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A B S T R A C T

Fe/FeOx embedded in LDH was prepared by reducing the pre-synthesized [Fe(C2O4)3]3− anions intercalated
LDH and used as a multi-functional catalyst for synthesis of C7-C9 compound via transfer hydrogenation between
furfural (C5) and short-chain alcohols (C2-C4) and a subsequent aldol reaction of furfural with intermediate
short-chain aldehydes in the absence of a homogeneous base with furfuryl alcohol as a byproduct. Screening
reaction conditions, evaluation and improvement of the cyclic catalytic performance, and determination of
catalytically active components were performed, and the results demonstrated that both high conversion and
high selectivity to the CeC bond forming product can be obtained under a non-oxidizing atmosphere of Ar or
H2/Ar mixed gas, a reaction temperature of 140 °C and a reaction time of 4 h; the catalyst was easily deactivated
during the cycle experiments, however, its catalytic stability can be effectively improved by depositing Ni with
weak reducibility on the surface of Fe nanoparticles at the cost of reducing partial catalytic activity. Fe/FeOx

together with LDH as a whole proved to be effective in catalyzing the transfer hydrogenation reaction and the
support LDH imparted basic catalytic function to the composite realizing the aldol reaction in the absence of a
homogeneous base.

Introduction

Developing renewable biomass fuels instead of fossil fuels is an ef-
fective path to address the growing energy demands and environmental
problems. [1,2] Furfural is a renewable biomass platform molecule
derived from wasted corncob, bagasse, straw, etc., and can be in-
dustrially produced on a large scale. [3–5] With the active aldehyde
group, furfural containing 5 carbon atoms is an ideal platform molecule
for production of biofuel precursors (Fig. 1) with various carbon chain
lengths by self-condensation or co-condensation with other renewable
carbon sources, e.g. methyl furan [6], acetone [7–9], levulinic acid
[10], and short-chain alcohols (C2-C4) [11,12].

Short chain alcohols, such as ethanol, propanol and butanol, also
can be obtained from converting renewable biomass resources by che-
mical catalysis or biological fermentation [13–16], and used as hy-
drogen donors in transfer hydrogenation reaction and C2-C4 building
blocks for the synthesis of compounds with longer carbon chains [12].
Several recent studies have shown that short-chain alcohols (C2-C4) can
react with furfural (C5) to produce furfural derivatives (C7-C9) by a
CeC bond forming reaction with the aid of catalysts and using O2 for
synchronously oxidizing the byproduct furfuryl alcohol to reactant
furfural. [17] Specifically, Tong’s group have developed several high-

efficiency catalytic systems, such as CoxOy−N@K-10−Cs2CO3 [18],
Au/FexOy/hydroxyapatite-K2CO3 [19], Au/CeO2-K2CO3 [20], Co-MOF-
Cs2CO3 [17], CuO/CeO2-K2CO3 [21], Pt/HTc-K2CO3 [11] and Fe/C-
K2CO3 [12] for synthesis of furfural derivatives (C7-C9) via an one-pot
two-step reaction, i.e., transfer hydrogenation of furfural with short-
chain alcohols to produce short-chain aldehydes and furfuryl alcohol
followed by an aldol reaction of furfural with intermediate short-chain
aldehydes. In the above pioneering works, homogeneous bases such as
K2CO3 and Cs2CO3 were used to catalyze the aldol reaction. However,
as many other homogeneous catalysts, the separation and recovery of
homogeneous base catalysts requires additional tedious steps, and their
high basicity also places high requirements on the equipment. To avoid
these issues, homogeneous-base-free catalytic systems for the CeC
forming reaction of furfural with alcohols are expected.

Layered double hydroxides (LDHs) are an anionic clay composed of
positively charged mixed bivalent and trivalent metal hydroxide layers
and negatively charged interlayer anions and bound water [22–26],
and have been used as both a solid base catalyst and a carrier where
metal nanoparticles can be easily deposited on the surface or inter-
calated in the interlayer galleries [27–29]. Fe, a rich and en-
vironmentally friendly element in the crust, has proven to be an effi-
cient catalytic component for transfer hydrogenation reaction in forms
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of free element or oxides together with carriers or other oxides or alkali
additives such as (Fe/C-K2CO3) [12], Fe3O4@C [30] and γ-Fe2O3@HAP
[31]. In this work, amorphous Fe nanoparticles with a surface oxide
passivation layer consisting of oxidized iron species of Fe(II) and Fe(III)
(abbreviated as FeOx) embedded in LDH (Fe/FeOx@LDH) was con-
structed by reduction of pre-prepared [Fe(C2O4)3]3− intercalated LDH
obtained via an ion exchange method and used as a homogeneous-base-
free catalytic system for the C-C forming reactions of furfural with al-
cohols (C2-C4) to produce furan-2-acrolein (C7), 3-(furan-2-yl-)-2-me-
thylacrylaldehyde (C8) and 3-(furan-2-yl-)-2-ethylacrylaldehyde (C9)
which can be further hydrogenated to obtain C7-C9 alkanes as biofuels
[32,33]. The textural properties of Fe/FeOx@LDH were characterized
by TEM, XRD, ICP, N2 adsorption-desorption isotherms, XPS and CO2-
TPD. The catalytic properties of Fe/FeOx@LDH were valuated under
different atmosphere (Ar, O2 and Ar/H2 mixed gas), pressures, tem-
peratures and reaction time using the sole LDH and Fe/FeOx as contrast.
Evaluation and improvement of the cyclic catalytic performance was
explored, and determination of catalytically active components for
transfer hydrogenation and the aldol reaction was carried out through
conducting contrast experiments and analysis of the reaction products.

Experimental

Materials

Magnesium nitrate hexahydrate, aluminum nitrate nonahydrate,
nickel nitrate hexahydrate, sodium borohydride, sodium hydroxide,
sodium oxalate, ethanol, n-propanol, n-butanol, furfural, furfuryl al-
cohol, n-propanal and furan-2-acrolein were all of analytical grade and
purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). o-xylene
(> 98.0 %, GC) was purchased from TCI (Tokyo, Japan). Potassium tris
(oxalato)ferrate(III) trihydrate (N/A) was produced by strem chemicals
inc. (Massachusetts, America).

Catalyst preparation

Fe/FeOx@LDH was prepared by reduction of pre-synthesized com-
plex anion tris(oxalato)ferrate(III) intercalated LDH. In detail, 40mL of

0.2 M NaOH solution was quickly added to 50mL of mixed solution of
magnesium nitrate, aluminum nitrate and potassium tris(oxalato)fer-
rate(III) trihydrate (0.1M/0.05M/0.022M), followed by adjusting the
pH of the obtained suspension to 9.5. After hydrothermal treatment at
70 °C for 24 h, the obtained product was concentrated by centrifuga-
tion, decanted and washed twice with deionized water, and re-dis-
persed in 40mL of deionized water containing 0.026mol of sodium
borohydride, and after stirring for 2 h, the final product Fe/FeOx@LDH
was obtained by centrifugation, decanted and washed five times with
deionized water. The contrast sample Fe/FeOx were synthesized by the
same method as Fe/FeOx@LDH except using potassium tris(oxalato)
ferrate(III) trihydrate instead of coordination anion tris(oxalato)ferrate
(III) intercalated LDH. The contrast sample LDH was synthesized by the
same method as coordination anion tris(oxalato)ferrate(III) intercalated
LDH excepted using the mixed solution of magnesium nitrate and alu-
minum nitrate (0.1 M/0.05M) instead of the mixed solution of mag-
nesium nitrate, aluminum nitrate and potassium tris(oxalato)ferrate(III)
trihydrate (0.1M/0.05M/0.022M).

Catalyst characterization

High-resolution and low-resolution TEM images were taken on a
JEOL JEM-2100 and a JEOL JEM-1011 transmission electron micro-
scope, respectively. SEM images were obtained by a JEOL JSM-6360LV
scanning electron microscope. N2 adsorption–desorption isotherms
were obtained on a Micromeritics ASAP TriStar II 3020 pore analyzer,
and the samples were outgassed at 150 °C for 8 h before measurements.
XRD patterns were collected using a Rigaku D/Max-2200 PC X-ray
diffractometer. CO2-TPD tests were performed on a Quantachrome
ChemBET Pulsar equipment. The contents of Mg, Al and Fe in catalysts
were determined by ICP-AES (Leeman Prodigy XP ICP-AES spectro-
meter). The contents of C, N and H in catalysts were determined by
elemental analyzer (EA3000, Euro vector). The surface element con-
tents of Mg, Al, Fe, C and N in catalysts were given by a X-ray
Photoelectron Spectroscopy (PH1500C, ULVAC).

Fig. 1. Furfural derivatives synthesized through the CeC bond forming reaction of furfural with itself and other renewable biomass platform molecules. [6–12].
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Catalytic tests

The reactions of furfural with short-chain alcohols were carried out
on a 50mL of high-pressure aerated stainless steel reactor equipped
with an explosion-proof valve, a gas inlet, a gas outlet, a pressure
gauge, a digital heating device and an autosampler. Firstly, a certain
amount of catalyst, furfural, alcohol and internal standard o-xylene, and
a magnetic stir bar were placed into the reactor, then Ar (O2 or 5%H2/
95 %Ar) gas was filled and discharged several times to exhaust the air
in the reactor, and after the gas pressure was set and the given reaction
temperature was reached, the reaction started. After stirring at 600 rpm
at a given temperature for a certain period of time, the reaction was
stopped by natural cooling. The solid catalyst was separated from the
reaction product by centrifugation. The reaction products were ana-
lyzed by a Shimadzu GC2010 gas chromatograph equipped with a FID
detector and a capillary column (Rtx-5). The conversion of furfural, and
the selectivity to the byproduct furfuryl alcohol SFFA (base on the
amount of furfural) are calculated by an internal standard method. The
selectivity to the main product 3-(furan-2-yl-)-2-methylacrylaldehyde
(base on the amount of furfural) is approximately equal to (1-SFFA) due
to that other products are very few and were not detected in the re-
action batches. The yield of 3-(furan-2-yl-)-2-methylacrylaldehyde is
equal to the product of the conversion of furfural and the selectivity to
3-(furan-2-yl-)-2-methylacrylaldehyde.

Results and discussion

Textural properties of Fe/FeOx@LDH, Fe/FeOx and LDH

The morphology of the synthesized Fe/FeOx@LDH is shown in the
high-resolution (Fig. 2a,b) and low-resolution (Fig. S1a) TEM images,
and irregularly shaped Fe/FeOx NPs with diameters less than 10 nm
(marked with blue circles) are embedded in the disc-shaped LDH. At a
magnification of 400,000, no lattice streaks of iron species were found
(Fig. S2), indicating their amorphous structure, in accordance with the
results of the XRD analysis (Fig. 2c) where no crystalline phase of Fe
was found in Fe/FeOx@LDH, which is probably due to the presence of
oxalate derived from Fe precursor inhibiting the orderly arrangement of
Fe atoms by strong complexation. The typical XRD peaks of LDH in Fe/
FeOx@LDH all shifted to low 2θ values compared with those of the
contrast LDH, and the calculated interlayer distance of LDH in Fe/
FeOx@LDH is ∼1.0 nm based on the Bragg Equation (2dsinθ=nλ),
which is larger than that of normal LDH intercalated with NO3

−, de-
monstrating the intercalating of C2O4

2- into the galleries of LDH.
Meanwhile, Fe/FeOx@LDH possesses all the infrared characteristic
bands (Fig. 2d) of the single Fe/FeOx and LDH (Fig. S1b-d) prepared
under the same conditions, further indicating Fe/FeOx@LDH consists of
Fe/FeOx and LDH. The IR peaks in both Fe/FeOx and Fe/FeOx@LDH
similar to those for ferric oxalate [34] appeared at 1638 cm-1, 1328 cm-

1, 777 cm-1 and 511 cm-1 can be attributed to the complexation of the
oxalate derived from the precursor of iron (potassium tris(oxalato)fer-
rate(III) trihydrate) with the coordination-unsaturated ferric iron at the
surface of Fe/FeOx. The XPS of Fe 2p for Fe/FeOx@LDH shows a Fe 2p3/
2 peak at 710.5 eV, a Fe 2p1/2 peak at 724.2 eV and a shake-up satellite
(2p3/2 and 2p1/2) peak at 719.4 eV (Fig. 2f), indicating that oxidized
iron species of Fe(II) and Fe(III), such as Fe2O3, FeOOH and Fe3O4 [35],
formed on the surface of Fe NPs, which is consistent with the XPS re-
sults of the reported zero-valent iron materials [36–39] for which the
oxide passivation layer will inevitably form on the surface. The XPS
peak of Fe° (at about 706.0 eV) was not found, which is probably caused
by two reasons: low XPS detection depth (1∼3 nm) which may not
exceed the thickness of the surface passivation layer and the low Fe
content in Fe/FeOx@LDH (4.7 %). The color of Fe/FeOx@LDH is black
gray (insert in Fig. 2b), rather than yellow and reddish brown of ferric
iron, which indirectly indicates that the main body of Fe species in Fe/
FeOx@LDH exists in form of Fe° [40], which locates under the surface

oxide passivation layer [36,37]. The results of ICP and XPS analysis
(Table 1) showed the entire Fe content and the surface Fe content in Fe/
FeOx@LDH are 5.4 % and 1.6 %, respectively, indicating the Fe element
is mainly in the interior of the composite. 2012b).

The presence of 2.5 % carbon in Fe/FeOx@LDH is most likely de-
rived from the oxalate in the interlayer of LDH or complexed with Fe/
FeOx NPs. The BET surface area of Fe/FeOx@LDH calculated from N2

adsorption-desorption isotherms is 35.6 m2 g−1, indicating the small
particle size and loose structure of Fe/FeOx@LDH.

The basic strength distributions of Fe/FeOx@LDH and the contrast
LDH were measured via a CO2-TPD test and are showed in Fig. 2h. For
CO2-TPD, the basic sites in the high desorption temperature range are
usually designated as strong basic sites, and vice versa. It can be seen
that Fe/FeOx@LDH exhibited a more border band than LDH, demon-
strating more kinds of basic sites are introduced into the former when
being compounded with Fe/FeOx NPs. The total peak area of CO2-TPD
signals is linearly proportional to the amount of CO2 adsorbed and can
thus be used as a semi-quantitative parameter for assessing the number
of basic sites of the catalysts. It thereby can be concluded that the basic
site number of Fe/FeOx@LDH is roughly equal to that of LDH based on
their close peak areas (Fig. 2h).

Catalytic performance of Fe/FeOx@LDH

The catalytic properties of Fe/FeOx@LDH were investigated by a
one-pot reaction of furfural 1 with n-propanol (n-PrOH) to produce 3-
(furan-2-yl-)-2-methylacrylaldehyde 3, under homogeneous alkali-free
conditions with furfuryl alcohol 2, which has huge demand in foundry
resins and agrochemical manufacture, [41] as a by-product (Fig. 3). The
effect of oxidative, inert and reductive reaction atmosphere on the
catalytic properties was examined by filling the reactor with 0.5MPa of
O2, Ar and a mixture gas of Ar (95 %) and H2 (5%), respectively. As
shown in Fig. 3a, the conversions of furfural (71.3 % and 71.4 %) under
the atmosphere of Ar and H2/Ar mixed gases are much higher than that
(20.8 %) under the O2 atmosphere, which is probably due to the fact
that Fe/FeOx is easy to be oxidized and unstable in the O2 atmosphere
and then loses their catalytic activity of transfer hydrogenation. Then,
the catalytic performance of Fe/FeOx@LDH under the Ar atmosphere of
0.1 MPa, 0.25MPa, 0.5 MPa, 1.7MPa and 3MPa was evaluated, and the
best performance was obtained under a pressure of 0.5MPa (Fig. 3b).
The effect of the reaction temperature on the catalytic performance was
also investigated, and from 100 °C to 160 °C, the conversions increased
with the incremental temperatures, but when the temperature in-
creased to 180 °C, the conversion no longer increased (Fig. 3c). How-
ever, the selectivities to the main product 3 gradually decreased with
the increasing temperatures, which revealed that the reaction path has
changed significantly at the high temperatures, compared with that at
the low temperatures. The reaction kinetics showed that the conver-
sions increased with increasing reaction time, and after 24 h, the
highest conversion of 96.4 % appeared (Fig. 3d). However, the se-
lectivity to the main product 3 has no obvious regularity over time, and
the highest selectivity is 87.1 % at 4 h. To examine the applicable scope
of Fe/FeOx@LDH, the reactions of other alcohols such as ethanol
(EtOH) and n-butanol (n-BuOH) with furfural were also performed, and
the conversions are 89.3 % and 71.2 %, respectively (Fig. 3e), under the
same reaction conditions except the pressure of the reaction of furfural
with ethanol set at 0.65MPa (above 0.5MPa) to maintain the liquid
reaction medium temperature at 140 °C. Since the pressure of the inert
gas (Ar) has a small influence on the catalytic performance of Fe/
FeOx@LDH (Fig. 3b), it can be concluded that the catalytic performance
decreased with incremental carbon chain lengths of alcohols, consistent
with the reported results of other catalytic systems [18,21], which may
be attributed to the reason that the transfer hydrogenation rate of
furfural with alcohols decreases with the increased carbon chain
lengths of alcohols [18,21].

In order to examine the catalytic stability of Fe/FeOx@LDH,
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Fig. 2. TEM images (a, b), XRD patterns (c), IR spectrum (d), XPS spectrum (e, f), N2 adsorption-desorption isotherms (g) and CO2-TPD (h) of Fe/FeOx@LDH, LDH
and/or Fe/FeOx; The insert in Fig. 2b is a digital photo of Fe/FeOx@LDH powder.
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recycling experiments were carried out. After the catalyst completed a
batch of reaction, it was then centrifuged, dried and weighed for the
next reaction, and the results showed that the conversion was only ca
1% for the 2nd cycle (Fig. 3f, left). By analyzing the surface of the used

catalyst by a XPS test, it was found that the element C content on the
catalyst surface increased significantly (Table 1 and Fig. S2), indicating
that the reaction reactants and products might be adsorbed on the
surface of the catalyst. Therefore, oxalate with strong complexation was

Table 1
Textual properties of the pristine and used Fe/FeOx@LDH, and the contrast samples of sole Fe/FeOx and LDH.

Samples Fe (%) a Mg (%) a Al (%) a N (%) b C(%) b H(%) b Surf.
Fe (%)

Surf. Mg (%) Surf.
Al (%)

Surf.
O (%)

Surf.
C (%)

SBET(m2 g−1)d

Fe/FeOx@LDH 4.7 9.6 5.1 0 2.5 3.2 1.5c 12.5c 6.0c 55.2c 12.2c 35.6
Used Fe/FeOx@LDH 5.4 11.3 5.9 0 15.8 2.7 1.6c 8.3c 6.1c 38.4c 29.2c –
Fe/FeOx 75.6 0 0 0 3.5 0.3 _ _ _ _ _ 8.4
LDH 0 21.4 10.9 3.4 1.2 3.5 _ _ _ _ _ 53.8

a Obtained by ICP test.
b Measured by elemental analyzer (EA).
c The surface element content given by XPS analysis (Fig. 2e, f and Fig. S3).
d Calculated from N2 adsorption-desorption isotherms (Fig. 2g).

Fig. 3. The effect of the atmosphere of O2, Ar
and 5% H2+95 %Ar (a), pressure of Ar (b),
reaction temperature (c), reaction time (d),
short-chain alcohol species (e) on the catalytic
properties of Fe/FeOx@LDH; (f) Cyclic cata-
lytic experiments over Fe/FeOx@LDH with a
simple drying process (left) or being washed
with oxalate solution (middle) after each cycle,
or surface treatment by Ni(NO3)2 solution be-
fore the first cycle (right). Unstated reaction
conditions: catalyst: 50mg, furfural: 1 mmol,
n-PrOH (alcohols): 5 mL, o-xylene (internal
standard): 45 μL, 140 °C, 4 h, Ar (0.5MPa). The
reaction of EtOH with furfural in Fig. 3e was
performed at 0.65MPa (Ar).
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used to remove the organic matter adsorbed on the used catalyst by
washing with sodium oxalate solution, and after this treatment, the
conversion of the second cycle increased to 9%, also a very low value
(Fig. 3f, middle). Considering that Fe/FeOx NPs are easily oxidized
during the drying process, which may be the main reason for catalyst
deactivation, the fresh Fe/FeOx@LDH was treated with nickel salt to
increase the antioxidant performance of Fe/FeOx@LDH by depositing
Ni with weak reducibility on the surface of Fe/FeOx [42,43], and then
used for the cyclic catalytic experiments. Although the conversion (48.4
%) of the first cycle was significantly lower than that (71.3 %) before
the treatment, the cyclic catalytic stability of the catalyst was greatly
improved as showed in the second cycle (26.9 %) and the third cycle
(28 %) (Fig. 3f, right).

Catalytic active components and possible reaction route

In the serial reactions of furfural with n-PrOH, n-propanal and fur-
furyl alcohol were detected, demonstrating a reaction route of transfer
hydrogenation of furfural with n-PrOH to produce n-propanal and fur-
furyl alcohol followed by an aldol reaction of furfural with intermediate
n-propanal (Fig. 4) as proposed by Tong’ group [19,21]. So as to de-
terminate the catalytically active components in Fe/FeOx@LDH, the
sole Fe/FeOx and LDH were used for catalyzing the reaction of furfural
with n-PrOH, and the results revealed that no main product 3-(furan-2-
yl-)-2-methylacrylaldehyde 3, and intermediates n-propanal and fur-
furyl alcohol 2 were produced (Table 2, Entry 2, 3) and the only
product was furfuryl dipropyl acetal (product 4 in Fig. 4),

demonstrating an acetal reaction catalyzed by the Lewis acidic sites of
the sole Fe/FeOx and LDH and that the catalytically active components
for transfer hydrogenation of furfural with n-PrOH is the composite Fe/
FeOx@LDH rather than the sole Fe/FeOx and LDH. For transfer hy-
drogenation of furfural with alcohols, a cyclic transition state formed
with the aid of specific acid and/or base sites is the key to the transfer of
hydrogen from alcohols to furfural [30,44]. In this catalytic system,
neither Fe nor LDH alone can effectively catalyze the reaction, in-
dicating the two are synergistic in activating the transfer hydrogenation
reaction. Therefore, a possible activation mechanism, where the surface
coordination-unsaturated Fe2+ and Fe3+ of Fe/FeOx@LDH was used as
acidic sites to coordinate with the oxygen in alcohols and aldehydes and
the surface low-coordinated O2− from LDH used as basic sites to acti-
vate the hydrogen on the hydroxyl group of alcohols, leading to the
formation of the six-membered cyclic transition state (bottom of Fig. 4)
and the subsequent formation of furfuryl alcohol and propionaldehyde,
was given. The aldol reaction of intermediate n-propanal with furfural
over LDH using n-propanal as both a reactant and a solvent was also
performed to identify whether LDH is the catalytically active compo-
nents in Fe/FeOx@LDH for the aldol reaction, and as expected the main
product 3-(furan-2-yl-)-2-methylacrylaldehyde 3 with a yield of 44.3 %
was obtained (Table 2, Entry 4). The self-condensation products of the
solvent n-propanal were also found, which might interfere the aldol
condensation reaction of furfural with n-propanal, resulting in reduced
conversion of furfural. However, in the absence of oxygen, furfuryl al-
cohol as a by-product cannot enter the reaction cycles by being oxidized
to the reactant furfural. The esterification reaction of by-product fur-
furyl alcohol and n-PrOH easily occurs in the presence of acidic cata-
lysts [45,46]. However, no etherification products are detected in this
catalytic reaction system (“GC and GCeMS patterns” section in the
supporting formation), indicating that etherification reaction is not a
preferred path, probably due to the lack of Brønsted acid sites in Fe/
FeOx@LDH [45,46]. As showed in Fig. 4, the theoretical yield of fur-
furyl alcohol 2 should be equivalent to (or higher) than that of 3-(furan-
2-yl-)-2-methylacrylaldehyde 3, if the second-step aldol reaction is
completed thoroughly (or partially), but in fact, the yields of furfuryl
alcohol were lower (or much lower) than those of the main product 3 in
part of the reaction batches (Fig. 3), thus, it can be speculated that other
unknown reaction paths are involved in this catalytic system. The
performance comparison of Fe/FeOx@LDH with other catalytic systems
in the reaction of furfural with n-PrOH is shown in Table 3. Compared
with the reported heterogeneous catalyst/homogeneous base catalytic
systems, Fe/FeOx@LDH realized the CeC bond forming reactions in a
non-oxidizing atmosphere with slightly lower conversion and se-
lectivity in the absence of homogeneous base. However, the catalytic
performance of Fe/FeOx@LDH in oxygen atmosphere and its cycle
stability was poor, and the yield of by-product furfural was much lower
than the theoretical yield (Fig. 3a-f) according to the assumed reaction
path (Fig. 4), which still need further improvement and exploration.

Conclusion

Fe/FeOx nanoparticles embedded in LDH was successfully con-
structed through the reduction of the pre-synthesized [Fe(C2O4)3]3−

Fig. 4. Possible reaction routes using Fe/FeOx@LDH, Fe/FeOx@LDH and LDH
as catalysts, respectively.

Table 2
Contrast experiments using single Fe/FeOx and LDH as contrast and using the intermediate n-propanal instead of n- PrOH as both a reactant and a solvent a.

Entry Catalysts Reactants Conv.of 1(%) Sel. to 2(%) Sel. to 3(%) Sel. to 4(%)

1 Fe/FeOx@LDH Furfural + n-PrOH 71.3 12.9 87.1 0
2b Fe/FeOx Furfural + n-PrOH 38.9 0 0 100
3b LDH Furfural + n-PrOH 24.8 0 0 100
4c LDH Furfural + n-propanal 44.3 0 100 0

a Reaction conditions: catalyst: 50mg, furfural: 1 mmol, n-PrOH (n-propanal): 5 mL, o-xylene (internal standard): 45 μL, 140 °C, 4 h, Ar (0.5MPa).
b Reaction temperature: 100 °C, reaction time: 6 h.
c 5mL of n-propanal instead of n-PrOH as both a reactant and a solvent.
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anion intercalated LDH for catalyzing the one-pot two-step CeC band
forming reaction of furfural with n-propanol in the absence of a
homogeneous base. The irregularly shaped Fe/FeOx NPs (a passivation
layer of oxidized iron species of Fe2+ and Fe3+ on the surface of Fe
NPs) with diameters less than 10 nm together with the support LDH as a
whole proved to be effective in catalyzing the transfer hydrogenation of
furfural with n-propanol to prepare furfuryl alcohol and n-propanal,
while only acetal reaction occurred when using the sole Fe nano-
particles and the sole LDH as catalysts; the support LDH imparted basic
catalytic function to the composite realizing the second-step aldol re-
action of furfural with the intermediate n-propanal to produce the main
product 3-(furan-2-yl-)-2-methylacrylaldehyde (C8). Both high con-
version of furfural and high selectivity to the main product (C8) can be
obtained in a non-oxidizing atmosphere of Ar or H2/Ar mixed gas, re-
action temperature of 140 °C and reaction time of 4 h. This catalyst is
also applicable for the CeC bond forming reaction of other short-chain
alcohols such as ethanol and n-Butanol with furfural to prepare the
corresponding C7 and C9 products. The catalyst was easily deactivated
during cycle experiments, probably due to the oxidation of Fe/FeOx in
the used catalyst during the drying process. By soaking Fe/FeOx@LDH
in a solution of nickel nitrate, the cyclic catalytic stability of the catalyst
can be effectively improved, but at the cost of reducing partial catalytic
activity. In addition, in some batches of reactions, the yields of the
byproduct furfuryl alcohol were lower (or much lower) than those of
the main product 3-(furan-2-yl-)-2-methylacrylaldehyde, indicating
other unknown reaction paths are involved in this catalytic system,
which needs to be explored further in the following research.
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