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Developing an economic catalyst to upgrade furfural to cyclopentanol is highly significant for fine
chemical synthesis and biomass utilization. In this manuscript, an efficient and economical multi-
functional porous Co-400 catalyst was developed. This catalyst obtained porosity, magnetism, Lewis
acidity and hydrogenation activity via simple reduction of purchased CozO,4. Various factors were
investigated in detail, and 87% yield of CPL could be obtained when Co-400 was used as the catalyst.
The active sites of the catalyst were identified according to XRD, IR, XPS, SEM and Raman analysis.

Received 5th February 2022, Moreover, the keys to the high activity and chemoselectivity of the Co-400 catalyst were mainly

Accepted 18th March 2022 attributed to highly dispersed Co® species and amorphous porous CosO4 species, which were precisely
controlled by the reduction temperature. The catalyst can be easily separated by magnetism.

Furthermore, a possible reaction mechanism was proposed based on a series of controlled experiments
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Introduction

To improve the competitiveness of biomass resources against
fossil resources, the development of simple and low-cost platform
molecule preparation processes and new methods for efficient
conversion of platform molecules into fuels and chemicals are
important means." Biomass-derived furfural (FFA), easily obtained
from the dehydration of pentose sugars, is already commercially
available at low prices.” It is considered one of the most important
platform compounds that can be subsequently converted into a
wide range of high-value chemicals such as furfuryl alcohol (FOL),
tetrahydrofuran alcohol (THFOL), furoic acid, 2-methylfuran
(2-MF), 2-methyltetrahydrofuran (2-MTHF), levulinic acid, valero-
lactone, cyclopentanone (CPO) and cyclopentanol (CPL).”

CPL and CPO are important fine chemical raw materials that
can be used in fields such as solvents, fragrances, cosmetics
and agrochemicals (Scheme 1).* New ether solvents, such as
methyl cyclopentyl ether and ethyl cyclopentyl ether, prepared
from CPL and CPO have high hydrophobicity, low latent heat of
evaporation, difficulty in generating peroxides, easy drying, and
acid-base stability; they have been used in important chemical

“ Anhui Province Key Laboratory of Biomass Clean Energy, Department of
Chemistry, University of Science and Technology of China, Hefei 230026, China.
E-mail: zhr520@mail.ustc.edu.cn

b Institute of Energy, Hefei Comprehensive National Science Center, Hefei 230031,
China

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d2ma00127f

© 2022 The Author(s). Published by the Royal Society of Chemistry

reactions, such as the Grignard reaction and coupling reactions.’
CPL has potential applications in materials, pharmaceutical
products, fragrances and solvents.® Furthermore, CPL is a
promising feedstock for various biofuels, including jet fuel and
aviation fuel. The world’s annual demand for CPL and CPO is
more than 10000 tons. The traditional preparation methods of
CPL and CPO are intramolecular decarboxylation ketoneization
of adipic acid, hydration of pentene (by steam cracking of
naphtha), addition esterification of cyclopentene and acetic acid
followed by transesterification with methanol to generate CPL,
etc.” However, these processes require expensive catalysts and
harsh reaction conditions (280-300 °C, 25-40 MPa), generate
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Scheme 1 Some products and applications obtained from conversion of
CPO and CPL.
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large amounts of waste, and are detrimental to sustainability
and process economics.® Furthermore, the abovementioned
processes often use starting materials from fossil resources,
and their sustainability has been questioned. Therefore, the
preparation of CPL and CPO from biomass-based furfural has
high application prospects and industrial value.

Numerous research groups have reported various supported
reducing metals (such as Pd, Pt, Ru, Au, Ni, Cu, and Co) on
various acidic supports (such as metal oxides, zeolites, double
metal cyanides, metal organic frameworks, and carbon materials)
as bifunctional catalysts for the ring-opening rearrangement of
furfural to CPL and CPO.’° Noble metal-based catalysts exhibit
high activity due to their efficiency in activating H,. The in situ
generated intermediates and humins can strongly attach to the
metal surface, hindering the C—0 hydrogenation of CPO. CPO is
the main product obtained by using noble metal-based catalysts.
In comparison, non-precious metal-based catalysts generally
afford CPL, but the catalytic activity is relatively weak and the
reaction conditions are relatively harsh. Acidic sites on the
supports (eg. Lewis, Brensted) facilitate the hydrolysis and
dehydration steps. Lewis acid sites on the supports were found
to be responsible for their selectivity for CPL in aqueous media.
Use of Brensted acid additives or supports containing Brgnsted
acid centers results in oligomerization (or resinization) of FFA and
FOL."

Cobalt-based catalysts have numerous important applications;
they can be used in oxidation, hydrogenation, isomerization
reactions, etc., and are currently widely studied in electrode
materials."’ Metal Co has higher hydrogenation selectivity to
C=O0 double bonds and repulsion to the furan ring, which is
favourable for the highly selective hydrogenation of FFA to FOL.
FOL is a key intermediate in the rearrangement reaction, and its
yield has a direct effect on the yields of CPL and CPO. In our
previous work, it was also found that Cu-Co catalysts prepared by
different methods could achieve the selective conversion of FFA to
CPO and CPL, respectively.'?

Herein, an efficient and economical multi-functional porous
Co-400 catalyst was developed for the rearrangement of FFA to
CPL. This catalyst obtained porosity, magnetism, Lewis acidity
and hydrogenation activity via simple reduction of purchased
Co0304. The effects of the catalyst reduction temperature,
reaction temperature, reaction time, hydrogen pressure and
catalyst recirculation on the distribution of rearrangement pro-
ducts were investigated. The catalyst structure was characterized
and discussed in detail by XRD, XPS, FT-IR spectroscopy, Raman
spectroscopy, SEM, etc. Furthermore, a possible reaction mecha-
nism was proposed based on a series of controlled experiments
and catalyst characterizations.

Experimental section
Materials and chemicals

Co30, was purchased from Sinopharm Holding Chemical
Reagent Co., Ltd. Furfural (AR, >99%), furfuryl alcohol (AR,
>98%), tetrahydrofurfuryl alcohol (AR, >98%), cyclopentanol
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(99%), cyclopentanone (99%), and 2-cyclopentenone (97%)
were purchased from Aladdin Reagent (Shanghai) Co., Ltd.
Purified water was purchased from Hangzhou Wahaha Group
Co., Ltd. FFA was used after distillation under reduced pressure.
Other reagents not specially emphasized were purchased from
Sinopharm Holding Chemical Reagent Co., Ltd.

Catalyst preparation

Co0-400 Catalyst: A schematic of the catalyst preparation is
shown in Fig. S1 (ESIt). An appropriate amount of commercially
available Co;0, was placed in a quartz boat, and the quartz boat
was placed in a tube furnace. Catalyst reduction was performed
using a gas mixture (100 mL min~') with a gas composition of
H,:N, = 10:90. The temperature of the tubular furnace was
increased from 20 °C to 400 °C at a heating rate of 2 °C min,
and the temperature was maintained at 400 °C for 3 h. Then, the
hydrogen was turned off; the catalyst was cooled to room
temperature under a nitrogen atmosphere and taken out and
bottled, then labelled as Co-400 catalyst. Co-200 and Co-300
catalysts were prepared with similar methods at reduction
temperatures of 200 °C and 300 °C, respectively.

Catalyst characterization

The catalysts were characterized by X-ray photoelectron spectro-
scopy (XPS), X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectra and Raman
spectra.

The powder X-ray diffraction (XRD) patterns of the catalysts
were measured by an X’pert (PANalytical) diffractometer using
Cu Ka radiation at 40 kV and 40 mA; the 26 ranges were 20-80°.

X-Ray photoelectron spectroscopy (XPS) data were obtained
on a Thermo Scientific Escalab 250-X-ray photoelectron
spectrometer equipped with a hemispherical electron analyser
and Al Ko X-ray source. All binding energy data in the spectra
were determined with reference to the C 1s line at 284.8 eV.

Scanning electron microscopy (SEM, Sirion 200, FEI Electron
Optics Company, USA) was used to observe the microstructures
of the Co catalysts and collect the corresponding data. The tested
samples were prepared by ultrasonic suspension in ethanol.

Fourier transform infrared (FT-IR) spectra were recorded
with a Nicolet 8700 FT-IR spectrometer at room temperature.
The samples were thoroughly ground with potassium bromide
and detected after tablet forming.

Raman spectra were collected with a LabRamHR spectro-
meter with a 532 nm grating at room temperature.

The leaching of Co in the reaction solutions was measured
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Thermo-Jarrell ASH-Atom Scan Advantage). ICP-AES
tests: after the reaction, magnets were used to separate out the
catalyst. The reaction solution was centrifuged and evaporated
to dryness under reduced pressure. The residue was dissolved
with concentrated nitric acid and diluted with pure water.

Typical experiments and product analysis

The catalytic conversion of FFA was carried out in a 25 mL
stainless steel Parr autoclave equipped with magnetic stirring, a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature probe and a temperature programmed controller.
A typical experiment was to add 0.1 g of FFA, 30 mg of catalyst,
and 10 mL of water to a Parr autoclave. After replacing the gas
with hydrogen several times, it was charged with hydrogen to the
desired pressure and then heated to the desired temperature
under magnetic stirring. After holding the reaction for a certain
period of time, the temperature was lowered and the pressure
was released, and the reactants in the autoclave were transferred
out with 20 mL of methanol; N,N-dimethylformamide (DMF) was
added as the internal standard. After sampling and centrifuga-
tion, a GC chromatograph (Shimadzu GC-2-14C, FID) equipped
with a DM-WAX capillary column (30 m x 0.32 mm X 0.25 pm)
was used for detection, and the conversion of FFA and yield of
the product were calculated according to the following formula:

FFA Conversion/% = (ngpa — Mpga)/Mepa X 100%

Yield/% = N(mole ofproduct)/nFFA X 100%

ngpa: Mol of FFA before reaction; mgps: mol of FFA after
reaction; Mmoleofproduct): Mol of products detected in the
reaction solution by GC analysis.

Results and discussion
Catalyst characterization

The catalysts obtained with different reduction temperatures
were characterized and discussed firstly to better understand
the effect of the catalyst reduction temperature on product
selectivity.

The XRD patterns of the various Co catalysts were investigated,
and the results are listed in Fig. 1. It was found that the diffraction
peaks at 31.4°, 37.0°, 38.7°, 45.0°, 55.9°, 59.6°, 65.5° and 77.7° of
the Co-200 catalyst could be assigned to the Coz0, species (JCPDS
database PDF{f 43-1003)."* The weaker diffraction peaks at 41.7°,
44.7°, 47.6°, and 75.9° were assigned to the Co” species (JCPDS
database PDF# 05-0727)."* This showed that the Co-200 catalyst
underwent partial reduction during the low-temperature
reduction process, and the observed Co;O, diffraction peaks
indicated that there were still more crystalline CozO,4 species in
the catalyst. With the increase of the reduction temperature to
300 °C and 400 °C, the diffraction peaks attributed to Coz0,
disappeared, while the diffraction peaks attributed to Co°
remained weak. The decreased peaks of Co;0, and the disap-
pearance of the peaks of Co° suggested that the crystallinity of
Co;0, was largely reduced. This suggested that the Co° species
were highly dispersed in the Co-300 and Co-400 catalysts, while
the Coz;0, species changed from a crystalline to an amorphous
state.'® Highly dispersed metallic Co° species provided the catalyst
with hydrogenation activity. The amorphous Co;0, species of the
reduction catalyst served as a Lewis acid, promoted the polariza-
tion of C—O groups and thus facilitated their reduction.'®
The amorphous Co;0, species contain more acidic sites than
the crystalline Co;0, species, which is more conducive to the
subsequent ring-opening rearrangement reaction. Meanwhile, the
coexistence of Co” and Co>"®" species on the catalyst surface is

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
oG, Agof Co-400
i Co-300
. PURTIWIN
S e e
& Co-200
2 i
2 A,
(]
—
£

T T T T
30 40 50 60 70 80
20 (degree)

Fig. 1 The XRD patterns of the Co-200 catalyst, Co-300 catalyst, Co-400
catalyst and commercial CozO4.

more conducive to electron transfer, which is beneficial to product
selectivity."”

The FTIR spectra of the catalysts obtained at different
reduction temperatures in the range of interest between 400
and 1200 cm ™" are shown in Fig. 2. Two absorption bands were
observed in the wavenumber range of 667-575 cm™ ", confirming
the spinel structure of Co;0,. The peak at 667 cm ' was
attributed to the stretching vibration of Co-O, where Co was in
the +2 valence state and was tetrahedrally coordinated. The peak
at 575 cm™ " can be assigned to the stretching vibration of Co-O,
where Co was in the +3 valence state and thus was in an
octahedral coordination.'® The presence of the fingerprint
absorption bands confirmed the presence of crystalline Co;0,
species in the commercial Co;0, and Co-200 catalyst. The
wavenumber ranges of these absorption bands were also similar
to those reported in the literature.'® It was found that no obvious
absorption peaks belonging to crystalline Co;O4 species were
observed in the IR spectra of the Co-300 and Co-400 catalysts.
This may be due to the possible low-intensity absorption of
amorphous Co;0, in visible light.?® This result was consistent
with the XRD pattern (Fig. 1).

The XPS spectra of Co catalysts with different reduction
temperatures are shown in Fig. 3. All spectra were calibrated
with the C 1s peak at 284.8 eV (Fig. S6, ESIt). According to the
XPS analysis of the Co-200 catalyst, the peaks at 782.0 eV and
780.7 eV were assigned to Co 2pj3/,, while those at the binding
energies of 797.6 eV and 796.1 eV were attributed to Co 2p4/,,
indicating that the oxidation states of Co were Co®>* and Co*",
respectively (Fig. 3a). The shakeup satellites located at 785.6 eV
and 789.2 eV were assigned to Co 2p;.,, while those at the
binding energies of 802.7 eV and 805.3 eV were attributed to Co
2p1s2, indicating that the oxidation states of Co were Co** and

Mater. Adv., 2022, 3, 3885-3896 | 3887
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Fig. 2 The FTIR spectra of the Co-200 catalyst, Co-300 catalyst, Co-400
catalyst and commercial CozOy,.

Co®", respectively.”' The existence of metallic Co® species in the
Co-200 catalyst was seen from the shoulder peaks around Co
2p1j, at 794.9 eV and Co 2p;, at 779.7 eV.*? These results
confirmed that the Co-200 catalyst contained both Co° and
Co;0, species. The XPS analysis results of the catalysts corro-
borate the previously obtained XRD results (Fig. 1). As the
reduction temperature was increased from 200 °C to 300 °C
and 400 °C, it is shown that the catalyst surface of the Co-300
and Co-400 catalysts still contained Co® and Co;O, species
(Fig. 3b and c). Through the XPS analysis of the catalyst
composition ratio, it was found that the proportion of Co°
species decreased and the proportion of Co;0, (Co*"/Co*")
species increased as the reduction temperature increased from
200 °C to 400 °C (Table S1, ESIf). The observed results show
that the proportion of surface Co® species decreases with
increasing reduction temperature. On the one hand, this may
be due to the re-oxidation of metallic Co° species in the catalyst
under the condition of exposure to air (during sampling,
processing, characterization, etc). On the other hand, this
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may also be related to the reduction products of Co;O, at
different reduction temperatures. The reduction of CozO, gen-
erally proceeds through two steps of Co;0, — CoO — Co°
under a hydrogen atmosphere.”*® Kuznetsov et al. have
reported that Co;0, is reduced directly to metallic Co® species
below 291 °C due to the thermodynamic instability of CoO at
this temperature.ZSb However, the reduction of Co;0O, at
temperatures above 291 °C proceeded through two steps of
Co050, — CoO — Co°, with stabilized CoO as an intermediate.
The combined effect of the above two factors may be the reason
for the gradual decrease of the surface Co° species content
measured with the increase of the reduction temperature. It has
been reported in the literature that partially reduced CoOy, in
which the metal cations were coordinately unsaturated, can act
as a Lewis acid and facilitate preferential adsorption and
polarization of carbonyl groups.>** The coexistence of Co® and
Co30, species on the catalyst surface suggested that the active
sites should have both hydrogenation and Lewis acidity, which
both contribute to chemoselectivity.

The O 1s XPS spectra of the catalysts obtained at different
reduction temperatures were also analysed, and the results are
shown in Fig. 4. According to the O 1s XPS analysis of the
Co-200 catalyst, the two peaks near 529.6 eV and 530.2 eV can
be attributed to the lattice oxygen and metal-oxygen bonds in
Co30,4, and one broad peak near 531.5 eV can be attributed to
the hydroxyl groups adsorbed on the catalyst surface (Fig. 4a).>*
As the reduction temperature increased, the metal-oxygen
bond gradually disappeared, and the peaks at 529.6 eV and
531.5 eV represented lattice oxygen and the hydroxyl groups
adsorbed on the catalyst surface, respectively (Fig. 4b and c).

The change of the lattice oxygen binding energy may be
related to its bonding environment. Lattice oxygen exists in two
different bonding environments in Co;04, namely bonding
with Co** and Co™, respectively (CosO, = CoO + Co,0;). These
two bonding environments merged into one amorphous Co0s0,
species of the reduced Co catalysts. This may be related to the
obvious transformation of the lattice structure of the catalyst
framework from crystalline phase to amorphous phase. Meanwhile,
the hydroxyl intensity increased sharply around 531.5 €V, indicating
that more hydroxyl groups and oxygen vacancies were created on
the amorphous Co;0, surface layer.”> The hydroxyl groups and
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The Co 2p XPS spectra of Co catalysts with different reduction temperatures. (a) Co-200 catalyst, (b) Co-300 catalyst and (c) Co-400 catalyst.
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Fig. 4 The O 1s XPS spectra of Co catalysts with different reduction temperatures. (a) Co-200 catalyst, (b) Co-300 catalyst and (c) Co-400 catalyst.

oxygen vacancies existing on the catalyst surface could generate
Lewis acid-base interactions, which further promoted the ring-
opening rearrangement reaction.”®

The optical properties of the Co catalysts obtained at
different reduction temperatures were characterized by Raman
spectroscopy, and the results are listed in Fig. 5. The peaks at
475.78 and 678.54 cm ™! could be assigned to E; and Ay, while
the peaks at 192.91, 517.97 and 612.16 cm ™" could be assigned
to the F,; modes of crystalline C050,.%” The Raman peaks were
caused by the lattice vibrations of the structure, in which the
Co”" and Co®" cations were located at tetrahedral and octahe-
dral positions in the cubic lattice, respectively. Compared with
the unreduced Co3;0, sample, the Raman spectrum of the
reduced catalyst showed a negative shift and broadening of
the peaks. This may be due to the increased number of oxygen
vacancies on the catalyst surface and partial oxide reduction.
This result was consistent with that of the O 1s XPS analysis.
The above results showed that the reduced catalyst consisted of
amorphous Co;0, species and Co° species.?® This is consistent
with the results of the XPS and XRD analysis.

Intensity (a.u.)

T T T
400 600 800

Raman shift (cm™)

T
200 1000

Fig. 5 The Raman spectra of the Co-200 catalyst, Co-300 catalyst,
Co-400 catalyst and commercial CozO4.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 The SEM images of Co catalysts obtained with different reduction
temperatures. (a) Co-200 catalyst, (b) Co-300 catalyst, (c) Co-400
catalyst.

It can be seen from the SEM images that after increasing the
reduction temperature from 200 °C to 400 °C, the surface of the
catalyst gradually changed from a compact and flat structure to
a rough and porous structure (Fig. 6). Zhou et al. reported that
the porous surface of Co;O, contained a large number of
hydroxyl groups and oxygen vacancies, which may be more
conducive to the improvement of the reaction carbon yield and
the mass transfer.>

Optimization of reaction conditions

Using FFA as the substrate and water as the solvent, the effects
of the catalyst species on the product distribution for the

Table 1 Conversion of FFA in water with different Co-based catalysts

[o]

@JO Calzazlyst o OH GJOH [o] OH

\ // H—zo> W + + + é +

(FFA) (FOL) (THFOL) (CPEO)  (CPO}  (CPL)

Yield/%

Entry Catalyst Conversion/% FOL CPEO CPO CPL Others
1 Co-200 100 58 1 27 5 9
2 Co-300 100 6 1 36 47 10
3 Co-400 100 6 2 8 74 10
4 RANEY® Co 100 88 0 0 0 12
5% Co50, 6 1 0 0 0 5
6 — - 3 0 0 0 0 3
7 RANEY® Ni 100 0 0 17 28 55

Reaction conditions: FFA 0.1 g, catalyst 30 mg, solvent 10 mL H,O,
160 °C, 5 h, 4 MPa H,, mole yield. * Commercial Co;0, was used
directly without reduction. [n.d]: not detected. Others may be include of
humins, THFOL and levulinic acid, etc.
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conversion of FFA to CPO and CPL were investigated. The
results are listed in Table 1.

The catalytic effects of the Co-200, Co-300 and Co-400
catalysts on the ring-opening rearrangement of FFA at the
reduction temperatures of 200 °C, 300 °C and 400 °C were
compared initially. It was found that FFA was completely
converted by using the Co-200 catalyst, while the main products
were 58% yield of FOL and 27% yield of CPO (Table 1, entry 1).
This indicated that the Co-200 catalyst had hydrogenation
activity and its Lewis acidity was weak at low reduced tempera-
ture. The main products obtained by using the Co-300 catalyst
were CPO and CPL, but the selectivity of the products was poor
(Table 1, entry 2). FFA could be completely converted by using the
Co-400 catalyst, and the obtained products were mainly isomer-
ized products in which the yield of CPL was 74% and the yield of
CPO was 8% (Table 1, entry 3). This showed that Co-400 catalyst
has higher hydrogenation activity and Lewis acidity. As widely
accepted, the conversion of FFA to CPO and CPL must undergo
hydrogenation, ring-rearrangement, hydrogenation, and dehydra-
tion steps over catalysts which possess hydrogenation activity and
Lewis acidity in water. The prepared Co-400 catalyst not only had a
porous structure, but also contained a suitable proportion of
amorphous Co;0, and Co° on the catalyst surface according to
the catalyst characterization. More hydroxyl groups and oxygen
vacancies were created on the amorphous Co;0, surface layer,
which not only facilitated the mass transfer of the reaction, but
also improved the chemical selectivity of the reaction.

Meanwhile, using RANEY® Co as a catalyst, FFA was com-
pletely converted, and the main product was FOL with a yield of
88% (Table 1, entry 4). No obvious ring-opening rearrangement
products of CPO and CPL were observed during the reaction,
indicating that the RANEY™ Co catalyst had high selectivity to
FOL. In fact, reduction of FFA with a Co-based catalyst usually
only converts the aldehyde group of FFA to FOL or 2-MF.**
It was found that only 6% of FFA was converted by using
unreduced Co;0, as the catalyst (Table 1, entry 5). FFA was
basically not converted when no catalyst was present (Table 1,
entry 6). The yields of CPO and CPL obtained by using RANEY®
Ni as the catalyst were 17% and 28%, respectively. Moreover,
the by-products were mainly overhydrogenation products of
tetrahydrofuran and THFOL due to the strong hydrogenation
activity of RANEY™ Ni (Table 1, entry 7).>°’ Compared with the
reaction carbon yield obtained by a previously reported
Cu-Co;0, catalyst, the carbon yield obtained by using the
Co-400 catalyst was relatively high.'? This may be due to the
fact that the surface of Co catalyst had weak affinity for C—=C
bonds and strong adsorption capacity for the oxygen atoms of
C=O0 bonds.*" After the aldehyde groups adsorbed on the
surface of the Co catalyst were hydrogenated to hydroxyl
groups, the substrate would be detached from the surface
of the catalyst.>* FOL is an important intermediate in the
rearrangement reaction, and the improvement selectivity of
FOL is beneficial to the improvement yield of the rearrangement
product. In fact, the structural instability of FOL is prone to
intermolecular aldol condensation, dehydration or hydrolysis
side reactions, which can lead to the formation of complex

3890 | Mater. Adv., 2022, 3, 3885-3896
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oligomers.*® This is the main reason for the unbalanced carbon
yield of the reaction.

Then, other reaction conditions were screened and opti-
mized in detail as follows.

Reaction temperature

The reaction temperature has a great effect on the selectivity
and yield of CPO and CPL. The detailed temperature effects
were investigated in the range of 130 °C to 170 °C, and the
product distribution results are shown in Fig. 7. FFA was almost
completely converted and 16% yield of FOL remained, while the
main products obtained were 27% CPO and 50% CPL at 130 °C.
This showed that the rearrangement reaction of FFA could take
place at a relatively low temperature. The carbon yield of the
reaction was high, and only about 6% yield of by-products
was observed. The yields of FOL and CPO gradually decreased
while the yield of CPL gradually increased as the reaction
temperature increased from 130 °C to 160 °C. The highest yield
of CPL was 81% at 160 °C. CPO was gradually converted to CPL
at high temperature. The yield of the over-hydrogenation
product THFOL was 5% and the carbon yield of the reaction
was obviously decreased at 170 °C. It was shown that under
high temperature conditions, the side reactions of the raw
materials and intermediates were increased. This may be due
to the fact that the intermediates and products were more
prone to side reactions, which hinders the conversion of
intermediates to products at high temperatures.

Hydrogen pressure

The effects of hydrogen pressure on the product distribution
when using Co-400 as a catalyst are shown in Fig. 8. It can be
seen that the conversion of FFA was 47%, and the main
products were FOL (yield of 36%), CPO (yield of 5%) and CPL
(vield of 2%) under 0.1 MPa H,. This showed that the hydro-
genation activity of the Co-400 catalyst was relatively weak at
lower hydrogen pressure, which is not conducive to the acquisi-
tion of CPL. FFA was completely converted, and only about 3%
yield of FOL remained, while the main products were a mixture

[T Conversion of FFA [ Yield of FOL [I Yield of THFOL [_] Yield of CPEO)
00 Yield of CPO (B Yield of CPL [IT] Yield of others
100 — — — =

-3 o
k=3 o
L L

Conversion or Yield/%
8
!

20+

0 L Ll
130 140 150 160 170

Reaction Temperature/°C

Fig. 7 The effects of the reaction temperature on the product distribu-
tion. Reaction conditions: FFA 0.1 g, Co-400 catalyst 30 mg, solvent 10 mL
H,0, 5 h, 4 MPa H,, mole yield.
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Fig. 8 The effects of hydrogen pressure on the product distribution.
Reaction conditions: FFA 0.1 g, Co-400 catalyst 30 mg, H,O 10 mL,
160 °C, 5 h, mole yield.

of CPO (yield of 46%) and CPL (yield of 43%) as the reaction
hydrogen pressure increased to 1 MPa. This showed that
increasing the hydrogen pressure could significantly promote
the isomerization of FFA to CPO and CPL, which was similar to
results reported in the literature.>* The yield of CPO decreased
continuously, and the yield of CPL increased initially and
decreased subsequently as the pressure increased from 1 MPa
to 4 MPa. The highest yield of CPL was 86% at a hydrogen
pressure of 3 MPa. With increasing hydrogen pressure, the total
yield of CPO and CPL was basically unchanged although the
yield of CPL increased. The improved yield of CPL was due to
the further hydrogenation of CPO, and there were few side
reactions in the process. This result was also confirmed
in controlled experiments of the reaction mechanism when
CPO was used as the substrate (Scheme 3d). The selectivity
of CPL decreased with the increase of hydrogen pressure
due to the increased formation of THFOL resulting from
overhydrogenation.?® It can be seen from the characterization
(XRD, XPS, IR and Raman) that the presence of Co’ and
amorphous Coz;0, species in the Co-400 catalyst endowed the
catalyst with both hydrogenation activity and Lewis acidity.
The rough and porous structure and suitable Co%/Co*"?" ratio
were beneficial to improve the product selectivity. The optimum
reaction pressure of the catalyst was 3 MPa H,.

Catalyst amount

Since the catalyst possessed both hydrogenation activity and
Lewis acidity, the ratio of catalyst to substrate had a great effect
on the product distribution. The effects of the catalyst amount
on product selectivity were investigated, and the results are
shown in Fig. 9. The conversion of FFA was 87%, and the main
products were 54% yield of FOL and 20% yield of isomerization
product CPO when using 10% Co-400 catalyst. The conversion
of FFA was completed, and the obtained main products were
CPO (yield of 34%) and CPL (yield of 55%) as the catalyst
amount increased to 20%. The increased yield of CPL indicated
that the overall hydrogenation activity was greatly improved in
the presence of 20% Co-400 catalyst. The yield of CPL increased
initially to 86% and decreased subsequently to 65% with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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further increase of the catalyst amount from 20% to 50%.
The amount of the over-hydrogenation product THFOL
increased to 16%, while the reaction carbon loss increased to
18% when the catalyst amount was increased to 50%. This
suggested that the increase in the catalyst amount provided
more hydrogenation active sites and Lewis acid sites, resulting
in a decrease in the selectivity of ring-opening isomerization.
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Fig. 9 The effects of the catalyst amount on the product distribution.
Reaction conditions: FFA 0.1 g, Co-400 catalyst, H,O 10 mL, 160 °C, 5 h,
3 MPa Hj, mole yield.

The by-products mainly included levulinic acid and undetect-
able oligohumins.

Reaction time

The investigation of the product distribution with reaction
time helped us to better judge the reaction mechanism, and
the relevant results are listed in Fig. 10. FFA was converted
completely, and the main products were FOL and CPO with
yields of 40% and 34% after reaction for 1 h, respectively.
The yield of CPO gradually increased and then decreased with
the increase of the reaction time from 1 h to 6 h. The yield of
CPL gradually increased (from 17% to 87%) with the increase of
the reaction time and was accompanied by decreased yields
of FOL and CPO. This confirmed that FOL was the initial
intermediate of the reaction.®® Furthermore, the formation of
CPEO was observable during the initial reaction (<2 h) and was
not observed until the reaction proceeded to 3 h, where the
yields of CPO and CPL increased to 36% and 53%, respectively.
This suggested that CPEO is another key intermediate for the
reaction, which was consistent with results reported in the
literature.>” The increase of by-products was not obvious with
the extension of time. The optimal reaction time was 6 h, and
the highest yield of CPL was 87%.

[~B—Conversion of FFA —@~ Yield of FOL

5~ Yield of THFOL —~ Yield of CPEO|
Yield of CPO _ —~ Yield of CPL

Yield of others

100

«—<

80 - /

1 /
| <

Conversion or Yield/%
A
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Fig. 10 The effects of the reaction time on the product distribution.
Reaction conditions: FFA 0.1 g, Co-400 catalyst 30 mg, H,O 10 mL,
160 °C, 3 MPa Hj,, mole yield.
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Catalyst recirculation

Reusability, an important indicator of catalyst performance,
was evaluated, and the results are shown in Fig. 11. Because the
catalyst was magnetic, it could be easily separated from the
system (Fig. S3-S5, ESIt). The operation of the catalyst circulation
is shown in the supplementary information (SI, Experimental,
“Catalyst Cycle Experiment”). The yield of CPL decreased from
86% to 78%, and FFA was almost completely converted in each
cycle after the catalyst was reused 4 times. With the increase of
cycle time, the yield of CPO continued to increase, but the
total yield of CPO and CPL remained basically unchanged. This
indicated that the Lewis acidity of the reused Co-400 catalyst was
not significantly weakened. Through the previous investigation of
the catalyst amount (Fig. 9), it was found that reducing the catalyst
amount (from 30% to 20%) may lead to weakening of the
hydrogenation activity without affecting the overall yield of CPO
and CPL.

The catalysts were characterized by XRD (Fig. 12a), XPS
(Fig. 12b-e), IR (Fig. S7, ESIt), SEM (Fig. S8, ESIt) and Raman
(Fig. S9, ESIf) characterizations in order to investigate the
structure of the reused Co-400 catalyst. It could be seen from
the above characterization that the structure and composition
of the Co-400 catalyst did not change significantly after recir-
culation, which indicated that the catalyst structure remained
stable after the reaction. The leaching of metal Co in the
reaction solution during the cycle reaction was investigated,
and the results are listed in Table S2 (ESIT). As the number of
cycles increased, the loss of Co in the solution after the reaction
was 0.4%, 0.3%, 0.2% and 0.2%, respectively. This indicated
that the leaching of Co in the reaction solution was not obvious
during the reaction process. The weakening of the catalyst
activity should be attributed to catalyst loss during the cycle
operation. To test this speculation, 10 mg of fresh Co-400
catalyst was supplemented in Run 4, and the yield of CPL
encouragingly increased to 85%. Therefore, the maintenance of
the catalyst structure and the improvement of the product
selectivity after the supplementation of additional catalyst

[T conversion of FFA [l Yield of CPO [ Yield of CPL
1004 o — — . -

80

60

Conversion or Yield/%

40

204

fresh Run 1 Run2 Run3 Run 4"

Catalyst Recirculation

Fig. 11 The effects of cycle times on the product distribution. Reaction
conditions: FFA 0.1 g, Co-400 catalyst 30 mg, H,O 10 mL, 160 °C, 5 h,
3 MPa H,, mole yield. Run 4* means adding 10 mg of fresh catalyst for the
cyclic reaction.
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Fig. 12 The XRD pattern and XPS spectra of the Co catalysts. (a) The XRD pattern of fresh Co-400 catalyst, Co-400 catalyst after reuse 4 times, and
commercial Coz04; (b) Co 2P3/, XPS spectra of fresh Co-400 catalyst; (c) Co 2Pz, XPS spectra of Co-400 catalyst after reuse 4 times; (d) O 1s XPS
spectra of fresh Co-400 catalyst; (e) O 1s XPS spectra of Co-400 catalyst after reuse 4 times.

further confirmed that the weakening of the catalyst activity is
due to catalyst loss during the cycle operation.

Reaction pathway

The conversion of FFA in water may include the following four
pathways in the presence of a catalyst (Scheme 2): (1) FFA is
hydrogenated at the hydrogenation site of the catalyst to obtain
FOL. Due to the existence of water and acid sites on the catalyst,
FFA and FOL may undergo oligomerization to obtain oligomers
that are difficult to detect in the GC analysis. The further
competitive reaction of FOL in the presence of the catalyst
directly affects the product distribution. (2) FOL is hydrolysed
to levulinic acid (LA) at the catalyst acid sites. (3) After excessive
hydrogenation of FOL to THFOL under severe conditions, there
may be further ring-opening hydrogenation to by-products such
as amyl alcohol. (4) FOL undergoes ring-opening rearrangement
and hydrogenation to afford cyclopentenone (CPEO) in the
presence of the catalyst.*®

In order to investigate the specific conversion pathway of
FFA in water in the presence of the catalysts, control experiments
were performed (Scheme 3). The yield of CPL was 87% when
using FFA as the substrate, according to the results of the
aforementioned optimization of the reaction conditions
(Scheme 3a). The yield of CPL was 88% when using FOL, which
indicated that the conversion effect of FOL to CPL is similar to
that of FFA (Scheme 3b). No CPO and CPL were observed when
using THFOL as the raw material, indicating that THFOL was
not an intermediate of the ring-opening rearrangement
(Scheme 3c). The high yield of CPL was obtained by using CPEO
and CPO as raw materials, indicating that the further hydro-
genation of CPEO and CPO had fewer side reactions, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry

carbon yield loss basically does not occur in this step (Schemes
3d-e). 99% yield of CPL was recovered, indicating that the
further conversion of CPL under the catalytic system was inhib-
ited by using CPL as the raw material (Scheme 3f).
Meanwhile, the reaction under the additional addition of acid
and alkali was investigated (Scheme S1, ESIT). Adding alkali to
the standard reaction system significantly inhibited the ring-
opening isomerization reaction of FFA, and no isomerization
product was observed (Scheme S1a, ESIt). Adding Brensted acid
to the standard reaction system significantly inhibited the ring-
opening isomerization reaction. Meanwhile, the formation of
levulinic acid was observed. The presence of Brensted acid
increased the formation of humins, and the carbon yield
decreased significantly (Scheme S1b, ESIT). It can be seen from
the control experiments that the ring-opening rearrangement
reaction of FFA in the presence of the Co-400 catalyst mainly
proceeds by path 4 (Fig. S2, ESIt).

No over-hydrogenation product (THFOL) or hydrolysis pro-
duct (levulinic acid) was detected under the optimal conditions,
indicating that FFA was less converted through route 2 and
route 3 in water. The non-conservation of the reaction carbon
yield was mainly caused by the oligomerization side reaction of
raw materials and intermediate products in the presence of the
acid sites on the catalyst. It was found that the amount of
catalyst, catalyst reduction temperature and hydrogen pressure
had obvious effects on the product distribution. The appro-
priate proportion of Co® species and amorphous Co;0, species
in the catalyst provided hydrogenation activity and Lewis acid
activity, respectively. Meanwhile, the rough and porous struc-
ture of the Co-400 catalyst improved the chemoselectivity of the
catalyst and afforded CPL as the main product in water.
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Conclusion

In summary, an efficient and economical multi-functional
porous Co-400 catalyst that obtained porosity, magnetism,
Lewis acidity and hydrogenation activity via simple reduction
of commercially available Co;0, for the conversion of FFA to
CPL was developed. The highest yield of CPL was 87% by using
the Co-400 catalyst at 160 °C, 3 MPa H,, and 6 h. Various
characterization methods were used to analyse the catalyst
structure. It was found that with the increase of reduction
temperature, the crystalline Co;0, species in the catalyst trans-
formed to the amorphous Co;0, species while dispersed Co°
species were generated in the catalyst surface, according to the
XRD, IR, Co 2p XPS and Raman analysis. More hydroxyl groups
and oxygen vacancies were created on the amorphous Coz0,
surface layer in the Co-400 catalyst, which can generate Lewis
acid-base interactions and facilitate the ring-opening rearran-
gement reaction according to the O 1s XPS and Raman analysis.
The surface of catalyst gradually changed from a compact and
flat structure to a rough and porous structure with increasing
reduction temperature from 200 °C to 400 °C, as observed by
SEM analysis. The porous surface of Co;0, contained a large
number of hydroxyl groups and oxygen vacancies, which
were more conducive to the improvement of the reaction carbon
yield and the mass transfer. The reaction factors were investigated
in detail, and it was found that the amount of catalyst, catalyst
reduction temperature and hydrogen pressure had obvious effects
on the product distribution. The structure and composition of the
catalyst did not change significantly after cycling, indicating that
the catalyst structure remained stable after the recycle reaction.
The catalysts can be easily separated by magnetism. The slight
decrease in the catalyst activity after 4 cycles was mainly attributed
to loss of the catalyst during the cycle operation. Meanwhile, the
possible reaction pathways of FFA in water were discussed, and
the possible reaction mechanism was given according to control
experiments. This work provided an effective strategy to regulate
catalyst structure and product selectivity by changing the catalyst
reduction conditions, and it revealed the synergistic effect of
catalyst hydrogenation and acid catalysis.
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