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Abstract: Ferromagnetic element (x = Fe, Co, Ni, and Nd)-promoted Pt/AC catalysts were prepared
by co-impregnation method or physical mixing and tested in the liquid-phase hydrogenation of fur-
fural to furfuryl alcohol (FA) under mild conditions (50 ◦C and 20 bar H2) using water and methanol
as the solvent. Among the various catalysts studied, the 0.15FePt/AC exhibited complete conversion
of furfural with an FA selectivity of 74% after only 1 h of reaction time in water. The promotional
effect of the bimetallic catalysts became less pronounced when methanol was used as the solvent and
a 2-furaldehyde dimethyl acetal solvent product was formed. The superior catalyst performances
were correlated with the higher Pt dispersion, the presence of low coordination Pt sites, and the
strong Pt–Fe interaction as characterized by X-ray diffraction, H2 temperature-programmed reduc-
tion (H2-TPR), N2 physisorption, and infrared spectroscopy of the adsorbed CO (CO-IR). However,
to simply use a magnet for catalyst separation, 0.5 wt% Fe was the minimum Fe loading on the
Pt/AC. The 0.5FePt/AC still exhibited good magnetic properties after the third consecutive runs.

Keywords: furfural; furfuryl alcohol; hydrogenation; water and methanol; platinum-based catalysts

1. Introduction

The energy crisis and environmental pollution have currently been confronting human
life due to increasing global energy consumption. Alternative energy resources such as solar,
hydropower, wind, geothermal, and biomass have been extensively explored. Renewable
biomass is a promising resource to use as feedstock instead of fossil fuel for the production
of many petrochemical products. Furfural, a biomass-derived chemical produced by the
acid-catalyzed dehydration of xylose [1], can be converted into a wide range of value-added
derivative molecules [2]. Approximately 62% of the furfural produced is transformed into
furfuryl alcohol (FA) by selective hydrogenation reaction [3]. FA is an interesting high-value
chemical and important chemical in the fine chemical industry of lubricants, adhesives,
drug intermediates, and dispersing agents and in the polymer industry of phenolic resin,
furfural resin, and furan resin [4].

The selective hydrogenation of furfural to FA is an interesting reaction because furfural
contains two powerful functional groups, an aldehyde (C=O) and a conjugated system
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(C=C–C=C) [2]. To produce FA, furfural is hydrogenated at the aldehyde group (C=O)
and then transformed into FA. The catalytic hydrogenation of furfural to FA is usually per-
formed either in the gas or liquid phase [5–8]. Compared to the gas-phase hydrogenation
process, liquid-phase hydrogenation of furfural has the advantages of high selectivity and
low energy consumption [9]. In the present industrial processes of furfural production,
copper chromite (Cu–Cr) is being used as the catalyst for both liquid-phase and gas-phase
furfural hydrogenation [10], performing under high-temperature (between 130 and 200 ◦C)
and high-pressure (up to 30 bar) conditions. Although copper chromite exhibits good activ-
ity and selectivity toward FA, serious environmental pollution due to toxicity of Cr species
is being concerned [11]. A variety of Cr-free catalysts have been investigated, including pre-
cious metal catalysts such as Pt [11–16], Ru [17,18], and Pd [19,20] and nonprecious metal
catalysts such as Co [21], Cu [22,23], and Ni [24,25]. Among these catalysts, Pt exhibits
good catalytic performances for selective hydrogenation of furfural to FA under mild con-
ditions. The addition of a second metal including Co, Ni, and Fe has resulted in significant
improvement of Pt-based catalysts for FA production. Liu et al. [26] prepared a bimetallic
catalyst by adding Fe, Co, and Ni as promoters by a co-impregnation method and tested in
the hydrogenation of furfural at 100 ◦C, 30 bar H2 for 5 h. All the promoters exhibited a
positive effect on furfural hydrogenation, especially Fe and Ni, in which furfural conversion
and FA and tetrahydrofurfuryl alcohol (THFA) selectivity were significantly improved.
Tolek et al. [27] reported the performances of bimetallic PtCo/TiO2 with 0.7 wt% Pt and
0–0.4 wt% Co selective furfural hydrogenation to FA. The Pt-0.2Co/TiO2 catalyst showed
the best performance with 100% conversion of furfural and 97.5% selectivity towards FA.
Dohade and Dhepe [28] also indicated that Pt–Co supported on activated carbon presented
the most improved activity compared to the monometallic catalyst when the reaction was
carried out at 180 ◦C for 8 h. Although the improvement of Pt catalysts promoted by ferro-
magnetic elements such as Fe and Ni as promoters for Pt catalysts in the hydrogenation
of furfural to FA has been demonstrated, the comparison of the catalytic performances
among them as well as their magnetic properties have been reported to a lesser extent,
especially under different solvents. In the liquid-phase reaction, carbon powders are ex-
tremely difficult to separate from the solution and typically require complex and expensive
steps such as filtration or centrifugation. The magnetic properties of catalysts make catalyst
separation easy by using a simple external magnet. The magnetic properties of catalysts
have been utilized in the hydrogenation of furfural to furfuryl alcohol over a Ni–Fe al-
loy [29] and Fe(NiFe)O4−SiO2 nanoparticle catalysts [30]. Both catalytic and magnetic
properties of carbon-supported Pt catalysts with ferromagnetic element promoters have
not yet been reported.

In this work, we aimed to compare the liquid-phase hydrogenation of furfural to FA
using various ferromagnetic elements (x = Fe, Co, Ni, and Nd)-promoted Pt/activated
carbon catalysts under relatively mild reaction conditions (50 ◦C and 20 bar H2) using water
and methanol as the solvent. The structural–activity relationship was investigated by means
of X-ray diffraction, H2 temperature-programmed reduction (H2-TPR), N2 physisorption,
and infrared spectroscopy of the adsorbed CO (CO-IR). The magnetic properties and
reusability of the catalysts were also discussed.

2. Experimental
2.1. Catalyst Preparation

The Pt/AC (0.5 wt%), FePt/AC (0.5 wt% Pt and 0.1–10 wt% Fe), and 0.15MPt/AC
(0.5 wt% Pt and 0.15 wt% M: Ni and Co) were prepared by co-impregnation method using
commercial activated carbon (C = 90.81%, O = 9.02% and P = 0.18%), tetraammineplatinum
(II) chloride hydrate ((Pt (NH3)4Cl2·xH2O), 99.99%, Sigma-Aldrich, Darmstadt, Germany),
ferric nitrate nonahydrate (FeN3O9.9H2O, ≥97.0%, Fluka, Buchs, Switzerland), cobalt (II)
nitrate hexahydrate (Co(NO3)2·6H2O, ≥98.0%, Carlo Erba, Milano, Italy), and nickel (II)
nitrate hexahydrate (Ni(NO3)2·6H2O, ≥98.0%, ACS, Darmstadt, Germany), as C, Pt, Fe, Co,
and Ni precursors, respectively. The Pt and the second metal precursors were dissolved in
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deionized water, and then the aqueous solution was slowly dropped onto the activated
carbon. The impregnated catalysts were dried overnight at 110 ◦C in an oven. Finally,
the catalysts were calcined in N2 at 500 ◦C for 2 h. The catalysts were denoted as Pt/AC
and xMPt/AC when x was wt% and M was the second metal. The 0.15NdPt/AC (0.5 wt%
Pt and 0.15 wt% Nd) was prepared by physical mixing. Firstly, the Pt/AC catalyst from
impregnation was mixed with neodymium powder (<400 µm, Nd ≥ 99.0%, Sigma-Aldrich,
Darmstadt, Germany) in toluene at room temperature and stirred for 40 min for uniform
mixing. The solvent was removed from the mixture by centrifugation and washed by DI
water. Then, the solid catalyst was dried at 110 ◦C overnight and calcined at 500 ◦C for 2 h
in N2 flow. The catalysts were denoted as 0.15NdPt/AC.

2.2. Catalyst Characterization

The H2-TPR measurements were carried out to determine reducibility and reduction
temperature of the Pt-based catalysts. A quartz U-tube reactor was used, and all the
catalyst samples were pretreated with a N2 flow (25 mL/min, 1 h, 150 ◦C). The TPR profiles
were obtained by passing carrier gas (10% H2 in nitrogen) through the catalyst samples
(25 mL/min, ramping from room temperature to 800 ◦C at 10 ◦C/min). The BET (Brunauer–
Emmett–Teller) surface area, average pore size diameter, and pore size distribution were
determined by physisorption of N2 using a Micromeritics ASAP 2020, Micromeritics
Instrument, Norcross, U.S.A. The morphologies of the catalysts were determined by JEOL-
6400 scanning electron microscope, JEOL, Tokyo, Japan, and the elemental distribution over
the catalyst surface was determined by Link Isis Series 300 program energy dispersive X-ray
spectroscopy, respectively. The XRD patterns were collected using a Bruker D8 Advance
with a Ni filter and Cu Kα radiation. The platinum active sites were determined by CO
pulse chemisorption technique using a Micromeritics ChemiSorb 2750 (pulse chemisorption
system), Micromeritics Instrument, Norcross, U.S.A. The FTIR spectra of adsorbed CO
were collected using FTIR-620 spectrometer (JASCO, Tokyo, Japan) with a MCT detector at
a wavenumber resolution of 2 cm−1. The sample was heated to 500 ◦C and reduced by H2
for 2 h. The actual metal loadings were determined by inductive coupled plasma-optical
emission spectroscopy (ICP-OES) technique.

2.3. Catalyst Activity

The catalyst activity was tested in liquid-phase selective hydrogenation of furfural to
furfuryl alcohol. Reactions were performed in a 100 mL stainless steel autoclave reactor
(JASCO, Tokyo, Japan). Prior to the catalyst test, the catalysts were reduced under H2 flow
(25 cm3 /min) at 500 ◦C for 2 h. For the furfural hydrogenation reaction, approximately
50 mg of catalyst, 50 µL of furfural, and 10 mL of solvent were added into reactor. Then,
reactor was purged with hydrogen three times for removing the air. After that, the reaction
was performed at 50 ◦C, 2 MPa of H2 under stirring. The hydrogenation of furfural
was carried out at 50 ◦C for 2 h in methanol and 1 h in water. After completion of the
reaction, the reactor was cooled to below room temperature with an ice-water mixture and
depressurized carefully. For methanol solvent, the liquid products were analyzed by a
gas chromatograph Shimadzu GC-2014 (Shimadzu, Kyoto, Japan) equipped with a flame
ionization detector (FID), and the Rxt-5 capillary column with 30 M length and 0.32 mm
inside diameter were used. Then, 0.2 µL was injected into the column and helium was used
as a carrier gas. In the case of distilled water solvent, the liquid products were analyzed
with high-performance liquid chromatography (Shimadzu 20A) equipped with column
Aminex HPX-87H (300 × 7.8 mm). The injection volume was 10 µL, and the absorbance
detector wavelength was set at 215 nm. The mobile phase was composed of 86% H3PO4
0.1 N and 14% acetonitrile (HPLC grade), and the flow rate was 0.4 mL min−1.
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3. Results and Discussion
3.1. Catalyst Characterization

The XRD patterns of Pt/AC and Pt-based bimetallic catalysts prepared by impregna-
tion and physical mixing in the range of diffraction angles (2θ) between 20◦ and 80◦ are
shown in Figure 1. The characteristic diffraction peaks at 2θ = 24.4◦, 35.5◦, and 43.3◦ could
be attributed to graphitized activated carbon [31,32]. However, the higher intensity of the
diffraction peak at 2θ = 35.5◦ was clearly observed on 5FePt/AC and 10FePt/AC, which
could possibly be due to the overlap of the diffraction peak of iron, which occurred at
around 35.7◦ [33]. There were no characteristic diffraction peaks corresponding to platinum,
cobalt, nickel, and neodymium species detected for all the catalysts due probably to the low
amounts of metal present and/or high dispersion of these metals on the carbon supports
and/or very the small crystallite size of these metal particles.

Figure 1. XRD pattern of Pt-based catalyst: (a) AC, (b) Pt/AC, (c) 0.1FePt/AC,
(d) 0.15FePt/AC, (e) 0.2FePt/AC, (f) 5FePt/AC, (g) 10FePt/AC, (h) 0.15CoPt/AC, (i) 0.15NiPt/AC,
and (j) 0.15NdPt/AC.

Nitrogen adsorption isotherms for the Pt/AC and Pt-based bimetallic catalysts are
shown in Figure 2. All the catalyst samples exhibited type I isotherm, and the stepwise
increase in the adsorption branch expressed the presence of both micropores and meso-
pores. The ICP-OES, N2 physisorption, and CO chemisorption results are given in Table 1.
The actual loadings of Pt and the second metals were close to their nominal values. For a
similar second-metal loading (e.g., 0.15MPt/AC), the calculated atomic ratios of Pt:M were
in the range of 0.66–1.57. The BET surface area, the pore volume, and the pore diameters
are summarized in Table 1. All the prepared supported carbon catalysts exhibited high
surface area in the range of 755–988 m2/g, with the 0.15FePt/AC having the highest surface
area of 988 m2/g. For the lowest Fe loading 0.1FePt/AC, the BET surface area was not
significantly different from the monometallic Pt/AC (804 and 793 m2/g, respectively).
The BET surface area of the bimetallic xMPt/AC (M = Fe, Co, and Ni) with x = 0.15–5 wt%
was higher than that of Pt/AC. Such results suggest that the second metal may be highly
dispersed as small particles on the external surface of the AC supports, which could create
heterogeneity and roughness that led to an increased BET surface area. The Fe dispersion
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would be maximized on the 0.15FePt/AC so that it exhibited the highest BET surface area
(smallest Fe particles). As the Fe loading increased, larger Fe particles would form, and as
the consequence the surface area decreased. The lowest BET surface area, 755 m2/g, was
observed on the highest Fe loading 10FePt/AC.

Figure 2. Nitrogen adsorption/desorption results of Pt-based catalysts.

Table 1. Atomic ratio, N2 physisorption properties, CO-IR analysis, and active sites of Pt-based catalysts.

Catalyst

ICP Results (Metal
Loading, wt%) a

Atomic Ratio
(Pt/M) b

N2 Physisorption Properties

The Ratio of CO
Adsorption on

Pt Atom at Edge
Sites and Pt

Terrace d

Active Sites
(×1018 Molecule

CO/g cat.) e

Pt
M

(M = Fe, Co,
or Ni)

Surface
Area

(m2/g)

Pore
Volume
(cm3/g) c

Average
Pore Size

(nm) c

Pt/AC 0.51 - - 804 0.092 3.5 0.09 0.95
0.1FePt/AC n.d. n.d. n.d. 793 0.110 3.4 n.d. n.d.
0.15FePt/AC 0.53 0.23 0.66 988 0.102 3.2 0.47 5.69
0.2FePt/AC n.d. n.d. n.d. 852 0.106 3.3 n.d. n.d.
5FePt/AC 0.50 4.70 0.03 860 0.129 3.1 n.d. n.d.

10FePt/AC 0.42 9.50 0.013 755 0.109 3.9 n.d. n.d.
0.15CoPt/AC 0.52 0.10 1.57 915 0.104 3.4 0.21 2.94
0.15NiPt/AC 0.47 0.16 0.88 826 0.110 3.4 0.34 0.82
0.15NdPt/AC 0.48 n.d. n.d. 780 0.094 3.5 0.16 1.85

n.d. = not determined. a Metal loading measured by ICP-OES. b Calculated from percentage of metal loading.
c Calculated from BJH desorption method. d Based on CO-IR result. e Based on CO-chemisorption.

The morphologies and elemental distribution of the catalyst samples were investigated
by SEM and EDX. The SEM images of Pt/AC and xMPt/AC are shown in Figure 3. All the
catalysts showed non-uniform particle size and shape. There were no significant differences
in the catalyst morphology when a second metal was added by co-impregnation and
physical mixing technique. Moreover, the EDX results from the various 0.15MPt/AC
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catalysts confirmed the existence of Pt, Fe, Co, Ni, and Nd on the catalyst surface and that
the metal could be highly dispersed on the surface.

Figure 3. SEM images of (a) Pt/AC, (b) 0.15FePt/AC, (c) 5FePt/AC, (d) 10FePt/AC, (e) 0.15CoPt/AC,
(f) 0.15NiPt/AC, and (g) 0.15NdPt/AC catalysts and the corresponding elemental mapping images
of (h) platinum, (i) iron, (j) cobalt, (k) nickel, and (l) neodymium on 0.15MPt/AC.

The magnetic properties were tested by using a simple external magnet to separate the
catalyst from liquid media (Figure 4). The efficiency of the magnetic separation is highly
dependent on the amount of ferromagnetic elements. The minimum %wt. of Fe loading on
the Pt/AC to make the catalyst separable from the liquid by a magnet was determined to
be 0.5 wt% Fe. The superior catalyst separation by magnet is demonstrated for higher Fe
loadings such as 5% and 10% of Fe loadings.
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Figure 4. Magnetic separation of (a) 0.15FePt /AC, (b) 0.5FePt/AC, (c) 1FePt/AC, (d) 2FePt/AC,
(e) 3FePt/AC, (f) 4FePt/AC, (g) 5FePt/AC, and (h) 10FePt/AC.

The characteristic of the surface of dispersed Pt particles was further studied by FTIR
of the adsorbed CO on the Pt/AC and Pt-based bimetallic catalysts (Figure 5). The CO
adsorption band at around 2070–2100 cm−1 suggests a linear type of CO adsorption [34],
and it has been reported that linear-type adsorbed CO dominated on small Pt particles [35].
For the Pt/AC, the adsorption band at 2108 cm−1 could be attributed to the CO adsorbed
on a coordinated Pt surface such as Pt(111) and Pt(100), whereas the band at 2070 cm−1

was attributed to the low coordinated Pt sites such as the edge, kink, and corner ones. For
all the bimetallic catalysts, the adsorption bands of both positions were slightly shifted
towards a higher wavenumber compared to that of Pt/AC. The ratios of CO adsorption
on low coordination Pt atoms at edge sites and Pt terrace (111) and (100) are given in
Table 1. It can be seen that all the bimetallic catalysts exhibited larger relative quantity of
less-coordinated Pt atoms on the edge, kink, and corner, especially for the 0.15 FePt/AC
catalyst. In addition, the IR spectra relating to CO adsorbed species of Fe, Co, Ni, and Nd
were not detected. Such results are similar to those previously reported by Einaga et al. [36]
and Pisduangdaw et al. [37].



Catalysts 2022, 12, 393 8 of 15

Figure 5. CO-IR result of the Pt-based catalysts.

The amounts of CO chemisorption on the Pt/AC and 0.15MPt/AC catalyst are demon-
strated in Table 1. The number of surface Pt-active atoms on all the Pt catalysts derived
from the CO uptake are ranging between 0.82–5.69 × 1018 molecules of CO in the order:
0.15FePt/AC > 0.15CoPt/AC > 0.15NdPt/AC > Pt/AC > 0.15NiPt/AC. The relatively low
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CO uptake on 0.15NiPt/AC may be due to the partial coverage of the second metal on the
Pt surface and/or alloy formation, resulting in a low amount of active Pt surface.

The H2-TPR measurements were carried out to study the reduction behaviors of the
monometallic Pt/AC and bimetallic 0.15MPt/AC catalysts, and the results are shown
in Figure 6. Both monometallic Pt/AC and bimetallic 0.15MPt/AC catalysts exhibited
three reduction peaks at 230–270 ◦C, 300–350 ◦C, and 370–700 ◦C. The first reduction
peak of the Pt/AC catalyst was associated with the reduction of Pt oxide to Pt metal [16].
When the second metals Fe, Co, Ni, and Nd were introduced into the monometallic Pt
catalysts, the reduction temperature for PtOx was lower due probably to the formation
of smaller Pt oxide particles (higher Pt dispersion) and/or the interaction between the
second metal and Pt in the bimetallic catalysts [9]. The second reduction peak was typically
correlated to the reduction of Pt species interacting with the carbon support. Among the
various ferromagnetic-element-promoted Pt/AC catalysts, the second reduction peak was
higher and shifted to a higher reduction temperature only when Fe was added, which
indicated a stronger interaction between the metal and carbon support and/or a Pt–Fe
alloy [26]. The third reduction peaks were the carbon gasification process to form CH4.
It had been reported that the formation of methane generally occurs in the temperature
range of 390–800 ◦C [26].

Figure 6. H2 temperature-programmed reduction profiles of the catalysts.

3.2. Catalytic Reaction Study

The catalytic activities of the prepared catalysts were evaluated in the liquid-phase
hydrogenation of furfural to furfuryl alcohol under mild reaction conditions (temperature
of 50 ◦C and H2 pressure of 2 MPa). All the catalysts were reduced at 500 ◦C in H2 flow for
2 h before the reaction test. In a liquid-phase reaction, the choice of solvent usually has an
impact on the catalytic activity [13]. In this study, methanol and water were used as the
medium to investigate the solvent effect in the hydrogenation of furfural, and the results are
summarized in Table 2. The addition of ferromagnetic metal on the Pt/AC catalysts showed
different effects on the catalytic performances in the furfural hydrogenation, depending
on the solvent used. Using methanol as the solvent, a slight improvement on the FA yield
was found on the 0.15%FePt/AC catalyst (36.4%) compared to the Pt/AC (31.3%). Whilst
the other bimetallic 0.15%CoPt/AC and 0.15%NiPt/AC catalysts exhibited much lower
FA yields at 22.3% and 11.3%, respectively. In addition, the furfural conversion and FA
selectivity decreased with increasing Fe loading from 0.15 to 5 and 10 wt%, especially for
the 10FePt/AC that showed the lowest performance. Besides, the 2-furaldehyde dimethyl
acetal solvent product (SP), which is the side reaction product that occurred from the
methanol reacted with furfural, was found when using methanol as the solvent. SP was
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normally observed in alcohols solvent, not only methanol but also ethanol, isopropanol,
etc. [11,13]. The other by-products include 2-methylfuran and 1-pentanol, which were
formed via hydrogenolysis of FA and ring-opening of 2-methylfuran, respectively [2].

Table 2. Catalytic reaction of the selective hydrogenation of furfural to furfuryl alcohol over the
prepared catalysts.

Catalyst Solvent
Reaction
Time (h)

Conversion
(%)

Selectivity (%)

FA SP Others a

Pt/AC Methanol 2 53.9 58.0 4.1 37.9
0.15FePt/AC Methanol 2 64.1 56.8 6.0 37.2
5FePt/AC Methanol 2 47.6 10.4 1.1 88.5
10FePt/AC Methanol 2 14.1 0 7.0 93.0
0.15CoPt/AC Methanol 2 62.9 35.4 1.5 63.1
0.15NiPt/AC Methanol 2 26.7 42.4 21.3 36.3

Pt/AC Water 1 81.8 45.2 - 54.8
0.1FePt/AC Water 1 100 57.4 - 42.6
0.15FePt/AC Water 1 100 74.1 - 25.9
0.2FePt/AC Water 1 91.9 65.6 - 34.4
0.5FePt/AC Water 1 95.9 58.1 - 41.9
5FePt/AC Water 1 83.6 56.6 - 43.4
10FePt/AC Water 1 58.4 41.4 - 58.6
0.15CoPt/AC Water 1 88.1 47.6 - 52.4
0.15NiPt/AC Water 1 96.7 32.6 - 67.4
0.15NdPt/AC Water 1 75.5 32.6 - 67.4

Reaction (50 µL furfural in 10 mL solvent) at 50 °C with a 50 mg catalyst under 2 MPa of H2 for 120 min in
methanol and 60 min in water and catalysts were reduced at 500 ◦C, 2 h in H2 flow. a Based on GC–MS analysis,
the by-products include 2-methylfuran and 1-pentanol.

The catalytic activity of various amounts of Fe loading and other bimetallic 0.15MPt/AC
catalysts was also examined in the aqueous-phase hydrogenation of furfural to FA at
50 ◦C and 2 MPa H2, 1 h reaction time using water as the solvent (Table 2). Unlike the
use of methanol solvent, when the reaction was carried out in water, all the PtFe/AC
showed higher furfural conversion than the monometallic Pt/AC, except for the 10FePt/AC.
The conversion of furfural varied in the order: 0.15FePt/AC (100%) = 0.1FePt/AC (100%)
> 0.2FePt/AC (91.9%) > 5FePt/AC (83.6%) > Pt/AC (81.8%) >> 10FePt/AC (58.4%).
In addition, the FA selectivity decreased in the order: 0.15FePt/AC (74.1%) > 0.2FePt/AC
(65.6%) > 0.1FePt/AC (57.4%) > 5FePt/AC (56.6%) > Pt/AC (45.2%) ∼ 10FePt/AC (41.4%).
The results indicated that the xFePt/AC series with the small amount of Fe (0.1–0.5 wt%)
could improve both furfural conversion and FA selectivity of the Pt/AC catalysts, especially
in water solvent. The superior catalyst performances were attributed to high Pt dispersion
and a strong interaction between Pt and the carbon support and/or the formation of a
Pt–Fe alloy [26,38]. The role of Fe to enhance the selectivity of carbonyl compound (C=O)
reduction has been suggested by Ananthan S.A. et al. that Pt–Fe sites favored the di- σCO
adsorption, which promoted the activation of the C=O group over the supported Pt–Fe
catalysts [39].

Furthermore, the catalytic performances of Pt/AC, 0.15FePt/AC, 0.15CoPt/AC,
0.15NiPt/AC, and 0.15NdPt/AC were also investigated in water solvent. The hydrogenation
of furfural to FA can occur from hydrogenation of the aldehyde group (C=O). The conversion
of furfural of the Pt-based bimetallic catalysts were ranged between 75.5–100%. Improve-
ment in furfural conversion by co-impregnation was correlated to high Pt dispersion with
higher Pt active sites as determined by CO chemisorption. Surprisingly, 0.15NdPt/AC with
higher Pt sites results revealed lower hydrogenation activity in the furfural hydrogenation
than the monometallic Pt/AC. It is likely that the physical mixing of Nd power and Pt/AC
catalyst led to poor Pt–Nd interaction. From the H2-TPR, the second reduction peak, which
was attributed to the Pt species that strongly interacted with the support, became flattened
on the 0.15NdPt/AC. In other words, the addition of Nd could weaken the Pt–support
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interaction. Hence, the catalyst was less active under the reaction conditions despite its
high dispersion. The FA selectivity of all the other 0.15 MPt/AC catalysts (Co, Ni, Nd)
was not much different at around 32.6–47.6% and was similar to those obtained on the
monometallic Pt/AC catalyst (45.2%). The highest conversion of furfural and FA selectivity
on the 0.15FePt/AC was in accordance with the high dispersion with high Pt active sites
and the strongest Pt–Fe or Pt–C interaction and/or a Pt–Fe alloy as indicated by the shift
of the reduction temperature in the H2-TPR profiles. Moreover, the hydrogenation of the
aldehyde group (C=O) would preferentially proceed on less-coordinated Pt sites such as
the edge, corner, and kink.

Considering the solvent effect between methanol and water on all the Pt-based bimetal-
lic catalysts, the use of water exhibited higher conversion and selectivity than methanol,
although a shorter reaction time was used (1 h). It can be concluded that the activity
and product selectivity in furfural hydrogenation over Pt-based bimetallic catalysts were
promoted by the higher polar solvent. It is generally accepted that hydrogenation of α-
and β-unsaturated aldehydes is controlled by hydrogen solubility, solvent polarity, and the
interaction between the catalyst and solvent [40]. A comparison between the Pt-based
catalyst in this study and those reported in the literature is summarized in Table 3. At state-
of-the-art, the highest furfural conversion (>99%) with FA selectivity (>99%) could be
obtained on the Pt/NC-BS-500 catalyst in water solvent but under more severe condi-
tions (100 ◦C and 2 MPa H2), longer reaction time (4 h), and higher amount of Pt loading
(5 wt%) [16]. The carbon support material from bamboo shoots was prepared in two steps,
including a hydrothermal treatment and a carbonization process, and Pt-supported on
carbon was prepared using an ultrasound-assisted reduction method. The catalysts in this
study achieved similar conversion with relatively high FA selectivity under milder reaction
conditions. The beneficial effect of water solvent was also emphasized.

Table 3. Comparison of the prepared catalysts and reported in the literature for the liquid-phase
hydrogenation of furfural.

No. Catalysts Preparation Method Reaction Conditions Solvent
Reaction
Time (h)

Reaction Results
Ref.Conversion

(%)
Selectivity

(%)

1 0.15FePt/AC Co-impregnation 50 ◦C, 2 MPa H2 H2O 1 100 74.1 This
work

2

Pt-Fe/MWNT Co-impregnation 100 ◦C, 3 MPa H2 Ethanol 5 95.2 91.8

[26]
Pt-Fe/H-AC Co-impregnation 100 ◦C, 10.3 MPa H2 Ethanol 5 35.5 33.4

Pt-Fe/AC Co-impregnation 100 ◦C, 10.3 MPa H2 Ethanol 5 52.9 28.6
Pt-Ni/MWNT Co-impregnation 100 ◦C, 10.3 MPa H2 Ethanol 5 95.9 84.1
Pt-Co/MWNT Co-impregnation 100 ◦C, 10.3 MPa H2 Ethanol 5 86.7 80.3

3
5%Pt@TECN Ultrasound-assisted

reduction 100 ◦C, 1 MPa H2 H2O 5 >99 >99 [13]

5%Pt@TECN Ultrasound-assisted
reduction 100 ◦C, 2 MPa H2 H2O 1 98 98

4 3%Pt/BC Wet impregnation 210 ◦C, 10.3 MPa H2 Toluene 2 60.8 79.2 [41]
5 3%Pt/AC Wet impregnation 180 ◦C, 1 MPa H2 Isopropanol 8 100 71 [28]

6 Pt/NC-BS-500 Ultrasound-assisted
reduction 100 ◦C, 1 MPa H2 H2O 4 >99 >99 [16]

7 Pt-Sn0.3/SiO2
Controlled surface

reaction 100 ◦C, 1 MPa H2 2-propanol 8 >90 96.2 [12]

8

Pt-Re/TiO2-
ZrO2

Co-impregnation 130 ◦C, 5 MPa H2 Ethanol 8 100 95.7
[42]Pt-In/TiO2-ZrO2 Co-impregnation 130 ◦C, 5 MPa H2 Ethanol 8 73.3 74.9

Pt-Sn/TiO2-
ZrO2

Co-impregnation 130 ◦C, 5 MPa H2 Ethanol 8 98.3 47.8
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The 0.5FePt/AC catalyst was chosen for recyclability tests because it contained the
minimum loading of Fe that made the catalyst separable from the liquid by a magnet.
The results are shown in Figure 7. After the reaction, the catalyst was separated by a
magnet, washed with DI water three times, dried in an oven at 110 ◦C overnight, and used
under the same reaction conditions in water solvent. It was found that the conversion of
furfural and FA selectivity decreased after the first run but were not significantly changed in
the consecutive run. During the first run, some large Pt particles with weak metal–support
interaction could be leached out from the carbon support. Comparison of the EDX of the
fresh and spent catalyst after the third run is shown in Table 4. The differences in the O/C
ratios suggest the deposition of carbon species from the liquid phase under the conditions
used. The XPS results of C 1s (Table 5) also suggest the increase of C−O−C and O−C=O
species on the spent catalysts compared to the fresh one, of which more than 90% was C−C
species [43]. The Fe 2p peaks on both fresh and spent catalysts at around 711.2–711.4 eV
were attributed to Fe3+ in Fe2O3 [44], and the amounts were not significantly different
(<1 wt%). After the third cycle run, the 0.5FePt/AC catalyst still maintained the magnetic
properties and could be separated by a magnet (Figure 8).

Figure 7. Catalyst recyclability with the 0.5FePt/AC catalysts for the conversion of furfural to
furfuryl alcohol.

Table 4. EDX results of fresh and spent 0.5 FePt/AC catalysts after 3rd cycle.

0.5FePt/AC
EDX (wt%)

Ratio O/C
C O Pt Fe

Fresh 90.57 6.42 1.86 1.9 0.066

Spent 3rd cycle 94.2 3.41 1.64 0.79 0.036
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Table 5. XPS results of fresh and spent 0.5 FePt/AC catalysts after 3rd cycle.

Fresh After 3rd Cycle

Binding Energy (eV) Mass (%) Binding Energy (eV) Mass (%)

C 1s 285.0 68.71 285.0 43.39
288.9 6.57 286.6 26.89

288.7 12.60
O 1s 533.7 24.30 533.4 16.23
Fe 2p 711.4 0.42 711.2 0.90

Ratio O/C 0.323 0.196

Figure 8. Magnetic separation of 0.5FePt/AC catalyst (a) after 1st cycle run and (b) after 3rd cycle run.

4. Conclusions

The liquid-phase selective hydrogenation of furfural to FA under mild conditions
(50 ◦C and 20 bar H2) was studied over various ferromagnetic elements (x = Fe, Co, Ni,
and Nd)-promoted Pt/activated carbon catalysts. Among the ferromagnetic elements,
the 0.15FePt/AC catalyst exhibited the best improvement of catalyst performances in terms
of FA yield in both methanol and water solvent, which was attributed to the highest Pt
dispersion with low coordinated Pt sites, and the strong Pt–Fe interaction as revealed by
CO chemisorption and FTIR of the adsorbed CO results. The highest FA yield was 74% in
water. For all the Pt-based bimetallic catalysts, the use of water medium showed higher
furfural conversion and FA selectivity than methanol, despite a shorter reaction time used
(1 h). The minimum Fe loading was 0.5 wt% to make the bimetallic catalysts separable by a
simple magnet. The activities and selectivity of the 0.5FePt/AC slightly dropped after the
first cycle but remained stable afterward. The catalysts, however, still exhibited magnetic
properties after the consecutive runs.
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