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of furfural to cyclopentanone with supported
gold catalysts†
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Yong Cao*

Given the vital importance of furfural (FFA) upgrading towards a sustainable bio-based economy, an eco-

friendly aqueous route to produce a sole valuable product from FFA is highly desirable. We herein

describe an efficient approach to quantitatively convert FFA into cyclopentanone (CPO) in neat water,

employing H2 as the clean reductant and supported gold nanoparticles as a simple yet versatile catalyst.

The use of anatase TiO2 featuring only mild Lewis acidic sites as the underlying support is essential, not

only for preventing undesirable side reactions, but also for attaining high CPO selectivity. The feasibility of

using biogenic CPO and CO2 as benign carbon sources to synthesize the industrially important feedstock

dimethyl adipate is also demonstrated.

Introduction

The last two decades have witnessed a spectacular surge in the
utilization of renewable resources as chemical feedstocks for
the development of sustainable chemical processes.1 In this
respect, furfural (FFA) is an important renewable C5 resource,
which is considered to be one of the key platform molecules
derived from lignocellulosic biomass and is already used as a
raw material for the production of important industrial chemi-
cals in certain cases.2 While significant recent efforts have
been directed at exploiting new innovative catalytic routes and
processes to convert furfural into various high-density bio-
synthetic fuels, the development of novel transformations that
can expand the existing methods for practical and cost-
effective furfural upgrading is still a very important topic of
huge industrial interest.3 Aqueous-phase hydrogenative
rearrangement of FFA is particularly attractive in this regard
since it offers a clean and sustainable alternative to access
cyclopentanone (CPO),4 a very useful compound under heavy
demand but which still relies exclusively on fossil-based feed-
stocks (Scheme 1a).5 Given the vital importance of CPO and its
derivatives, which are not only applied in current pharmaceuti-
cals but also used as versatile intermediates in the preparation
of fungicides, flavors, rubber chemicals and functionalized

materials (Scheme 1c),4c the identification of new efficient
routes pertaining to its straightforward and targeted pro-
duction from renewable sources has become essential.4,5

Although the related transformations for preparing CPO
derivatives by an acid-catalyzed rearrangement of suitable
2-furylcarbinols have been known for nearly 4 decades,6 only
very recently selective catalytic systems have appeared for
direct conversion of FFA into CPO, pioneered by the group of
Hronec et al.4a,b A crucial issue for this particular transform-
ation is the large variety of reduction products that can poss-
ibly be formed (Scheme 1b). Besides CPO, cyclopentanol
(CPL), furfuryl alcohol (FAL), and tetrahydrofurfuryl alcohol
(THFAL) are also typically formed during the FFA reduction.
An additional challenge lies in the fact that considerable resi-
nification may readily occur during the reaction,4 and this
could ultimately lead to an unacceptable product loss and in
turn a fast catalyst deactivation. So far, a plethora of supported
Group VIII and IB metal catalysts have been explored in the
selective production of CPO from FFA.4 However, with these
catalysts it has proven difficult to achieve the desired selectiv-
ities, particularly at high conversion levels. Most recently, the
use of an acidic metal–organic framework (MOF) supported Ru
enabling CPO yields higher than 95% was described,4h but the
limited turnover numbers (TONs < 2000) and inherently labile
nature of the MOF-based material have precluded its potential
utility in a biorefinery. Consequently, catalytic FFA-to-CPO
transformation in a highly selective, efficient, robust and scal-
able manner still remains a pending challenge.

Heterogeneous reduction catalyzed by supported gold nano-
particles (NPs) has emerged over the past several years as a
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powerful tool for clean chemical production. A set of recent
papers exploring the potential of Au-catalyzed reductions,7

together with our contributions to this field,8 exemplify suc-
cessful applications of supported gold in a wide variety of sub-
strates, such as nitro compounds, alkynes, quinolines and in
particular unsaturated aldehydes. Notwithstanding the signifi-
cant progress to date, a key factor impeding the wider adoption
of Au-catalyzed reduction protocols is the lack of a potent cata-
lyst capable of efficient and reliable operation with very high
TONs at a level amenable to large-scale applications. Herein
for the first time, we report a highly versatile gold-catalyzed
FFA reduction system, in which the reaction can be driven
toward the exclusive formation of CPO. With this system, TONs
approaching 1.0 × 106 were possible for converting FFA.
Crucial for this unique selectivity and unprecedented high
productivity is the optimal control of the metal–acid balance
in the bifunctional Au/TiO2 catalysts to prevent unwanted
resinification processes, which prevailed in previous FFA
hydrogenation/rearrangement reactions.4a–c Additionally, we
demonstrate the possibility of converting biogenic CPO and
benign dimethyl carbonate (DMC) into industrially important
dimethyl adipate (DAP) under clean and mild conditions.

Results and discussion

Building upon previous studies signifying the importance of
an acidic environment for a Piancatelli rearrangement,4,6 our
initial catalyst development efforts focused on the use of a
range of solid acidic materials as the supports to explore the
feasibility of converting FFA into CPO via Au-catalyzed selective
hydrogenation in neat water under batch conditions (Table 1).
For these preliminary assays, the conditions studied were
160 °C, 4 MPa H2, 0.5 M aqueous FFA and with a substrate/Au
(S/C) ratio of 2000 : 1, wherein the extremely low catalyst
loading employed is noteworthy. Unfortunately, it turns out
that these screening reactions were plagued by the formation
of large amounts of insoluble brown solids resulting in consi-
derable carbon loss. In particular, when the reaction was per-
formed with a highly acidic Nb2O5 supported Au catalyst (Au/
Nb2O5), FFA was polymerized severely and almost no CPO
(entry 1) was produced, despite the reported effectiveness of
this material in the conversion of 5-hydroxymethylfurfural to a
cyclopentanone derivative.9 Such a pronounced lack of mass
balance is clearly the effect of an unfavourable proton-
mediated intermolecular resinification associated with these
screening assays, in line with previous observations made by
Hronec et al.4 This scenario, together with the unsuccessful
attempts to rely upon other acidic carriers (entries 2 and 3),
underscored the need to explore alternative support materials.

As a result of conventional strong solid acids not being able
to promote the required FFA conversion, we considered the
possibility of using solid supports possessing lower acidity to
suppress the undesired side reactions. Selected examples of
such types of supporting materials that were surveyed are
shown in Table 1. At this stage we focused primarily on the
outcomes resulting from several ubiquitous metal-oxide sup-
ports featured with medium-strength Lewis acidity and weak
Brönsted acidity. Our studies revealed that, upon using SiO2,
ZrO2, and Al2O3, the selectivity to CPO and CEON significantly
increased and an excellent mass balance could be obtained
when applying various polymorphs of TiO2 as a support
(entries 7–9). Gratifyingly, Au deposited on a single-phase
anatase (Au/TiO2-A) was uniquely effective in promoting the
quantitative FFA-to-CPO transformation with essentially no
other side products observed (Table 1, entry 9). The success of
this gold-TiO2-A combination for this complex multistep reac-
tion was somewhat surprising as anatase TiO2 possesses only
weak Lewis acidic sites.10 This fact and the observed inhibition
of the reaction by introducing either mineral acid or base addi-
tives (see Table S1†) demonstrate that both strongly acidic and
basic conditions have a strong detrimental effect on the
desired catalytic performance.

The enabling capabilities for directing the reaction path-
ways in a highly target-oriented manner by this Au/TiO2-A
system over related catalyst systems are apparent from a com-
parison of their kinetic profiles for the hydrogenation of FFA.
In contrast to the sluggish and complex kinetics of the FFA-to-
CPO conversion occurring with other systems (Fig. 1a and b),
the conversion of FFA with Au/TiO2-A proceeds smoothly and

Scheme 1 The current and “future” processes for CPO production.
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Table 1 Hydrogenative rearrangement of FFA to CPO over different catalystsa

Entry Catalystb S/Cc t [h] Conv.d [%] Mass balance [%]

Sel.d [%]

CPO CPL MF FAL CEON

1 Au/Nb2O5 (0.61 wt%) 2000 3 51 24 ± 5 8 2 0 9 5
2 Au/H-ZSM-5 (0.62 wt%) 2000 3 42 44 ± 4 17 1 0 15 11
3 Au/HY (0.64 wt%) 2000 3 47 35 ± 4 11 0 0 14 10
4 Au/ZrO2 (0.68 wt%) 2000 1.2 49 72 ± 3 59 1 11 0 1
5 Au/SiO2 (0.65 wt%) 2000 1.2 43 94 ± 2 41 0 0 11 42
6 Au/Al2O3 (0.85 wt%) 2000 1.2 46 96 ± 2 52 0 0 6 38
7 Au/TiO2-R (0.63 wt%) 2000 1.2 46 99 ± 1 69 0 0 0 31
8 Au/TiO2-P25 (0.62 wt%) 2000 1.2 72 99 ± 1 74 0 0 0 26
9 Au/TiO2-A (0.73 wt%) 2000 1.2 >99 99 ± 1 >99 0 0 0 0
10 Au/TiO2-A (0.24 wt%) 2000 1.2 >99 99 ± 1 >99 0 0 0 0
11 Au/TiO2-A (0.10 wt%) 2000 1.2 >99 99 ± 1 >99 0 0 0 0
12 Au/TiO2-A (0.73 wt%) 10 000 7 94 96 ± 2 96 0 0 0 0
13 Au/TiO2-A (0.24 wt%) 10 000 7 97 98 ± 2 98 0 0 0 0
14 Au/TiO2-A (0.10 wt%) 10 000 7 >99 99 ± 1 >99 0 0 0 0
15e Au/TiO2-A (0.10 wt%) 20 000 14 >99 99 ± 1 >99 0 0 0 0
16e, f Au/TiO2-A (0.10 wt%) 20 000 15 99 99 ± 1 >99 0 0 0 0

a Reaction conditions: FFA (5.2 mmol), H2O (10 mL), H2 (4 MPa), 160 °C. b The preparation procedure for all catalysts and relevant
characterization data are provided in the ESI. The values given in parenthesis represent the weight content of the active metal deposited on solid
supports. c S/C = substrate-to-catalyst molar ratio. dDetermined using a GC/MS-based method. e FFA (50 mmol), H2O (100 mL), H2 (4 MPa),
160 °C. f The 5th reuse of the catalyst recovered from entry 15.

Fig. 1 Reaction profiles for the hydrogenation of FFA over various catalysts at a metal loading of 0.05 mol% (S/C ∼ 2000). (a) 0.73 wt% Pt/TiO2-A
(b) 0.68 wt% Au/ZrO2 (c) 0.73 wt% Au/ TiO2-A. (d) 0.10 wt% Au/TiO2-A. Reaction condition: FFA (5.2 mmol), H2O (10 mL), H2 (4 MPa), 160 °C.
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reaches complete conversion after approximately 1.2 h at
160 °C (Fig. 1c), with no competitive formation of resinous
products to any degree. This observation appears to be striking
given that the key intermediate FAL is in fact highly prone to
experiencing intermolecular aldol condensation, dehydration
or hydrolysis side reactions that can lead to the formation of
complex oligomers,4 as verified by a set of control experiments
employing various concentrations of aqueous FAL as the start-
ing materials (Fig. 2). Importantly, these results highlight the
imperative need for maintaining a sufficiently low level of FAL
in the reaction medium to minimize the formation of by-pro-
ducts arising from resinification. The exclusive formation of
the CPO product can thus be readily rationalized by a signifi-
cantly reduced FAL accumulation enabled with Au/TiO2-A even
at the early stages of the reaction, along with a subsequent pre-
ferential reduction of the CvC moiety in the rearrangement
product of CEON (Fig. 1c).

A crucial advantage of the Au/TiO2-A system is therefore the
potential to manipulate this reaction in such a way as to
“switch off” unwanted side reactions. As a further illustration
of the benefits of this previously unappreciated Au–TiO2-A
combination for furnishing the desired CPO, attempted plati-
num-group-metal (PGM)-based catalysts using TiO2-A deco-
rated with Pt, Pd, Ir or Rh NPs can only afford a much less
selective and very limited FFA-to-CPO conversion under other-
wise identical conditions (Table S2†),11 despite the widely
recognized effectiveness of these metals in hydrogenation reac-
tions.12 To gain an insight into the underlying causes of this
remarkable Au-support synergy, we were prompted to evaluate
the possible functional significance of each of the key com-
ponents in the Au/TiO2-A system. To this end, a systematic
study of a set of Au/TiO2-A-based materials with varied gold
loadings and different-sized Au particles was carried out. It
was clarified that the adoption of small Au NPs (<3 nm) is
essential for efficient reductive conversion of FFA (Table S4†).
However, perhaps the most noteworthy finding was that the
initial transient FAL buildup can be greatly inhibited by
decreasing the gold loading down to 0.10 wt% (Fig. 1d).

Coupled with almost the same FAL evolution kinetics in
association with a physical mixture of 0.73 wt% Au/TiO2-A and
bare TiO2-A (Fig. S1b†), these results illustrate that an optimal
combination of Au-support cooperation, in which Au furnishes
suitable hydrogenation activity and anatase TiO2 affords mild
water-compatible Lewis acid sites in close vicinity to the Au
species, is essential for steering the reaction toward the
desired product in an entirely exclusive manner.

The 0.10 wt% Au/TiO2-A material turned out to be more
effective than other Au/TiO2-A-based samples in terms of yield-
ing CPO quantitatively at a Au loading level as low as 0.01 mol%
(Table 1, entry 14). Upon close inspection of the product
evolution as shown in Fig. 3, one can readily recognize that the
CEON hydrogenation is the rate-determining step of the
overall reaction in the present Au-catalyzed system. In an inves-
tigation into the effect of reaction parameters on the perform-
ance of the 0.10 wt% Au/TiO2-A catalyst, operation at 160 °C
and a H2 pressure of 4 MPa were found to be optimal
(Table S5†). Additionally, it was verified that nearly quantitat-
ive CPO yields can also be achieved for a concentrated aqueous
solution of FFA (ca. 30 wt%), confirming the remarkable
potential of this system for FFA upgrading (Table 2). Further-

Fig. 2 Hydrogenative transformation of FAL over various concentration
with 0.73 wt% Au/TiO2-A. Reaction conditions: S/C (2000), H2 (4 MPa),
160 °C, 0.6 h.

Fig. 3 Kinetic time course of the FFA-to-CPO transformation in the
presence of 0.10 wt% Au/TiO2-A, with only a trace amount of FAL identi-
fied as the intermediate. Reaction conditions: H2O (10 mL), H2 (4 MPa),
160 °C, with FFA (5.2 mmol) at a S/C ratio of 10 000 : 1.

Table 2 The effect of the concentration of FFA over 0.10 wt% Au/TiO2-A
a

Entry
H2O
[mL]

FFA
[mmol]

Mass balance
[%]

Yieldb

[%]

1 10 5.2 99 ± 1 99
2 5 5.2 99 ± 1 99
3 2.5 5.2 98 ± 2 98
4c 2.5 10.4 92 ± 2 92

a Reaction conditions: S/C (2000), H2O (10 mL), H2 (4 MPa), 160 °C,
1.2 h. b The yield was based on CPO. c 2.5 h.
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more, this new Au-catalyzed hydrogenation/rearrangement
methodology can be readily extended to fabricate a variety of
substituted cyclopentanones from other furan-based deriva-
tives. For example, when 2-acetylfuran and 2-propionylfuran
were exposed to these new reductive conditions, the resultant
2-methylcyclopentanone and 2-ethylcyclopentanone could be
obtained in nearly quantitative yields, respectively. Interest-
ingly, direct reaction of 5-methylfurfural or 5-ethylfurfural also
furnishes their corresponding alicyclic derivatives in high
yields (Table 3). This is somewhat unexpected, given the
absence of a substituent at the 5-position of the furan ring is
known to be a critical prerequisite for the intramolecular Pian-
catelli type rearrangement,6a–b but this can be justified by the
fact that the Lewis acid sites on TiO2 can facilitate the
rearrangement of 5-substituted furan derivatives.13

To further evaluate the catalytic activity of 0.10 wt% Au/
TiO2-A, we performed a series of kinetic measurements with
FFA as a substrate on a 50 mmol scale (Fig. S4†). At an even
lower loading of 0.005 mol% of Au (S/C of 20 000), a high con-
version of 99% was still achievable, although a longer reaction
time is required (entry 15). In these experiments, the initial
reaction rates were found to be linearly dependent on the cata-
lyst concentration (Fig. S5†), consistent with a situation where
the reaction follows a first-order kinetics with respect to the
associated catalyst. Furthermore, although various catalyst
systems have often been reported to suffer from the problem
of decreasing reusability,4e–h the 0.10 wt% Au/TiO2-A recovered
after its first use in the hydrogenation of FFA was successfully
used in five subsequent reactions with no reduction in the
reaction rate: the total TON based on Au was greater than
110 000 (Table 1, entry 16). Already, this result represents the
best catalyst productivity ever reported for any gold-catalyzed
hydrogenations.7,8 X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM) and X-ray absorption near edge struc-
ture (XANES) analyses of 0.10 wt% Au/TiO2-A showed that the

state of 0.10 wt% Au/TiO2-A hardly changed before and after
the reaction (Fig. S6–8†). In addition, inductively coupled
plasma (ICP) analysis of the filtrate showed no leaching of the
Au species into the reaction mixture, demonstrating the high
durability of 0.10 wt% Au/TiO2-A.

In view of the recognized advantages of continuous proces-
sing, the reductive conversion of FFA was also tested in a con-
tinuous-flow system with a trickle bed reactor utilizing 0.10 wt%
Au/TiO2-A as the packed catalyst under identical conditions
(160 °C, 4 MPa H2; see the ESI†). It turned out that the results
obtained from a continuous flow reactor were almost identical
to those from a conventional stirring batch reactor, in which
the yield of CPO reached 99%. Although a reduction in the
yield of CPO from 99% to 95% occurred after 180 h on stream
in the reductive conversion of FFA, it was seen that the activity
of the slightly-deactivated 0.10 wt% Au/TiO2-A catalyst could
be fully recovered after the treatment in a methanol flow
(Fig. 4). As a result, the turnover number (TON) after 540 h
under this condition approached 1 000 000, a notably higher
number as compared with typical Au-based catalysts.14 The
continuous-flow method described here indicates that this
process can be feasible with up to 426 kg of CPO produced per
gram of gold with a striking stability of the catalyst over a
period of three weeks. Hence this procedure holds great poten-
tial for immediate implementation on a larger scale, hereby
taking us a step closer to more affordable CPO with benefits of
not only providing a compelling alternative approach to
produce high value-added chemical products from renewable
resources but also of laying a solid foundation for the develop-
ment of supported Au as a new type of highly efficient hetero-
geneous catalyst for fixed-bed reactions.

Finally, bearing in mind that current industrial CPO pro-
duction relies overwhelmingly on the decarboxylation of adipic
acid (AA),5b,c we were intrigued by the possibility of exploiting
the corresponding reverse reaction (Scheme 2) to make AA. As
one of the most in demand commodity chemicals, AA is

Table 3 The hydrogenative rearrangement of other furfural derivatives
into the corresponding substituted cyclopentanonesa

Entry Substrate t [h] Conv. [%] Sel.b [%]

1 2.5 98 99

2 4 97 98

3 8 99 97

4 10 98 96

a Reaction conditions: catalyst (0.10 wt% Au/TiO2-A), S/C (2000), H2O
(10 mL), H2 (4 MPa), 160 °C. b The selectivity was based on main
products.

Fig. 4 A continuous-flow transformation of FFA into CPO in a fixed-
bed reactor. Reaction conditions: 0.10 wt% Au/TiO2-A (0.5 g), 160 °C,
WHSV (1 h−1), H2 (4 MPa) flow rate 50 mL min−1.
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known to be a versatile building block for a variety of commer-
cially useful products that have found numerous applications
in pharmaceuticals, agrochemicals and material science.15 Pre-
sently, AA is mainly produced from several petroleum-based
feedstocks (e.g., phenol, benzene, and cyclohexane),16 but a
paradigm shift towards sustainability calls for its widespread
production from alternative resources. Despite notable recent
efforts, the development of a straightforward and efficient
route to AA from abundant renewable sources has remained
an ongoing challenge.17 Within this context, any new pro-
cesses that can utilize bio-sourced feedstocks and CO2 simul-
taneously are highly desirable. Adopting DMC as a logical
source of CO2,

18 we have evaluated the condensation reaction
of a series of CPO–DMC mixtures in the presence of various
forms of nanostructured CeO2 as the solid base catalysts.19 As
shown in Table 4, it is possible to obtain DAP with excellent
yields (up to 85%) by using {100}/{110} surface-exposed ceria
nanorods as the catalyst.20 This result is remarkable, and

becomes more relevant as an integrated conversion of the con-
tinuous-flow produced CPO stream for tandem FFA-to-DAP
production was also possible (Table 4, entry 12). With the
development of improved methods for DMC synthesis via
reacting CO2 with the recycled methanol, this new non-pet-
roleum-based route has the potential to significantly reduce
the carbon footprint of AA production processes.

Conclusions

In summary, we have identified a versatile Au-based catalyst
that represents by far the most selective and efficient system to
date capable of quantitatively converting FFA to CPO. Key to
the successful development of this transformation was the use
of a unique Au–TiO2 cooperative catalytic system and the
inherently low concentration of the FAL formed in the initial
FFA hydrogenation step. Whereas this finding opens new pos-
sibilities to produce substituted cyclopentanones from other
furanic derivatives at a large scale, the direct access to DAP
from a CPO–DMC mixture showcases the feasibility of using
biogenic CPO in the synthesis of industrially important feed-
stocks. Beyond the potential utility of this new system, we
anticipate that the general strategy for precisely manipulating
complex pathways by exploiting the interplay between Au and
the underlying support could be adopted to substantially
improve a set of other gold-catalyses, thereby facilitating the
application of gold catalysis on an industrial scale, and it
might also be helpful for advancing the cooperative catalysis
mediated by other transition metals.

Experimental
Catalyst preparation

Preparation of anatase (TiO2-A), rutile (TiO2-R), Au/Nb2O5,
Au/H-ZSM-5, Au/HY, Au/ZrO2, Au/SiO2, Au/TiO2, Au/CeO2 and
Au/HT. All the supports and catalysts were prepared by pre-
viously reported methods.8a,9,21 The BET surface area of TiO2-A
and TiO2-R are 146 m2 g−1 and 68 m2 g−1, respectively.

Preparation of Au/TiO2-A, Au/TiO2-R and Au/TiO2-P25 cata-
lyst. The Au/TiO2-A catalyst was prepared by a modified depo-
sition–precipitation (DP) method.8f,21d Briefly, an appropriate
amount of aqueous solution of HAuCl4 was heated to 80 °C
under vigorous stirring. The pH was adjusted to 7.0 by drop-
wise addition of NaOH (0.2 M), and then 1.0 g TiO2-A was dis-
persed in the solution. After that, the pH was readjusted to 7.0
by dropwise addition of NaOH (0.2 M). The mixture was stirred
for 2 h at 80 °C, after which the suspension was cooled to
25 °C. Extensive washing with deionized water was then fol-
lowed until it was free of chloride ions. The samples were
dried under vacuum at 25 °C for 12 h and then calcined in air
at 350 °C for 2 h. A similar Au/TiO2-R catalyst and Au/TiO2-P25
were prepared by using the same method as that for Au/TiO2-
A. Elemental analysis (ICP-AES) results revealed that the real
gold loading was 0.73 wt%, 0.63 wt% and 0.62 wt% for Au/

Scheme 2 The commercial decarboxylation process to produce CPO
from DAP and the reverse “carboxylation” of CPO to form DAP.

Table 4 Synthesis of DAP via a condensation and ring-opening reac-
tion between CPO and DMC over various solid basesa

Entry Catalyst Conv. [%]

Sel. [%]

DAP a b c

1 MgO 77 61 6 13 19
2 Mg3Al-HT 94 35 13 46 5
3 CeO2-90 58 76 15 2 6
4 CeO2-nanorod 76 83 8 1 7
5 CeO2-meso 44 64 18 1 16
7 CeO2-cube 33 48 17 2 32
8 CeO2-nps 56 54 16 3 26
9 CeO2-octahedra 26 33 27 2 37
10b CeO2-nanorod 97 87 7 1 4
11b,c CeO2-nanorod 95 84 7 1 7
12b,d CeO2-nanorod 96 85 8 1 5

a Reaction conditions: CPO (5.6 mmol), DMC (20 mL), N2 (0.5 MPa),
260 °C, 3 h. b 5 h. c The third time reused. d The reaction feed for DAP
production was obtained via an extraction of the continuous-flow
produced CPO–H2O stream using DMC, see the ESI for details.
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TiO2-A, Au/TiO2-R and Au/TiO2-P25, respectively. The larger
particle sized Au/TiO2-A was prepared at higher calcined temp-
eratures (450 °C and 550 °C, respectively).

Preparation of Ir/TiO2-A, Pd/TiO2-A, Pt/TiO2-A, Ru/TiO2-A
catalysts. 0.73 wt% Ir/TiO2-A, 0.73 wt% Pd/TiO2-A, 0.73 wt%
Pt/TiO2-A, 0.73 wt% Ru/TiO2-A catalysts were prepared by inci-
pient-wetness impregnation (IWI) of the support with aqueous
solutions of H2IrCl6·6H2O, PdCl2, H2PtCl6·6H2O or RuCl3 pre-
cursors of appropriate concentrations, respectively.8f After a
perfect mixing of the corresponding slurries, the resulting
mixture was vigorously stirred at 80 °C for 4 h. Then samples
were dried under vacuum at 25 °C for 12 h and then reduced
in 5 vol% H2/Ar (80 mL min−1) at 400 °C for 2 h.

Preparation of CeO2. The various forms of nanostructured
CeO2 were prepared by a procedure described previously.19

CeO2 nanorods, nano-octahedra and nanocubes were prepared
by the hydrolysis of Ce(III) salts in alkaline medium, followed
by a hydrothermal treatment. For the synthesis of CeO2 nano-
rods, 3.47 g of Ce(NO3)3·6H2O and 50.4 g of NaOH were first
dissolved in 20 and 140 mL of deionized water, respectively.
Then, these two aqueous solutions were mixed together in a
Teflon bottle, and the mixture was kept stirring for 30 min
with the formation of a milky suspension. Subsequently, the
Teflon bottle with this suspension was placed in a stainless
steel autoclave and subjected to hydrothermal (HT) treatment
at 100 °C for 24 h. The same procedures and conditions were
adopted for the synthesis of CeO2 nanocubes except for the
amount of NaOH (33.6 g) and the HT temperature (180 °C).
For the synthesis of CeO2 nano-octahedra, 0.868 g Ce
(NO3)3·6H2O and 0.0076 g Na3PO4·12H2O were first dissolved
in 80 mL of deionized water. After being stirred at 25 °C for
1 h, the mixed solution was transferred into a Teflon-lined
stainless steel autoclave and then was subjected to HT treat-
ment at 200 °C for 20 h. After the HT treatment in each case,
the solid products were recovered by centrifugation, washed
with deionized water and ethanol several times, followed by
drying at 60 °C in air overnight. Finally, the solid sample was
calcined at 600 °C in air for 6 h.

Catalyst characterization

Elemental analysis. The metal loading of the catalysts was
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) using a Thermo Electron IRIS Intrepid
II XSP spectrometer.

BET analysis. The BET specific surface areas of the prepared
catalysts were determined by adsorption–desorption of nitro-
gen at liquid nitrogen temperature, using Micromeritics
TriStar 3000 equipment. Sample degassing was carried out at
300 °C prior to acquiring the adsorption isotherm.

X-ray diffraction (XRD). The crystal structures of various cat-
alysts were characterized with powder X-ray diffraction (XRD)
on a Bruker D8 Advance X-ray diffractometer using the Ni-
filtered Cu Kα radiation source at 40 kV and 40 mA.

Transmission electron microscopy (TEM). TEM images of
various catalysts were taken with a JEOL 2011 electron micro-
scope operating at 200 kV. Before being transferred into the

TEM chamber, the samples dispersed with ethanol were de-
posited onto a carbon-coated copper grid and then quickly
moved into the vacuum evaporator. The size distribution of
the metal particles was determined by measuring about 200
random particles on the images.

X-ray absorption fine structure (XAFS). The X-ray absorption
data at the Au L3-edge of the samples were recorded at 25 °C in
the transmission mode using ion chambers or in the fluo-
rescent mode with a silicon drift fluorescence detector at beam
line BL14W1 of the Shanghai Synchrotron Radiation Facility
(SSRF), China. The station was operated with a Si (311) double
crystal monochromator. During the measurement, the syn-
chrotron was operated at an energy of 3.5 GeV and a current
between 150–210 mA. The photon energy was calibrated with
standard Pt metal foil. Data processing was performed using
the program ATHENA.22

NH3-temperature-programmed desorption (NH3-TPD). NH3

was adsorbed at 60 °C for 0.5 h after pretreatment at 300 °C
for 1 h in a He stream. The desorbed NH3 in flowing He gas
was quantified (NH2 fragment of mass number 16) by mass
spectroscopy (Balzers OmniStar) at 60–700 °C (ramp rate,
10 °C min−1).

Infrared spectra of pyridine adsorption (Py-FTIR). The
results were recorded on a Nicolet NEXUS 670 FT-IR spectro-
meter. The samples were pressed into self-supporting disks
and placed in an IR cell attached to a closed glass-circulation
system. The disk was pretreated by heating at 400 °C for 1 h
under vacuum. After the cell was cooled down to 25 °C, the IR
spectrum was recorded as the background. Pyridine vapor was
then introduced into the cell at room temperature and heated
to 200 °C until equilibrium was reached, and then a second
spectrum was recorded. The spectra presented were obtained
by subtracting the spectra recorded before and after pyridine
adsorption.

Catalytic activity measurements

General procedure for the hydrogenative rearrangement of
FFA to CPO. A mixture of FFA (5.2 mmol), supported metal
catalysts (metal 0.05 mol% or 0.01 mol%), and water (10 mL)
was charged into a 50 mL Hastelloy-C high pressure Parr
reactor. The reactant mixtures were then stirred at a rate of 800
rpm under 4 MPa H2 for a certain reaction time at a given
temperature. After reaction, the H2 atmosphere was removed
and the resultant product mixtures were transferred into
20 mL of ethanol. A certain amount of N,N-dimethyl-
formamide was then added as an internal standard substance.
The samples were analyzed on a Shimadzu GC-17A gas chro-
matograph equipped with a capillary column HP-FFAP (30 m ×
0.25 mm) and a FID detector. The identification of the pro-
ducts was performed by using a GC-MS spectrometer.

For kinetic studies on hydrogenative rearrangement of FFA,
the reaction was conducted by carefully controlling the pro-
gress of the reaction at 160 °C under 4 MPa H2 within a time
span of 1 min to 15 hours. The product development and dis-
tribution were monitored as a function of reaction time by
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analyzing the resultant product mixtures of each of the corres-
ponding experiments.

Procedure for a 50 mmol scale transformation of FFA to
CPO and recycling experiments. A mixture of furfural
(50 mmol), 0.10 wt% Au/TiO2-A (metal: 0.005 mol% Au), and
water (100 mL) was charged into an autoclave (500 mL
capacity) and heated to a certain temperature in less than
15 minutes. The reactant mixtures were then stirred at a rate of
800 rpm under 4 MPa H2 at a given temperature. After 14 or
15 hours of reaction, the reaction mixture was transferred into
200 mL of ethanol and the catalyst was filtered and washed
thoroughly with methanol. The catalyst was then dried under
vacuum at 25 °C for 12 h. In the subsequent five successive
reused cycles, the yield of CPO was >99%, >99%, 99%, 99%
and 99%, respectively.

Procedure for the hydrogenative rearrangement of FFA in a
continuous-flow reactor. The transformation of FFA to CPO
was also carried out in a vertical fixed-bed reactor. The catalyst
was pelletized and sieved to 40–60 mesh size. Then, 0.5 g of
the catalyst (0.10 wt% Au/TiO2-A) was loaded in a stainless
steel tubular reactor with an inner diameter of 5 mm and a
length of 500 mm. The reaction was operated at 160 °C and 4
MPa H2, with a gas-follow of 50 mL min−1. The feedstock com-
prising a diluted aqueous solution of FFA (5 wt%) was conti-
nuously introduced into the reactor by an HPLC pump with a
WHSV of 1 h−1. The products were obtained when the reaction
reached the steady state. The liquid and gas products were
cooled and collected in a gas–liquid separator immersed in an
ice-water trap. The liquid products were analyzed on a
Shimadzu GC-17A gas chromatograph equipped with a capil-
lary column HP-FFAP (30 m × 0.25 mm) and FID. The activity
of the spent Au/TiO2-A catalyst can be recovered by treatment
in a methanol flow. Specifically, the slightly deactivated cata-
lyst in the fixed-bed reactor was washed with methanol flow
(1 mL min−1) for 60 min.

General procedure for the synthesis of DAP from CPO and
DMC. A mixture of CPO (0.5 mL), solid base catalysts
(200 mg), and DMC (20 mL) was charged into a 50 mL Hastel-
loy-C high pressure Parr reactor. The reactant mixtures were
then stirred at a rate of 800 rpm under 0.5 MPa N2 for a certain
reaction time at 260 °C. After reaction, the liquid products
were added with an internal standard and then analyzed on a
Shimadzu GC-17A gas chromatograph equipped with a capil-
lary column HP-FFAP (30 m × 0.25 mm) and a FID detector.
The identification of the products was performed by using a
GC-MS spectrometer.

The possibility of a tandem FFA-to-DAP production via an
integrated catalytic conversion of bio-derived FFA-to-CPO
coupled with subsequent DAP production was also explored
(Table 2, entry 12). Typically 11 g of the continuous-flow pro-
duced CPO-water stream (the weight ratio of CPO to water in
this mixture was 100 : 4.5 based on GC analysis) was trans-
ferred to a 50 mL round-bottomed flask that contained 20 mL
DMC and subjected to vigorous stirring for 1 hour at 25 °C.
The bottom solution comprising the hydrophobic CPO–DMC
mixture separated spontaneously from the aqueous solution

after extraction. Then to the resultant CPO–DMC mixture was
added the CeO2-nanorod catalyst (200 mg). The reactant mix-
tures were then transferred to a 50 mL Hastelloy-C high
pressure Parr reactor and subjected to reaction at 260 °C
for 5 h.
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