> Au/TiO; (Table 1, entry 3). Depending on the study of the prop-
erties and performance of the catalysts, it was declared that the surface area of the catalysts
influenced the conversion of furfural, while the surface sites affected the selectivity of ME.
Meanwhile, the Au/ZrO, was proven to be the ideal catalyst for the oxidative esterification
of furfural due to its active, selective, recyclable, and applicable properties in this work.

Furthermore, Manzoli et al. of Signoretto’s team [20] studied the effects of the calci-
nation temperatures of supports and catalysts on the catalytic performance of Au/CeO,
for furfural oxidative esterification (Table 1, entry 4). It was discovered that the calcination
temperature could affect the structure properties of the catalysts, especially the particle size
of Au, which affected the activity of the catalysts. It is noteworthy that the catalytic activity
of the catalysts increased with the particle size, which was contrary to the conclusion
obtained over Au/ZrO, catalysts in the authors’ previous work [18]. The roles of CeO, and
Au nanoparticles in the reaction were investigated and are shown in Figure 3. Depending
on the experiment results, it was proposed that the Au cluster was not needed to activate
O, over the Au/CeO; catalysts, which was different to the catalytic mechanism over the
Au/ZrO; catalysts. As shown in Figure 3, the activated oxygen atoms were provided by
the CeO; support and then spilled over from the support to the Au at the perimeter of
the nanoparticles over the Au/CeO; catalysts. Meanwhile, the methanol molecules were
activated at the perimeter of the Au nanoparticles.

/ Q 0, CH,OH

Figure 3. Proposed roles of CeO; and Au nanoparticles in the furfural oxidative esterification reaction.
Reproduced with permission from [20]. Copyright: Elsevier 2015.

Tong et al. [14] applied a Au catalyst supported on FeOy-modified hydroxyapatite
(Au/FH) in the furfural oxidative esterification 93% conversion of furfural and 99% selec-
tivity of MF were obtained with the addition of KCOj3 (Table 1, entry 5). It was considered
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that the special properties of the Au/FH catalyst, including the large surface area and pore
volume, small and average Au nanoparticles, and numerous weak acid sites, led to its
excellent catalytic performance. Moreover, it was declared that the basic FH support and
K,CO3 promoted the semi-acetalization of furfural with methanol to generate the semi-
acetal intermediate, and the Au/FH catalyst promoted the oxidation of the intermediate to
produce ME

Radhakrishnan et al. [21] prepared a Au catalyst supported on the ordered mesoporous
carbon CMK-3, and compared its catalytic performance with the Au catalysts supported on
SBA-15, graphite, graphene, MWCNT, activated carbon, and TiO; for furfural oxidative
esterification. The Au/CMK-3 catalyst showed better activity than the other tested cata-
lysts. The authors presumed the reason for the better performance of Au/CMK-3 was the
excellent dispersion of smaller Au particles onto the pore channels of CMK-3. Excellent
furfural conversion (99.7%) and MF selectivity (99.6%) were obtained under optimized
conditions without any base additive (Table 1, entry 6).

In the above studies, Au was used as the active component for the oxidative esterifi-
cation of furfural and exhibited good performance. The good dispersion of the Au could
increase the performance of the Au catalysts, which were revealed in some studies. Mean-
while, the properties of the supports also had an obvious influence on the performance
of the catalysts. On the one hand, the properties of supports could affect the dispersion
of the Au particles, thereby affecting the performance of the catalysts. On the other hand,
some special properties of the supports could also promote the catalytic activity of the
catalysts. For example, the CeO, support activated the O, to produce activated oxygen
atoms, and then the activated oxygen atoms spilled over to the Au particles to promoted
the oxidative esterification reaction. In addition, homogeneous alkali additives were not
needed when ZrO,, TiO,, CeO,, and CMK-3 Au supports were used as catalysts. This was
an advantage of these catalysis systems, because an extra separation process was necessary
and additional by-products were usually generated if the homogeneous alkali additives
were used.

2.2. Non-Noble Metal Catalysts

The current studies of non-noble metal catalytic systems for furfural oxidative ester-
ification mainly focus on Co catalysts supported on the N-doped C materials. Beller’s
group [22] firstly prepared Co3O4-N@C catalysts by impregnating in-situ-generated amino-
ligated cobalt(Il) acetate complexes on Vulcan XC72R carbon powder with subsequent
pyrolysis at 800 °C for 2 h (Figure 4), and applied the obtained catalysts in the oxidative
esterification of alcohols. The catalysts exhibited good performance in the oxidative esterifi-
cation of various alcohols such as aromatic alcohols, heterocyclic alcohols, and aliphatic
alcohols. Inspired by this excellent work, Studies on furfural oxidative esterification over
modified CoxOy-N/C catalytic systems were conducted to increase the activity of catalysts
and reveal the catalytic mechanism in recent years.

Deng et al. [23] prepared a CoxOy catalyst supported on N-doped active carbon using
a similar method to that reported by Beller’s group, and studied the effect of ligands on the
catalytic performance in the furfural oxidative esterification reaction. As shown in entry 1
of Table 2, the CoxOy-N@C catalyst prepared with the 1,10-phen ligand (CoxOy-N@C-1,10-
phen) demonstrated good activity, with 100% conversion of furfural and 95% selectivity of
ME. The activity was much better than the CoxOy-N@C catalyst prepared with the 2,2-diPy
ligand (CoxOy-N@C-2,2-diPy), with 58% conversion of furfural and 46% selectivity of
ME. The XPS results of the two catalysts indicated higher amounts of the pyridine-type
nitrogen and grapheme-type nitrogen in the CoxOy-N@C-1,10-phen catalyst, which were
the main active components of the metal-N@C catalysts. Moreover, the content of oxidized
cobalt was higher in the CoxOy-N@C-1,10-phen catalyst than that in the CoxOy-N@C-2,2-
diPy catalyst, which should be another reason for the better catalytic performance of the
CoxOy-N@C-1,10-phen catalyst.
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Figure 4. Preparation of Co304-N/C catalysts with different ligands. Reproduced with permission
from [22]. Copyright: American Chemical Society 2013.

Table 2. Studies of oxidative esterification of furfural to MF over non-noble metal catalysts.

Furfural MF

Entry Condition Catalyst Conversion  Selectivity Ref.
(%) (%)

1 25 mg catalyst, 0.5 mmol furfural, 4 mL methanol, CoxOy-N@C 100 95 [23]
0.2 equiv K»,CO;3, 0.1 MPa O,, 60 °C, 12 h. CoxOy-2,2-diPy/C 58 46
Co-N-C/MgO 89.3 90.1
Co-N-C/MgO ? 93.0 98.5

2 80 mg catalyst, 0.5 mmol furfural, 5 mL methanol, CoOx-N/C 67.2 84.4 [11]
0.5 MPa Oy, 100 °C, 6 h. CoNC/CaO 22.0 38.8
CoNC/NaX 40.1 83.6
CoNC/NaY 64.0 85.4

3 60 mg catalyst, 1 mmol furfural, 5 mL of methanol, CoOx@N-C(g) 95.0 971 [24]

0.5 MPa Oy, 100 °C, 6 h.

Note: @ reaction time was 12 h.

Huo et al. [11] prepared A Co-N-C/MgO catalyst BY impregnating and pyrolyzing a
cobalt(Il) phenanthroline complex on MgO at 800 °C in N, and investigated its catalytic
performance in the furfural oxidative esterification reaction. As shown in entry 2 of Table 2,
the Co-N-C/MgO catalyst exhibited better activity than the Co-N-C catalysts supported on
activated carbon, NaX, NaY, and CaO supports, and achieved 93.0% conversion of furfural
and 98.5% selectivity of MF in the optimized condition without any base additive. Based
on the comparative experiments, it was inferred that the MgO support might play a similar
role with an alkaline additive such as K,COj3 to promote the reaction. Moreover, it was dis-
covered that the C1™ exhibited a negative influence on the reaction, and the oxygen pressure
(0.3-1.0 MPa) had a negligible effect on the reaction by using the Co-N-C/MgO catalyst.

Wang et al. [24] synthesized a nitrogen-doped, carbon-encapsulated cobalt nanopar-
ticles catalyst CoOx@N-C(g) with an ultra-high N content of 14.0% via the impregnation
and pyrolysis of a cobalt (II) phenanthroline complex, as shown in Figure 5. Significantly,
g-C3Ny nanosheets were used as nitrogen sources and self-sacrificing templates in the
preparation of the catalyst. The catalyst achieved excellent activity in the furfural oxidative
esterification reaction, with 95.0% conversion of furfural and 97.1% selectivity of MF under
a base-free condition (Table 2, entry 3). Depending on the structural analysis, it was found
that an ultra-high N content of the catalyst with higher amounts of basic sites and pyridinic-
N could be induced by the exfoliated g-C3N4 nanosheets. Meanwhile, it was revealed that
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the CoO,@N-C(g) had the capacity for activating dioxygen and that the pyridinic-N might
play a base role like KoCO3, which promoted the superior performance of the catalysts.

g-C;3N, nanosheets N-doped carbon species
Syby

t:f***t}"z?x‘

N

Bulk g-C;N,

o“ove ¢e%9 %o ¢Vebe
t"."t‘o“-‘t‘z‘-"-‘o”-‘t‘
[ I o azu

‘e
Eiatiatiateed
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“etetete Cetetete

"

Co(phen),/g-C;N, %
nanosheets CoO,@N-C(g)

Tris-s-triazine

N €C © Co(phen), €0 ‘H @ CoNPs

Figure 5. Schematic diagram of the synthesis process of the CoOx@N-C(g) catalyst. Reproduced with
permission from [24]. Copyright: Wiley 2019.

The above three studies all used similar N-modified Co in the active sites to catalyze
the oxidative esterification of furfural. The catalytic performance of these catalysts was
equivalent to that of the Au catalysts. However, the exact active sites of these catalysts
were still unclear, and further studies are needed to reveal the active sites and reaction
mechanism over the catalysts.

3. Oxidative Condensation of Furfural

The oxidative condensation of furfural with short-chain alcohols is also a significant
utilization route of furfural. As shown in Figure 1, various renewable liquid biomass fuels
can be prepared via this process. Meanwhile, the short-chain alcohols, such as ethanol,
propanol, and butanol, can also be produced from renewable biomass resources through
biological fermentation or chemical catalysis. Therefore, the oxidative condensation reaction
is considered a promising route to develop renewable biomass fuels instead of fossil fuels.
In recent years, many studies have focused on this reaction, and two different routes have
been presented. In the one route, oxygen is used in the reaction to oxidize alcohols or
generate furfuryl alcohol. In the other route, oxygen is not needed in the reaction and the
oxidation process is conducted via hydrogen transfer between the furfural and alcohols.
Herein, the studies using oxygen as the oxidant were reviewed first, and then the studies
conducted using the hydrogen transfer process were reviewed subsequently.

3.1. Studies Using Oxygen as the Oxidant

Tong’s team presented many inspirational studies for the oxidative condensation of
furfural with aliphatic alcohols. Their studies mainly focused on the route using oxygen as
oxidant. Both noble metal catalysts and non-noble metal catalysts were presented for the
oxidative condensation of furfural.

Tong et al. [14] found that the Au catalyst supported on FeOyx modified hydroxya-
patite (Au/FH) also showed good catalytic performance in the oxidative condensation
reaction of furfural with n-propanol to produce C8, except its good activity in the oxidative
esterification reaction of furfural as mentioned above. As shown in entry 1 of Table 3, the
conversion of furfural and selectivity of C8 could reach 93% and 97%, respectively, when
Au/FH was used as the catalyst and K,CO3 was used as the promoter. Moreover, it was
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proposed that the oxidation of propanol to propanal was the rate-controlling step, and the
Au/FH catalyst and K,COj3 contributed to the oxidation of propanol and condensation

between furfural and propanal, respectively.

Table 3. Studies of oxidative condensation of furfural with alcohols presented by Tong’ group.

Alivhatic Furfural Product
Entry Condition Catalyst p Conversion Seletivity  Ref.
Alcohols o o
(%) (%)
0.2 g furfural, 0.05 g catalyst,
1 0.05 g K,COgz, 15 mL n-propanol, Au/FH + K,CO3 n-propanol 94 97 [14]
0.3 MPa O, 140 °C, 4 h.
Pt/FH + K,CO3 n-propanol 90.1 90.0
Pt/H + K,CO3 n-propanol 73.0 90.1
0.2 g furfural, 0.05 g catalyst, Pt/HTc + K,CO3 n-propanol 87.8 88.5
2 0.05 g K,CO3, 15 mL ethanol or n-propanol, Pt/Fe;04 + K,COs3 n-propanol 80.6 91.1 [25]
0.3 MPa O,, 140 °C, 4 h. Pt/Al,O3 + K,CO3 n-propanol 81.4 90.4
Pt/ZrO, + K,CO3 n-propanol 319 90.0
Pt/FH + K,CO; ethanol 93.9 67.9
Pt/FH + Cs,CO3 75.1 92.8
Pt/FH + K,COs 36.4 91.2
Pt/FH + Nap,COs3 12.5 2.1
0.2 g furfural, 0.05 g catalyst, 0.05 g additive, Pt/FH + Li,CO;3 ~ 3.8 4.3
3 15 mL n-propanol, 0.3 MPa O, 140 °C, 4 h. Pt/FH + CaCOs n-propanol 25.0 1.0 261
Pt/FH + KOH 82.3 93.2
Pt/FH + NaOH 75.9 53.4
Pt/FH + H3PO, 49.3 2.1
0.2 g furfural, 0.05 g catalyst, 0.05 g K,COs3, n-propanol 85.4 95.3
4 15 mL n-propanol, 0.3 MPa O, 140 °C, 4 h. CuO-Ce0; +KaCO, ethanol 83.2 92.1 [16]
0.1 g furfural, 0.025 g catalyst, 0.025 g Cs,CO3, :gss -III+ CCSZ%OS n-prop anoi gig 99997
5 15 mL ethanol or n-propanol, 0.3 MPa O, ot esats rproparo ) ’ [27]
140°C 4 h e ’ ACS-T + Cs,CO3 ethanol 74.9 93.9
s ACS-II + Cs,CO;3 ethanol 83.3 83.2
ethanol 84.2 82.7
n-propanol 86.7 96.2
0.2 g furfural, 0.05 g catalyst, 0.05 g K,COs3, i-propanol 50.7 78.1
6 15 mL aliphatic alcohol, 0.3 MPa O,, 140 °C, 4 h. Fe@C + K,CO3 n-butanol 55.6 53.3 28]
n-pentanol 349 479
n-hexanol 26.8 36.4
0.1 g furfural, 0.025 g catalyst, 0.025 g K,CO3, Au@UiO-66-COOH +
7 15 mL ethanol, 0.3 MPa O,, 140 °C, 4 h. K,COs ethanol 66.7 841 1291
0.1 g furfural, 0.025 g catalyst, 0.025 g K,COs3, 3
8 £ L ethumol, 0.5 MPa O, 140 %€, 41 Pt@MOF-5 + K,CO5 ethanol 84.1 90.1 [30]
0.2 g furfural, 0.05 g catalyst, 0.05 g K,COs3, . n-propanol 77.8 89.2
? 15 mL ethanol or n-propanol, 0.3 MPa O,, 140 °C, 4 h. PAO@TIO; + K,COs Ethanol 88.4 85.7 (311
0.2 g furfural, the initial ratio of azo dicarboxylates Cul and
and K,COs is 7.5:10, 7.25% mol Cul, 7.25% mol Phen, .
10 17.4mol% DBAD, 15 mL ethanol, 0.3 MPa O,, O'Pherl‘(ar‘ctgmlme * Ethanol 825 87.7 32]
160 °C, 4 h. R
0.2 g furfural, 0.1 g catalyst, 15 mL ethanol,
11 0.3 MPa Oy, 140 °C, 4 h. Au@CaO Ethanol 85.9 81.8 [15]

Liu et al. [25] prepared various Pt catalysts supported on FeO,—hydroxyapatite (FH),
hydroxyapatite (H), calcined hydrotalcite (HTc), Fe304, Al,O3, and ZrO,, and investigated
their catalytic performance in the oxidative condensation reaction of furfural and aliphatic
alcohols with the addition of K;COs. The Pt/FH catalyst showed higher activity than the
other catalysts in the oxidative condensation reaction of furfural and n-propanol, with
90.1% conversion of furfural and 90.0% selectivity of C8 (Table 3, entry 2). The large
surface area and pore volume, small- and average-sized Pt nanoparticles, and numerous
weak acid sites of the catalysts were considered the main factors for the superior catalytic
performance of the catalysts. Moreover, the Pt/FH catalyst also showed good activity in the
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oxidative condensation reaction of furfural and ethanol, with 93.9% conversion of furfural
and 69.7% selectivity of C7.

Yu et al. [26] synthesized a CoxOy-N@K-10 catalyst by impregnating and pyrolyzing a
cobalt (II) phenanthroline complex on montmorillonite K-10 at 800 °C in Nj, and applied
it for the oxidative condensation of furfural with aliphatic alcohols with the addition of
CsCOg3, whereby 75.1% conversion of furfural and 92.8% selectivity of C8 were obtained
in the oxidative condensation of furfural with n-propanol (Table 3, entry 3). The effects
of additives on the catalytic performance were studied and the results were are shown
in entry 3 of Table 2. The catalytic systems with strong base additives such as NaOH
and KOH exhibited higher furfural conversion rates than with the other additives, which
revealed that the strong bases were effective and essential in this reaction. Furthermore, the
oxidative condensation of furfural with various aliphatic alcohols using the CoxOy-N@K-
10+ Cs,CO3 system was further investigated, and the results are reprinted in Figure 6. As
can be seen, the oxidative condensation process became more difficult with the growth
of the carbon chains in the alcohol molecules. The reaction mechanism for the reaction
was further studied and the proposed reaction mechanism is reprinted in Figure 7. As
shown in Figure 7, firstly slight n-propanol was oxidized by O, to produce slight molecular
propanal, and then the in-situ-generated propanal reacted with furfural rapidly via an
aldol condensation process to produce the C8. Meanwhile, another route was presumed
to occur simultaneously in the reaction system, as shown in Figure 7. In this route, the
hydrogen transfer process occurred firstly between furfural and n-propanol, and certain
amounts of propanal and furfuryl alcohol were generated. Afterwards, the condensation
was conducted between the remaining furfural and the generated propanal, while the
furfuryl alcohol was oxidized to furfural by O5.

100 +
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Figure 6. Oxidative condensation of furfural with various alcohols. Reaction conditions: 0.2 g of
furfural, 0.05 g CoxOy-N/K-10 catalyst (2 wt% loading) and 0.05 g Cs,COg3, 15 mL n-propanol,
0.3 MPa O,, 140 °C, 4 h. b The conversion of furfural. ¢ The selectivity of oxidative condensation
products. Reproduced with permission from [26]. Copyright: American Chemical Society 2016.
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Figure 7. Proposed catalytic routes for the oxidative condensation of furfural with n-propanol.
Reproduced with permission from [26]. Copyright: American Chemical Society 2016.

Tong et al. [16] applied simple and low-cost mixed Cu-Ce oxides as the catalysts to
catalyze the oxidative condensation of furfural with aliphatic alcohols. The conversion
of furfural and selectivity of C8 reached 85.4% and 95.3%, respectively, in the furfural-
n-propanol-O; system with the addition of K,COj3 (Table 3, entry 4). Depending on
the experiment results, it was concluded that the component of the catalyst promoted
the conversion of furfural, while the surface area and weak acid sites of the catalyst
were responsible for the good selectivity of C8. Moreover, the CuO-CeO, catalyst also
exhibited high activity in the oxidative condensation reaction of furfural and ethanol, with
93.9% conversion of furfural and 69.7% selectivity of C7.

Ning et al. [27] prepared two types of Co-based catalysts denominated as ACS-I and
ACS-II using 2D Co-based MOFs ([Co(tia)(H20)2]n) as precursors. The ACS-I catalyst was
produced by removing coordinated water molecules of the precursor under Ar atmosphere
at 300 °C, while the ACS-II catalyst was obtained by pyrolyzing the precursor at 700 °C.
Both the catalysts showed good performance in the oxidative condensation of furfural with
aliphatic alcohols. In the furfural-n-propanol-O; system, 63.4% conversion of furfural and
99% selectivity of C8 were obtained for the ACS-I catalyst, while the furfural conversion
and selectivity of C8 were increased by up to 84.9% and 99.7%, respectively, for the ACS-II
catalyst (Table 3, entry 5). Based on the experiment results, it was concluded that active
sites of the ACS-I catalyst were generated from the unsaturated coordinated open Co
centers in the 2D layers, while the active sites of the ACS-II catalyst were the well-defined
multi-elementary nanocomposites. Meanwhile, the real active sites were proved to be
metal Co in both the ACS-I and ACS-II catalysts by comparing them with the catalytic
performance of Ni-based catalysts prepared form Ni-based MOFs in similar process.

Zhang et al. [28] prepared a Fe@C catalyst via the thermal decomposition of an Fe-
EDTA complex under Hj atmosphere at 450 °C, and applied it in the oxidative condensation
of furfural with aliphatic alcohols. The conversion of furfural and selectivity of C7 reached
84.2% and 82.7%, respectively, in the furfural-ethanol-O, system (Table 3, entry 6). The
catalyst also showed good performance in the oxidative condensation of furfural with other
low chain alcohols, as shown in Table 2. The oxidative condensation process also became
more difficult with the growth of the carbon chains in the alcohol molecules, which was
consistent with the previously reported results. In the reaction with n-propanol, furfural
conversion of 86.7% and C8 selectivity of 96.2% were achieved.

Ning et al. [29] prepared a Au catalyst supported on functionalized MOFs of UiO-66
(Au@UiO-66-COOH), and investigated its performance in the oxidative condensation of
furfural with ethanol, whereby 66.7% conversion of furfural and 84.1% selectivity of C7
were achieved in the furfural-ethanol-O; system with the addition of K,CO; (Table 3,
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entry 7). Depending on the experimental results, it was considered that the oxidative
condensation of furfural with ethanol in this system followed a route similar to the route
shown in Figure 7. In the first step, a hydrogen transfer process between furfural and
ethanol was conducted and small amounts of acetaldehyde and furfuryl alcohol were
generated. Then, the condensation reaction happened immediately between furfural and
the in-situ-generated acetaldehyde, and the generated furfuryl alcohol was oxidized to
furfural by O;. In this process, the hydrogen transfer and condensation reaction were
mainly attributed to the synergetic effect between UiO-66-COOH and K,COj3, and the
oxidation of furfuryl alcohol was promoted by the UiO-66-COOH.

Ning et al. [30] designed a Pt@MOF-5 catalyst, in which the Pt nanoparticles were con-
fined in the pores of MOF-5 to improve the dispersion and stability of the Pt nanoparticles.
The Pt@MOF-5 catalyst was applied in the oxidative condensation of furfural with ethanol,
and 84.1% conversion of furfural and 90.1% selectivity of C7 were achieved with the addi-
tion of KoCOj3 (Table 3, entry 8). The good performance of the catalyst was attributed to the
synergistic effect among the Pt nanoparticles, MOFs, and additives. More importantly, the
Pt@MOF-5 catalysts were very stable under the reaction condition and exhibited excellent
recycling performance in the reused experiments.

Tong et al. [31] fabricated a TiOp-nanosheet-anchored PdO catalyst (PdO@TiO,) for
the oxidative condensation of furfural with aliphatic alcohols, with the addition of K;COs3,
whereby 77.8% conversion of furfural and 89.2% selectivity of C8 were achieved in the
furfural-n-propanol-O, system. Meanwhile, the catalyst also exhibited notable performance
in the oxidative condensation of furfural with ethanol, and achieved 88.4% conversion of
furfural and 85.7% selectivity of C7 (Table 3, entry 9). It was declared that the good catalytic
activity was attributed to the uniform distribution of PdO and large surface area of the
TiO, support.

Cui et al. [32] applied a homogeneous catalytic system for the oxidative condensation
of furfural with ethanol, in which the reaction was conducted in two steps. In the first step,
the hydrogen transfer between furfural and ethanol was proceeded under the N, atmo-
sphere by combining the azodicarboxylate and K,COj3 to produce furfuryl alcohol and C7.
In the second step, the Cul and O, were supplemented into the reaction system to increase
the yield of C7. Under the catalyzation by Cul and o-phenanthroline, 82.5% conversion of
furfural with 87.7% selectivity of C7 could be achieved with the assistance of diethylazodi-
carboxylate (DEAD) and K,COs (Table 3, entry 10).

Gao et al. [15] presented a novel catalytic system for the oxidative condensation of
furfural with ethanol, in which base additives were not needed for the reaction. In the study;,
CaO-supported Au catalysts (Au@CaO) were prepared using the colloid immobilization
method and applied in the oxidative condensation of furfural with ethanol, whereby
85.9% conversion of furfural and 81.8% selectivity of C7 were achieved without any base
additives (Table 3, entry 11). Based on further investigations, it was declared that the
synergistic effect between the Au nanoparticles and basic CaO support was responsible for
the production of C7.

As summarized above, Tong’s group presented various catalytic systems for the
oxidative condensation of furfural with aliphatic alcohols. Both noble metal catalysts
and non-noble metal catalysts exhibited excellent activity in the oxidative condensation
of furfural with aliphatic alcohols, especially in the reaction with the n-propanol and
ethanol. The reaction routes were considered to be the same in all studies and are shown
in Figure 7. The homogeneous alkali additives were used in most of the catalytic systems,
except for the catalytic system using Au/CaO as the catalyst, because the condensation
process was considered to be promoted by the base, as shown in the Figure 7. The usage of
basic supports or basic heterogeneous catalysts may be a good method to avoid the use of
homogeneous alkali additives.



Processes 2023, 11, 640

12 0f 15

3.2. Studies Conducted via Hydrogen Transfer Process

Li et al. [33] demonstrated a new route for the oxidative condensation of furfural with
ethanol to prepare C7 by combining Meerwein—-Ponndorf-Verley (MPV) reduction with
in situ cross-aldol condensation. As shown in Figure 8, oxygen was not needed in this
system, and the oxidation of ethanol was conducted through a transfer hydrogenation
process of the MPV reduction catalyzed by Lewis acid (Zr-f3 zeolite). Simultaneously, the
condensation reaction was conducted between the left furfural and the in-situ-generated
aldehyde under the catalysis of K;COj3. Two valuable chemicals, furfuryl alcohol and C7,
with similar yields (~40.0%) simultaneously produced from furfural in this reaction.

s N
0 Q Lewis acid 0
\ o > L on
FUR FAL
/\OH
ethanol This work
-None noble metal
Base | /X o) -None petroleum-based
in-situ generated platform molecule
-High atom efficiency
v -High productivity
OH 0
\ / Y, HO \ / Yo
FAC y

\_

=» MPV reduction
=» jn-situ cross aldol condensation

Figure 8. An integrated process combining MPV reduction with in situ cross-aldol condensation
for the upgrading of furfural in ethanol to FAL and C7. Reproduced with permission from [33].
Copyright: American Chemical Society 2018.

Yang et al. [34] presented a new catalytic system for the oxidative condensation
reactions of furfural with alcohols in the absence of any homogeneous base additives.
Similar to Li’s work, the oxidation reaction of the alcohols was also conducted through
a transfer hydrogenation process between furfural and alcohols, as shown in Figure 9.
The authors prepared an Fe/FeOx@LDH (layered double hydroxides) catalyst via the
reduction of pre-synthesized complex anion tris(oxalato)ferrate(Ill)-intercalated LDH, and
investigated its catalytic performance in the reaction of furfural with n-propanol under
oxidative, inert, and reductive reaction atmospheres by filling the reactor with 0.5 MPa of
Oy, Ar, or a mixture gas of Ar (95%) and H, (5%), respectively. As shown in Table 4, the
conversion rate of furfural under O, was only 20.8%, which was significantly lower than the
conversion rates (71.3% and 71.4%, respectively) with the Ar and H, /Ar mixed gases. The
reason was supposed to be that Fe/FeOy could be oxidized easily in the O, atmosphere and
lost its catalytic activity for the transfer hydrogenation. Under optimal reaction conditions,
furfural conversion of 71.3% and CS8 selectivity of 87.1% were achieved without any base
additive under the atmosphere of Ar. Based on the results of the control experiments, it
was revealed that the catalytic active components for the transfer hydrogenation were
the composite Fe/FeOx@LDH rather than the sole Fe/FeOy and LDH. The catalyst also
exhibited good activity in the reaction of furfural with ethanol, and furfural conversion of
89.3% and C7 selectivity of about 99% were achieved under the atmosphere of 0.65 MPa Ar.
However, the Fe/FeOy in the used catalyst was easily oxidized during the drying process
of the cycle experiments, leading to the deactivation of the catalyst. Although the cyclic
stability of the catalyst could be effectively improved by soaking it in the Ni(NO3), solution,
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the conversion rate of furfural (48.4%) in the first cycle was much lower than that (71.3%)
before the treatment.

Sole Fe/FeO, OJ_
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Figure 9. Possible reaction routes using Fe/FeOx@LDH, Fe/FeOx@LDH, and LDH as catalysts.
Reproduced with permission from [34]. Copyright: Elsevier 2020.

Table 4. Studies of oxidative condensation of furfural with n-propanol in different gas atmospheres ? [34].

Entry Gas Atmosphere Furfural Conversion (%) Product Seletivity (%)
1 0, 20.8 ~99
2 Ar 71.3 87.1
3 mixture gas of Ar (95%) and H, (5%) 714 ~99

@ Reaction conditions: 50 mg Fe/FeO,@LDH catalyst, 1 mmol furfural, 5 mL n-propanol, 45 uL o-xylene (internal
standard), gas pressure: 0.5 MPa, 140 °C, 4 h.

4. Summary and Prospect

The oxidative esterification and oxidative condensation of furfural with aliphatic
alcohols are two significant utilization routes of furfural. MF can be obtained through
the oxidative esterification reaction, while various renewable liquid biomass fuels can be
prepared via the oxidative condensation reaction. For the oxidative esterification reac-
tion, supported Au catalysts were designed for the reaction and showed good activity.
Among them, the ZrO;-, CeO;-, TiO;-, and CMK-3-supported catalysts could catalyze the
oxidative esterification reaction with high furfural conversion and MF selectivity rates in
the condition, without homogeneous base additives. In addition, N-doped C materials
supported CoxOy also exhibited good performance in the oxidative esterification reaction.
For the oxidative condensation reaction, Tong’s team presented many inspirational studies
for the reaction by using oxygen as the oxidant. The reported catalysts showed excellent
performance in the oxidative condensation of furfural with n-propanol or ethanol. The
homogeneous base additives were used in most of the reported catalytic systems, except
the catalytic system with Au@CaO as the catalyst. Furthermore, several studies have pre-
sented a new route for the oxidative condensation reaction, in which the oxidation reaction
of the alcohols is conducted through a transfer hydrogenation process between furfural
and alcohols.
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In order to promote the commercial application of the oxidative esterification and
oxidative condensation reactions of furfural, some factors should be focused on in the
future studies. Firstly, usage of the homogeneous base additives should be avoided as
much as possible to decrease the product separation cost. Secondly, catalysts with low
dosages of noble metals and excellent performance should be prepared. The design of noble
metal and non-noble metal composite catalysts to utilize the synergistic effect between
the two metals may be a feasible method. Moreover, the concentration of furfural in the
alcohols should be increased to make the process more economical and efficient.
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