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The problems associated with the use of molecular hydrogen (transportation, storage and high cost) have pushed
scientists to the pursuit of efficient hydrogen donors, able to reduce chemical bonds in the presence of catalysts
through catalytic transfer hydrogenation (CTH) reactions. In this sense, formic acid stands up as one of the most
important and safest chemical molecules for Hy generation under mild conditions. It can be obtained from
biomass through different catalytic transformations and used as well to upgrade biomass to platform chemicals.
This review summarizes the recently published studies dealing with formic acid production from biomass (using

glucose as representing molecule) along with its use in hydrogen involved reactions of different groups of

platform chemicals upgrading.

1. Introduction

The global energy demand associated with the continuous popula-
tion growth starts alarming society on the unsustainable use of nonre-
newable energy sources such as natural gas, coal, and crude oil [1]. In
the last years, the risk of supply interruption has become even more
important referring to the geopolitical conflicts and restriction policies.
What is more, the uncontrolled energy consumption causes constant
environmental pollution problems, that appeal to limit the fossil sources
utilization in favor to a new, clean and sustainable sources for fuels and
chemicals production [2,3].

In the last decades, biomass has become the most abundant, versatile
and renewable source for fine chemicals and biofuels production in the
world. Much efforts have been made to develop new technologies for
biomass upgrading into high value-added chemicals [4]. The principal
low-cost and sustainable biomass that can be used as feedstock is the
lignocellulosic (LCB) one with its three main components: cellulose,
hemicellulose and lignin. These macromolecules could originate after
hydrolysis a fan of platform molecules, useful to synthesize a wide
spectrum of valuable chemicals (sugars, acids and aromatics) [5,6]. The
key processes to transform these molecules into chemicals and biofuels
are hydrogenation and hydrogenolysis reactions. The former increases
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the ratio of hydrogen to carbon by using hydrogen from some external
sources and the latter cleaves carbon-carbon or carbon-heteroatom
bonds in presence of Hy. In the particular case of biomass we often
refer to hydrodeoxygenation (HDO) as a hydrogenolytic reaction in
connection to the reduction of oxygen content of all LCB derived mol-
ecules [7,8]. The main challenge of the HDO mediated processes is to
remove as much oxygen as possible while using the least possible
amount of hydrogen [9]. Molecular hydrogen (H3) has been frequently
reported as hydrogen donor for HDO processes due to its beneficial
activation potential on a wide range of metal surfaces and on its avail-
ability [8]. Nevertheless, its use presents some considerable issues owing
to the high pressure Hy over-utilization, and its high cost and safety
hazards during transportation, storage, and use. It also presents a low
solubility in most solvents, being required a high H; pressure to achieve
satisfactory conversions and yields without the production of high
amounts of by-products [10].

In this sense, some organic molecules have demonstrated to act as
hydrogen donors for the reduction of chemical bonds in presence of
catalysts through a catalytic transfer hydrogenation (CTH) reaction. Its
use avoids the need for complicated installations and harsh conditions
[11] being also environmentally friendly and economically viable [12,
13]. Several hydrogen donors, such as alcohols, organic acids and
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hydrazine have been used in the CTH process [8,14] and, unlike mo-
lecular hydrogen, they may interact effectively in liquid phase thus
enhancing the reactivity of the generated hydrogen [11]. Within the
group of organic molecules, one of the most interesting hydrogen
sources is formic acid (FA) [15,16], which quickly and selectively de-
composes into Hy and CO» under mild conditions [17-19]. FA has been
recently identified as one of the most important and safest chemical
molecules for Hy storage, having a high volumetric hydrogen content,
26.5 M of Hy (53 g Hy/L) reserved in 1 L of FA. For comparison, 1 L of
gaseous Hj is equivalent to 9.8 M and must be stored at a pressure of 22
MPa [17]. All these properties convert FA in an efficient hydrogen
carrier with a high flash point (69 °C vs. 11 °C for methanol and —23 °C
for gasoline), low inflammability [20], and biodegradability. Currently,
FA is industrially produced using a fossil-based process, i.e., carbonyl-
ation of methanol [21], although its large-scale production from
biomass is also available [22]. Up to now, continuous attempts have
been made to obtain FA from renewable sources through green routes,
particularly starting with biomass or COy [23,24], being the former
feedstock summarized later in this review.

Hydrogen is generated from FA via dehydrogenation (Scheme 1) but,
depending on the reaction conditions and the catalyst’ nature, the
dehydration reaction can also occur with release of CO. In general, this
side reaction must be completely avoided not only because CO can be
very poisonous for the catalysts [25], but also because its conversion to
CO5 and Hj is conditioned by the water gas shift equilibrium [26].

A DFT study [27] resumes the FA decomposition into two pathways
(Scheme 2):i) the carboxyl pathway (COOH), involving C-H bond
splitting and followed by O-H break and ii) the formate pathway
(HCOO), where the decomposition starts with O-H bond cleavage. In the
case of the carboxyl route, the final products selectivity relies on the
O-H or C-OH dissociations, leading to dehydrogenation and dehydra-
tion products in the first and second case, respectively. Regarding the
formate pathway, it is possible to form a stable bidentate (HCOOg) or
monodentate (HCOO)), resulting both in CO, and Hy formation after
C-H bond splitting. The strength of the metal(catalyst)-oxygen coordi-
nation would determine the decomposition pathway, being particularly
important bidentate (HCOOg) to monodentate (HCOOy;) complex tran-
sition in the final products distribution [27-29].

The employed catalysts have a major impact on the reactivity and
selectivity of these routes [30]. In the last decade, various catalytic
systems [31] have been reported for in situ hydrogen generation: i) ho-
mogeneous non-noble transition metal complexes based on cobalt [32],
iron carbonyl [33], manganese [34], nickel [35,36] and copper [37,38];
ii) noble metal complexes based on ruthenium [39-41], iridium [42,43]
or palladium [44] for which the control of activity and stability relied on
a careful design of the ligand [45]; and iii) heterogeneous catalysts
based on monometallic Pd [46-49], Au [50,51], Ru [52] and bimetallic
PdAu [53], PdCo [54] formulations. At this point we must specify that a
great variety of the catalysts mentioned above for in situ hydrogen
production can also serve for CTH/HDO reactions and they are the ob-
ject of this review. Without pretending to summarize all reported in-
formation, we have tried to regroup the recently published studies of
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formic acid production from biomass (using glucose as representing
molecule) and its use in CTH/HDO reactions of various groups of plat-
form chemicals.

2. Direct production of formic acid from biomass

Formic acid has multiple uses across industries (agricultural, food or
chemical mainly) and its popularity has noticeably increased with the
development of scaled-up methods for its production [55]. These
methods can be grouped in three categories: methyl formate hydrolysis
after methanol carbonylation; carbon dioxide hydrogenation and
biomass treatment [56]. As a general drawback of the processes, we can
mention i) the use of fossil resources, ii) the formation of undesirable
products or iii) the use of harsh conditions. That is why, there is a
renewed scientific interest for adopting sustainable and green chemistry
practices able to reduce the environmental impact of the production
processes [57-60]. Thus, all new technologies should include a renew-
able feedstock, reduce wastes and emissions, and develop more efficient
and less toxic chemicals and processes. FA production from biomass
meets all these criteria [61]. Glucose (GLC) is often used as a model
molecule for LCB because of its prevailing concentration. Nevertheless,
its oxidation selectivity is conditioned by the complexity of its molecule
and the nature of the used catalysts. The selectivity to formic acid is
often decreased by the presence of products of isomerization and
retro-aldol reaction and different products of C-C cleavage (Scheme 3).
Thus, the nature of oxidant and catalyst (acidity/basicity or redox
behavior) plays a primordial role for achieving good selectivity during
the process.

2.1. Hydrogen peroxide as the oxidant

Aluminum triflate (Al(OTf)3) is a well-known Lewis acid catalyst,
particularly active in reactions (oxidation included) that involve water
as reactant and solvent [62]. Kong et al. [63] used that catalyst to
convert glucose to formic acid in mild conditions (70 °C and reaction
time of 12 h) using GLC to oxidant (H205), ratio of 1:10, and acetonitrile
as additive. They achieved a high conversion rate of glucose (85%) but a
very low FA yield (6.8%). The main product, glycolic acid, indicated that
Lewis acid materials catalyzed glucose to fructose isomerization prior to
its oxidation thus significantly decreasing the FA selectivity.

Takagaki and co-workers [64] found that alkaline metallic oxides
possess a good catalytic activity in glucose oxidation to formic acid and
related it to solid’ basicity. CaO appears as the most active with 21% FA
yield with fructose as a trace product. Reaction parameter optimization
indicates glucose/H,0;, molar ratio of 1/5 in water, 90 °C temperature
and 2 h time as optimal conditions to achieve full conversion and 45%
FA yield. During the reaction the catalyst was gradually transformed
into CaCOs3 diminishing the activity in the second cycle but recovering it
after calcination at 800 °C. Wu et al. [65] investigated the use of MgO as
catalyst and found high FA yield (78%) and conversion (90%) under
mild conditions (50 °C, 4 h) with a stoichiometric GLC/H504 ratio.
However, the catalyst also produced undesired products such as lactic
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Scheme 1. Formic acid decomposition reaction in gas phase.
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Scheme 2. Formic acid decomposition via carboxyl (top) and formate (bottom) intermediates, adapted from Ref. [27] with permission from the Royal Society
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Scheme 3. Formic acid production from glucose and related reactions.

acid and arabinose. The catalytic activity of MgO catalyst was main-
tained through multiple cycles (up to 5) although a calcination between
cycles was required.

Kili¢ et al. [66] investigated the use of hydrotalcite-like materials as
catalysts for the oxidation of GLC to FA in ethanol and evaluated the
influence of Mg/Al ratio. No significant differences were found for the
bare materials (hydrotalcites without calcination) but after treatment
higher conversion was observed at higher Mg/Al ratios. The highest
conversion (38.7%) with complete selectivity towards FA was achieved
for Mg/Al ratio of 1/3. This study also reported a decrease in activity in
the 4th catalytic cycle. In a recent publication, the same authors used
bimetallic oxides as catalysts in similar conditions [67]. The highest
conversion of 29% was achieved with Sr-Fe oxides calcined at 200 °C in
comparison to the highest GLC conversion of 62% with FA yield of 10%
reported for the Mg-Al oxides. The change of the solvent from ethanol to
water decreases GLC conversion for the Mg-Al catalyst to 30% but in-
creases the FA selectivity to 60%.

A novel silica-encapsulated heteropoly acid (HPAs) catalyst was
studied by Yuan et al. [68] for the oxidation of several biomass platform
molecules. Even though HPAs showed great redox properties, their low
surface area and high solubility in polar solvents are considered as dis-
advantages for this reaction. That is why its encapsulation was proposed
in this study and resulted in conversions close to 25% with increased FA

selectivity (67%).

2.2. Molecular oxygen as the oxidizing agent

Albert [69] reported a series of heteropolyacids (HPA) with different
vanadium/molybdenum ratios within the Keggin structure and found
that the highest FA yield of 26% was given by the HPA-4
(H,PV4MogO40) sample at 90 °C and 20 bars of O, pressure after 8 h
of reaction. The authors conclude that at least two vanadium atoms are
needed within the polyoxometalate structure to produce some formic
acid. Within the same group of catalysts, Reichert and Albert [70]
compared HPA-5 (HgPVsMo;040) to HPA-2 (HsPVaMo1¢O40) structures
and found that the difference in activity arises from vanadium content,
highest the content highest the glucose conversion. In this sense, higher
vanadium content in HPA-5 results in more VO** liberation, presumably
the active species. Nevertheless, the selectivity towards formic acid re-
mains the same for both catalysts at around 68%.

Maerten et al. [71] also studied HPA-5 catalysts in water at 90 °C and
20 bars of O3 and reported a 55% FA yield and 45% carbon dioxide
(COy) yield. The change of the solvent to ethanol allowed a full yield
towards methyl formate. The results of '3C labelled glucose study
confirmed that the formic acid unit is produced from this molecule and
not from oxidation and esterification of the solvent. This study also
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proposed a mechanism for glucose oxidation in ethanol that involves
C-C cleavage producing erythrose on first step and glyoxal and glyco-
laldehyde after additional C-C breaking. These 2-carbon intermediates
are then oxidized to formic acid forming rapidly methyl formate through
esterification (Scheme 4). The study did not observe any other in-
termediates or COs.

Albert et al. [73] continued to clarify the role of vanadium species in
GLC transformation by using two commercial catalysts: NH,VO3 (V>*
source) and VOSOg4 (V4+ source) and two heteropolyacids HPA-1
(H4PV1Mo071040) and HPA-5 at 90 °C and 20 bar O,. At shorter reac-
tion times (3 h) only HPA-5 showed good activity (around 34% FA
yield). NMR and EPR spectroscopy were used to monitor the V> and
V** species, respectively, before and after the reaction. They observe
that the HPA-5 solution (catalyst dissolved in the continuous phase)
before reaction contained HPAs with higher and lower levels of vana-
dium substitution. However, after the reaction, only HPA with lower
substitutions were detected. The authors concluded that the active
species in HPA-5 are the V°* containing HPAs with higher levels of
substitution.

On the other hand, Lu et al. [72] studied the impact of solvents on
GLC oxidation at 160 °C, 30 bar O, and 10 min of reaction time using
HPA-2 as catalyst. They found a total selectivity to FA in aqueous so-
lution and 45% of CO5 in gas phase. Adding 50% v/v of methanol to
water reduces CO3 production to around 4% but also decreases FA yield
and selectivity due to the formation of dimethoxymethane and methyl
formate. The catalyst behavior was studied by NMR spectroscopy, and it
was found that methanol stabilizes the HPA structure, preventing va-
nadium over-oxidation due to lower VO** release. The catalyst showed
excellent stability in 4 reaction cycles.

A comparative study between several types of HPA was also reported
by Vop and co-workers [74] at 160 °C, 20 bar of O3 and 1 h of reaction
time. The best performance was obtained with HPA-3 catalysts
(HgPV3MogO40) with 36% FA yield and 27% CO; yield. Even though FA
was the main product in liquid phase, acetic acid and glyceraldehyde
formation also took place.

Some iron and manganese compounds were also studied for this
reaction as an alternative to the vanadium compounds. A mixture of iron
(IIT) chloride and sulfuric acid (FeCl3-H2SO4) was proposed as catalyst
by Hou et al. [75]. The reaction carried out at 170 °C and 30 bar O, for
50 min, results in full glucose conversion with 53% FA yield in liquid
phase and carbon dioxide production. Acetic and glycolic acids were
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detected as secondary products. The proposed mechanism involves the
oxidation of glucose with the reduction of Fe*' to Fe?* deoxidized later
by the molecular oxygen.

All the systems described up to now include a reaction in homoge-
neous phase. However, the use of manganese oxides as alternatives
orients the systems toward heterogeneous catalysis. Li et al. [76] studied
the effectiveness of 3 manganese oxides. The highest yield of FA 81%
was found for MnOx-100 sample, prepared hydrothermally at 100 °C
and tested at 160 °C in 30 bar Oy and 2.5 h reaction time. The main
proposed mechanism of conversion includes glucose a-scission to arab-
inose as intermediate. However, the catalyst deactivated after three
successive runs due to the increased leaching of Mn and decreased
surface-adsorbed oxygen. Xu et al. [77] found that bimetallic Mn—Ce
oxides provide better activity in comparison to their monometallic ox-
ides attained to the increase of the surface area and corresponding
surface-adsorbed oxygen for the mixed samples. The best results were
obtained at 160 °C, 30 bar O, after 3.5 h, with 63% FA yield over
MnyCe 0505 catalyst. Another mixed oxide containing manganese and
molybdenum was studied by Guo et al. [78]. The highest FA yield of
79%, under reaction conditions (160 °C, 30 bar O, for 1.5 h) was ach-
ieved for 5% Mo added to MnOy. A continuous increase of Mo did not
result in further improvement due to the decrease of the overall pro-
portion of Mn®" and Mn®* species, suggested as active sites for oxida-
tion. A summary of all described studies including catalysts, solvents and
reaction conditions is listed in Table 1.

The oxidation of glucose to formic acid is still a very challenging
process from a heterogeneous catalysis point of view. Up to date stable
heterogeneous catalysts are still missing, but the nature of the active
species oscillates around vanadium, manganese and molybdenum spe-
cies. The exigency of the direct oxidation process (high oxygen pressure
and moderate temperatures) makes difficult the stabilization of the
catalytic systems causing severe leaching and giving the main future
direction for the process: discovering of a stable catalytic system.

Formic acid is also produced as a byproduct during the synthesis of
levulinic acid from biomass. All involved processes and catalysts are
frequently reviewed [79-81] and are not the subject of this review.
Nevertheless, we will consider the levulinic acid in the next section as a
principal substrate for CTH or HDO reactions using formic acid as a
natural continuation of the biomass upgrade of co-produced platform
molecules.

OH
o i - POM B, O O
\/\O + O/ > \/\O + \/\O + OH
OH +1/20,
Glyoxale Erythrose H,0 Glyoxale Glyoxale Glyocolaldehyde
+1/20, +1/20,
POM POM
-H,0 -H,0
 /
od «
+6CH,0H ¢
» 6 O\/O\ 6
/\
OH OH O . o
He v : ’ H Methyl formate Formic acid
OH OH
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Scheme 4. Glucose oxidation in methanol over polyoxymethylene (POM) based catalysts, adapted from Ref. [72] with permission from Elsevier.
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Table 1
Overview of the catalytic systems used for formic acid production from glucose.
Catalyst Solvent Oxidant Conversion Yield Timeh Temp Ref.
% % °C
Al(OTf)3 water H,0, 85 6.8 12 70 [63]
CaO water H,0, 100 45 0.5 70 [64]
MgO water H30, 90.5 78.6 4 50 [65]
HPA@SiO,-S-N2 water H,0, 78 - 12 70 [68]
hydrotalcite ethanol H,0, 38.7 5 6 70 [66]
Mg-Al oxide ethanol H,0, 62 10.2 6 70 [67]
HPA-4 water [e23 - 25.6 8 90 [69]
HPA-5 water [e2% 53.2 37.8 8 80 [70]
HPA-5 water [o2% 100 55 24 90 [71]
HPA-5 water [e2% 43 34.3 3 90 [73]1
HPA-2 50% v/v MeOH [e2% 100 25 0.17 160 [72]
HPA-3 water (o2} 100 36 1 160 [74]
FeCl3-H,S04 water [e2% 100 53 0.83 170 [75]
MnOy-100 water (o)) 100 81.1 2.5 160 [76]
Mny4Ceg.050x water (o)} - 63.4 3.5 160 [77]
Mn-Mo oxide water 0, 100 79 1.5 160 [78]

3. CTH reactions using formic acid as reagent
3.1. Levulinic acid upgrading

Levulinic acid (LA) has been recognized as one of the top 10 biomass-
derived platform compounds [82] and presents an interesting molecular
structure (carbonyl (C=0) and carboxyl (-COOH) functional groups).
The acid is mainly produced via acid-catalyzed hydrolysis of the LCB and
a subsequent dehydration reaction in a low-cost process [83,84]. The
starting feedstocks are normally cellulose/C6 sugars via 5-hydroxyme-
thylfurfural (HMF) intermediate [85] or hemicellulose/C5 sugars via
furfural (FF) intermediate [86]. Once obtained, LA can be converted into
high valuable bio-chemicals, i.e. hydrogenated to y-valerolactone (GVL)
[87,88], 2-methyltetrahydrofuran (MTHF) [89], 1,4-pentanediol (PDO)
[90], valeric acid (VA, pentanoic acid) [91], oxidized to various organic
acids like 3-hydroxypropanoic acid [92], succinic acid [93] etc., or
condensed with other molecules such furfural [94], phenols [95] etc.
(Scheme 5).

The hydrogenation of levulinic acid to y-valerolactone is one of the
most interesting reactions, due to its specific physicochemical features
and prospective fuel applications [96,97]. GVL is considered a safe,
biodegradable and nontoxic compound with broad applications as bio-
fuel and fuel additive [98], food additive [99], green solvent [100] or as
a platform molecule for a variety of derivatives, including PDO, alkanes,
and MTHF [101].

GVL is produced from LA either by hydrogenation with molecular

2-methyltetrahydrofuran R
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O/ V\)I\on pentanoic acid

oxidatiop

O, o OH
\Q% )\/\/OH
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succinic acid
: OH
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y-valerolactone

o]

N Levulinic acid
HO,
"OH
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~ o

\ /
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Scheme 5. Levulinic acid platform.

hydrogen at high pressures or by catalytic transfer hydrogenation (CTH)
reaction with H-donor compounds. The CTH of levulinic acid with for-
mic acid as internal hydrogen source has been investigated using both
homogeneous and heterogeneous catalysts. Our interest in this review
will center principally in the CTH reactions with formic acid over noble
and non-noble metal based systems as well as over some bimetallic
formulations.

The levulinic acid conversion to y-valerolactone goes through two
possible pathways (Scheme 6) [102]. In the first one, LA is hydrogenated
to 4-hydroxypentanoic acid (4-HPA) over metallic sites and further
transformed to GVL through cyclization (dehydration) over acidic sites.
On the other hand, the second pathway, considered predominant, in-
volves LA dehydration over acidic sites to form an intermediate called
angelica lactone (AGL) which is subsequently hydrogenated to GVL over
metallic sites. No matter the pathway, the presence of acidic sites pro-
mote some secondary reactions such as LA polymerization and coke
formation [103]. After GVL the upgrade can continue resulting in pen-
tanoic acid after isomerization and hydrogenation or to methyl tetra-
hydrofuran (2-MTHF) after hydrogenation and dehydration.

3.1.1. Noble-metal based catalytic systems

Ru-based catalysts were among the most employed in LA to GVL
catalytic transformation. Deng et al. [14] evaluated the performance of
RuCls-3H0/PPhg mixture (0.2/0.6 M ratio) as catalyst at 150 °C and 12
h of reaction time using 1 equivalent of formic acid. The authors
compared the effect of various bases (KOH, NaOH, Et3N, pyridine, NH3,
LiOH) on GVL yield and they found that the use of EtsN and pyridine
resulted in very high yields (94% and 93%, respectively). Similar yields
have been obtained after shortening the reaction time (6 h) but at higher
temperature (200 °C) using the same Et3N and pyridine bases. The same
reaction, in aqueous media using various ligands (PPhg, dppe, tppms,
tppts and PCy3) and under the initial reaction conditions (150 °C, 12 h
and 25 mL of water), showed important GVL yields within the 80-90%
range, being the PPh; the most beneficial ligand.

In another study of the same group [106], RuCl3 was immobilized on
functionalized silica resulting in three different samples (Ru-N/SiO,,
Ru-S/Si03, Ru-P/SiOy with N—NHj, S—=SH, P= PPhj). The highest GVL
yield (96% at 150 °C, 12 h reaction time) resulted for Ru-P/SiO, catalyst
performing as bifunctional catalyst for FA dehydrogenation and LA
hydrogenation. Nevertheless, the recyclability tests showed an impor-
tant decrease in GVL yield (43%) after 3 runs attained to the reduction of
Ru?* species to Ru®, according to the XPS analysis.

Ruppert et al. [52] investigated the impact of catalyst (Ru/C) prep-
aration method and reduction temperature on its CTH activity. They use
two precursors (RuCls and Ru(acac)s), and two reduction temperatures:
low 200 °C (LR) and high 500 °C (HR). The reaction was carried out in
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Scheme 6. Catalytic hydrogenation of LA to GVL and subsequent products. Adapted from Refs. [104,105] with permission from MDPI and Royal Society

of Chemistry.

aqueous phase at 190 °C for 2 h, being the Ru/C(CI)HR sample (prepared
from RuCls precursor by incipient wet impregnation and reduced at 500
°C) the one that achieve a complete formic acid decomposition, high LA
conversion (81%) and medium GVL yield (57%). The authors compared
the efficiency of Ru/C, Pd/C and Pt/C and explained the higher activity
of Ru/C by the decrease of the reaction energy barrier provided by the
oxophilic metals (like ruthenium) in aqueous solutions [107].

Feng et al. [108] reported GVL production from LA over Ru (5 wt
%)/C, using FA produced from cellulose as hydrogen source in presence
of triethylamine (Et3N). The catalyst showed 87% LA conversion and
81% of GVL yield at 160 °C after 3 h of reaction using 10 g/mol (LA)
catalyst and 150 mL/mol Et3N. They found that an increase of Et3N leads
to an increase in both LA conversion and GVL yield as a consequence of
hydrogen formation from the reaction between FA and EN. Later, it
was reported that the addition of EtgN base facilitates the hydrogen
transfer and reduces byproducts formation [14]. However, an excessive
amount of Et3N provokes a slight decline in both LA conversion and GVL
yield, suggesting an inhibitory effect in a strongly alkaline environment.
The temperature effect was also studied within the 40-180 °C range
where the GVL yield slowly increased with the reaction temperature
achieving a maximum at 160 °C [109]. Further increase of the tem-
perature caused a decrease of GVL yield to 38%, attributed to multiple
side reactions. During the reaction, the formic acid rapidly decomposes
to Hy and CO,, leading to a reactor pressure increase and system polarity
decrease. As a consequence, LA rapidly decomposes in other products
since GVL formation remains slow and complex [110].

Gao et al. [111] investigated the performances of Ru/ZrO5, Ru/TiO5
and Ru/Aly,O3 catalysts, using an equimolar formate/formic acid
mixture in water at 150 °C in 12 h reaction time. The catalysts were

prepared by sol-gel method to trap the ruthenium nanoparticles within
the support. The Ru/ZrO, catalyst achieved 73% LA conversion and 73%
GVL yield with full formic acid/formate decomposition. Nevertheless,
Ru/TiO5 and Ru/Al;O3 achieved 98% of FA decomposition with 16%
and 0% of LA conversion, respectively. The absence of activity in LA
hydrogenation for the latter was attributed to the changes produced
after an acid attack (LA or FA) on Al;Os crystallinity [112,113].
Ru-based catalysts supported on various supports (C, SBA-15, Al,Os3,
TiOg, ZrO) have been also reported [114] using water as solvent,
equimolar FA/LA ratio at 150 °C for 5 h. Poor LA conversion (10-31%)
and GVL yield (2-22%) for all catalysts were detected. Only 5 wt% Ru/C
sample showed higher GVL selectivity (73%). Increasing the FA/LA
molar ratio to 3 reflected in full LA conversion, 90% GVL yield, but only
a 43% of FA conversion.

Fabos et al. [115] reported full LA conversion and 99% GVL yield at
100 °C after 500 min at FA/LA molar ratio = 2 with the use of
organo-rhutenium Shvo catalyst, {[2,5—Ph2—3,4—(Ar)2(n5—C4CO)]zH}
Rup(CO)4(p-H)1} (Ar = p-MeOPh, p-MePh, Ph, respectively) in an open
vessel. Ortiz-Cervantes [116] investigated the catalytic activity of
ruthenium nanoparticles in water and water/triethylamine mixture at
130 °C for 24 h being the LA:EtsN:FA molar ratio 1.0:1.6:5.4. An
excellent conversion of LA (99%), high selectivity (100%) and yield
(100%) to GVL were obtained with low loading of Ru-NPs (particles size
~5 nm and using [Ru3(CO);2] as precursor). For the same catalyst, a
drastic deactivation was detected, dropping LA conversion to 40% after
the 3rd run and with a complete loss of activity in the 4th run. This
behavior was attributed to nanoparticles agglomeration. Amenuvor
et al. [117] investigated the catalytic performance of a series of pyr-
azolylphosphite ruthenium (II) complexes in solvent-free condition at
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120 °C during 16 h with 0.1 mol% catalyst loading, 20 mmol of FA and
20 mmol of KOH. The neutral catalyst complexes showed 96% LA con-
version and 100% GVL selectivity while the rest of precursors presented
traces of 4-hydroxyvaleric acid (4-HVA) as intermediate with low LA
conversion and GVL selectivity. It was suggested that the neutral catalyst
precursors may have higher activity than their cationic counterparts due
to the higher stability of the cationic complexes (chelate ring formation).

The addition of base promotes the formic acid deprotonation and
dehydrogenation to CO2 and Hy [118] and facilitates the coordination of
formate ion to the metal center, thus enhancing Hs heterolysis and in
consequence the hydrogenation reaction [119]. In this sense, Oklu et al.
[120] reported the performance of pyridylimine ruthenium (II) com-
plexes as catalyst precursors. The catalytic tests were carried out in
presence of potassium hydroxide (KOH) or triethylamine (EtsN) as a
solvent at 150 °C during 12 h. The highest yield was found while using
EtsN (100% GVL selectivity and 98% LA conversion) and without for-
mation of 4-HVA as intermediate. In contrast, the KOH promotes the
production of 4-HVA intermediate decreasing the LA conversion but
showing a full GVL selectivity. The catalyst operated 3 runs without any
noticeable loss in activity. The authors demonstrated that their catalysts
perform better with organic bases (EtsN) than with inorganic bases
(KOH) and more studies demonstrated that the absence of base lead to
low LA conversion with or without catalyst [121].

Another study [122] reported the use of cyclopentadienone Ru’
complexes with different N- or P- donor ligands for the conversion of
equimolar FA/LA mixture at 120 °C after 4 h. The pre-catalyst (as syn-
thesized complex) showed 84% LA conversion with 99% GVL selectivity
in EtOH solvent using KOH as base. Prolonging the reaction time up to
16 h lead to LA conversion increase (97% with 99% GVL selectivity).
Nevertheless, a longer reaction time (24 h) produced traces of MTHF
(7%) decreasing the GVL selectivity. The pre-catalyst showed excellent
stability during four cycles without important decrease in activity.
Noyori’s catalysts (Ru—TsDPEN) were also evaluated in asymmetric
transfer hydrogenation (ATH) of LA to GVL with FA [123] in methanol
and using N-methylpiperidine (in 1:1 M ratio respect to FA). 98% yield
of chiral R-GVL with enantiomeric excess of 93% was obtained at 30 °C
after 16 h of reaction time.

Au-based catalysts are also commonly employed in LA conversion to
GVL. Son et al. [114] were able to produce a reasonable GVL yield using
5 wt% Au/ZrO, catalyst in water at 150 °C during 5 h. The catalyst
showed excellent activity and recyclability with full LA conversion, high
GVL yield (97%) and complete FA decomposition to CO5 and Hj. The
catalyst activity remained stable for at least five consecutive runs. The
same catalyst was used for one-pot synthesis of GVL from fructose under
the same conditions showing 48% GVL yield. Du et al. [124] also pre-
pared gold NPs supported on acid-tolerant zirconia (Au/ZrO5-VS). The
catalyst showed full LA conversion with selectivity to GVL rounding
99% at 150 °C after 6 h of reaction at LA/FA molar ratio = 1. The ma-
terial demonstrated important stability in five runs with an insignificant
GVL yield decrease to 95%. The authors evaluated the support nature
effect on this reaction. While Au/TiO, sample showed moderate GVL
yields, Au/SiO, and Au/C catalysts were almost inactive, leading to
traces of desired product. On the other hand, Li et al. [125] investigated
the performance of Au nanoparticles supported on CeyZr; yOo mixed
oxides in aqueous media and equimolar FA/LA mixture. The best results
were registered for 2 wt% Au/Ce(.4Zry.02 sample with 91% LA con-
version and 83.5% GVL yield at 240 °C after 2 h. At prolonged reaction
times, LA conversion increased slightly but the associated GVL yield and
selectivity decreased significantly in favor to methyltetrahydrofuran
(MTHF). Activity loss was not observed after five runs (90% LA con-
version) attributed to both, improved metal-support interaction in
presence of Ce [126], formation of tetragonal zirconia phase [127]
stabilizing Au against leaching in acidic conditions. In another study
[128], several supported Au NPs (Au/ZrO», Au/C, Au/Al,03, Au/SiO,
Au/TiO,, Au/MgO) were evaluated at 210 °C during 5 h. The 6 wt%
AuNPs/ZrO»-D catalyst (prepared by co-precipitation method) showed
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the best catalytic results, reaching 93% of LA conversion and 85% GVL
yield. The authors suggested the existence of Au>" species involved in
GVL yield improvement. Species leaching caused GVL yield decrease to
69% after three successive runs.

On the other hand, Al-Naji et al. [129] studied the catalytic perfor-
mance of Pt nanoparticles supported on mesoporous zirconia
(Pt/MP-ZrO3). The catalyst showed 97% LA conversion and 90% GVL
yield at 240 °C in 24 h with complete FA conversion to Hy and CO,.
However, the efficiency drops importantly after 4 reaction cycles. At
high reaction temperature (above 240 °C), the reaction equilibrium
shifted from GVL to pentanoic acid (PA) formed with 22% yield after 24
h of reaction time. Ortiz-Cervantes et al. [118] investigated the effi-
ciency of palladium complexes. The pre-catalyst [(dtbpe)PdCl,] showed
complete LA conversion and GVL yield at 100 °C, 1 h, 1 equivalent of FA,
33 mol.% of NEt3 in water and 0.1 mol.% of Pd complex. The change of
the solvent resulted in poor GVL yields, 9% for 1,4-dioxane and 3% for
THF. The highest activity in water medium was related to the higher
decomposition capability of [(dtbpe)PdCl,] in aqueous media [130].

3.1.2. Non-noble metal based catalytic systems

Nickel, copper and iron-based systems are the most studied non-
noble catalysts. Varkolu et al. [131] studied Ni dispersed on various
supports (MgO, Al,O3 and hydrotalcite) as catalysts for the gas phase
hydrogenation of levulinic acid. Within the series, Ni/Al,O3 showed the
best catalytic results converting 99% of LA to GVL yield up to 90% at
250 °C and 1 h of reaction. They found that the main factors related to
Ni/MgO deactivation were both, water and coke formation during the
hydrogenation and condensation reactions, respectively, as reported
also by Mohan et al. [132]. In another study from Varkolu’s group [133],
Ni/SiOy catalyst prepared by citric acid assisted method achieved
complete LA conversion and 93% GVL yield in the reaction conditions
reported above. The conversion continuously decreased with the time on
stream attributed to catalyst’ coking activity increase in presence of
formic acid. The latter acts as Brgnsted acid catalyzing the condensation
of reaction intermediates and leading to coke formation. Therefore, the
CTH reaction in liquid phase must solve the main challenge of pre-
venting the catalyst deactivation. Gundekari et al. [134] studied the
catalytic transfer hydrogenation of LA to GVL over Ni/SiO2-Al;O3 cat-
alysts in a batch reactor using water as solvent. The catalyst shows 70%
LA conversion with 70% GVL yield at 200 °C in 10 h of reaction. Guo
et al. [135] reported the use of Ni-functionalized carbon (Ni/NiO-FC) in
ionic liquid 1-butyl-3-methylimidazolium chloride ([BMIM]CI) as sol-
vent and super critical CO2 (scCO,-IL) with FA/LA molar ratio of 12.
They found 98% of LA conversion and 97% GVL yield at 170 °C after 3h
of reaction time. Nevertheless, the use of such FA/LA ratio could pro-
duce an excess of hydrogen leading to further GVL hydrogenation into
byproducts and lowering lactone selectivity [115,136]. On the other
hand, the formation of byproducts lowers the reaction phase viscosity
promoting the mass transfer and therefore the hydrogenation reaction.
In addition, catalyst recycling showed acceptable stability with 5% of
catalytic activity loss after five catalytic cycles.

Yuan et al. [13], investigated the performance of Cu/ZrO,-OG
catalyst (OG stands for oxalate gel preparation) achieving complete LA
conversion and GVL yield at 200 °C after 5 h of reaction in batch reactor.
Some reports argued the use of supported copper catalysts in hydro-
conversion of carboxylic acids due to Cu leaching [14] and subsequent
deactivation, but the 20 wt% Cu/ZrO,-OG catalyst showed high sta-
bility. No copper ions were detected after catalyst recycling, suggesting
strong metal-support interaction between copper and zirconium oxide
matrix [137] and complete absence of metal leaching. In addition, the
XRD results showed no important change in Cu NPs mean diameter after
recycling. Lomate et al. [138] used commercial Cu-SiO2-Q6 catalyst
(average pore diameter of 2.9 nm) in a fixed bed reactor, obtaining 66%
LA conversion and 81% GVL selectivity at 270 °C after 1 h of reaction.
They suggested that Cu™ species act as Lewis’s acid sites, forming an-
gelica lactone (AGL) via dehydration [139]. Another study of the same
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group [140] evaluated several supported copper catalysts (Cu-SiOa,
Cu-TiOy, Cu-ZSM-5, Cu-Al;03 and Cu-SAL), with a copper loading of 6
wt% each. Among them, Cu-SiO, showed good performance with an
increase of LA conversion (48 vs. 56%) and GVL selectivity (80 vs. 87%)
with the increase of FA concentration (1:2 to 1:3 LA/FA ratio). Cu-Al,O3
showed a good selectivity toward GVL, but a low LA conversion; while
Cu-ZSM-5, Cu-TiO3 and Cu-SAL catalysts exhibited high selectivity to-
ward AGL attributed to the presence of acidic sites. Cu-TiO3 showed the
highest selectivity to pentanoic acid and the lowest LA conversion and
GVL selectivity.

The intrinsic magnetic properties of iron oxides have attracted
attention, providing an easier catalyst separation step after reaction.
Ashoukraju et al. [141] evaluated the performance of Cu/Fe,0j3 catalyst
under optimized conditions (250 °C, 1 h) in down-flow fixed bed glass
reactor. The LA conversion and GVL selectivity linearly increased with
the copper content, although some decrement in conversion was
detected after 8 h of time on stream. More reports over the same system
assumed that LA transformation depends on copper and iron oxide
particles presence [142-145]. While iron oxides particles decompose
selectively FA [146], a moderate LA conversion is observed over pure
FeyO3 catalyst suggesting that the hydrogenation role is played by the
copper metal. Yepez et al. [145] evaluated also supported iron oxide
nanoparticles on porous silicates. The prepared Fe/Zr-SBA-15 showed a
low LA conversion (30%) with 78% GVL selectivity at 200 °C after 1 h of
reaction in pressure-controlled CEM-Discover microwave reactor. Ho-
mogeneous catalysts were employed by Godwa et al. [147], particularly
earth-abundant metal carbonyls M — CO (with M: Fe, Co, W, Cr and Mo)
nanoparticles. Fe3g(CO); 5 pre-catalyst achieved 93% of GVL yield at 190
°C in aqueous media with FA/EtsN molar ratio = 6:1 after 36 h of
reaction.

As an alternative to Ni and Cu based systems, several MnCo oxide
catalysts have been reported [148], being the MnyCog ;04 formulation
the one that provided the best results (around 79% LA conversion and
77% GVL selectivity at 230 °C after 20 h of reaction in aqueous medium
and FA/LA molar ration of 10). Byproducts have also been observed,
valeric acid being the principal, but also acetone, ethanol, isopropanol
and even methane. It was suggested that the lattice distortion of
MnCoO3 phase lowers the overall reaction energy barrier by favoring the
formation of H-H bond between two adjacently pre-adsorbed H atoms
on the catalyst surface. In that way, the hydrogen desorption step results
favored, increasing the rate of hydrogenation reaction [149-151]. The
presence of Co promotes the n-n interaction with the ketone group of LA
[152], while Mn species enhance the C-H bond cleavage rate thus
promoting Hy generation [153-155]. In addition, MnCo catalysts pre-
sented excellent recyclability after five cycles without any significant
loss in activity.

3.1.3. Bimetallic catalytic systems

Bimetallic catalyst formulations have received important attention in
LA CTH reaction due to the presumption that the combination of the
properties of two metals could influence both hydrogen generation re-
action and following hydrogenation. Drew et al. [156] used bimetallic
15 wt% RuRe/C catalyst achieving 95% LA conversion and 95% GVL
selectivity. Complete FA conversion was attained in presence of sulfuric
acid at 160 °C. Nevertheless, these drastic conditions caused a severe
deactivation of the monometallic Ru/C counterpart. Sneka-Platek et al.
[26] reported the use of Ag-Pd bimetallic catalysts prepared by different
impregnation methods (co-impregnation method (CIMP), subsequent
impregnation method (SIMP), co-impregnation method with chemical
reduction (CIMPCR) and subsequent impregnation with chemical
reduction (SIMP-CR). A 4%Ag-1%Pd/AlOOH catalyst prepared by the
four methods reached a complete formic acid decomposition at 190 °C
after 2 h but the LA conversion and GVL yield remained low, 34% and
32%, respectively. All the other catalysts showed very low LA conver-
sion and GVL yield. Serra et al. [157] investigated the catalytic activity
of Ni-Pt mesoporous nanowires (MNWs) at 140 °C for 2 h in free-solvent
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conditions and LA/FA weight ratio of 1/2. Ni-Pt MWs showed an
excellent performance with GVL yield up to 99% and complete LA
conversion. Notwithstanding, only the NiygPtys showed excellent reus-
ability, with minimal nickel leaching into the reaction mixture. The
catalyst operated in 4 successive cycles without loss of activity or need of
catalyst reactivation. The increase of the Ni content, however, resulted
in an important metal corrosion.

Bimetallic 1%Au- 2%Ni/ZrO, catalyst have been reported by Zhou
et al. [158] using equimolar FA/LA mixture, achieving 89% LA con-
version and 88% GVL yield (complete FA decomposition) in aqueous
solution at 240 °C and 1 h of reaction. Longer reaction time did not
appear to impact the process; though increasing the temperature up to
260 °C lead to a slight decrease in GVL selectivity due to its further
hydrogenation to pentanoic acid. The authors also studied the perfor-
mance of monometallic 1%Au/ZrO, and 2%Ni/ZrO, catalysts sepa-
rately. The former showed complete FA decomposition for 73% LA
conversion and 67% of GVL yield, whereas the latter manifested negli-
gible LA (1%) and FA (19%) conversion.

Soszka et al. [159] evaluated the influence of Ni doping by low noble
metals (Pd, Pt, Rh, Ru) amount using water as solvent at 190 °C and 4 h
of reaction. The authors found an excellent Ni-Pd activity, 83% LA
conversion, full FA decomposition and 79% GVL selectivity. Later work
of the same group based on Au-Ni/Al,O3 catalysts [27] studied the
impact of the preparation methods (subsequent impregnation (SI),
deposition precipitation (DP), co-impregnation (CI) and chemical
reduction (CR)) on the reaction. Au-Ni (cp/y-Al2O3(c) catalyst reached
89% LA conversion and 86% GVL yield with complete FA decomposition
at 190 °Cin 2 h of reaction. The authors also provided a DFT comparison
of the bimetallic Au-Ni alloy with the monometallic Au and Ni formu-
lation and found the existence of strong Au-Ni interaction lowering the
energy barrier for FA decomposition. The highest hydrogen production
for the bimetallic catalysts resulted in higher GVL yields.

The performance of nickel-promoted copper-silica nanocomposite
was investigated by Upare et al. [160]. Within the prepared series,
Nigg—Cug(/SiO5 catalyst showed a complete LA conversion with 98%
GVL yield at 265 °C after 10 h of reaction using 1,4-dioxane as solvent
and FA/LA ratio of 0.5. The catalyst reached 200 h of operation without
deactivation.

Bimetallic Ag-Ni/ZrO- catalysts prepared by co-precipitation were
also reported [136]. The 10%Ag—20%Ni/ZrO5 sample achieved a com-
plete FA conversion, 99% LA conversion and 99% of GVL yield at 220 °C
after 3 h of reaction in aqueous phase with FA/LA molar ratio of 10. The
monometallic formulations (20% Ni/ZrO, and 10% Ag/ZrO,) achieved
high GVL selectivity but low GVL yield (22% for Ag vs 34% for Ni).

As reflected above, the CTH reaction using formic acid as H-donor
can occur over different metals formulation. While the use of noble
metals requires lower temperatures, the non-noble metals need in gen-
eral 100 °C more and longer times to achieve acceptable GVL yields. The
CTH reaction is conditioned by the FA decomposition and higher metal
loading is applied in the case of non-noble metals to reach the needed
pressure for the subsequent hydrogenation. The variation of the condi-
tions does not allow a proper comparison between the used systems and
often very controversial conclusions are made on catalyst stability and
deactivation behavior. A summary of the described systems, reaction
conditions and results are provided in Table 2.

3.2. Oxygenated furans upgrading via CTH and hydrodeoxygenation
reactions

Formic acid can be used in the upgrade of other molecules, all
belonging to the biomass feedstock spectra and two of the most
important being 5-hydroxymethyl furfural (HMF) and furfural (FF),
respectively.

3.2.1. HMF upgrading
HMF can be used to produce a wide variety of chemicals and
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Table 2
Formic acid as hydrogen donor in catalytic transfer hydrogenation of levulinic acid.

Catalysts Solvent” Conversion (%) Yield” (%) Time (h) Temperature (°C) Ref.

Ru/C EtsN 87.26 80.75 3 160 [108]
Ru/C H,0 81 57 2 190 [52]

Ru-P/Si02 H,0 - 96 12 170 [106]
RuCl3,3H,0/PPh3 - - 94 12 150 [14]

Ru/ZrO4 H,0 73 73 12 150 [111]
Ru/C H,0 100 920 5 150 [114]
Ru-NPs Hy0 + EtsN 99 100 24 130 [116]
Pyrazolylphosphite ruthenium - 96 100 16 120 [117]
Pyridylimine Ru (II) complexes Et3N 98 98 12 150 [120]
Shvo catalyst - 100 29 8 100 [115]
Ru® complexes EtOH 84 99" 4 120 [122]
Ru-TsDPEN MeOH 99 98 16 30 [123]
Au/ZrO, H,0 100 97 5 150 [114]
Au/ZrO,-VS - 100 929 6 150 [124]
Au/CexZr1404 H,0 90.8 83.5 2 240 [125]
Au NPs/ZrO,-D - 93.3 85 5 210 [128]
Au-Ni/ZrO, H,O 89.1 87.9 1 240 [158]
Pt/MP-ZrO, - 97 90 24 240 [129]
[(dtbpe)PdCl,] H,0 100 100 5 100 [118]
Ni/Al,O3 - 99 >90 1 250 [131]
Ni/SiOy - 100 93 1 250 [133]
Ni/SiO,-Al;03 H,0 70 70 10 200 [134]
Ni/NiO-FC scCO2-IL 98 97 3 170 [135]
Cu/ZrO,-0G H,0 100 100 5 200 [13]

Cu-Si05-Q6 - 66 81" 1 270 [138]
Cu-Si0, - 56 87" 1 250 [140]
Cu/Fe;03 - 100 100 1 250 [141]
Fe/Zr-SBA-15 - 30 78¢ 1 200 [145]
Fe3(CO)12 - - 93 36 190 [147]
Mn;,Coyg 10« H,0 78.9 76.7" 20 230 [148]
RuRe/C HySO4 95 95" - 160 [156]
Ag-Pd/ALOOH - 34 32 5 190 [26]

Ni-Pt - 100 99 2 140 [157]
Au-Ni/ALO3 H,0 89 86 2 190 [271

Au-Ni/ZrO, H,0 89.1 87.9 1 240 [158]
Ni-Pd(Cl)/y-Al,03 H,O 83 79 4 190 [159]
Ni-Cu/SiO, DO 100 98 10 265 [160]
Ag-Ni/ZrO, H,0 99 929 3 220 [136]

2 Et3N: Triethylamine, EtOH: Ethanol, MeOH: Methanol, scCO,-IL: Super critical carbon dioxide and ionic liquid, H,SO4 sulfuric acid, DO: 1,4-dioxane.

b Selectivity.

biofuels, including levulinic acid [85], 2,5-furandicarboxylic acid
(FDCA) [161], ethyl levulinate [162], and 2,5-dimethylfuran (DMF)
[163]. Nevertheless, HMF is known as an unstable molecule, partici-
pating in unwanted side reactions with the formation of different
byproducts besides being transformed by traditional routes [164,165].
That is why, HMF conversion to other value-added products must be
undertaken on selective catalyst using formic acid via CTH/HDO/hy-
drogenolysis reactions. An example of such process is the production of
DMF via selective hydrodeoxygenation of renewable HMF [166]. DMF
molecule possesses advantageous physical and chemical characteristics
to be used as possible liquid transportation biofuel such as a volumetric
energy density of 30.0 MJ/L(very close to gasoline), nearly optimal
boiling point, miscible with gasoline and immiscible with water. DMF
has been already favorably tested in combustion engines [167]. More-
over, DMF can be used as feedstock for the manufacture of p-xylene via
Diels-Alder reaction [168]. Hence, the production of liquid fuels and
chemicals in the future will rely heavily on the reductive upgrading of
HMF to DMF. The tests with pure DMF, DMF/gasoline mixtures, and
DMF/diesel blends, respectively, are being explored to learn more about
their combustion and emission properties for future use in internal
combustion engines [169-171]. A complete hydrogenation of HMF can
also result in 2,5-Bis(hydroxymethyl)tetrahydrofuran (BHTF) [172], an
important compound used in the production of resins, crown ethers, and
heat insulating materials [164,173,174]. Furthermore, BHTF is a po-
tential diol that can be used to synthesize memory-shape and
self-healing polymers as well as 1,6-hexanediol, another crucial polymer
precursor [175].

There are two known pathways for the synthesis of DMF (Scheme 7),
the first involves the 5-HMF hydrogenolysis to 5-methylfuran (5-MF)
which further hydrogenates to 2-hydroxymethyl-5-methylfuran
(HMMF), the latter converted to DMF through hydrogenolysis of its
carbonyl group. In the second pathway HMF is hydrogenated to 2,5-bis
(hydroxymethyl)furan (BHMF), further converted to HMMF by hydro-
genolysis and subsequently transformed to DMF.

Therefore, the synthesis of DMF needs hydrogenation/hydro-
deoxygenation catalysts able to activate hydrogen production in situ
from formic acid. Mitra et al. [172] studied the hydrodeoxygenation of
HMF to DMF using FA as hydrogen donor. They used a Pd/C catalyst and
achieved 95% HMF conversion and 95% DMF yield, at 120 °C after 15 h
using dioxane as solvent. The same catalyst was explored in another
study in THF/H3SO4 mixture [176], showing complete HMF conversion
and 95% DMF yield after 5 h at 110 °C.

Bifunctional Pd NPs supported on N-doped mesoporous carbon (Pd/
NMC) has also been reported [177] with 61% of HMF conversion and
39% DMF yield. The nitrogen content appears to promote the activity as
the N-free mesoporous carbon supported catalyst (Pd/CMC) reached
only 21% of HMF conversion and 13% DMF yield at 160 °C after 3 h in
THF solvent. Both catalysts showed important improvement in activity
when the FA was combined with gaseous Hy. Pd/NMC achieved full
HMF conversion and 97% DMF yield, while the Pd/CMC showed 99%
HMF conversion and 72% DMF yield.

Pd-Au/g-C3N4 has also been investigated [178], showing good ac-
tivity with an important DMF yield (86%) achieved in water/ethyl ac-
etate mixture after 1 h at room temperature. The same metals supported
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Scheme 7. Catalytic hydrogenation/hydrogenolysis of 5-HMF to 2,5-DMF.

on zirconia were studied by Tao et al. [179] in 1,4-dioxane solvent,
reaching 99% HMF conversion and 98% DMF yield after 1.5 h at 140 °C.

The non-noble CoFe-111 catalyst [180] showed also an important
DMF yield (90%) and HMF conversion under optimized conditions (240
°C, 2 hrreaction time in THF medium) and very good stability after 4 runs
without considerable loss in activity. On the other hand, Yang et al.
[181] investigated the activity of bimetallic Ni-Co/C catalyst. 2%
Ni-20%Co/C catalyst achieved 99% HMF conversion and 90% DMF
yield (accompanied with some 5-MF) in THF medium at 210 °C after 24
h of reaction time. The use of molecular hydrogen in the same conditions
results in a much lower DMF yield (61%). The formation of 2,5-hexane-
diol was also observed and increased with the nickel loadings reaching
20% for the 7%Ni catalyst. The recycling tests showed constant HMF
conversion in 4 cycles, but a change in selectivity, the DMF yield
decreased in favor to 5-MF due to metal leaching. Bimetallic Ni-Cu/C
has also been tested [182], and a 10%Ni-10%Cu/C catalyst prepared by
incipient wetness impregnation showed full HMF conversion with 80%
yield of DMF after 6 h at 200 °C in isopropanol medium.

The catalytic transfer hydrogenation of HMF to BHMF was studied by
Thananatthanachon et al. [183] in presence of FA (HMF/FA =1, in 5 mL
THEF, 40 °C) over 0.1 mol% Ru catalyst ((cymene)Ru- (TsDPEN)) and 0.5
mol% of iridium catalyst (Cp*Ir(TsDPEN-H) (Scheme 8). Both catalysts
achieved 99% of BHMF in 1 or 2 h reaction time. The Ir based catalysts
were also active in furfural (FF) upgrade to furfuryl alcohol (FFA) in
presence of 10 equivalents of EtsN using formic acid as H-donor (6 h,
150 °C, 0.1 eq. FA).

The CTH reaction of HMF to 2,5-furandimethanol (FDM) is recog-
nized as a useful reaction to produce building blocks for the biopolymer

co,

IrCp*

OH

—o
Y

:r/”/,,’ 2

/[ /

HO

RS

industry and macromolecules synthesis [184,185]. Xu et al. [186] re-
ported this reaction over stable Co confined catalyst on mesoporous
N-doped carbon (Co-NC-A) showing 88% HMF conversion and 86%
FDM yield at 160 °C after 5 h in 1,4-dioxane. On the other hand, Tuteja
et al. [187] investigated palladium supported zirconium phosphate
catalyst (Pd/ZrP) in the hydrogenolysis of HMF to 1,6-hexanediol using
formic acid as hydrogen donor and EtOH as solvent. The highest 1,
6-hexanediol yield (42.5%) was obtained over 7 wt% Pd/ZrP, with
nearly complete HMF conversion in 21 h at 140 °C.

5-formyloxymethylfurfural (FMF) is another furan compound
analogue to HMF with ~-OOCH replacing the —OH, produced from HMF
and chloromethyl furfural (CMF) [188,189], that can be used to produce
DMF. FMF has interesting properties including low polarity, high sta-
bility, and enhanced hydrophobicity, which facilitates its separation
from the reaction mixture using vacuum distillation [188-190]. Sun
et al. [190] studied the HMF and FMF hydrogenolysis/hydrogenation
with formic acid to produce DMF in THF solvent over mono Ni- or
bimetallic Ni-Cu/SBA-15 catalyst. Using FMF as substrate resulted in
higher DMF yield in 5 h at 220 °C than using HMF with a slight decline in
DMF selectivity after 6 consecutive runs. Similarly, a summary of the
described systems, reaction conditions and results are provided in
Table 3.

3.2.2. Furfural upgrading
Furfural (FF), a key ingredient of bio-oil, is generally produced by

acid catalyzed dehydration of pentose-derived sugars such as xylose and
arabinose [191]. It is recognized as one of the top 10 biorefinery
building chemicals [192] with growing market expectations in the next

¢}

OH OH

Ph

\ /

BHMF

Scheme 8. CTH process of HMF using Cp*Ir(TsDPEN) catalyst with formic acid as hydrogen source, adapted from Ref. [183] with permission from Wiley-VCH.
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Table 3

Formic acid as hydrogen donor in the catalytic transfer hydrogenation of HMF.
Desired Product® Catalysts” Solvent® Conversion (%) Yield (%) Time (h) Temperature (°C) Ref
DMF Pd/C DO 95 95 15 120 [172]
DMF Pd/C THF + HySO4 100 95 15 110 [176]
DMF Pd/NMC - 60.8 39.1 3 160 [177]
DMF Pd/CMC - 62.9 13.5 3 160 [177]
DMF Pd-Au/g-C3N4 H;O/EA - 99 1 RT [178]
DMF Au-Pd/t-ZrO, DO 99 98 1.5 140 [179]
DMF 48Ni/SBA-15 THF 100 58.8 5 220 [190]
DMF CoFe-111 THF 100 92 2 240 [180]
DMF Ni-Co/C THF 99 90 24 210 [181]
DMF Ni—Cu/C i-PrOH 100 80 6 200 [182]
HDO Pd/ZrPO, EtOH 97 43 21 140 [187]
FDM Co-NC-A i-PrOH 88.2 86.0 5 160 [186]
BHMF Cp*Ir(TsDPEN) THF 100 99 2 40 [183]
DMF Ni-Cu/SBA-15 THF 100 71 5 220 [190]"I

2 DMF: 2,5-dimethylfuran, HDO: 1,6-hexanediol, FDM: 2,5-furandimethanol, BHMF: 2,5-bis(hydroxymethyl)furan.
> NMC: N-doped mesoporous carbon, CMC: N-free mesoporous carbon, g-CsNg: graphitic carbon nitride.
¢ DO: 1,4-dioxane, THF: Tetrahydrofuran, H,SO,: sulfuric acid, EA: Ethyl acetate, i-PrOH isopropanol, EtOH: ethanol.

4 FMF: 5-formyloxymethylfurfural was used as substrate in this work.

decades [193], due to its high reactivity and adaptability [82,194].
Several studies have been carried out to convert it into molecules such as
furfuryl alcohol (FFA, Scheme 9), furan, 2-methylfuran (2-MF), tetra-
hydrofuran (THF), cyclopentanone (CPON), etc. [195].

Furfuryl alcohol (FFA) is a useful chemical intermediate, frequently
employed in the production of resins, synthetic textiles and fine chem-
icals [196,197]. Recently, the CTH of furfural to furfuryl alcohol with
formic acid as hydrogen donor has been reported over diverse catalytic
systems. Ru/C was proposed [198] for the hydrogenation of FF to FFA
with formic acid in water/THF mixture (v/v = 1:19) and FF/FFA molar
ratio of 1:2. In presence of 10 mol.% of NaOH respect to FF, complete
FFA selectivity and almost complete FF conversion were achieved at 90
°C in 6 h of reaction. An increase in temperature up to 110 °C did not
significantly improve FF conversion, nor did it enhance FFA selectivity.
In another study [199], Rh NPs supported on diamine functionalized
KIT-6 (Rh/ED-KIT-6) were employed in 2-propanol medium, but this
time, GVL was produced with an excellent yield of up to 97% at 100 °C
after 5 h. The catalyst also showed a good stability since any significant
loss in activity was observed in 3 runs. On the other hand, Nagaiah et al.
[200] studied the CTH of FF to FFA with FA over a 15%Cu/MgAl,04
catalyst prepared by impregnation method. The catalyst reached 90%
conversion and 99% selectivity to FFA at 210 °C after 13 h of reaction
with molar ratio FF:FA = 1:7. The same reaction was studied by Du et al.
[201] over a bimetallic Pd-Cu/C catalyst in 1,4-dioxane medium with
FF/FAL molar ratio = 1:4. The catalyst showed a complete FF conversion
and 98% FFA yield at 170 °C in 3 h and maintained its activity during 5
successive runs. It was suggested that the palladium-based catalysts
decompose selectively FA to produce Hy under mild conditions [30,202]
but remain non-selective for the carbonyl group hydrogenation of the

®

Furfural
(FF)

Hydrogenation

Furfuryl alcohol

furane ring. On the contrary, the copper-based catalysts are more se-
lective toward carbonyl group hydrogenation [203,204]. An important
excess of formic acid shifts the reaction equilibrium toward the forma-
tion of 2-[(formyloxy)methyl]furan [189].

Xu et al. [205] applied in the same reaction Co particles supported on
N-doped carbon in 1,4-dioxane medium. The catalysts obtained after
pyrolysis at 700 °C (Co-N-C-700) showed complete FF conversion and
FFA yield at 150 °C after 6 h of reaction. No deactivation was found after
5 cycles which was attributed to the stability of the encapsulated Co in
N-doped carbon. Other useful chemical obtained from furfural is
2-methylfuran (2-MF) suitable as fuel additive due to its high-octane
number (103 vs. 97 of gasoline) and good energy density (28.5 MJ/L
vs. 31.9 MJ/L of gasoline) [206]. Fu et al. [207] reported the use of 10%
Ni-10%Cu/Al;03 in the conversion of FF to 2-MF via CTH reaction with
FA achieving 92% yield of 2-MF in isopropanol at 210 °C after 7 h of
reaction. The same group [182] reported the use of the same active
phase but supported on carbon (10%Ni-10%Cu/C). The same 2-MF
yield was obtained at slightly lower temperatures and longer reaction
times (200 °C and 8 h). The results of both studies suggest that the
support does not participate actively in the reaction mechanism. The
used catalytic systems and reaction conditions of furfural upgrade are
summarized in Table 4.

3.3. Other biomass feedstocks upgrading

Although levulinic acid has been widely selected as a model com-
pound for the HDO/CTH of LCB derivates, some other interesting deri-
vates and even raw biomass have been studied as model molecules for
these processes.

o Hydrogenolysis

v

R,

2-methylfuran

(FFA) (2-MF)

Scheme 9. FF hydrogenation/hydrogenolysis to FFA and 2-MF.
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Table 4

Formic acid as hydrogen donor in the catalytic transfer hydrogenation of furfural.
Desired Product® Catalysts” Solvent* Conversion (%) Yield (%) Time (h) Temperature (°C) Ref.
DMF Ni-Cu/SBA-15 THF 100 71 5 220 [190]
FFA Ru/C THF + H,0 99.3 99.3 6 100 [198]
FFA Rh/ED-KIT-6 i-PrOH 98 97 5 100 [199]
FFA Cu/MgAl,04 - 90 99 13 220 [200]
FFA CuO-Pd/C DO 100 98.1 3 170 [201]
FFA Co-N-C-800 DO 97.8 95 6 150 [205]
FFA Co-N-C-700 DO 100 99.9 6 150 [205]
2-MF Ni-Cu/C i-PrOH 100 91 8 200 [182]
2-MF Ni-Cu/Al,03 i-PrOH 100 92 7 210 [207]

2 DMF: 2,5-dimethylfuran, FFA: Furyl Alcohol, 2-MF: 2-methylfuran,.
b ED-KIT-6: functionalized diamine.
¢ THF: Tetrahydrofuran, i-PrOH: isopropanol, DO: 1,4-dioxane.

3.3.1. Alkadienes

Light alkenes such as ethylene and butenes are some of the most used
raw materials in the current organic chemical industry. Petroleum hy-
drocracking is the main used method of synthesis, generating alkynes
and alkadienes as side-products. Products, such as 1,3-butadiene, are
reported as catalyst poisoning agents and can provoke detrimental
environmental and health issues. Selective catalytic hydrogenation is an
effective method proposed to remove these impurities via transforming
them into valuable alkenes [208,209]. Carrales-Alvarado et al. [210]
studied the selective hydrogenation of 1,3-butadiene to butene on
different Pd-supported catalysts. Nanofibers Pyrograph PR24-HHT and
PR24-PS and high surface area graphites H100 and H300 are used as
supports. A complete conversion is obtained in all cases although higher
temperatures are required in the case of nanofibers-supported catalysts.
Notwithstanding, and according to the reported TOF values, Pd sup-
ported on nanofiber catalysts are slightly more active than graphite
supported samples. Higher selectivity towards butenes was observed
while using FA instead of molecular Hy, due to small quantities of CO
produced and reported to enhance butene selectivity. Graphites sup-
ported catalysts produced higher CO quantity and higher butenes yield.

3.3.2. Glycerol

Glycerol is a versatile by-product of an extensive variety of industrial
biomass conversion processes such as saponification, sugars fermenta-
tion, oils and fats transesterification and biodiesel production. Indeed, it
is the latter one that causes an overproduction of glycerol, making its
valorization into glycols and alcoholic intermediates critical. Among all
possible glycols and alcohols, 1,2-propanediol has become one of the
most interesting alternatives since it can be broadly applied in the
synthesis of anti-freeze, polyester resins, pharmaceuticals, paints, cos-
metics, plasticizers and additives for food and tobacco industry [211,
212]. Gandarias et al. [213] evaluated the influence of Ni and Cu sup-
ported on AlyOs. They observed that glycerol adsorption occurs on
alumina acidic sites while Ni catalyzes glycerol hydrogenolysis and Cu
enhances the selectivity towards 1,2-propanediol. Once Ni-Cu ratio was
optimized, the influence of the hydrogen donor molecule was studied
testing methanol, 2-propanol and formic acid. All donor molecules
presented important results in terms of glycerol conversion and 1,2-pro-
panediol selectivity as a function of the amount of employed hydrogen
donor [212]. The same authors developed a semi-batch system in which
the hydrogen donor is constantly pumped into the reactor to prevent the
competitive adsorption between glycerol and H-donor molecule that
occurs in batch reactor. This system was able to provide an adequate
supply of active hydrogen atoms achieving an equilibrium between
formic acid and glycerol adsorption and resulting in superior conversion
(twice as one obtained in the traditional batch system). On the other
hand, Yuan et al. [214] designed stable well-dispersed Cu/ZrO, catalyst
reaching 94% 1,2-propanediol yield after 18 h at 200 °C. Contrary to the
mechanism proposed by Gandarias et al. [212], the authors proposed
that instead of a catalyzed transfer hydrogenolysis, glycerol is
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straightforward hydrogenolyzed by Hj generated in situ by FA decom-
position. They believed that the catalyst role of assisting the FA dehy-
drogenation is the critical factor for the high activity.

Nonetheless, and despite the previous studies pointing FA as the best
hydrogen donor for glycerol hydrogenolysis, a recent study by Yfanti
et al. [211] proposed methanol as the most effective Hy donor on Cu:Zn:
Al catalyst. They supported that adding both, ethylene glycol and formic
acid inhibited the glycerol conversion due to competitive adsorption.
Although FA reacts faster than methanol giving Hy, CO5 and CO, the
molecular hydrogen was not able to react with glycerol and desorbed as
obtained. In any case, the use of FA appears attractive due to the low
quantity (formic acid/glycerol molar ratio) needed for the reaction.

3.3.3. Phenol

The presence of pollutant phenolic compounds in industrial (oil re-
fineries, petrochemical units, coke ovens, polymer resins and plastic
manufacturing) or agricultural wastewaters has focused attention on
phenol valorization via ring hydrogenation to cyclohexanone [215].
Cyclohexanone is one of the main intermediates of the manufacture of
the most used nylon and polyamide resins [216]. Palladium-based cat-
alysts have been used for transfer hydrogenation of phenol. In the work
of Zhang et al. [217], for instance, different Pd-supported catalysts were
evaluated, mainly activated carbon, basic oxides and metal-organic
frameworks (AC, AlyOs3, TiOg, TiO3-AC composite and MIL-101).
Firstly, the catalysts series was tested using molecular Hy, designing
the metal-organic framework MIL-101 sample as the most active sup-
port. However, different results were obtained while using FA as Hj
donor, the Pd/MIL-101 catalyst led to very low conversion. This fact was
attributed to a change in mechanism and the competitive adsorption
between H; donor and acceptor on Pd active sites. Therefore, activated
carbon, in which both FA and phenol are moderately adsorbed due to
carbon’s hydrophobic characteristics, gave the highest activity. It was
also observed that the use of FA instead of molecular H, provoked a shift
in selectivity towards the desired cyclohexanone rather than
cyclohexanol.

3.3.4. Carbonyl compounds

The selective reduction of carbonyl compounds has gained interest
since primary and secondary alcohols are the main products and key
intermediates in the synthesis of many drug molecules and chemicals
[218].

Ruthenium encapsulated in aluminium oxyhydroxide-support (Ru/
AlO(OH)) was reported as a versatile catalyst for the transfer hydroge-
nation of both aldehydes and ketones [219]. This method of synthesis
ensured very small and uniform metal particles that act as stable and
robust catalyst (no leaching observed after five cycles) at low metal
loadings (<2 wt%). Ruthenium was also prepared by wet impregnation
on Aly,O3 support (Ru(OH)/Al;03) and led to the same conversion
though the obtained TOF was lower. Moreover, Ag, Cu and Ni were also
supported on AIO(OH) but presented no activity. Focusing on Ru/AlO
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(OH), the effect of hydrogen donor was evaluated and compared to
molecular hydrogen and potassium formate. The use of molecular
hydrogen significantly decreases the conversion (53%) while the com-
bination of potassium formate and catalyst resulted in fast and facile
reduction of aromatic and aliphatic aldehydes to a 100% yield. Ketones
were not so easily reduced but, after long reaction times, excellent yields
were obtained. In addition to ruthenium, iridium and rhodium also
present promising and encouraging performances. Wang et al. [220]
tested Ir nanoparticles supported on N-doped carbon materials (Ir@CN)
in the transfer hydrogenation of aldehydes and ketones. The authors
choose 4-methyl benzaldehyde as model molecule and hydrogenate it
using molecular Hy or HCOOH/NaOH mixture over different catalysts:
Pd and Ir supported on carbon (Pd/C and Ir/C), Ir nanocatalyst (Ir@CN).
Pd/C catalyst was the only active material in direct hydrogenation,
while the Ir@CN appeared highly active and selective (99% yield of
4-methylbenzyl alcohol) via transfer hydrogenation. What is more, the
Ir@CN catalyst remains stable in 4 cycles attributed to the extremely
stable Ir nanoparticles strongly attached to the surface via 1,10-phenan-
throline structure. Once again, the hydrogenation of ketones emerged as
a more arduous task to achieve, but Ir nanocatalyst achieved a high yield
in cyclohexanone-to-cyclohexanol reaction and a moderate yield in the
hydrogenation of acetophenone. The last reaction was studied by
Sudakar et al. [218] reporting 99% of conversion after 30 h of reaction
to 1-phenylethanol as a sole product using also Ir-based catalyst. In this
work, an Ir-bypyridine (bpy) complex was incorporated into a covalent
triazine framework (CTF) stable in a wide range of temperatures and
pressures and in both acidic and basic media. Likewise, CTF provides
high surface area, low density and ordered structures. The same pro-
cedure was used to synthesize a Rh-bpy-CTF catalyst, which achieved
superior activity compared to Ir attributed to the difference in stability
of Rh-and Ir-hydride intermediates (the former is less stable than the
latter) being Ir more stable upon recycling. In any case, both catalysts
showed excellent conversion rates in a large list of aldehydes and
ketones.

3.3.5. Pyrolysis oils

Although pyrolysis of forestry residues is one of the solutions to
produce bio-oil, the produced oil does not always meet the requirements
for direct and safe use as fuel. This is the case of Loblolly pine residue oil,
difficult to use directly due to thermal instability, high viscosity,
corrosiveness, and poor volatility [221]. For that reason, an improve-
ment is required being the hydrogenation the most effective choice of
upgrade. A commercial Ru/activated carbon catalyst was used to pro-
duce gasoline-range oil from Loblolly pine residue in a two-step process
[222]. This FA-assisted hydrogenation achieved the elimination of 78%
of the aromatic hydrocarbon content and increase the content of
aliphatic hydrocarbons.

3.3.6. Quinoline

The product of the quinoline hydrogenation, 1,2,3,4-tetrahydroqui-
noline (THQ), is an essential intermediate to produce drugs, dyes, al-
kaloids, agrochemicals and other biologically active molecules [223].
Tao et al. [224] firstly evaluated the performance of small Au nano-
particles supported on acid-tolerant zirconia, finding high activity to-
wards FA decomposition but poor selectivity towards THQ. Then, Au
NPs were supported on a single-phase rutile titania resulting in high
yields and excellent selectivity towards THQ from quinoline derivatives.
Additionally, they established a direct route to obtained N-for-
myltetrahydroquinoline (FTHQ, molecule with broad use in the phar-
macological industry) from quinoline compounds and FA. In other
study, Vilhanova et al. [225] used an amino-functionalized silica to
support Au NPs. Besides quinoline, they tested fifteen structurally
different substrates (all of them N-heterocyclic compounds) reporting
high selectivity, high activity and facile catalyst recycling in all cases.
Despite the good results obtained with Au the search for non-noble
catalyst led Cabrero-Antonino et al. [226] and Li et al. [227] to
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investigate Co-based catalysts. In the former case, the authors combined
Co(BF4)2-6H20 with tris(2-(diphenylphosphino)phenyl)phosphine to
obtain a selective non-noble catalyst that hydrogenates quinoline
without basic additives. This catalyst selectively reduced quinoline in
presence of other sensitive functional groups [226]. In the case of Li
et al. [227] an ordered mesoporous N-doped carbon (OMNC)-encapsu-
lated Co (Co@OMNC) catalyst was compared to the control catalysts, Co
supported on N-doped carbon (without using SBA-15 precursor) and on
active carbon. The encapsulated catalyst presented higher and more
stable quinoline conversion due to the mesoporous structure since it
isolates the Co species from the acidic reaction media avoiding the Co
leaching observed for the catalysts prepared by impregnation. Further-
more, the ordered mesoporous structure favored the access of reactants
to the active sites with Co0@OMNC presenting a superior acid-tolerance,
substrates adsorption rate and therefore superior performance.

3.3.7. Vanillin

4-hydroxy-3-methoxybenzaldehyde, better known as vanillin, is one
of the main components (or at least the most studied) derived from the
lignin fraction [228]. Its hydrodeoxygenation product, 2-methoxy-4-me-
thylphenol (MMP, Scheme 10), has been extensively used as interme-
diate for cosmetics and drugs [178].

Multiple, mono o bi-metallic catalyst formulations have been pro-
posed for the hydrodeoxygenation of vanillin [229]. In this sense, Au, Pt
and Au-Pt alloy nanoparticles were supported on CeO,. While the
monometallic catalyst did not show high conversion or selectivity to
MMP, the bimetallic combination reached complete vanillin conversion
and 99% of MMP selectivity. Supporting Au-Pt alloy on AC and SiO,
resulted in lower selectivity and conversions than the presented by
Au-Pt/CeO,. The outstanding behavior of this catalyst was attributed to
the contribution of the alloy metals and the synergy working in the two
steps: FA dehydrogenation and C—=0 hydrogenolysis. The reaction was
also carried out using molecular Hy instead of FA leading to lower
conversion values. The authors indicated that this fact could be related
to the poor solubility of gaseous Hy in a polar water solvent.

Pd supported over mesoporous carbon led to low vanillin conversion
enhanced with the incorporation of nitrogen creating nitrogen-enriched
highly mesoporous carbons (NMCs) [230]. Pd/NMC catalyst showed a
complete conversion and selectivity towards MMP after 3 h of reaction.
The tests carried out on Pd supported over SiO,, AlyO3, CB (carbon
black) and AC (active carbon) led to poor activity and low MMP selec-
tivity. It was concluded that the high N content and different pore
structure of NMC support assures high Pd dispersion creates N-con-
taining defect sites that increase the hydrophilicity of carbons enhancing
the hydrodeoxygenation of vanillin. On the other hand, Pu et al. [231]
reported for the first time MOF-derived hierarchically porous carbon
(HPC) with controlled honeycomb-like morphology N-doped with
dicyandiamide obtained after direct pyrolysis. This support was able to
disperse, stabilize and isolate the Pd NPs, leading to a >99% MMP yield
in the hydrodeoxygenation of vanillin. Due to the hierarchical structure,
the high dispersion of Pd sites and favorable hydrophilicity,
Pd@HPC-DCD appeared as versatile catalyst for a series of unsaturated
hydrocarbons hydrodeoxygenation.

The hydrodeoxygenation of vanillin achieved 99% of MMP yield at
room temperature over supported Pd-Au BMNP (bimetallic nano-
particles) on g-C3N4 [178]. Water, ethanol and ethyl acetate were
evaluated as solvents. The use of one single solvent or the combination
of water/ethanol do not lead to any reaction, suggesting the use of
two-phase immiscible solvents. The catalyst action in water/ethyl ace-
tate (volume of EA to H,0 = 3) biphasic solvents led to excellent results
without any need of protective atmosphere or additives use. Completely
different approach used Smith et al. [228] for the heterogenization of Ir
homogenous complex on a Merrifield resin (IrPYA). They succeed to
produce 54% yield to 4-hydroxy-3-methoxybenzyl alcohol (HMP) at 25
°C and a 24% yield to MMP at 50 °C suggesting a possibility to tune the
products selectivity with the change of reaction temperature. The
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Scheme 10. Hydrogenation/hydrodeoxygenation of vanillin to MMP.

heterogenized complex resulted very easy to separate for recycling.

The Co@OMNC catalyst prepared for quinoline conversion,
mentioned above, was also tested in vanillin hydrodeoxygenation [232].
The catalyst presented high yield and excellent selectivity to MMP (no
by-products were observed) with a good control on Co-aggregation in
acidic environment. As hydrogenation route the authors propose in first
place HMP production (product suppressed in presence of FA) and
subsequent hydrogenolysis to MMP [232]. Co@NC demonstrated to be
versatile catalyst since a wide series of unsaturated hydrocarbons
showed promising results, especially in the case of benzaldehyde and its
derivatives. Zhou et al. [233] prepared using carboxymethyl cellulose
(CMC) a Co nanocatalyst embedded in multi-layered N-doped graphene
using urea as a non-corrosive activation agent (Co@NG). The urea
generated porous belt-like nanostructure of high specific surface area
and abundant nitrogen, thus providing multiple basic sites of high ac-
tivity. For comparison purposes, carbon powder catalyst without nitro-
gen doping was also prepared, resulting in low vanillin conversion
(<10%). On the contrary, a 57% of conversion with 100% selectivity to
MMP was achieved over Co@NG catalyst attributed to the presence of
higher surface area and strong basic sites. The Co was also used as
dopant in Ni-P/HAP (hydroxyapatite) amorphous catalyst [234]. The
incorporation of Co helped to suppress the formation of HMP and hence,
promoted the production of MMP (up to 94%) with almost complete
vanillin conversion (98%). The dispersion of metals improves for this
Ni-Co-P amorphous alloy catalyst, resulting in stable particles against
agglomeration and activity loss.

3.3.8. Lignin

Most of the model molecules described above originate from the
lignin fraction of the LCB. Lignin is one of the three components of LCB
which encompasses almost 30% of the existing organic carbon and is one
of the major feedstocks of renewable aromatic compounds production.
Unfortunately, it is mostly treated as a waste product or low value fuel
since its combustion serves as energy supply in the pulp and paper in-
dustry [235].

Reductive catalytic fractionation (RCF) has emerged as a new
biomass fractionation technology to obtain the maximum quantity of
lignin-derived phenolic monomers (LDMPs). In the study of Park et al.
[236], this technology is tested using different types of lignocellulosic
biomass and Ni-based catalyst obtained via calcination of Ni-Al layered
double hydroxides (Ni-Al LDHs) supported on activated carbon (AC)
with aim to achieve (Ni@Al,03/AC) with core-shell configuration. The
used calcination method helped to obtain dispersed uniform and stable
metal nanoparticles supported on high adsorption capacity carbons
improving the overall catalytic activity. The presence of formic acid in
this process has crucial and dual role: initially, acts as co-catalyst for
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lignin fractionation and subsequently, as hydrogen source to stabilize
LDPMs via hydrodeoxygenation and hydrogenation. The versatility of
the Ni@Al;03/AC catalyst was tested over a series of lignocellulosic
materials showing high degree of delignification >85%.

Oregui-Bengochea et al. [237] investigated lignin-to-liquids (LtL)
methodology, using formic acid and ethanol as solvents over bimetallic
NiMo catalyst supported on a sulphated Al,O3. They concluded that the
solvent function is to help the stabilization of depolymerized monomers,
ethanol being the most effective. Similarly, formic acid was found to act
as H-donor and to assist the lignin fragmentation. Comparing experi-
ments in batch mode or in semi-batch mode (feeding FA continuously),
it was observed that FA decomposition reaction and reaction between
lignin and formic acid are competing reactions and the depolymeriza-
tion follows a formylation-deformylation-hydrogenolysis pathway. In a
second study [238] of the same group, the mechanistic insights of LtL
process were investigated deeper. After lignin depolymerization in
smaller fragments, they must be hydrodeoxygenated to inhibit their
re-polymerization (Scheme 11). Oil yield was determined by the first
depolymerization reaction, being the HDO reaction conditions respon-
sible for oil properties and compositions. Bimetallic NiMo catalyst is
used in the process being the metallic Ni more active for depolymer-
ization and Mo for HDO achieving significant activity.

The used catalytic systems and reaction conditions of different
biomass derived molecules upgrade are summarized in Table 5.

4. Conclusion and future perspectives

Biomass upgrading reactions involving hydrogen are extremely
important for the future sustainable development, especially pointing to
biofuel or fuel additives production. The future of the biorefinery is
conditioned by the efficient decrease of oxygen content in all bio-
derived molecules and by the use of previously or in-situ generated
green hydrogen. In this context the use of liquid organic hydrogen car-
rier, becomes an attractive possibility to generate and use hydrogen in-
situ without being concerned on eventual Hy gas transport or storage. An
excellent liquid organic carriers to be used in bioreffinery reactions
involving Hy is formic acid due to its high volumetric hydrogen storage
capacity and relatively low temperature of dehydrogenation and possi-
bility to participate as H-donor in the catalytic hydrogen transfer
reactions.

In general, the use of formic acid is not conditioned by the processes
by themselves but by the price of the catalysts that must be used.
Multifunctional catalysts are usually required to be able to dehydroge-
nate formic acid for in situ hydrogen production and to perform hydro-
genation and/or hydrogenolysis of unsaturated and/or single bond.

Both, homogeneous and heterogeneous systems are designed for this
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Scheme 11. Proposed process using formic acid to break down lignin through formylation, elimination, hydrogenolysis and subsequent monomer stabilization,

adapted from Refs. [237,238] with permission from Wiley-VCH and Elsevier.

Table 5
Formic acid as hydrogen donor in the catalytic transfer hydrogenation of different biomass derived molecules.
Desired Product” Solvent® Catalysts Conversion (%) Yield? (%) Time (h) Temperature (°C) Ref

Substrate®

BD B Ny Pd/PS 100 99 3 250 [210]
GL 1,2-PDO H,0 Ni-Cu/Al,03 90 82 24 220 [213]
GL 1,2-PDO H,0 Ni-Cu/Al,03 43.9 83.4 10 220 [212]
GL 1,2-PDO H,0 Cu/ZrO, 85 94 18 200 [214]
GL 1,2-PDO H,0 Cu:Zn:Al 73.8 53.9 1 250 [211]
P CH H,0 Pd/AC 96 80 4 50 [217]
BnO BnOH H,0/DMF Ru/AlO(OH) 100 100 2 100 [219]
BnO BnOH H,0 Ir@CN 99 99 18 100 [220]
BnO BnOH H,0 Ir-bpy-CTF 86.0 - 12 40 [218]
BnO BnOH H,0 Rh-bpy-CTF 95.4 - 12 40 [218]
Q THQ Et;N/DMF Au/TiO-R 99 9% 10 min 130 [224]
Q THQ EtsN/DMF Au/NH,-SBA-15 99 91 3 130 [225]
Q THQ i-PrOH Co complex >99 90 20 80 [226]
Q THQ H,0 Co@OMNC-700 98.8 >99 4 140 [227]
v MMP H,0 Au-Pt/CeO 99.9 99.8 4.5 150 [229]
\% MMP H,0 Co@NC-700 95.7 100 4 180 [232]
A\ MMP H,0 Co@NG-6 98.5 99 6 160 [233]
A\ MMP i-PrOH Ni-Co-P/HAP 97.86 93.97 5 200 [234]
\% MMP H,0 Pd/NMC 99 99 3 150 [230]
\' MMP H,0 Pd@HPC-DCD 100 100 12 80 [231]
A\ MMP H,0/EA Pd-Au/g-C3Ny 99 99 1 RT [178]
\% MMP H,0/KOH IrPYA 100 24 5 50 [228]
\% VA H,0/KOH IrPYA 100 70 1 25 [228]

2 BD: 1,3-butadiene, GL: glycerol, P: phenol, BnO: benzaldehyde, Q: quinoline, V: vanillin.
b B: butene, 1,2-PDO: 1,2-propanediol, CH: cyclohexanone, BnOH: benzyl alcohol, THQ: 1,2,3,4-tetrahydroquinoline, MMP: 2-methoxy-4-methylphenol, VA:

vanillyl alcohol.

¢ Na: nitrogen, DMF: dimethylformamide, Et3N: Triethylamine, i-PrOH: isopropanol.

4 Yield or Selectivity.

purpose. The homogeneous catalysts exhibited high efficiency, but a
complicated and costly separation step and recyclability. On the con-
trary, heterogeneous catalysts are much more robust and easily recy-
clable. As for the nature of the active sites, noble and non-noble metal
catalysts are widely explored in the upgrading of various biomass
derived molecules. Although expensive the noble metals are preferred
over the cheaper non-noble formulations requiring higher metal loading

15

to achieve acceptable yields of desired product and suffering sometimes
severe leaching problems. It appears that the future belongs to the
bimetallic systems able to combine synergically two metals (noble-
noble, non-noble-non-noble or noble-non-noble) in a manner to control
activity rate to achieve high conversion and selectivity toward desired
products at low consummative cost.

The role of the supports’ nature in the heterogeneous systems is also
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very important; they are not only spectators. Supports, such as func-
tionalized carbons and metal oxides could provide surface oxygen va-
cancies (functional groups) interacting directly with the oxygen
containing functional groups of the biomass molecule and available
basic sites that capture directly hydrogen from formic acid, thus facili-
tating the H donation. Supports like carbon nitride becomes more and
more interesting providing the possibility to modify the electronic
properties of the dispersed metal via different metal-support in-
teractions. Moreover, the textural properties of the support (surface
area, porosity, hydrophilicity ... etc.) also play an essential role in
catalyst stabilization.

Obviously the choice of reaction conditions (temperature, initial
concentration, time, solvent nature and amount ... etc.) and chemical
reactors is another key step when envisaging formic acid use as
hydrogen generating agent. In many cases, the use of formic acid instead
of molecular hydrogen leads to improved selectivity in CTH/HDO
mediated biomass upgrading reactions but still the selectivity and
product yield control in some reactions should be well optimized.

The operational and safety drawbacks of Hy transportation, storage,
and use along with its high cost, positions the use of liquid hydrogen
carriers as an excellent approach to potentiate the use of in-situ gener-
ated hydrogen in biorefinery. Among the liquid organic carriers, formic
acid needs special attention of being easily producible from biomass.
The possibility to use formic acid produced after oxidation of glucose or
as a co-product of the levulinic acid allows the decrease of the invest-
ment requirement to cost the catalytic systems. So, any future work must
be dedicated to propose a stable catalyst formulation at low price able to
work in all hydrogen involved biorefinery reactions. In the last decade,
the catalytic society has advanced with giant steps toward the devel-
opment of such systems and the time to increase the industrial pro-
duction and use of formic acid will come sooner than expected.
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