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Abstract: This review provides an overview of heterogeneous bimetallic Pd-Fe catalysts in the
C–C and C–O cleavage of platform molecules such as C2–C6 polyols, furfural, phenol derivatives
and aromatic ethers that are all easily obtainable from renewable cellulose, hemicellulose and
lignin (the major components of lignocellulosic biomasses). The interaction between palladium
and iron affords bimetallic Pd-Fe sites (ensemble or alloy) that were found to be very active in
several sustainable reactions including hydrogenolysis, catalytic transfer hydrogenolysis (CTH)
and aqueous phase reforming (APR) that will be highlighted. This contribution concentrates
also on the different synthetic strategies (incipient wetness impregnation, deposition-precipitaion,
co-precipitaion) adopted for the preparation of heterogeneous Pd-Fe systems as well as on the main
characterization techniques used (XRD, TEM, H2 -TPR, XPS and EXAFS) in order to elucidate the key
factors that influence the unique catalytic performances observed.
Keywords: heterogeneous catalysis; palladium; iron; iron oxides; bimetallic catalysts; cellulose;
polyols; hemicellulose; furfural; lignin; phenol derivatives; aromatic ethers; hydrogenolysis;
hydrodeoxygenation (HDO); catalytic transfer hydrogenolysis (CTH); aqueous phase reforming (APR)

1. Introduction
Modern chemical industry is facing the big challenge of overcoming its historical dependence
on fossil resources by reconciling the economic recovery with the protection of environment and
the reduction of greenhouse gas emissions. At the 21st United Nations Climate Change Conference
(COP21), 195 nations agreed on a global action plan aimed to limit the global warming below 2 ◦ C
above pre-industrial levels. The “Paris Agreement” comes into force on the 4th November 2016 and is
expected to be a new course in the global climate effort [1].
To achieve this ambitious goal, several countries are releasing new green economy strategies. USA
have launched the “National Bioeconomy Blueprint Program” addressing five strategic objectives able
to generate economic growth and to meet societal needs [2]. Accordingly, the EU has set a “Bioeconomy
Strategy and Action Plan” [3–5] identifying, under the Framework Programme for Research and
Innovation in Europe—Horizon 2020, seven priority challenges in research and innovation that can
have a tangible effect on everyday life [6]. Asian countries, also due to their high growth rate of
population, will be decisive for the development of sustainable biotechnologies, bio-industries and
bio-refineries [7–9]. With the world population approaching about 9.6 billion by 2050 and limited
natural reserves, the use of renewable resources is therefore essential for the sustainable supply of
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Figure 2. Building block chemicals that can be easily obtainable from catalytic upgrading of cellulose,
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hemicellulose mainly consists of glucomannans [39,40]. Hemicellulose can be easily hydrolyzed
into its sugar constituents by chemical or enzymatic processes [41–43]. The chemical hydrolysis of
hemicelluloses into xylose and arabinose is generally afforded in high yields and low costs. Xylose,
in particular, is largely used in modern biorefineries to produce furfural (2-furaldehyde) through
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several homogeneous and heterogeneous catalytic processes [44]. Furfural, with a world production
of about 200,000 tonnes per year, is the key precursor to important building blocks such as furfuryl
alcohol, 2-methylfuran, 2-methyltetrahydrofuran and levulinic acid [45–47].
Lignin is unique among other biomass components, being characterized by an aromatic
sub-structure with a large amount of etheric C–O bonds [24]. The native constituents of lignin
are therefore of particular interest for a lignocellulosic biorefinery aimed to the sustainable production
of green aromatic compounds. At present, industrial processes are limited to vanillin and “kraft lignin”
(about 60 kt/year) manufacture but, the research on the sustainable production of chemicals from
lignin has developed rapidly in the last years [48–52]. To this regard, one of the major challenges is the
low cost-effective catalytic depolymerization of lignin preserving its aromatic nature [53–65].
One concern about the use of lignocellulosic biomasses in bio-refinery is that, if compared with
fossil-derived feedstocks, they are characterized by a higher O/C ratio. Among several chemistries
and technologies, hydrogenolysis processes have gained a lot of attention since it allows the breaking
of carbon-carbon and/or carbon-oxygen bonds in the presence of a hydrogen source [66–68]. One of
the main drawbacks in hydrogenolysis, also known as “hydrodeoxygenation” if referred to C–O bond
breaking, is concerning the hydrogen management due to the poor solubility of molecular H2 that
leads to a considerable safety hazard. Moreover, hydrogen supply and related purchase, transport and
storage costs need to be considered.
Alternatively to classic hydrogenolysis/hydrodeoxygenation processes, which generally require
high pressure of molecular hydrogen, catalytic transfer hydrogenolysis (CTH) reactions by means of
simple alcohols (2-propanol, methanol and ethanol) and other H-donor molecules (hydrazine, tetralin,
formic acid, cyclohexene, etc.) have been generally proposed as an efficient alternative to the direct
use of H2 in the course of the last decade [69–72]. Since their debut in 1903 when Knoevenagel
presented the disproportionation of dimethyl-1,4-dihydroterephthalate promoted by palladium
black catalysts [73], CTH reactions are getting increasing attention improving the sustainability and
economics of hydrogenation reactions in modern green chemistry since: (i) they do not require
hazardous pressurized molecular hydrogen; (ii) the hydrogen donors are generally readily available,
inexpensive, obtainable from renewable resources and easy to handle and (iii) they generally produce
valuable by-products (i.e., oxidized alcohol products). Moreover, CTH has been successfully adopted
in reducing oxygen content in biomass-derived feedstocks [72].
Another efficient route to obtain the hydrogen necessary for the cleavage of C–C and C–O bonds
is directly from biomass-derived molecules by the aqueous phase reforming (APR) process [74–87].
The APR process presents many advantages than conventional steam reforming reactions because it
occurs, under mild conditions, in liquid phase and in a single reactor. The APR process converts starting
substrates into hydrogen through the breaking of C–C, C–H and O–H bonds and the simultaneous
water-gas shift (WGS) reaction. In order to maximize the hydrogen production, a good APR catalyst
needs to show significant activity in the C–C bond breaking and in the WGS reaction, but poor activity
towards the C–O bond cleavage and methanation reaction.
Transition metals have been successfully used in the catalytic valorization of biomass-derived
molecules. Traditionally, platinum-group metals (PGMm) are all excellent hydrogenation catalysts
widely used in industry and refineries [88–91]. Palladium has a lower cost and more abundant reserves
than platinum (that is still the most widely used element in catalysis) [92,93]. Homogeneous and
heterogeneous palladium-based catalysts have found a potential application in several industrial
reactions including hydrogenation, dehydrogenation, hydrogenolysis, reforming, oxidation, coupling
reactions, carbonylation/decarbonylation and hydrodesulphurization [94–106]. With respect to other
PGM elements, palladium is characterized by a fundamental electronic configuration unique among
transition metals (4d10 , 5s0 ) [107] that can be strongly influenced by the coordination environment [108].
The modification of catalytic properties of palladium by adding a second metal can be related, from
a general point of view, in terms of (i) “ligand” effects (related to shifting of the d-band density);
(ii) “ensemble” effect (a dilution of palladium surface by a relatively unreactive second co-metal);
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(iii) “stabilizing” effect (improving the active sites stability) [109–114]. Hence, heterogeneous catalysts
based on palladium bimetallic systems have gained increasing attention for their enhanced activity
and durability in different reactions [115–189].
In this review, we focus our attention on heterogeneous bimetallic Pd-Fe catalysts that
have been proved to show excellent performance in promoting the cleavage of C–O and C–C
bond in platform derived molecules of cellulose, hemicellulose and lignin. Specifically, results
obtained in important “green and sustainable” reactions will be presented including: aqueous-phase
reforming [128–130], hydrogenolysis [131–136] and CTH [137,138] of C6–C2 polyols, hydrogenolysis
and transfer hydrogenolysis of furfural [139,140], hydrodeoxygenation of phenol derivatives [141,142],
HDO and CTH of aromatic ethers [143–145]. All these reactions will be discussed in details with
the aim to show the unicity of heterogeneous Pd-Fe catalysts that are suitable for a wide reductive
valorization processes of all constituent components of lignocellulosic biomasses having the potential
to be successfully used in modern biorefineries to produce simple bulk compounds. The main
peculiarity of these bimetallic catalysts is the formation of bimetallic Pd-Fe ensembles or alloys
that allows modification of the electronic density of palladium thus promoting unexpected catalytic
reactions under mild conditions. In addition, a close attention to different synthetic methods
adopted for the preparation of heterogeneous Pd-Fe catalysts (Incipient Wetness Impregnation,
Deposition-Precipitation and Co-precipitation) as well as to main characterization techniques used
(X-ray Diffraction, Transmission Electron Microscopy, Hydrogen Temperature-Programmed Reduction,
X-ray Photoelectron Spectroscopy, Extended X-ray Absorption Fine Structure) will be paid.
2. Synthesis and Characterization of Pd/Fe Catalysts
2.1. Preparation Methods
Preparation methods for the development of efficient bimetallic Pd-Fe catalysts were focused, in
addition to the fundamental properties (activity, selectivity and stability) and practical applications
(reuse, reproducibility and easy separation from the reaction mixture), on the optimization of
metal-metal or metal/support interactions [116–125,190].
2.1.1. Incipient Wetness Impregnation—IWi
In the “incipient wetness impregnation” (IWi) [191,192] preparation technique, the support is
in contact with a definite volume of the precursor solution. This method was, so far, used for the
synthesis of Pd/Fe3 O4 and Pd/Fe2 O3 catalysts [135,138,142,193]. In a typical preparation procedure,
palladium (II) acetylacetonate is dissolved in acetone and then added to commercially available Fe3 O4
or Fe2 O3 supports [135,138,192]. After impregnation, samples are dried and reduced under a flow of
molecular hydrogen. A similar procedure involves the filling of pores in the support, with a water
solution of a suitable compound (e.g., a nitrate) that, when decomposed by heating, affords either
the active phase itself or a compound that is easily converted into the active phase. This method was
successfully utilized to obtain other Pd/Fe2 O3 catalysts with different Pd loading (0.1–5 wt %) [142].
In a typical synthesis process, the calcined Fe2 O3 powder (previously prepared by precipitation from
the nitrate precursor with ammonium carbonate at room temperature and at pH 8.0) is impregnated
into a Pd(NH3 )4 (NO3 )2 aqueous solution, followed by a drying process and subsequent calcination
and reduction.
Other incipient wetness co-impregnation methods for preparing supported Pd-Fe bimetallic
catalysts have been reported. An interesting approach, based on the use of a single step
surfactant-templating procedure was used to prepare Pd-Fe/OMC supported catalysts [143,144].
The co-impregnation is fast and simple, but it is generally characterized by a poor interaction between
the two precursors during the impregnation stage. The formation of bimetallic species generally
takes place on the surface support throughout the reduction steps, with a consequent inhomogeneous
distribution of the NPs on the catalyst surface, if the procedure is improperly carried out. To overcome
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the limitations of the co-impregnation, it is advantageous to use the sequential impregnation, which
consists of two stages. In the first step, Pd is supported by IWi and, in a subsequent stage, a Fe metal salt
(generally nitrate) is added, also by IWi, to prepare the bimetallic catalyst. The sequential impregnation
technique was used by Huber et al. [78,130], to prepare Pd-Fe bimetallic catalysts supported on Al2 O3 .
By the same procedure a Pd-Fe/Zr-P bimetallic catalyst has been successfully obtained [140].
2.1.2. Deposition-Precipitation—DP
In the deposition-precipitation method (DP), the support material is deposited in an excess of the
precursor solution in presence of a precipitation agent. The metal nanoparticles (NPs) nucleate and
grow on the support surface. By this technique, a series of Pd nanoparticles on various iron oxides
with different shape have been prepared [134].
2.1.3. Co-Precipitation—CP
The simultaneous precipitation of more than one precursor in a solution containing a precipitation
agent (e.g., hydroxides, oxalates, formats, carbonates) is called co-precipitation [194,195]. After
formation of the co-precipitate, hydrothermal treatments (which transform amorphous precipitates
into crystalline materials with improved thermal stability and surface acidity) may be carried out.
In catalysts with two or more metallic species, the final composition of the precipitate is governed
by the differences in solubility between the components and the chemistry taking place during
the precipitation process. Subsequently, to obtain crystalline stoichiometric precipitates with an
intimate inter-dispersion of the two metals, several parameters (e.g., pH, concentration of the solutions,
temperature and stirring speed) must be controlled.
In general, supported Pd-Fe catalysts with a strong metal-metal and/or metal-support interaction
can be prepared through the co-precipitation technique [131–139]. As highlighted by Tsang and
co-workers [131], it is very important to control pre-reduction treatments, in terms of temperature
and duration, because they affect the induction time. Recently, considering the peculiar features of
magnetite particles related to their lower sensitivity to oxidation, strong ferromagnetic behavior and
easy recovery (aided by an external magnetic field) and reuse, the preparation of Pd/Fe3 O4 catalyst
in nanometric scale of different property and composition attracted a lot of interest [196]. Fang and
co-workers [197], developed a synthetic route based on the Stöber method and ion–exchange technique
to synthesize magnetic core-shell monometallic Fe3 O4 -SiO2 /Pd and bimetallic Fe3 O4 -SiO2 /Pd-M
(M = Ag, Cu and Zn) catalysts at low Pd loading (<0.5 wt %). In this procedure, the syntheses of
Fe3 O4 and ferrite microspheres were carried out in a solvothermal system, by modified reduction
reactions between FeCl3 and ethylene glycol. By the same procedure, MFe2 O4 (M = Co, Mn, Zn) have
been prepared in microspheres through co-precipitation [198]. Furthermore, it is possible to adjust the
Pd particle size by controlling the shell thickness of the core-shell catalyst. Tsang e al. developed an
efficient method based on the addition, at a temperature around 100 ◦ C, of an appropriate additive
(Zn2+ or Co2+ ) on the support material, which can control—in synergism with Pd particles—the
reduction behavior of the supported oxide [132,134].
2.2. Physico-Chemical Characterization
The main and most common analysis techniques used so far for the characterization of
bimetallic Pd-Fe catalysts are: X-ray Diffraction (XRD), Transmission electron microscopy (TEM),
Temperature-programmed reduction (H2 -TPR), X-ray photoelectron spectroscopy (XPS) and X-ray
absorption fine structure (EXAFS). All these techniques are widely used because they provide accurate
results allowing to obtain both quantitative and qualitative results [108].
2.2.1. X-ray Diffraction (XRD) and Transmission Electron Microscopy (TEM)
X-ray diffraction (XRD) is a powerful nondestructive structural analysis tool that has been used
for decades for characterizing crystalline solids since they contain “matter periodically ordered”.
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have uniformly
uniformly dispersed metal
HR-TEM analysis on the reduced catalysts shows that all samples
particles (average
(average size
size ca.
ca. 44nm)
particles
nm) with
with pores
pores of OMC
OMC support ranging between 4 and 6 nm. STEM-EDX
measurements show also the presence
presence of
of aggregated
aggregated iron
iron particles
particles on
onsamples
sampleshaving
havingaahigh
highFe/Pd
Fe/Pd
ratio and formation of a Pd-Fe phase (the remaining part of iron is in the metallic form). XRD patterns
of all the catalysts show, together with the characteristic peak of graphitic carbon (2θ = 23.5°) [210],
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ratio and formation of a Pd-Fe phase (the remaining part of iron is in the metallic form). XRD patterns
2017, 7, 78show, together with the characteristic peak of graphitic carbon (2θ = 23.5
8 of◦ )36[210],
of all Catalysts
the catalysts
distinctive peaks of palladium, progressively shifted towards higher angle on increasing the Fe/Pd
distinctive peaks of palladium, progressively shifted towards higher angle on increasing the Fe/Pd
ratio representative of a miscible Pd-Fe phase formation, in which Fe atoms are incorporated into the
ratio representative of a miscible Pd-Fe phase formation, in which Fe atoms are incorporated into the
Pd lattice
[211,212].
Pd lattice
[211,212].

Figure
4. HAADF-STEM
images
of co-precipitated
Pd/Fe
catalysts
(a–b)
the distribution
of
Figure
4. HAADF-STEM
images
of co-precipitated
Pd/Fe
catalysts
(a,b)
andand
the distribution
of particle
particle
size
measured
(c)
(adapted
from
Ref.
[131]).
size measured (c) (adapted from Ref. [131]).

2.2.2. Hydrogen Temperature-Programmed Reduction (H2-TPR)

2.2.2. Hydrogen Temperature-Programmed Reduction (H2 -TPR)

The hydrogen temperature-programmed reduction (H2-TPR) is widely used to find the best

The
hydrogen
temperature-programmed
reduction
is widely
used tothe
find
the best
2 -TPR) consists
reduction
conditions
for heterogeneous catalysts
[213]. The(H
technique
of heating
sample
reduction
for heterogeneous
catalysts stream,
[213]. The
technique
consists profile
of heating
thesample
sample by
by a conditions
linear temperature
ramp in a hydrogen
to obtain
a fingerprint
of the
a linear
temperature
in the
a hydrogen
obtainand
a fingerprint
profile of the
sample reducibility
reducibility
thatramp
shows
influencestream,
of the to
support
eventual promoters.
Furthermore,
the
amount
of
hydrogen
consumed
allows
to
determine
the
quantities
of
reducible
species.
that shows the influence of the support and eventual promoters. Furthermore, the amount of hydrogen
Consequently,
indetermine
heterogeneous
Pd-Fe catalysts,
the H2-TPR
is a simple
and formidable
tool to
consumed
allows to
the quantities
of reducible
species.
Consequently,
in heterogeneous
as well
the interaction
palladium
iron species.
Pd-Feinvestigate
catalysts,the
thereduction
H2 -TPR behavior
is a simple
andasformidable
toolbetween
to investigate
theand
reduction
behavior as
An exhaustive discussion on the H2-TPR of bimetallic Pd-Fe catalysts needs to start from the
well as the interaction between palladium and iron species.
hydrogen-promoted reduction of PdO and Fe2O3 oxides.
An exhaustive discussion on the H2 -TPR of bimetallic Pd-Fe catalysts needs to start from the
PdO particles are easily reducible [214], however the reduced palladium crystallites may absorb
hydrogen-promoted
of PdO
andspecies
Fe2 O3(α-PdH
oxides.if hydrogen is adsorbed only on the surface
hydrogen to formreduction
two distinctive
Pd-H
PdO
particles
are
easily
reducible
[214],
however
the Therefore,
reduced palladium
may absorb
or β-PdH if hydrogen atoms are absorbed into the bulk).
the H2-TPRcrystallites
profile of Pd-based
hydrogen
to
form
two
distinctive
Pd-H
species
(α-PdH
if
hydrogen
is
adsorbed
only
on
catalysts may be characterized both by a hydrogen-uptake peak (at lower temperature) the
andsurface
a
or β-PdH
if hydrogen atoms
absorbed
into the bulk).
Therefore, the H2 -TPR profile of Pd-based
hydrogen-desorption
peakare
(at higher
temperature)
[214,215].
hand, the reduction
2O3 proceeds in two
steps(atvialower
the Fetemperature)
3O4 intermediate
catalysts On
maythebeother
characterized
both byofa Fe
hydrogen-uptake
peak
and a
[216,217] as follows:
(a) 3Fe
O3 + H2 temperature)
→ 2Fe3O4 + H2[214,215].
O; (b) Fe3O4 +4H2 → 3Fe+ 4H2O.
hydrogen-desorption
peak
(at2higher
The
H2-TPR
analysis
of Pd-Fe catalysts
ontwo
OMC
was via
investigated
and the results
On the
other
hand,
the reduction
of Fe2 O3supported
proceeds in
steps
the Fe3 O[143]
4 intermediate [216,217]
were compared with those obtained with Pd/OMC and Fe/OMC samples (Figure 5, left). Together
as follows: (a) 3Fe2 O3 + H2 → 2Fe3 O4 + H2 O; (b) Fe3 O4 +4H2 → 3Fe+ 4H2 O.
with a little negative peak at 60 °C, relative to Pd-H species, the H2-TPR profile of the Pd/OMC
The H2 -TPR analysis of Pd-Fe catalysts supported on OMC was investigated [143] and the results
catalyst shows two positive peaks at 172 °C (PdO → Pd) and 591 °C (gasification of the carbon
were support).
compared
with
those
with
Pd/OMC
and Fe/OMC
samples
(Figure
5, left).
Together
The
H2-TPR
ofobtained
the Fe/OMC
catalyst
is characterized
by a broad
reduction
peak
that, after
with a little negative peak at 60 ◦ C, relative to Pd-H species, the H2 -TPR profile of the Pd/OMC
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catalyst shows two positive peaks at 172 ◦ C (PdO → Pd) and 591 ◦ C (gasification of the carbon
support). The H2 -TPR of the Fe/OMC catalyst is characterized by a broad reduction peak that, after
deconvolution, can be related to successive reductions of Fe2 O3 to Fe3 O4 at 335 ◦ C, Fe3 O4 to FeO at
495 ◦ C
and FeO
to78Fe(0) at 561 ◦ C. Conversely, the profile of bimetallic Pd-Fe/OMC catalyst,9 of
shows
a
Catalysts
2017, 7,
36
broad and intense peak related to the simultaneous reduction of both Pd and Fe cations suggesting that:
be related
to successiveof
reductions
of Fe
2O3(ii)
to Fe
3Oaddition
4 at 335 °C,
3Oinhibits
4 to FeO at
495
(i) Pddeconvolution,
nanoparticles can
increase
the reducibility
Fe species
and
the
ofFeFe
formation
°C and FeO
to Fe(0)
at 561 The
°C. Conversely,
the investigated
profile of bimetallic
Pd-Fe/OMC
catalyst,catalysts
shows a with
of palladium
hydride
species.
same authors
analogous
Pd-Fe based
broad
and intense
peak related
to the
reduction
of boththe
Pd and
Fe cations
suggesting
different
Pd/Fe
composition
[144].
Bysimultaneous
increasing the
Fe content,
H2 -TPR
broad
peak moves
that: (i) Pd nanoparticles increase the reducibility of Fe species and (ii) the addition of Fe inhibits
toward higher temperature clearly indicating that the bimetallic phase can be tuned by an opportune
formation of palladium hydride species. The same authors investigated analogous Pd-Fe based
Pd/Fe ratio.
catalysts with different Pd/Fe composition [144]. By increasing the Fe content, the H2-TPR broad peak
The
difference
in temperature
of hydrogen
consumption,
relative
impregnated
moves
toward higher
temperature profiles
clearly indicating
that the
bimetallic phase
can be to
tuned
by an
Pd/Fe
O
and
Pd/Fe
O
catalysts,
compared
with
the
co-precipitated
Pd/Fe
sample,
was deeply
2 3
3 4
opportune
Pd/Fe ratio.
investigated
Pietropaolo
and Mauriello
(Figure
5, right) [135,138,193].
In impregnated
Pd/Fe2 O3
Theby
difference
in temperature
profiles
of hydrogen
consumption, relative
to impregnated
and Pd/Fe
O34 and
catalyst
a3modest
interaction
between
palladium
and supports
observed.
Pd/Fe23O
Pd/Fe
O4 catalysts,
compared
with the
co-precipitated
Pd/Fe is
sample,
was Conversely,
deeply
by
Pietropaolo
and
Mauriello
(Figure
5,
right)
[135,138,193].
In
impregnated
Pd/Fe
2O3
the Hinvestigated
-TPR
profile
of
the
coprecipitated
Pd/Fe
catalyst,
characterized
by
one
reaction
area
relative
2
2+
0
3+
and
Pd/Fe
3
O
4
catalyst
a
modest
interaction
between
palladium
and
supports
is
observed.
Conversely,
to both Pd → Pd and Fe → Fe3 O4 reductions, is indicative of a strong metal-support
the H2-TPR
profile of the coprecipitated Pd/Fe catalyst, characterized by one reaction area relative to
interaction
(SMSI).
both Pd2+ → Pd0 and Fe3+ → Fe3O4 reductions, is indicative of a strong metal-support interaction
The same conclusions were drawn by other authors on the H2 -TPR analysis of various
(SMSI).
heterogeneous Pd-Fe catalysts, that all agree on the promoting effect of Pd nanoparticles in the
The same conclusions were drawn by other authors on the H2-TPR analysis of various
reduction
of support
[128,131–134,138].
thison
regard,
Asakura effect
remarks
that
Pd nanoparticles
heterogeneous
Pd-Fe
catalysts, that allOn
agree
the promoting
of Pd
nanoparticles
in the can
produce
hydrogen-spillover
onto the Fe oxide
surface
[138];
Qiao remarks
suggeststhat
thatPd
the
promoting can
effect of
reduction
of support [128,131–134,138].
On this
regard,
Asakura
nanoparticles
Pd inproduce
the reduction
of hematiteonto
to magnetite
derives
from
the catalyst
method
hydrogen-spillover
the Fe oxide
surfacedirectly
[138]; Qiao
suggests
that thepreparation
promoting effect
of Pd in the reduction
of hematite
magnetite derives
from of
thethe
catalyst
(co-precipitation)
[128]; while
Tsangtohighlights
that thedirectly
reduction
iron preparation
support canmethod
be further
(co-precipitation)
[128];
while
Tsang
highlights
that
the
reduction
of
the
iron
support
can
be
further
promoted by the assistance of Zn(II) nanoparticles in co-precipitated Pd/Fe catalysts blended with
Zn(II)promoted
[132,133].by the assistance of Zn(II) nanoparticles in co-precipitated Pd/Fe catalysts blended with
Zn(II)
[132,133].Fe O reducibility via surface modification with palladium was also investigated by
The enhanced
2 3
The enhanced Fe2O3 reducibility via surface modification with palladium was also investigated
McEwen and co-workers with a combined experimental and theoretical studies [209]. DFT calculations
by McEwen and co-workers with a combined experimental and theoretical studies [209]. DFT
coupled with XPS analysis show that Pd is able to partially donate electrons to the topmost surface Fe,
calculations coupled with XPS analysis show that Pd is able to partially donate electrons to the
allowing
the oxide
electrons
to become
more
delocalized
thanmore
in pure
Fe2 O3 . than
Mostinimportant,
topmost
surfacesurface
Fe, allowing
the oxide
surface
electrons
to become
delocalized
pure
the presence
of
palladium
prevents
oxygen
poisoning
effects
on
the
active
metallic
Fe,
Fe2O3. Most important, the presence of palladium prevents oxygen poisoning effects onfacilitating
the active the
reduction
of FeO
promoting
the xformation
water. the formation of water.
metallic
Fe, facilitating
the reduction
of FeO
species andofpromoting
x species and

Figure
H2-TPR
profilesof
of Pd/OMC,
Pd-Fe/OMC,
Fe/OMC
(left) and
Pd/Fe,
Pd/Fe
3O4 and Pd/Fe2O3
Figure
5. H5.2 -TPR
profiles
Pd/OMC,
Pd-Fe/OMC,
Fe/OMC
(left)
and
Pd/Fe,
Pd/Fe3 O4 and
catalysts
(right)
(adapted
from
Ref.
[138,143]).
Pd/Fe2 O3 catalysts (right) (adapted from Ref. [138,143]).

2.2.3. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) allows to study the materials surface, permitting to
know the chemical composition and to establish the involved bonds [218–220]. It consists in the
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2.2.3. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) allows to study the materials surface, permitting to know
the chemical composition and to establish the involved bonds [218–220]. It consists in the irradiation
of a sample with a monochromatic x-ray source: photons enter the material and undergo various
interactions, leading to the photoelectric effect and the Auger emission. In both cases, an electron is
ejected from the material with a given kinetic energy that allows information on energies involved on
internal electrons of the case materials.
Table 1 shows XPS data for a series of heterogeneous Pd-Fe bimetallic catalysts.
Table 1. XPS data for a series of heterogeneous Pd-Fe based catalysts.
Catalyst
Notation

Preparation
Method 1

Pd/Fe
Pd-rod Fe2 O3
Pd-plate Fe2 O3
PdCo/Fe2 O3
Pd-Zn/Fe2 O3
Pd/Fe2 O3
Pd/Fe3 O4
Pd-Fe/OMC
Pd1 –FeX /OMC

CP
DP
DP
CP
CP
IWi
IWi
IWi
IWi
1

Binding Energy (eV)
Pd 3d5/2

Fe 2p3/2

Fe 2p1/2

Fe 2p3/2 sat

335.2 ± 1
335.9
335.7
334.8
334.8
334.8
334.8
334.4
334.4

710.7 ± 0.8
711.2
711.4
710.2
707.8
710.4
710.5
708.2
708.2

724.4
723.8
-

718.4
-

References
[131,135,137–139]
[134]
[134]
[133]
[132]
[135,138,142]
[138]
[143]
[144]

CP = Coprecipitation; DP = Deposition; IWi = Impregnation.

XPS analysis of the heterogeneous Pd-Fe catalysts shows that the binding energy for Pd 3d5/2
level is generally different than that measured in the monometallic Pd-based catalyst, suggesting that
the electronic property of Pd can be easily modified by addition of Fe atoms [131,138].
It is noticeable that the preparation method affects the final electronic properties of the catalysts.
Indeed, the binding energy value of 334.8 eV relative to the Pd 3d5/2 for impregnated Pd/Fe2 O3 and
Pd/Fe3 O4 samples, indicates the presence of metallic palladium and no evidence of surface Pd-Fe
interaction [135,138,193]. The co-precipitated Pd/Fe catalyst, after H2 reduction at 200 ◦ C, shows
a binding energy value relative to the Pd 3d5/2 level of about 0.4 eV higher than that of analogous
catalysts prepared by IWi [135,138,193] that can be assigned to Pd-Fe alloy formation. Moreover,
by adding a second co-metal (Zn), it was demonstrated that both positions of the d-band filling and
d-band center of Pd and Fe may be opportunely adjusted [132].
On the other hand, XPS analysis of the Fe 2p and O 1s regions shows a modest “blue” shift
(ca. 0.1 eV for Fe and 0.2 eV for O) indicating that: (i) Fe has a higher electron affinity and (ii) the
electron status of oxygen is modified by addition of Pd. Indeed, a decrease of the binding energy
values for the (Fe 2p3/2 ) to 710.2 and 707.8 eV for PdCo/Fe2 O3 and PdZn/Fe2 O3 , respectively,
have been reported [132,133]. These results suggest that blending Co (II) or Zn (II) into the Fe2 O3
support of precipitated PdO-Fe catalysts leads to a further reduction of Fe ions during the hydrogen
reduction treatment.
2.2.4. Extended X-ray Absorption Fine Structure (EXAFS)
Extended X-ray absorption fine structure (EXAFS) can provide valuable information about the
structure of metal alloys, since it is the only spectroscopic technique that gives information on the
local structure around Pd, the Pd–support oxide interaction and/or the Pd bimetal nanoparticle
formation [221–223].
EXAFS characterization on different co-precipitated Pd/Fe2 O3 catalysts has been deeply
investigated by the research group of Prof. Tsang [109,131–134]. The motivation beyond the use of
EXAFS spectroscopy needs to be found in the necessity to define both the dimension of Pd nanoparticles
(too small to be accurately detected by classic XRD and TEM analysis) as well as to confirm the presence
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of Pd-Fe bimetallic clusters on the catalyst surface (as suggested by XPS measurements). EXAFS
analysis
reveals
Pd particles
than
nm well-dispersed
intowere
the iron
oxideby
support
the
Results
similar
to thosesmaller
obtained
by 1Tsang
and co-workers
obtained
other and
authors
presence
Pd-Fe et
bimetallic
clusters.
The shorter
can be ascribed
to theunderstand
smaller sizethe
of
(Table 2).ofWang
al. coupled
EXAFS
analysisPd-Fe
with distance
DFT calculations
to better
Fe
than
that
of
Pd.
interaction between Pd and Fe nanoparticles on the 2Pd10Fe/C catalyst [141]. Two scenarios were
Results similar
those
obtained
Tsang
co-workers
obtained
by the
other
authors
investigated:
the firsttowith
a top
pure Pdbylayer
on and
the surface
of thewere
Fe (110)
host and
other
with
(Table
2).
Wang
et
al.
coupled
EXAFS
analysis
with
DFT
calculations
to
better
understand
the
a Fe layer within the Pd(111) surface host. Theoretical calculations suggest that the surface of the Pdinteraction
between
Pd
and
Fe
nanoparticles
on
the
2Pd10Fe/C
catalyst
[141].
Two
scenarios
were
Fe alloy is enriched in Pd while the subsurface is widely featured by metallic Fe.
investigated: the first with a top pure Pd layer on the surface of the Fe (110) host and the other with a
Fe layer
within
the Pd(111)
host.fine
Theoretical
suggest
thatK-edge
the surface
of the Pd-Fe
Table
2. Extended
X-raysurface
adsorption
structure calculations
(EXAFS) analysis
for Pd
of commercial
alloyPd/C
is enriched
in Pd coprecipitated
while the subsurface
is widely
featured by metallic Fe.
and different
Pd-Fe based
catalysts.
Bond
X-ray adsorption fine structure (EXAFS)
analysisEffor PdDW
K-edge
Table 2. Extended
Catalyst
Scattering
R-Factor
Factorof commercial Pd/C
k-Range References
CN *
Length
Notation
Pair
(%)
(eV)
** (Å2)
and different coprecipitated
Pd-Fe based catalysts.
(Å)
Pd/C
Pd-Pd
8.0 (3)
2.73 (1)
2.6
−7.6
6.1 (3)
2–17
[131]
Bond
R-Factor
Ef
DW Factor
Scattering
Pd/Fe
2O3 Notation
k-Range
References
CN *
Catalyst
Length (Å)
(%)
(eV)
** (Å2 )
Pair
(before
Pd-O
3.5 (2)
2.01 (1)
1.3
−4.5
2.8 (6)
2–16
[131]
Pd/C
Pd-Pd
8.0 (3)
2.73 (1)
2.6
−7.6
6.1 (3)
2–17
[131]
reduction)
Pd/Fe2 O3
Pd-Fe
1.0(2)
(2)
Pd-O
3.5
2.012.59
(1) (1)
1.3
−4.5
2.8 (6)5.1 (4) 2–16
[131]
Pd/Fe
2O3reduction)
(before
1.6
−7.4
2–12
[131]
Pd-Pd
1.9 (2)
2.66 (1)
7.3 (6)
(after reduction)
Pd-Fe
1.0
2.592.75
(1) (1)
5.1 (4)3.6 (3)
Pd-Pd
2.4(2)
(2)
Pd/Fe2 O3
Pd-Pd
1.9 (2)
2.66 (1)
7.3 (6)
[131]
−7.4
1.6
2–12
(after2reduction)
O3
Pd-Pd
6.8 (4)
2.69 (1)
0.4
1.2 3.6 (3)
0.010(1)
[133]
Pd-Co/Fe
Pd-Pd
2.4 (2)
2.75 (1)
Pd-Co/Fe
Pd-Pd
2.69 (1) Waller0.4
1.2 in parentheses
0.010 (1)
[133]
* CN
= coordination
number;6.8**(4)DW = Debye
(numbers
indicate
the statistical
2 O3
*error
CN =incoordination
number; **digit
DW =obtained
Debye Waller
parentheses indicate the statistical error in the
the most significant
from(numbers
the first in
Artemis).

most significant digit obtained from the first Artemis).

3. Hydrogenolysis Reactions of Biomass-Derived Platform Molecules Promoted by
3. Hydrogenolysis Reactions of Biomass-Derived Platform Molecules Promoted by
Heterogeneous Pd-Fe Catalysts
Heterogeneous Pd-Fe Catalysts
3.1. Valorization
Valorization of
of Cellulose
Cellulose and
and Hemicellulose
Hemicellulose Derived
Derived Molecules
Molecules
3.1.
3.1.1. C–C and C–O Bond Breaking in C2–C6 Polyols
Polyols
Cellulose deriving
deriving polyols
polyols are
are characterized
characterizedby
bythe
thehighest
highestO/C
O/C ratio
Cellulose
ratio than
than other
other biomass-derived
biomass-derived
molecules and typical chemical commodities and fuels available in the industrial market. Therefore,
main issue
issue consists
consists in
in reducing
reducing the
the oxygen
oxygen content
content through
through deoxygenative
deoxygenative and
and CTH/APR
CTH/APR
the main
processes
[224–229].
processes [224–229].
Ethylene glycol [227] (EG) is the simplest basic unit of polyols and can be used as representative
for larger polyols and sugars molecules to exploit the selective cleavage of C–C, C–H, O–H and C–O
EG is
is mainly
mainly produced
produced via
via ethylene
ethylene by
by cracking
cracking of
of fossil raw materials, but can be
bonds. Currently,
Currently, EG
from the
the direct
direct catalytic
catalytic conversion
conversion of
of cellulosic
cellulosic biomass
biomass[228,229].
[228,229].
also easily obtained from
Bond energies
of
both
C–C
and
C–OH
bonds
are
almost
the
same
(∆H
C–C
83
and−1(∆H
C–
energies of both C–C and C–OH bonds are almost the same (∆HC–Ckcal·mol
83 kcal−1
·mol
and
−1
−
1
O 86 kcal·mol
) [230,231],
therefore,therefore,
on performing
the reactionthe
under
drasticunder
operating
conditions,
it
(∆H
·mol ) [230,231],
on performing
reaction
drastic
operating
C–O 86 kcal
is less likelyittoisachieve
a higher
selectivity.
If hydrogenolysis
breaks selectively
C–C selectively
bond, methanol
conditions,
less likely
to achieve
a higher
selectivity. If hydrogenolysis
breaks
C–C
will bemethanol
the favourite
reaction
product;
on theproduct;
contrary,onthe
thebreaking
C–O bond
willC–O
generate
bond,
will be
the favourite
reaction
thebreaking
contrary,ofthe
of the
bond
ethanol,
that can
be further
converted
into
CO2 or CH
4 (Figure
[129].
will
generate
ethanol,
that can
be further
converted
into
CO2 or6)CH
(Figure
6)
[129].
4

Figure 6.
6. Hydrogenolysis
Hydrogenolysis of
of ethylene
ethylene glycol.
glycol.
Figure

Tsang and
and co-workers
co-workers successfully
successfully used
used the
theco-precipitated
co-precipitatedPd/Fe
Pd/Fe2O
O3 catalyst for methanol
Tsang
2 3 catalyst for methanol
production from
from ethylene
ethylene glycol
glycol [131].
[131]. The
peculiar reactivity
reactivity of
of the
the catalyst,
catalyst, after
after reduction,
reduction, was
was
production
The peculiar
conferred by the strong metal-support interaction exerted through the extremely small PdFe clusters.
Hydrogenolysis of EG, on 5% Pd/Fe2O3 catalyst at 195 °C and 20 bars of hydrogen, denoted high
selectivity to the methanol and ethanol mixture. Other metal particles (Ru) and different oxide
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conferred by the strong metal-support interaction exerted through the extremely small PdFe clusters.
Hydrogenolysis of EG, on 5% Pd/Fe2 O3 catalyst at 195 ◦ C and 20 bars of hydrogen, denoted high
Catalysts2017,
2017,7,
7, 78
12of
of36
36
Catalysts
12
selectivity
to the78methanol and ethanol mixture. Other metal particles (Ru) and different oxide supports
(ZnO,
Ga2 O(ZnO,
Al2 O32 )and
wereAltested:
the only combination for a good methanol production
3 , CeOGa
2 and
supports
2O3, CeO
2O3) were tested: the only combination for a good methanol
supports
(ZnO, Ga
2O3, CeO2 and Al2O3) were tested: the only combination for a good methanol
was
found
to
be
Pd
and
iron
oxide
(Figure
7b).
production was
was found
found to
to be
be Pd
Pd and
and iron
iron oxide
oxide (Figure
(Figure 7b).
7b).
production

Figure 7.
7. Hydrogenolysis
Hydrogenolysis of
of EG
EG promoted
promoted by
by (a)
(a) 5%
5% Pd
Pd supported
supported on
on different
different oxides
oxides and
and (b)
(b) by
by 5%
5%
Figure
Figure
7. Hydrogenolysis
of EG
promoted by
(a) 5%
Pd supported
on different
oxides and
(b) by
5%
Pd
and
5%
Rh
supported
on
iron
oxide
(adapted
from
Ref.
[131]).
Pdand
and5%
5%Rh
Rhsupported
supportedononiron
ironoxide
oxide(adapted
(adaptedfrom
fromRef.
Ref.[131]).
[131]).
Pd

Bimetallic PdM
PdM (M
(M == Fe,
Fe, Co, Zn)
Zn) samples
samples were
were investigated
investigated in
in the
the hydrogenolysis
hydrogenolysis of
of EG
EG to
to
Bimetallic
Bimetallic
PdMof
(Mthe
= Fe,
Co, Co,
Zn)
samples
were investigated
in theof
hydrogenolysis
ofbonds
EG to [133].
explore
explore
the
effect
d-band
filling
parameter
on
the
cleavage
C–O
and
C–C
As
explore
effect
of the
d-band
filling parameter
on theofcleavage
C–O
and [133].
C–C bonds
[133]. As
the
effect the
of the
d-band
parameter
on the
cleavage
C–Odecrease
andofC–C
As to
illustrated
illustrated
in Figure
Figure
8,filling
experimental
results
show
a significant
significant
ofbonds
the selectivity
selectivity
methanol
illustrated
in
8,
experimental
results
show
a
decrease
of
the
to
methanol
infrom
Figure
8, experimental
results
show
a18.6%
significant
decrease
of
the selectivity
to methanol
from 50.1%to
50.1%
with the
the PdFe
PdFe
sample
to 18.6%
with the
the
PdZn system.
system.
On the
the contrary,
contrary,
the selectivity
selectivity
fromthe
50.1%
with
sample
to
with
PdZn
On
the
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Figure 9. Relationship between the selectivity in C–C bond cleavage obtained in hydrogenolysis of

Figure 9. Relationship between the selectivity in C–C bond cleavage obtained in hydrogenolysis of EG
EG and the Fe content in Pd-Fe (adapted from Ref. [132]).
and the Fe content in Pd-Fe (adapted from Ref. [132]).
Mauriello et al. studied the performance of the 5% Pd/Fe3O4 co-precipitated catalyst in the
hydrogenolysis
EG [129].the
At low
temperatureof
(180
°C),
thePd/Fe
Pd/Fe33OO
4 system
shows nearly the same
Mauriello et al.ofstudied
performance
the
5%
4 co-precipitated catalyst in the
selectivity
to
methanol
(49.9%)
and
ethanol
(50.1%).
Upon
raising
the
reaction
temperature,
the EG
hydrogenolysis of EG [129]. At low temperature (180 ◦ C), the Pd/Fe3 O4 system
shows nearly
the same
conversion increases up to 72.1% at 240 °C with a methanol selectivity of 76.6% [129]. Simulating APR
selectivity to methanol (49.9%) and ethanol (50.1%). Upon raising the reaction temperature, the EG
conditions, the conversion of EG was ◦carried out under identical reaction conditions without added
conversion
increases up to 72.1% at 240 C with a methanol selectivity of 76.6% [129]. Simulating APR
H2. The same performance obtained in presence of molecular hydrogen was observed with the gas
conditions,
conversion
EG
carried followed
out under
reaction
conditions
phase the
mainly
composedofby
H2was
(81%–82%),
byidentical
CO2 (about
18%). CO
was neverwithout
detectedadded
H2 . The
same performance
obtained
in presence
of molecular
hydrogenreaction
was observed
indicating
the high performance
of the
Pd/Fe3O4 toward
the water-gas-shift
[129]. with the gas
Dumesic
and co-workers
were pioneers
in developing
aqueous-phase
(APR)
phase mainly
composed
by H2 (81%–82%),
followed
by CO2the
(about
18%). COreforming
was never
detected
process
from
oxygenated
molecules
[75–86].
Bimetallic
Pd-Fe
catalytic
systems
were
investigated
indicating the high performance of the Pd/Fe3 O4 toward the water-gas-shift reaction [129]. for
APR of EG
[79].
Authors highlight
the promoting
effect of iron
the APR process,
giving a significant
Dumesic
and
co-workers
were pioneers
in developing
theinaqueous-phase
reforming
(APR) process
improvement in TOF related to H2 production, with the 6% Pd/Fe2O3 sample being considered the
from oxygenated molecules [75–86]. Bimetallic Pd-Fe catalytic systems were investigated for APR
most promising catalytic system.
of EG [79]. Authors highlight the promoting effect of iron in the APR process, giving a significant
The real potential of Pd/Fe3O4 in APR of biomass-derived oxygenated molecules was sustained
improvement
in TOF
H2 production,
withwere
the 6%
Pd/Fe
O3 sample
beingmetal
considered
and confirmed
alsorelated
by Qiaoto
[128].
Pd-based catalysts
prepared
by2 IWi
over different
oxide the
most promising
supports (Fecatalytic
2O3, Cr2Osystem.
3, NiO, Al2O3, ZrO2). Pd/Fe2O3 appears as the most suitable IWi catalyst for its
The
real potential
of Pd/Feand
in APRinofAPR
biomass-derived
oxygenated
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superior
activity, selectivity
of EG. Moreover,
the Pd/Fe3Omolecules
4 catalyst—prepared
3 O4stability
through co-precipitation—shows
superior catalysts
performance
than
those obtained
impregnated
and confirmed
also by Qiao [128]. Pd-based
were
prepared
by IWi with
over the
different
metal oxide
Pd/Fe
2O3 sample, while the H2 selectivity remains on the same order of magnitude (94.2%),
supports (Fe2 O3 , Cr2 O3 , NiO, Al2 O3 , ZrO2 ). Pd/Fe2 O3 appears as the most suitable IWi catalyst for its
confirming the importance of the preparation method used [128].
superior
activity, selectivity and stability in APR of EG. Moreover, the Pd/Fe3 O4 catalyst—prepared
Glycerol (C3 polyol), the main by-product obtained from the biodiesel production, is gaining
through co-precipitation—shows superior performance than those obtained with the impregnated
importance as bio-feedstock to produce chemicals, because of the growing worldwide expansion of
Pd/Febiofuels
while
the H2 selectivity
remains
onthe
theselective
same order
of magnitude
(94.2%),
confirming
2 O3 sample,
[31–33].
An attractive
valorization
route is
hydrogenolysis
of glycerol
because
the importance
of
the
preparation
method
used
[128].
it is a clean and economically competitive process that allows production of different valuable
Glycerol
polyol),
the main by-product
obtained from
the biodiesel
production,
gaining
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such
as 1,2-propanediol
(1,2-PDO), 1,3-propanediol
(1,3-PDO),
ethylene
glycol (EG)isand
C1–C3 as
alcohols
[34]. Greatto
efforts
have been
focusedbecause
on its conversion
into 1,2-PDO
that is widely
importance
bio-feedstock
produce
chemicals,
of the growing
worldwide
expansion
used in
the manufacture
of pharmaceuticals,
cosmetics,
food
products,
polyester resinsofand
of biofuels
[31–33].
An attractive
valorization route
is the
selective
hydrogenolysis
glycerol
functional
fluids.
Moreover,
glycerol
can
be
used
as
starting
substrate
for
the
sustainable
production
because it is a clean and economically competitive process that allows production of different valuable
of renewable hydrogen through the APR process.
chemicals such as 1,2-propanediol (1,2-PDO), 1,3-propanediol (1,3-PDO), ethylene glycol (EG) and
The performance of bimetallic PdFe catalysts on glycerol hydrogenolysis was recently
C1–C3investigated
alcohols [34].
Great efforts
have beeneffect
focused
its oxide
conversion
1,2-PDO
that is widely
to ascertain
the morphological
of theon
iron
supportinto
(rod-like
and plate-like)
used in
of[134].
pharmaceuticals,
cosmetics,
food products,
polyester
and functional
onthe
themanufacture
catalyst activity
Pd–plate-like iron
oxide catalysts
show higher
activity resins
than Pd-rod-like
fluids.samples
Moreover,
canconversion/1,2-PDO
be used as startingproduction
substrate increasing
for the sustainable
production
of renewable
withglycerol
the glycerol
with the reduction
temperature
(200–300
°C)
[232,233].
The
higher
activity
shown
by
the
Pd-plate-like
iron
oxide
catalyst
was
hydrogen through the APR process.
correlated
to
a
higher
amount
of
active
sites
at
the
interface
[234,235].
Moreover,
CO
2
-TPD
The performance of bimetallic PdFe catalysts on glycerol hydrogenolysis was recently investigated
measurements
reveal an exact
correlation
between
thesupport
catalytic activity
and
theplate-like)
number of basic
sites
to ascertain
the morphological
effect
of the iron
oxide
(rod-like
and
on the
catalyst

activity [134]. Pd–plate-like iron oxide catalysts show higher activity than Pd-rod-like samples with the
glycerol conversion/1,2-PDO production increasing with the reduction temperature (200–300 ◦ C) [232,233].
The higher activity shown by the Pd-plate-like iron oxide catalyst was correlated to a higher amount of
active sites at the interface [234,235]. Moreover, CO2 -TPD measurements reveal an exact correlation
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between the catalytic activity and the number of basic sites (oxygen vacancies) on the surface [236,237].
Hence, the activity of the Pd-plate-like iron oxide in glycerol hydrogenolysis was blamed to increase on
increasing the amount of surface oxygen vacancies, due to the (001) polar surface, highlighting that the
Catalysts
2017, 7, 78
14 of 36 [134].
bifunctional
metal-oxide
interfacial catalysis could be conditioned by the shape of the support
Glycerol hydrogenolysis over co-precipitated PdFe bimetallic catalysts with and without the
(oxygen vacancies) on the surface [236,237]. Hence, the activity of the Pd-plate-like iron oxide in
additionglycerol
of Zn (II),
were investigated
by Tsang
et al. on
to elucidate
exerted
by the
addition of
hydrogenolysis
was blamed
to increase
increasing the
the effect
amount
of surface
oxygen
a second
co-metalin
facilitating
the
reduction
of
Fe
ions
into
metallic
iron
[132].
The
hydrogenolysis
vacancies, due to the (001) polar surface, highlighting that the bifunctional metal-oxide interfacial
catalysis
be conditioned
by the
shape of the
support
carried out
withcould
an aqueous
solution
of glycerol
(1 wt
%) at[134].
250◦ C for 120 h with an H2 initial pressure
Glycerol
hydrogenolysis
over
co-precipitated
PdFe
bimetallic
catalysts
with and
the
of 50 bar, shows complete conversion of glycerol over reduced PdFe
catalysts,
bothwithout
in presence
and
addition of Zn (II), were investigated by Tsang et al. to elucidate the effect exerted by the addition of
in absence of Zn(II). The PdFe catalyst added with Zn(II) shows a different distribution of products
a second co-metalin facilitating the reduction of Fe ions into metallic iron [132]. The hydrogenolysis
in liquidcarried
phaseout
with
1,2-PDO (ca. 32%) and ethanol (31.5%) as main products. This result highlights
with an aqueous solution of glycerol (1 wt %) at 250°C for 120 h with an H2 initial pressure
that PdFe
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are
more selective
in the
C–C bond
thancatalysts,
in the C–O
breaking,
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conversion
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over cleavage
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both bond
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and when
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in
the
bimetallic
nanoparticles
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through
the
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of
Zn(II).
The
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in
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phase with
1,2-PDO (ca.
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(31.5%)of
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maincausing
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of the Fe atom content
influences
the32%)
electronic
structure
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shiftresult
of the
d-band center
that
PdFe
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the
C–C
bond
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than
in
the
C–O
bond
breaking,
when
position to a lower value. Consequently, the C–O cleavage becomes more difficult causing
a gradual
the Fe(0) content in the bimetallic nanoparticles increases through the addition of Zn(II). The increase
depletion of electron filling in the d-band. The effect is that the back donation from the d-band of
of the Fe atom content influences the electronic structure of Pd, causing a shift of the d-band center
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to thetoπ*
anti-bonding
C–O orbital
reduced.
Conversely,
thedifficult
lower d-band
position
a lower
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theisC–O
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causing aelectron
gradual density
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the
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bond
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both
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to
the
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of
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over thepalladium
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be expected
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density strengths
the Pd-Cthe
bond
formation.
Coupling both factors,
a higher
specificity
to the C–C Pd/Fe
Mauriello
et al. studied
glycerol
hydrogenolysis
promoted
by the
co-precipitated
selectivity over the C–O cleavage is to be expected [132].
catalyst using two different hydrogen sources: molecular hydrogen (hydrogenolysis condition) and
Mauriello et al. studied the glycerol hydrogenolysis promoted by the co-precipitated Pd/Fe
in situ H2 produced (APR conditions) [129]. The hydrogenolysis reaction carried out at 180◦ C shows
catalyst using two different hydrogen sources: molecular hydrogen (hydrogenolysis condition) and
a glycerol
conversion
of 92.4%
with 1,2-PDO
being
the main reaction
product.
the
in situ
H2 produced
(APR conditions)
[129]. The
hydrogenolysis
reaction carried
out Upon
at 180°Cincreasing
shows
◦
reactiona temperature,
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conversion
complete
and,
at 240Upon
C, the
main product
is
glycerol conversion
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being the main
reaction
product.
increasing
the
temperature,highlighting
the glycerol conversion
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and, at
240 °C, the
product
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ethanolreaction
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the morebecomes
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C–C bond
breaking
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ethanol
(70% selectivity)
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efficient
C–C bond
breaking at
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The effect
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from 5the
to more
20 bar
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(180
with the 1,2-PDO
The effect of increasing pressure from 5 to 20 bar was also investigated (180 °C) with the 1,2-PDO
yield decreasing because of the competitive adsorption of both H2 and organic substrate on the Pd-Fe
yield decreasing because of the competitive adsorption of both H2 and organic substrate on the Pdsurface Fe
[238].
Under
products
inliquid
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same trend
surface
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productsdistribution
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phase
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whereas,
in theingas
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is His2 H
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On
the 2017,
bimetallic
Pd-Fe catalytic system, the hydrogenolysis of glycerol can follow two main
routes, reported in Figure 11 [129]: (i) the dehydration/hydrogenation route that implies the breaking of
On the bimetallic Pd-Fe catalytic system, the hydrogenolysis of glycerol can follow two main
the C–O bond leading to 1,2-PDO production or (ii) the dehydrogenation/decarbonylation route, where
initial routes, reported in Figure 11 [129]: (i) the dehydration/hydrogenation route that implies the
the breaking
allows
the EG
formation.
and dehydrogenation
breakingof the
of C–C
the bond
C–O
bond
leading
to Dehydration
1,2-PDO
production
or
(ii) reactions
the
were dehydrogenation/decarbonylation
found to be key elementary steps
both
in
the
presence
and
in
absence
of
H
;
their
is
route, where the breaking of the C–C bond2 allows selectivity
the EG
driven
by the reaction
temperature
effect on the selective
of bonds
involved.
Thesteps
dehydration/
formation.
Dehydration
and dehydrogenation
reactionscleavage
were found
to be key
elementary
both
in the presence
and
in absence
2; their temperature
selectivity is driven
reaction
temperature
on an
hydrogenation
route
easier
occursofatHlower
since by
thethe
initial
C–OH
breakingeffect
involves
−
1
∼
the
selective
cleavage
of
bonds
involved.
The
dehydration/
hydrogenation
route
easier
occurs
at
energy bond as low as = 80 kcal·mol , while the dehydrogenation/decarbonylation preferentially
−1,
lower
temperature
since
the
initial
C–OH
breaking
involves
an
energy
bond
as
low
as
≅
80
kcal·mol
proceeds at higher temperature since the cleavage of the O–H bond implies a much higher energy
preferentially proceeds at higher temperature since the
valuewhile
(EO–Hthe∼
104 kcal·mol−1 ) [230].
=dehydrogenation/decarbonylation

cleavage of the O–H bond implies a much higher energy value (EO–H ≅ 104 kcal·mol−1) [230].

Figure 11. Main pathways of glycerol hydrogenolysis over Pd/Fe catalyst (adapted from Ref. [129]).
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The effective feasibility of the selective catalytic transfer hydrogenolysis of glycerol into 1,2-

The
feasibility
of thecatalyst,
selective
catalytic
transferfor
hydrogenolysis
of glycerol
into[137].
1,2-PDO,
PDO,effective
promoted
by the PdFe
was
demonstrated
the first time by
Pietropaolo
Reactions
were
performed
inert atmosphere
of added
hydrogen [137].
and itReactions
was
promoted
by the
PdFe
catalyst,under
was demonstrated
forin
theabsence
first time
by Pietropaolo
ascertained
that
the
transfer
of
hydrogen
occurs
from
the
alcoholic
solvent
(2-propanol
or
ethanol)
to that
were performed under inert atmosphere in absence of added hydrogen and it was ascertained
the
glycerol,
through
the
dehydrogenation
of
the
solvent.
Glycerol
hydrogenolysis
reactions
were
the transfer of hydrogen occurs from the alcoholic solvent (2-propanol or ethanol) to the glycerol,
carried out within 24 h in an autoclave charged with 5 bar of inert gas, using PdO/Fe2O3 unreduced
through
the dehydrogenation of the solvent. Glycerol hydrogenolysis reactions were carried out within
catalyst and a glycerol (12 wt %) solution in 2-propanol (or ethanol). The glycerol reaches the
24 h in an autoclave charged with 5 bar of inert gas, using PdO/Fe2 O3 unreduced catalyst and a
complete conversion (84%–100%) in the temperature range of 150–180 °C, showing a remarkable
glycerol
(12 wt %) solution in 2-propanol (or ethanol). The glycerol reaches the complete conversion
selectivity to 1,2-PDO (91%–94%), followed by a minor amount of ethylene glycol (EG). Acetone was
◦
(84%–100%)
in the
rangeproduced
of 150–180
a remarkable
selectivity
to 1,2-PDO
also detected
intemperature
liquid phase, being
fromC,
theshowing
2-propanol
dehydrogenation.
The presence
(91%–94%),
followed
by
a
minor
amount
of
ethylene
glycol
(EG).
Acetone
was
also
detected
intoliquid
of 1-hydroxyacetone (AC) is an important intermediate, that enables to maximize the selectivity
phase,1,2-PDO
being produced
from
the
2-propanol
dehydrogenation.
The
presence
of
1-hydroxyacetone
(AC)
and it was detected in reactions carried out in a shorter time than 24 h.
Glycerol
CTH reactions
under
mild to
conditions
(180
5 bar of Nto
2),1,2-PDO
in 2-propanol
solvent,
is an important
intermediate,
that
enables
maximize
the°C,
selectivity
and itaswas
detected
were deeply
investigated
to understand
the 24
different
reactivity obtained from co-precipitated and
in reactions
carried
out in a shorter
time than
h.
◦ C, 25Obar
impregnated
PdFe
catalystsunder
[138]. Impregnated
samples
(Pd/Fe
3 and Pd/Fe3O4) result considerably
Glycerol
CTH
reactions
mild conditions
(180
of N2 ), in 2-propanol as solvent,
less active than the analogous co-precipitated, and AC was detected as the prevalent product,
were deeply investigated to understand the different reactivity obtained from co-precipitated and
followed by 1,2-PDO and EG in small percentages. An interesting correlation between the amount of
impregnated PdFe catalysts [138]. Impregnated samples (Pd/Fe2 O3 and Pd/Fe3 O4 ) result considerably
acetone measured and the glycerol conversion was also experimentally verified. A reaction mechanism
less active
than the analogous co-precipitated, and AC was detected as the prevalent product, followed
of glycerol in CTH condition was proposed. The first step involves the glycerol chemisorptions on metal
by 1,2-PDO
and
EG in C–OH
small percentages.
interesting
correlation
between
the re-arrangement
amount of acetone
sites. The
following
cleavage occursAn
through
a SN1 mechanism
with
an internal
measured
and the
glycerol
conversion
was alsoofexperimentally
A reaction
mechanism of
into acetol.
Finally,
the transfer
hydrogenation
acetol to 1,2-PDOverified.
occurs directly
from 2-propanol
glycerol
in CTHthe
condition
was
proposed.
Thedehydrogenation
first step involves
the glycerol
chemisorptions on metal
or through
H-species
obtained
from the
of 2-propanol
[138].
main results
discussed
hydrogenolysis,
CTH reactions
of glycerol
reported
sites. The The
following
C–OH
cleavagefor
occurs
through a APR
SN1 and
mechanism
with an
internalare
re-arrangement
in
Table
3.
into acetol. Finally, the transfer hydrogenation of acetol to 1,2-PDO occurs directly from 2-propanol or
through the H-species obtained from the dehydrogenation of 2-propanol [138].
The main results discussed for hydrogenolysis, APR and CTH reactions of glycerol are reported
in Table 3.
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Table 3. Catalytic conversion of glycerol in hydrogenolysis, APR and CTH conditions over PdFe catalysts.
Catalyst

Preparation
Method 1

Substrate
[wt %] 2

Solvent

H-Source

Temp.
[◦ C]

Time
[h]

Conversion
[%]

Main Products [%] 4

References

Zn-Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
PdO/Fe2 O3
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe2 O3

CP
CP
CP
CP
CP
CP
IWi
IWi

Gly (1%)
Gly (1%)
Gly (4%)
Gly (4%)
Gly (12%)
Gly (4%)
Gly (4%)
Gly (4%)

H2 O
H2 O
H2 O
H2 O
2-PO 3
2-PO
2-PO
2-PO

H2 (50 bar)
H2 (50 bar)
H2 (5 bar)
APR (5bar)
2-PO (5bar)
2-PO (5bar)
2-PO (5bar)
2-PO (5bar)

250
250
240
240
180
180
180
180

120
120
24
24
24
24
24
24

100
100
100
100
100
100
66.5
40.4

1,2-PDO (33%), EtOH (32%)
1,2-PDO (36%), EtOH (17%), 1-PO (15%)
EtOH (70%), POs (10%)
EtOH (73%), 1,2-PDO (9.4%)POs (8.7%)
1,2-PDO (94%), EG (6%)
1,2-PDO (56%), AC (25%)
1,2-PDO (48%), AC (44%)
1,2-PDO (26.6%), AC (58%)

[132]
[132]
[129]
[129]
[137]
[138]
[138]
[138]

1

CP: coprecipitation; IWi: incipient wetness impregnation; 2 Gly: glycerol; 3 2-PO: 2-propanol; 4 1,2-PDO: 1,2-propanediol; EtOH: ethanol; EG: ethylene glycol; AC: 1-hydroxyacetone.
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Considerable research
research interest
interest has
has been
been directed
directed towards
towards sorbitol
sorbitol (C6
(C6 polyol)
polyol) hydrogenolysis,
hydrogenolysis,
Considerable
because
it
allows
the
production
of
fundamental
chemical
intermediates
[68,241–243].
because it allows the production of fundamental chemical intermediates [68,241–243].
The overall
overallreaction
reactionpathway
pathwayofofsorbitol
sorbitol
hydrodeoxygenation
is reported
in Figure
12 [244].
The
hydrodeoxygenation
is reported
in Figure
12 [244].
The
The
sorbitol
conversion
mainly
exhibits
four
key
reactions:
hydrogenation,
dehydration,
retro-aldol
sorbitol conversion mainly exhibits four key reactions: hydrogenation, dehydration, retro-aldol
condensation and
anddecarbonylation
decarbonylation[245].
[245].Sorbitol
Sorbitol
could
dehydrated
to cyclic
products
as
condensation
could
be be
dehydrated
to cyclic
products
suchsuch
as 1,41,4-sorbitan
isosorbide.
latter
leads
to 1,2,6-hexanetriol
(1,2,6-HXT)
through
hydrogenolysis
sorbitan andand
isosorbide.
The The
latter
leads
to 1,2,6-hexanetriol
(1,2,6-HXT)
through
hydrogenolysis
and
and
dehydration/hydrogenation
reactions.
1,2,6-HXT
is
a
valuable
intermediate
because,
dehydration/hydrogenation reactions. 1,2,6-HXT is a valuable intermediate because, through
through
dehydration/decarbonylation reactions,
reactions, affords
affords lighter
lighter alcohols
alcohols and
and polyols;
polyols; alternatively,
alternatively, it
could be
be
dehydration/decarbonylation
it could
dehydrated
and
hydrogenated
to
hexanol.
Hexanols
can
be
converted
into
alkanes,
like
n-pentane
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HDO of biomass-derived oxygenated molecules [244,246,247]. As shown in Figure 13, the bimetallic
Pd1Fe3/Zr-P affords the highest activity than other screened catalysts [140,248]. The authors reported
the detailed product selectivity concerning 3 wt % Pd/Zr-P and Pd1Fe3/Zr-P catalysts, grouped by
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cyclohexanol, and gaseous products. Metallic iron is a good catalyst for the HDO of guaiacol avoiding,
at the same time, the ring-saturation side reaction. However, the Fe/C activity was lower than that
observed with carbon-supported precious metals. Therefore, to further improve the activity of the
Fe catalyst, a Pd-Fe/C catalyst (Pd 2%-Fe 10%) was tested. Guaiacol is fully deoxygenated on the
Pd-Fe/C, at 450 ◦ C, with a high yield to BEX (83.2%).
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The HDO of m-cresol was studied over a Pd-Fe catalyst as well as other Fe promoted precious
metal systems [142]. Also in this case, the addition of palladium facilitates the activity of Fe in the C–
The HDO of m-cresol was studied over a Pd-Fe catalyst as well as other Fe promoted precious
O cleavage without the hydrogenation of aromatic ring. Based on DFT calculations, the role of
metal systems [142]. Also in this case, the addition of palladium facilitates the activity of Fe in the C–O
palladium is that to stabilize the metallic Fe (catalytic site for the activation of phenolic compounds)
cleavage without the hydrogenation of aromatic ring. Based on DFT calculations, the role of palladium
preserving its oxidation. The lower tendency of metallic Fe to oxidize, upon of Pd addition, was also
is that to stabilize the metallic Fe (catalytic site for the activation of phenolic compounds) preserving
confirmed in the in situ XANES analysis. Overall, the addition of palladium influences both the
its oxidation. The lower tendency of metallic Fe to oxidize, upon of Pd addition, was also confirmed
adsorption of m-cresol on Fe as well as the spillover process.
in the in situ XANES analysis. Overall, the addition of palladium influences both the adsorption of
Pt/Fe2O3, Ru/Fe2O3 and Rh/Fe2O3 samples were also investigated to understand if the synergistic
m-cresol on Fe as well as the spillover process.
effect between Pd and Fe can be extensible. The conversion of m-cresol follows the order Pd < Pt < Ru
Pt/Fe2 O3 , Ru/Fe2 O3 and Rh/Fe2 O3 samples were also investigated to understand if the
< Rh in analogy with the H2 sticking probability on investigated precious metals.
synergistic effect between Pd and Fe can be extensible. The conversion of m-cresol follows the
order Pd < Pt < Ru < Rh in analogy with the H2 sticking probability on investigated precious metals.
3.2.2. Hydrogenolysis of Benzyl Phenyl Ether, 2-Phenethyl Phenyl Ether and Diphenyl Ether as
Model Molecules of α-O-4, β-O-4 and 4-O-5 Ether Bonds in Lignin
Various metals have been investigated as catalysts for the cleavage of the α-O-4 (Benzyl Phenil
Ether—BPE), β-O-4 (Phenethyl Phenyl Ether—PPE) and 4-O-5 (Diphenyl Ether—DPE) lignin
linkages [48–51] (Figure 17).
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(Ref. [145]).
[145]).
Figure
BPE, PPE
PPE and
and DPE
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Palladium catalysts, when used, provide good results but were found to be less efficient in
Palladium catalysts, when used, provide good results but were found to be less efficient in
producing aromatic feedstocks [265]. However, one of the key objectives in the catalytic valorization
producing aromatic feedstocks [265]. However, one of the key objectives in the catalytic valorization
of lignin is the selective cleavage of CAr–O bond preserving its aromatic nature (aromatic ring
of lignin is the selective cleavage of CAr –O bond preserving its aromatic nature (aromatic ring
hydrogenation consumes hydrogen and renders the reaction less useful for producing aromatics).
hydrogenation consumes hydrogen and renders the reaction less useful for producing aromatics).
Benzyl phenyl ether (BPE) is the simplest model molecule representing the α-O-4 ether bond of
Benzyl phenyl ether (BPE) is the simplest model molecule representing the α-O-4 ether bond of
lignin and it is characterized by a weak ether bond of 218 kJ/mol [192].
lignin and it is characterized by a weak ether bond of 218 kJ/mol [192].
The Pd-Fe/OMC catalyst was tested in the C–O bond breaking of BPE and the results were
The Pd-Fe/OMC catalyst was tested in the C–O bond breaking of BPE and the results were
compared with those obtained with Pd/OMC and Fe/OMC samples [143] (Table 4). The aromatic
compared with those obtained with Pd/OMC and Fe/OMC samples [143] (Table 4). The aromatic
yield follows the order Pd/OMC (36.2%) < Fe/OMC (37.2%) < Pd-Fe/OMC (74.3%) denoting, also in
yield follows the order Pd/OMC (36.2%) < Fe/OMC (37.2%) < Pd-Fe/OMC (74.3%) denoting, also in
this case, the higher tendency of Pd-Fe systems in producing aromatics because of Fe addition on the
this case, the higher tendency of Pd-Fe systems in producing aromatics because of Fe addition on the
Pd catalyst.
Pd catalyst.
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Table 4. Catalytic performance of heterogeneous Pd-Fe catalysts in the cleavage of C–O bond in BPE, PPE and DPE.
Catalyst

Preparation
Method 1

Substrate

H-Source

Temp.
[◦ C]

Time
[min]

Conversion
[%]

Aromatic Yeld
[%]

References

Pd/OMC
Fe/OMC
Pd-Fe/OMC
Pd1 -Fe0 /OMC
Pd1 -Fe0.25 /OMC
Pd1 -Fe0.7 /OMC
Pd1 -Fe1.5 /OMC
Pd1 -Fe4 /OMC
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4
Pd/Fe3 O4

STM-IWi
STM-IWi
STM-IWi
STM-IWi
STM-IWi
STM-IWi
STM-IWi
STM-IWi
CP
CP
CP
CP
CP
CP
CP
CP

BPE
BPE
BPE
PPE
PPE
PPE
PPE
PPE
BPE
BPE
BPE
BPE
BPE
BPE
PPE
DPE

H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (10 bar)
H2 (20 bar)
H2 (40 bar)
iPrOH
iPrOH
iPrOH
iPrOH
iPrOH

250
250
250
250
250
250
250
250
240
240
240
180
210
240
240
240

60
60
60
180
180
180
180
180
90
90
90
90
90
90
90
90

93.0
50.1
88.5
94.1
88.3
75.6
63.2
41.2
75.0
73.0
71.0
19.7
49.4
100
22.0
<2

36.2
37.2
74.3
15.1
28.3
56.7
46.6
31.1
75.0
73.0
69.6
100
100
100
100
-

[143]
[143]
[143]
[144]
[144]
[144]
[144]
[144]
[145]
[145]
[145]
[145]
[145]
[145]
[145]
[145]

1

STM-IWi: surfactant-templating method and a subsequent incipient wetness impregnation method; CP: coprecipitation method; iPrOH: 2-propanol.
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The same authors investigated a series of Pd-Fe catalysts with different Fe/Pd molar ratio (X) in
The same authors
investigated
a series
of Pd-Fe
catalysts
with different
Fe/Pd
molar
ratio
(X)
the hydrogenolysis
of the
PPE [144]. The
catalytic
activity
was strongly
influenced
by the
Fe/Pd
molar
in
the
hydrogenolysis
of
the
PPE
[144].
The
catalytic
activity
was
strongly
influenced
by
the
Fe/Pd
ratio with the best results, in terms of aromatic yield, obtained with a Fe/Pd molar ratio of 0.7 (Figure
molar
with the
best results,
in of
terms
of aromatic
yield,
withby
a Fe/Pd
molar
ratio of
18).
Theratio
hydrogen
adsorption
ability
the Pd-Fe
catalysts
wasobtained
investigated
H2-TPD.
The amount
0.7
(Figure
18).
The
hydrogen
adsorption
ability
of
the
Pd-Fe
catalysts
was
investigated
by
H
2 -TPD.
of H2 desorbed found was Pd/OMC > Pd-Fe/OMC > Fe/OMC suggesting that palladium, if compared
The
amount
of
H
desorbed
found
was
Pd/OMC
>
Pd-Fe/OMC
>
Fe/OMC
suggesting
that
palladium,
2
with iron, has a higher
tendency to retain hydrogen [143]. Accordingly, the amount of H2 desorbed
if
compared
with
iron,
has
a higher
to retain
[143]. Accordingly,
the
amount
of H2
is significantly affected by the
Pd/Fetendency
molar ratio
[144].hydrogen
This is a crucial
point that can
further
explain
desorbed
is
significantly
affected
by
the
Pd/Fe
molar
ratio
[144].
This
is
a
crucial
point
that
can
further
the ability of Pd-Fe systems in the C–O bond breaking in presence of the aromatic functionality.
explain the ability of Pd-Fe systems in the C–O bond breaking in presence of the aromatic functionality.

Figure 18.
18. Hydrogenolysis
Hydrogenolysis of
of PPE
/OMC(X
(X==0,0,0.25,
0.25,0.7,
0.7,1.5,
1.5, and
and 4)
4) catalysts
catalysts
Figure
PPE promoted
promoted by
by Pd
Pd11–Fe
–FeX
X/OMC
(adapted from
from Ref.
Ref. [144]).
[144]).
(adapted

The
The selective
selective breaking
breaking of
of the
the C–O
C–O bond
bond of
of BPE,
BPE, PPE
PPE and
and DPE was recently investigated
investigated under
under
CTH
Pd/Fe33OO4 4catalyst,
CTH conditions
conditions [145]. On using the Pd/Fe
catalyst,aasignificant
significantBPE
BPE(0.1
(0.1M)
M) conversion
conversion (19.7%)
(19.7%)
◦ C (Table
was completed
completedeven
even
at 180
°C (Table
The conversion
by increasing
reaction
at 180
4). The4).conversion
growths growths
by increasing
the reactionthe
temperature
◦
temperature
at 240
BPE
is fully converted
(100% conversion)
into phenol
and toluene
the
and, at 240 and,
C, BPE
is °C,
fully
converted
(100% conversion)
into phenol
and toluene
as theasonly
only
reaction
products
aromatic
The
low tendency
of the co-precipitated
3O4
reaction
products
(100%(100%
aromatic
yield). yield).
The low
tendency
of the co-precipitated
Pd/Fe3 OPd/Fe
catalyst
4
catalyst
to hydrogenate
the aromatic
was previously
observed
[270] and confirmed
with
to hydrogenate
the aromatic
ring was ring
previously
observed [270]
and confirmed
with crosscheck
crosscheck
experiments
and toluene.
experiments
with phenolwith
andphenol
toluene.
The
C–O
bond
breaking
of
BPE
was
also studied
The C–O bond breaking of BPE
studied under
under classic
classic hydrogenolysis
hydrogenolysis condition
condition (10,
(10, 20
20
and
and 40
40 bar
bar of
of H
H22).).AAdecrease
decreasein
inBPE
BPEconversion
conversionisisnoticed
noticed while
while the
the selectivity
selectivity to
to aromatics
aromatics remains
remains
above
of the
the Pd/Fe
Pd/Fe33O
above 98%
98% confirming the low tendency of
O44catalyst
catalystto
to hydrogenate
hydrogenate the
the aromatic
aromatic ring
ring
also
in
presence
of
added
H
2
.
On
the
other
hand,
Pd/C
was
found
to
be
almost
inactive
in
the
cleavage
also in presence
2 On the other hand, Pd/C was found to be almost inactive in the cleavage
of
of the
the C–O
C–O bond
bond under
under CTH
CTH conditions
conditions while,
while, under
under hydrogenolysis
hydrogenolysis conditions (10 bar of H22),), aa 98%
98%
of
registered. The modest performance
performance of
of the
the Pd/C
Pd/C
of BPE
BPE conversion
conversion (40% of aromatic selectivity) was registered.
catalyst
reactionsisisrelated
relatedtotoitsitslower
lowerability
ability
dehydrogenate
2-propanol
as revealed
by
catalyst in CTH reactions
toto
dehydrogenate
2-propanol
as revealed
by the
the
small
quantity
of acetone
formed.
veryvery
small
quantity
of acetone
formed.
The
H-donor
ability
of
simple
primary and secondary alcohols was also investigated. A
The H-donor ability
A tight
tight
correlation
(H-donor
ability)
and
thethe
amount
of
correlation between
betweenthe
thequantity
quantityofofaldehyde
aldehydeororketone
ketoneformed
formed
(H-donor
ability)
and
amount
BPE
converted
was
found
suggesting
that:
(i)(i)
the
of BPE
converted
was
found
suggesting
that:
theCTH
CTHprocess
processofofBPE
BPEisisvery
very sensitive
sensitive to
to steric
steric
hindrance
hindrance of
of the
the H-donor
H-donor molecule
molecule and,
and, most
most important;
important; (ii)
(ii) the
the H-transfer
H-transfer from
from the
the alcohol
alcohol and
and the
the
hydrogen
process (Figure
(Figure 19).
19).
hydrogen promoting the C–O bond breaking occur in a unique chemical process
CTH
CTH of
of 2-phenethylphenylether
2-phenethylphenylether (PPE)
(PPE) and
and diphenyl
diphenyl ether
ether (DPE)
(DPE) was
was also investigated.
investigated. Very
Very
−1;−β-O-4
−1 and
1
interestingly,
a
linear
correlation
of
the
bond
strength
(4-O-5
=
314
kJ·mol
=
289
kJ·mol
interestingly, a linear correlation of the bond strength (4-O-5 = 314 kJ·mol ; β-O-4 = 289 kJ·mol−1
−1) and−the
α-O-4
= 218 =kJ·mol
ability
the Pd/Fe
3O4Pd/Fe
catalyst
the CTHinofthe
aromatic
ethers
was found.
and α-O-4
218 kJ
·mol 1 ) and
theofability
of the
CTH of
aromatic
ethers
3 Oin
4 catalyst
was found.
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Figure19.
19.Pd/Fe
Pd/Fe3O
4-catalyzed selective transfer hydrogenolysis of BPE (Ref. [145]).
Figure
3 O4 -catalyzed selective transfer hydrogenolysis of BPE (Ref. [145]).

4. Conclusion and Outlook
4. Conclusions and Outlook
Bimetallic Pd-Fe systems are an emerging class of heterogeneous catalysts for upgrading
Bimetallic Pd-Fe systems are an emerging class of heterogeneous catalysts for upgrading platform
platform molecules deriving from lignocellulosic biomasses.
molecules deriving from lignocellulosic biomasses.
In this review, together with a detailed presentation of the various reactions promoted by Pd-Fe
In this review, together with a detailed presentation of the various reactions promoted by Pd-Fe
systems, we present the most common synthetic methods used for the preparation of different type
systems, we present the most common synthetic methods used for the preparation of different type of
of Pd-Fe catalysts (impregnation, deposition-precipitation and co-precipitation) as well as typical
Pd-Fe catalysts (impregnation, deposition-precipitation and co-precipitation) as well as typical analysis
analysis techniques adopted for the physico-chemical characterization (XRD, TEM, H2-TPR, XPS and
techniques adopted for the physico-chemical characterization (XRD, TEM, H2 -TPR, XPS and EXAFS).
EXAFS).
The significant catalytic activity, much higher than that shown by the individual metal
The significant catalytic activity, much higher than that shown by the individual metal
components, can be ascribed to the addition of Fe to palladium-based catalysts that allows the
components, can be ascribed to the addition of Fe to palladium-based catalysts that allows the
formation of Pd-Fe alloy or ensembles. X-ray photoelectron spectroscopy reveals that, in heterogeneous
formation of Pd-Fe alloy or ensembles. X-ray photoelectron spectroscopy reveals that, in
Pd-Fe catalysts, the Pd 3d5/2 binding energy is higher than that reported for metallic palladium
heterogeneous Pd-Fe catalysts, the Pd 3d5/2 binding energy is higher than that reported for metallic
suggesting the presence of Pd-Fe clusters on the surface. Accordingly, EXAFS analysis discloses a
palladium suggesting the presence of Pd-Fe clusters on the surface. Accordingly, EXAFS analysis
shorter scattering of the Pd-Fe path than the classic Pd–Pd distance. Besides, the presence of Pd on iron
discloses a shorter scattering of the Pd-Fe path than the classic Pd–Pd distance. Besides, the presence
oxides supports (Fe2 O3 and Fe3 O4 ) enhances the reducibility of those surfaces stabilizing the reduced
of Pd on iron oxides supports (Fe2O3 and Fe3O4) enhances the reducibility of those surfaces stabilizing
Fe from possible oxidation during hydrogenolysis reactions. Moreover, the electronic properties of
the reduced Fe from possible oxidation during hydrogenolysis reactions. Moreover, the electronic
Pd-Fe catalysts can be opportunely modified by incorporating a secondary co-metal (Zn or Co).
properties of Pd-Fe catalysts can be opportunely modified by incorporating a secondary co-metal (Zn
Hence, heterogeneous Pd-Fe catalysts may be successfully used in important sustainable reactions
or Co).
including the selective C–C and C–O bond cleavage of (i) C2–C6 polyols; (ii) furfurals; (iii) phenol
Hence, heterogeneous Pd-Fe catalysts may be successfully used in important sustainable
derivatives and (iv) aromatic ethers both in presence of molecular H2 —as simple hydrogen source—or
reactions including the selective C–C and C–O bond cleavage of (i) C2–C6 polyols; (ii) furfurals; (iii)
with indirect H2 source (by dehydrogenation of alcoholic solvent or through APR of the biomass
phenol derivatives and (iv) aromatic ethers both in presence of molecular H2—as simple hydrogen
derived molecule itself).
source—or with indirect H2 source (by dehydrogenation of alcoholic solvent or through APR of the
With respect to C2–C6 polyols, a preference to C–C bond breaking over that of C–O bond in the
biomass derived molecule itself).
EG hydrogenolysis—strictly related with the reaction temperature—was determined over several
With respect to C2–C6 polyols, a preference to C–C bond breaking over that of C–O bond in the
Pd-Fe systems. Good performances of bimetallic Pd-Fe catalysts have been obtained in the preparation
EG hydrogenolysis—strictly related with the reaction temperature—was determined over several
of 1,2-propanediol from glycerol also under CTH conditions. Furthermore, Pd-Fe systems have been
Pd-Fe systems. Good performances of bimetallic Pd-Fe catalysts have been obtained in the
demonstrated to be efficient catalysts for the renewable H2 production by means of the APR process of
preparation of 1,2-propanediol from glycerol also under CTH conditions. Furthermore, Pd-Fe
polyols, operating under mild conditions and without formation of CO. Fe2 O3 -supported Pd catalysts
systems have been demonstrated to be efficient catalysts for the renewable H2 production by means
were successfully used also in the transfer hydrogenation and hydrogenolysis of furfural derivatives
of the APR process of polyols, operating under mild conditions and without formation of CO. Fe2O3as well as in the aqueous-phase hydrogenation (APH) reactions of propanal and xylose. At the same
supported Pd catalysts were successfully used also in the transfer hydrogenation and hydrogenolysis
time, Pd-Fe systems are excellent catalysts for the valorization of lignin model molecules being able to
of furfural derivatives as well as in the aqueous-phase hydrogenation (APH) reactions of propanal
cleave the C–O bond without saturation of the aromatic ring.
and xylose. At the same time, Pd-Fe systems are excellent catalysts for the valorization of lignin model
In view of all this, heterogeneous Pd-Fe catalysts have the potential to be successfully adopted to
molecules being able to cleave the C–O bond without saturation of the aromatic ring.
produce bulk and fine compounds in all the reductive processes used in modern biorefineries. While a
In view of all this, heterogeneous Pd-Fe catalysts have the potential to be successfully adopted
lot of efforts have been done in their use in the hydrogenation and hydrogenolysis of platform derived
to produce bulk and fine compounds in all the reductive processes used in modern biorefineries.
molecules, a lot of research needs to be carried out to explore the use of heterogeneous Pd-Fe catalysts
While a lot of efforts have been done in their use in the hydrogenation and hydrogenolysis of platform
for the direct conversion of cellulose, hemicellulose and lignin into building block chemicals.
derived molecules, a lot of research needs to be carried out to explore the use of heterogeneous PdFe catalysts
for theThe
direct
conversion
cellulose,
hemicellulose and lignin into building block
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