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Chapter 1
Introduction
1.1 Sustainable energy and chemicals
There is a general consensus that our planet is warming up. Concerns about global warming require an
energy transition. Among many technological ingredients that such a transition would demand, the
increasing utilization of lignocellulose biomass as a key renewable source of carbon for specialized
fuels and chemical industry is an important step towards a sustainable future. 1-3 Lignocellulose is the
most abundant non-edible biomass resource and it holds a great potential as a feedstock for chemicals
and fuels. Figure 1.1 schematically illustrates the structure and origin of lignocellulose. It mainly
consists of cellulose, hemicellulose, and lignin, which in total account for ca. 90% of the dry matter of
land-based biomass. In addition, lignocellulose also contains small amounts of pectin, inorganic
compounds, proteins and extractives such as lipids and waxes. 4

Figure 1.1. The structure of lignocellulose (adapted from 12).

Over the last decades, much attention has been devoted to developing technologies to valorize
biomass into fuels and chemicals beyond traditional using for heating. Several reviews have
summarized the recent advances in biomass valorization. 5-11 The main approaches involve gasification,
pyrolysis, and catalytic conversion. Gasification of biomass to a mixture of CO and H2 – syngas –
followed by its conversion via established syngas chemistry, e.g., methanation, Fischer-Tropsch
synthesis, and methanol synthesis, is being investigated at a large scale. The benefit is that the biomass
is converted to a relatively versatile intermediate, syngas, which can be used to build up different types
1
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of products by known chemistry. Drawbacks are the need to clean up the syngas and the high
temperature. Pyrolysis converts biomass into a crude oil which requires further processing. A totally
different approach is to make use of the intrinsic functionalities present in biomass. Since
lignocellulosic biomass is composed of different biopolymers, careful separation and
depolymerization into its constituents are needed to achieve a reasonable selectivity and make such
approaches economically viable. Catalysts are likely to play an important role in these selective
conversion steps. An example would be the separation of cellulose from lignocellulose, the
depolymerization of cellulose to glucose and the further conversion of glucose to intermediates such
as 5-hydroxymethylfurfural (HMF), lactic acid (LA) or levulinic acid (LvA). The latter two
compounds are called platform molecules, because from them a wide range of other products,
chemicals, and fuels alike, can be obtained by chemical conversion.

1.2 Catalysis – general description
Catalysis directly impacts the way we live and is a key ingredient of all technological proposals
for the transition to a more sustainable chemistry and energy technologies. Many chemical reactions
proceed at a too low rate, requiring very long times to be completed. Catalysts can speed up these
reactions to time scales that bulk synthesis of chemicals and fuels become possible. Catalysis is a
technology deeply integrated into modern life. Without catalysis, manufacture of most of the consumer
and food products important to our society would be impossible. Catalysis is also pivotal to protect
our environment. Most of the automotive exhaust gases are cleaned by catalytic technologies. The
steady decrease of the cost of manufacturing bulk and fine chemicals depends largely on the use of
novel or improved catalytic systems, which enable chemical reactions to proceed at a lower
temperature and with high selectivity (less waste). 13 Therefore, it is of high importance to gain a better
understanding of the catalyst operation on the molecular scale. In this way, catalysts with better
performance can be designed and synthesized. 14
By definition, a catalyst is a substance that increases the rate of a chemical reaction without
itself undergoing any permanent chemical change. It does so by forming bonds with the reactant
molecules and allowing them to react to form product molecules, which at the end of the catalytic
process leave the catalyst. The catalyst participating in the reaction is recovered in its original form at
the end of this process. 15 Figure 1.2 illustrates the basic principle of catalysis, which takes the catalytic
reaction between two molecules A and B to give a product P as an example. The activation energy of
the catalytic pathway is significantly lower than that of the non-catalytic reaction pathway. 15
2
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Figure 1.2. Potential energy diagram for (un)catalyzed reaction (A+BP) adapted from 15.

Catalysts appear in diverse forms, varying from atoms and molecules to large structures such
as zeolites and enzymes. They may be utilized in different surroundings: in liquids, gases, or at the
surface of solids. Catalysts having the same phase as the reactants are called homogeneous catalysts
(e.g., enzymes in biochemical reactions). When the reactants and the catalysts are in different phases,
the catalyst is called heterogeneous. These commonly include solid metals and metal oxides, including
porous materials such as zeolites which catalyze chemical reactions of gaseous or liquid phase
molecules. A specific advantage of heterogeneous catalysts is that separation of the reactants and
products from the catalyst is much easier than with homogeneous catalysts.

1.3 Lignocellulosic biomass, platform molecules
Among various heterogeneous processes, catalytic conversions for upgrading the carbohydrate
fraction of biomass into valuable platform molecules (for instance lactic acid (LA) and levulinic acid
(LvA)) are receiving substantial attention. 17-19

3
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Figure 1.3. Proposed conversion routes for glucose valorization towards platform molecules. 16

Glucose, which can be obtained in good yield from cellulose using mineral acids, 20, 21 is usually
converted into platform chemicals via dehydration and hydrogenation.

22, 23

Figure 1.3 presents an

overview of possible platform molecules that can be obtained from glucose. Novel processes will hinge
on the availability of the efficient conversion from platform molecules into a wide range of chemical
intermediates and end-products. 19, 24
Lactic acid (2-hydroxypropanoic acid) is the most widely occurring hydroxycarboxylic acid. It
was first discovered in sour milk in 1780 by the Swedish chemist Carl Wilhelm Scheele. It is a naturally
occurring organic acid that can be produced by fermentation or chemical synthesis. It is present in
many foods, originating both naturally or as a product of microbial fermentation, as in sauerkraut,
yogurt, buttermilk, sourdough bread and many other fermented foods. 25
The present industrial production of this chiral compound from microbial carbohydrate is
almost exclusively done by enzymatic processes. This process requires the use of neutralizing agents
to retain enzyme activity. It is chemically and economically more feasible compared with chemical
routes and allows obtaining optically pure LA.

25

However, this fermentative process has serious

drawbacks. Especially the separation of LA in the fermenting liquor from various impurities (unreacted
raw materials, cells, saccharides, amino acids, carboxylic acid, proteins and inorganic salts) can be
tedious. Recently, new chemocatalytic routes towards LA have been gaining attention. This opens the
possibility for non-glycolytic pathways towards LA from glucose. High LA yields up to 90% have
already been obtained from cellulose using lead (II) ions 26 and lanthanide triflates. 27
4
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Figure 1.4. Different conversion pathways of LA. 28

1.4 Catalytic conversions of lactic acid
Lactic acid with both hydroxyl and carboxylic acid functions is an attractive raw material for
the manufacture of a wide variety of commodity chemicals (Figure 1.4). The conversion reactions
needed for obtaining these products include condensation, dehydration, hydrogenation,
dehydrogenation, esterification, and polymerization.

1.4.1 Decarboxylation of lactic acid to C2 platform chemicals
Valorization of glucose into ethanol is already practiced at large scale using fermentation.

29

The underlying chemistry involves retro-aldol cleavage and dehydrogenation of the C6 sugar glucose
into two pyruvates and reduced nicotinamide adenine dinucleotide (NADH2) molecules, a process
called glycolysis, followed by decarboxylation and hydrogenation consuming NADH2 to produce
ethanol.

23, 24

The first reaction step of sugars to C3 intermediates can also be carried out by

chemocatalysis. 30-32 Lewis acidic Sn-modified BEA zeolite has attracted considerable attention owing
to its excellent catalytic performance in the retro-aldol condensation of glucose into LA and its esters.
30, 32-36

Efficient decarboxylation of LA into C2 platform chemicals by heterogeneous catalysts is not

possible yet: decarboxylation of α-hydroxyl carboxylic acids remains a challenge in organic chemistry.
37

LA decarboxylation has been scarcely investigated. The reaction takes place via formation of ethanol
5
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and CO2. The earliest photochemical decomposition of LA was done in 1929. 38 It was reported that
the main products of decomposition by radiations from a quartz mercury arc are alcohol and CO2.

1.4.2 Oxidative dehydrogenation of lactic acid to pyruvic acid
Direct oxidative dehydrogenation of LA has been reported by very limited attempts. It is
difficult to produce pyruvic acid (PyA, CH3COCOOH) directly from LA in high yield using
chemocatalytic approach due to the side reaction of CO2 formation through C-C bond fission. The
classical chemical route that produces PyA by dehydration and decarboxylation of tartaric acid is
currently applied on a technical scale. This approach was originally described by Erlenmeyer in 1881.
39-40

This process is simple to realize, however, not cost-effective because of the energy-intensive

pyrolysis of tartaric acid. A more sustainable alternative is desirable in order to avoid the formation of
large amounts of inorganic waste and to improve the atom efficiency. A challenge in developing direct
oxidative dehydrogenation of LA is the high reactivity of PyA. Decarboxylation as well as overoxidation of PyA lower product selectivity, which is especially a problem at the elevated temperatures
necessary to achieve appreciable reaction rate. 41 The use of lower reaction temperatures usually results
in rapid catalyst deactivation due to the blocking of the catalytic surface by oligomers of LA.
Phosphate-based catalysts,

41, 42

usually containing transition metal promoters,

43

32

are currently the

benchmark systems for oxidative dehydrogenation of LA and its alkylated derivatives. Ai et al.
described an iron phosphate catalyst for the gas-phase oxidation of LA, which gave a maximum PyA
yield of 50% (66% PyA selectivity at 76% LA conversion) at 260 °C. 41 Doping this catalyst with Mo
strongly enhanced the catalytic performance and a nearly similar yield of 52% could be achieved at
200 °C. 42
Reducible metal oxides represent another important class of promising catalysts for oxidative
dehydrogenation of LA. Their acid-base properties strongly affect PyA selectivity. TiO2, ZrO2, and
SnO2 typically result in higher selectivity to pyruvates compared to conventional oxidation catalysts
such as MoO3,

44-47

TeO2,

47

and V2O5.

44, 48

Rothenberg and co-workers evaluated the activity of a

wide range of metal oxides, including Fe2O3, V2O5/MgO-Al2O3, ZrO2, TiO2, CeO2, and ZnO for the
oxidative dehydrogenation of ethyl lactate.

49

TiO2 showed superior catalytic performance, reaching

up to 75% ethyl pyruvate selectivity at 80% conversion of ethyl lactate. The unique reactivity of TiO2
is attributed to specific surface sites that selectively activate the hydroxyl group in the reactant. 50 The
catalytic properties of these oxides can be further improved by the addition of other metal oxides. The
properties of binary oxides such as surface area, acidity, and redox behavior are often quite different
6
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from their single-oxide constituents. A previous study demonstrated the utility of Ni–Nb–O mixed
oxides to catalyze the oxidative dehydrogenation of LA. 51 PyA yields of up to 18% were obtained at
280 °C. Binary oxides containing Mo, e.g. Fe2O3-MoO3 and TeO2-MoO3, have also been reported as
active catalysts for LA or ethyl lactate dehydrogenation. For these catalysts, lactate conversions of 75%
with pyruvate selectivities higher than 90% were reported. 47
Titania-supported MoO3 constitutes an important class of catalytic materials showing
promising performance in the oxidation of methanol, 52, 53 the oxidative dehydrogenation of ethane, 54
propane,

55, 56

1-butene, and o-xylene

57

as well as the hydrodeoxygenation of m-cresol.

58

The high

catalytic performance of these catalysts in selective oxidation of organic molecules has been linked to
highly reactive sites at the interface between the two oxides. 59, 60 Accordingly, it has been proposed
that the catalytic performance of such materials crucially depends on the dispersion of the MoO3 phase
on TiO2.

61, 62

The formation of the binary system has been shown to be crucial for the activity in

alcohol dehydrogenation. 63

1.4.3 Hydrogenation of lactic acid to 1,2-propanediol
Figure 1.4 shows potential synthesis routes to 1,2-propanediol (1,2-PDO), which is better
known as propylene glycol. The main applications of this commodity chemical are its use as a building
block for unsaturated polyester resins,
drugs and cosmetics.

65-68

64

as a deicing fluid, an antifreeze, and in the production of

It is currently produced via hydrolysis of propylene oxide, starting from

fossil-based propylene. An alternative solution to produce 1,2-PDO is the catalytic hydrogenation of
LA. This provides an eco-friendly alternative to the petroleum-based process for 1,2-PDO synthesis.
69-76

Moreover, this method exhibits high atomic efficiency, since the hydrogenation of –COOH

produces –COH without loss of carbon atoms.
Hydrogenation of LA often performs under severe reaction conditions due to the intrinsic low
reactivity of the carboxylic acid group with hydrogen. 71 The formation of 1,2-PDO from LA requires
hydrogenation of the carboxyl group to an alcohol without removal of the α-hydroxyl group. Broadbent
et al. 77 reported for the first time catalytic hydrogenation of free LA (Figure 1.5) over an unsupported
Re black catalyst at 150 °C and 270 bar of hydrogen pressure, achieving yields of 1,2-PDO as high as
80%.
Supported Ru has been recently identified as a promising catalyst for the aqueous-phase
hydrogenation of carbonyl-containing biomass-derived oxygenates including carboxylic acids due to
7
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its excellent intrinsic activities.

78

The activity of Ru can be promoted by Sn or Mo to enable the

selective hydrogenation of carboxylic acids and their esters.

69, 79-81

Earlier studies on the

hydrogenation of aqueous LA identified carbon-supported Ru as an active and highly selective catalyst.
82

However, the optimal performance of such catalysts could only be established at H2 pressure as high

as 140 bar. Zhang et al. 82 reported higher activity of Ru catalysts supported on carbon, alumina, and
titania compared to Raney Ni, copper, chromite, Pd/C, and Ni/Al2O3 in LA hydrogenation. Primo et
al. 69 showed that by using a bifunctional ruthenium-supported catalysts, Ru/TiO2, where the support
activates the carbonyl group and small ruthenium particles on the support (average crystal size 2.0 nm)
efficiently dissociate H2, it is possible to increase the activity of the conventional 5 wt% Ru/C catalyst
3-fold while preserving the selectivity above 95%. 70
Previous studies indicate that the highest 1,2-PDO selectivity can be obtained in the 110 200 °C temperature range. At higher temperatures hydrogenolysis results in 1-propanol and 2-propanol.
Furthermore, the solvent has a pronounced effect on the performance of the Ru catalysts.

Figure 1.5. Hydrogenation of LA to 1,2-propanediol (1,2-PDO). 77

For TiO2-supported catalysts, water has been identified as the preferred solvent. 67 Competitive
adsorption of water with 1,2-PDO for surface sites and high solubility of the product in water shorten
the residence time of the product on the catalyst surface, thereby limiting hydrogenolysis reactions.

1.4.4 Hydrogenation of levulinic acid to γ-valerolactone
Cellulose, an increasingly important renewable feedstock, is widely considered as a source of
a range of platform chemicals, such as 5-hydroxymethylfurfural (HMF), 83 levulinic acid (LvA), 84 and
γ-valerolactone (GVL).

85

In particular, GVL, as a renewable and versatile platform chemical, has

attracted substantial attention in recent years, as it has a wide range of applications as a precursor for
the production of a food additive, nylon intermediate, liquid alkanes and high-value bio-polymers,
chemicals and fuels. 24, 86-89
Currently, the process of GVL production from biomass-derived feedstocks is starting from
fractionation of lignocellulosic biomass and sugars to LvA, followed by noble metal catalyzed
hydrogenation with the use of molecular hydrogen. 89, 90
8
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Recently, many different catalyst systems, including noble 91-93 and non-noble metals, 94-98 have
been evaluated for the reduction of LvA to GVL. In addition to the use of sustainable feedstock, it is
also of increasing importance to use catalysts based on cheap and abundantly available metals. Many
catalysts already used in the chemical industry are based on precious group metals. Accordingly, there
is a significant incentive to replace them with non-noble metals. The catalytic hydrogenation of LvA
in the presence of molecular hydrogen as a hydrogen source using batch 99, 100 or flow reactors 101, 102
has been extensively studied in the last decade. The first example of catalytic hydrogenation of LvA
was reported more than 50 years ago by Broadbent et al. 77 The authors employed an unsupported Re
black catalyst and were able to reach a 71% yield of GVL after 18 h reaction at 106 °C at a H2 pressure
of 150 bar. The remaining products were mainly polymeric esters. Afterwards, a wide range of
supported noble metal catalysts featuring Ru, 92, 103 Ir, 104 Rh, 105 and Pt 102 as the key hydrogenation
component have been evaluated for their activity in LvA hydrogenation. Ruthenium-based catalysts
have emerged as promising candidates, as they typically combine high activity and selectivity. Nonnoble copper-based catalysts, such as Cu/ZrO2, 106 Cu/SiO2,

107

Cu-Cr,

108

and Cu-Fe,

109

have also

been reported to be effective for producing GVL from LvA, although they typically require a high
temperature and/or long reaction time achieving high LvA conversion.
There is a growing evidence of the promoting effect of nano-alloying and the formation of
bimetallic catalyst formulations on the hydrogenation of oxygenated substrates. For instance, the group
of Weckhuysen

100

reported on the beneficial effect of Ru-Au nano-alloying for the catalytic

conversion of LvA to GVL. Bimetallic catalysts containing noble and non-noble metals (i.e., Ni-Ru,
Ni-Pt, Ni-Au, and Ni-Pd) supported on various supports (e.g., zeolite, ZrO2, γ-Al2O3, and SiO2) have
also been employed for the upgrading of biobased intermediates derived from lignin. 110 Supported NiRe 111 and Pt-Re 112 catalysts have been shown to be highly active for the selective hydrogenation of
carboxylic acids. Importantly, a higher conversion and selectivity of carboxylic acid hydrogenation
was achieved with a Ni-Re catalyst compared to its single-metal and Pt-based counterparts.

111

Recently, Ni/Al2O3 and Ni-Cu/Al2O3 were prepared for the hydrogenation of LvA using wet
impregnation and sol-gel methods. 113 A high reaction temperature (250 °C) and H2 pressure (65 bar)
were however required to achieve reasonable performance. Shimizu and co-workers reported a NiMoOx/C to be the first noble-metal-free catalyst with a turnover number (TON) of 4950, which is
comparable to a state-of-the-art Ru catalyst for the hydrogenation of LvA to GVL at 250 °C.

114

Grunwaldt et al. reported a solvent-free method to obtain a 92% GVL yield from LvA hydrogenation
using Ni/Al2O3.

99

However, reuse of the Ni catalysts resulted in a significantly lower activity.
9
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Kamaraju et al. demonstrated that Ni/SiO2 prepared by a wet impregnation method provided a GVL
yield of approximately 90% at 250 °C. 115 This catalyst was stable for at least 25 h. Shimizu reported
that Re/TiO2 is a promising catalyst for the selective hydrogenation of aromatic and aliphatic
carboxylic acids. For instance, 3-phenylpropanol was produced in 97% yield from 3-phenylpropionic
acid under mild conditions (50 bar H2 at 140 °C). 116

1.5 Scope of the thesis
Obtaining commodity chemicals from lactic acid, levulinic acid, and biomass-derived
carboxylic acids/esters presents an important challenge to the use of lignocellulosic biomass to meet
sustainability and energy goals. The aim of this thesis is to systematically investigate different catalytic
approaches to valorize lactic acid, levulinic acid, and carboxylic acids/esters into fuels and high-value
commodity chemicals.
Chapter 2 explores the potential of photochemistry for constructing new pathways for biomass
valorization. A detailed study of the photochemical conversion of lactic acid to C2 chemicals is
presented. A broader scope of this approach is also highlighted by presenting results for one-pot
photocatalytic coupling reactions with a solvent. In Chapter 3, the catalytic performance of
heterogeneous MoO3-TiO2 (anatase) catalysts for the oxidative dehydrogenation of lactic acid to
pyruvic acid is discussed. This work introduces MoO3, TiO2, and their mixtures as promising catalysts
for catalyzing this reaction. The surface properties of the metal oxides were extensively investigated
to understand the relation between the structure and the acidic properties and the catalytic performance.
A mechanism is proposed for the strong synergy observed between isolated tetrahedral Mo-oxide
species and the titania support. In Chapter 4, a systematic study of lactic acid hydrogenation by
supported Ru catalysts is presented. Particular attention is paid to the influence of the support and
common hydrogenation promoters. For the best performing catalyst, the influence of the process
conditions on 1,2-propanediol selectivity is evaluated. Chapter 5 reports a new and highly active
TiO2-supported Fe-Re bimetallic catalyst system, which is highly active in the hydrogenation of
levulinic acid to γ-valerolactone under mild conditions. The mono- and bimetallic catalysts are
extensively characterized using various techniques such as TEM, XPS, H2-TPR, and CO-FTIR. This
discovery creates a foundation for further research aiming at the replacement of the expensive Re
promoter. Chapter 6 follows up on this work by investigating the structural and catalytic properties
of a series of Ni-Re/TiO2 catalysts for the hydrogenation of carboxylic acid and ester substrates. The
results of this thesis are summarized in Chapter 7.

10
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Chapter 2
Selective photocatalytic decarboxylative transformations of lactic acid
for biomass valorization
Abstract
Selective decarboxylation of lactic acid to C2 products such as ethanol and acetaldehyde can be
achieved under photochemical conditions. The direct photolysis requires a deep UV light excitation
with λ < 250 nm and produces ethanol and CO2 as the main products. Photo-excitation facilitates the
homolytic 1C-2C cleavage in lactic acid that initiates a radical decarboxylation reaction mechanism.
The decarboxylation reaction is strongly enhanced in the presence of noble metal-loaded TiO2
photocatalysts. In this case, the photocatalytic conversion of lactic acid proceeds via a concerted
surface-mediated decarboxylative dehydrogenation mechanism and yields stoichiometric amounts of
acetaldehyde, CO2, and H2. The synergetic action of the transition metal nanoparticles and TiO2 support
is

proposed

to

play

a

key

role

in

the

photocatalytic

reaction.

The

described

photochemical/photocatalytic reactions provide a missing link in a hypothetical artificial glycolysis
path for decarboxylative conversion of carbohydrate biomass to C2 products. We also demonstrate that
this chemistry can be used to establish new routes for biomass valorization involving the acceptorless
dehydrogenative coupling of biomass-derived intermediates.

This Chapter is published in Chemical Communications 2016, 52, 11634-11637.
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2.1 Introduction
Growing concerns about adverse environmental effects and high political and economic risks
associated with the dependency of the modern society on fossil fuels motivate researchers worldwide
to seek new chemocatalytic routes for the production of chemicals and fuels from renewables
feedstocks.

1, 2

Substantial progress has been made towards chemocatalytic processes for upgrading

the carbohydrate fraction of biomass into valuable chemical products (Figure 2.1a). 3 Dehydration and
hydrogenation are common chemical reactions employed in catalytic sugar conversion.

4

Although

selective decarboxylation chemistry could be advantageous compared to dehydration, it is out of reach
for current chemocatalysis. 5

Figure 2.1. (a) Cellulose and hemicellulose represent the major fraction of lignocellulosic biomass that can be
converted to useful chemicals such as EtOH or LA via (b) biochemical reaction path or via (c) chemocatalytic
reaction path developed in this chapter.

Nature employs enzyme-catalyzed decarboxylation in glucose metabolism (Figure 2.1b).

6

Conversion of glucose (C6) involves retro-aldolization and dehydrogenation into two pyruvates (C3)
molecules, followed by decarboxylation and hydrogenation steps to produce ethanol (EtOH). 7 The
retro-aldolization step to C3 intermediates can also be carried out by chemocatalysts. 8 Highly efficient
systems for the production of LA and its esters from cellulosic biomass based on heterogeneous SnBEA zeolite 9, 10 or homogeneous Pb(II) catalysts
16
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have been reported. Selective conversion of LA

Selective photocatalytic decarboxylative transformations of lactic acid
into C2 chemicals is much more difficult: decarboxylation of α-hydroxy carboxylic acids remains a
challenge to organic chemistry. 5 Earlier studies evidence the utility of photochemistry to enable such
transformation. It has been shown that EtOH and CO2 can be obtained by decomposition of LA with
UV light.

12-16

The conversion of α-hydroxy carboxylic acids with a supported Pt photocatalyst has

been described by Harada et al. in the early 1980s.

11, 12

More recent photocatalytic studies consider

LA merely as a biomass-derived sacrificial electron donor for H2 production.

14, 15

In this work we

explore the potential of photochemistry for constructing new path for biomass valorization. We present
a detailed study of the photochemical LA conversion to C2 chemicals and highlight a broader scope
of this approach by promising results for one-pot photocatalytic coupling reactions (Figure 2.1c).

2.2 Experimental
2.2.1 Catalyst preparation
In all experiments, commercial nanocrystalline TiO2 (Aeroxide P25) was used. The transitional
metal loading in all samples was 1.0 wt%, except for Cu and Ni with 10 wt% loading. The Au/TiO2
photocatalyst was prepared by a deposition-precipitation method involving urea as described
previously. 17 A 100 mL solution containing HAuCl4 (1 mM), 0.6 g urea and 1.98 g TiO2 were mixed
and stirred at 80 °C for 4 h in darkness. The resulting solid was washed with deionized water, dried
under vacuum at room temperature for 12 h and then reduced in a tubular oven in H2 flow at 300 °C
for 4 h. Other metals (Pt, Pd, Ir, Ni, Cu, and Ru) containing TiO2 photocatalysts were prepared by
impregnation followed by reduction. An amount of 1 g of P25 TiO2 powder was impregnated with 27
mL aqueous solutions of H2PtCl6, PdCl2, Ni(NO)3, Cu(NO)3 or RuCl3 at a metal concentration of 0.37
mg/mL. This suspension was stirred for 3 h at room temperature. The suspension was then evaporated
in a water bath at 80 °C followed by drying in an oven at 110 °C overnight. The resulting powders
were ground and reduced in a tubular oven in H2 flow at 300 °C for 4 h.

2.2.2 Physical chemical characterization
UV-Vis spectra of 0.1 M aqueous LA were recorded at room temperature in 1 mm quartz
cuvettes using a Shimadzu UV-2401 PC spectrometer. The spectra were corrected for the adsorption
of the solvent.
Photoelectrochemical properties of Pt/TiO2, Pd/TiO2, and Au/TiO2 were examined with a
controlled intensity modulated photospectroscopy setup (CIMPS by ZAHNER-elektrik, Germany) in
a three-electrode cell configuration (Ag/AgCl and Pt as the reference and counter electrodes,
17
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respectively). 0.1 M LA solution was used as the electrolyte. Samples were illuminated with an UV
LED (λ= 385 nm) source. The photoelectrodes (working electrodes) were prepared by electrophoretic
deposition of thin films of Pt/TiO2, Pd/TiO2 or Au/TiO2 on FTO. The electrophoretic deposition was
performed in a mixture of acetone (50 mL), the sample (100 mg) and iodine (30 mg). The FTO
substrate, which acted as the cathode, was immersed in this mixture facing a Pt anode. Electrophoresis
was carried out with a 20 V bias for 2 min. The obtained electrode was then dried under ambient
conditions and calcined in air at 400 °C for 2 h.
Fourier transform infrared spectroscopy (FT-IR) measurements were carried out using a Bruker
Vertex 70 v instrument. FT-IR spectra were recorded by averaging 32 scans in the range of 4000-400
cm-1 at 2 cm-1 resolution with a liquid nitrogen-cooled MCT detector. The samples were prepared as
thin self-supporting wafers of 5-10 mg/cm2 and placed inside a controlled environment infrared
transmission cell, capable of heating, cooling, gas dosing, and evacuation. Prior to the measurements,
all catalysts were evacuated at room temperature for 1 h and subjected to an additional thermal
treatment at 100 °C for 1 h.

2.2.3 Photolysis and photocatalysis activity tests
For the direct photolysis experiments, a calculated amount of LA (90%, Sigma Aldrich) was
added into deionized water to obtain solutions with LA concentrations of 0.02 M, 0.05 M, 0.10 M or
0.50 M. The pH of the 0.1 M LA aqueous solution was 2.2. This value was then adjusted with HCl or
NH3∙H2O to obtain solutions of pH 1.0, 5.1 or 8.1.
Direct photolysis and photocatalytic decarboxylation of LA solutions were performed in a gastight system with a double-walled glass reactor (top-irradiated) equipped with a quartz optical window.
For direct photolysis of LA at different pH, 80 mL of the 0.1 M LA with no catalyst was evacuated
under stirring prior to irradiation to remove dissolved air. For direct photolysis of LA at different initial
concentrations, 50 mL of the LA aqueous solutions was evacuated under stirring prior to irradiation to
remove dissolved air. For photocatalytic decarboxylation, 50 mL of 0.1 M LA solution with 50 mg
TM/TiO2 was treated under the same condition. The temperature of the reaction mixture was
maintained at 20 C by cooling water. Reactions were carried out by irradiation with a 500 W Hg (Xe)
arc lamp (Oriel Instruments, Newport) equipped with a back-reflector. The IR part of the emission
spectrum of the lamp was filtered out with a water filter. The reaction time was 3 h.
Gaseous products (i.e., H2, CO, CO2) were collected in the headspace of a gas-tight system and
analyzed in the course of the reaction with an online gas chromatography (GC610 series, ATI
18
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UNICAM) equipped with a ShinCarbon column. The amount of H2 produced was measured using a
thermal conductivity detector with N2 as the carrier gas; CO and CO2 were detected using a flame
ionization detector after conversion into CH4 in a methanizer.
Qualitative analysis of the liquid products was performed by NMR (Varian 400 MHz
spectrometer). All samples were prepared in a total volume of 0.5 mL in 5 mm NMR tubes, using 0.3
mL of DMSO as the internal standard. To identify the main products of the photolysis and
photocatalytic decarboxylation of LA, high-resolution 2D HSQC NMR was performed using WET
suppression of the H2O resonance. 18
Quantitative analysis of the liquid products was carried out by a combination of HPLC and
GC-FID. An amount of 50 μL1-propanol was added to the 50 mL reaction solution after each
experiment and used as the internal standard. Concentrations of LA and formic acid were analyzed
using a Shimazu HPLC setup with 25 mM phosphate buffer of pH = 2 as mobile phase using a Prevail
Organic Acid column. Acetaldehyde, ethanol, ethyl lactate, acetic acid, propionic acid and 2,3butanediol were quantified by GC-FID (Thermo GC equipped with a Stabilwax-DA column, 30 m 
0.53 mm  1.0 μm). For both HPLC and GC-FID, the amount of products were determined using
calibration curves generated with authentic compound solutions. Standards for all liquid products were
obtained from Sigma-Aldrich.
The decarboxylation yield (Y) was calculated as follows:
(%) =

μ

2
μ

ℎ

× 100

or
(%) =

μ

3
μ

2

,

3

2 × 2,3 −
ℎ

× 100

2.2.4 Periodic DFT calculations
Periodic density functional theory (DFT) calculations were carried out using the Vienna Ab
Initio Simulation Package (VASP) 19 with the generalized gradient approximation (GGA-PBE) 20. A
plane-wave basis set with a cut off the energy of 400 eV was used. Brillouin zone integration was
carried out with single k-point (Gamma point) sampling. The convergence criteria for the force and
energy are 50 meV/Å and 0.1 meV, respectively. For the interface between Pt nanoparticle and TiO2
surface, a slab model containing Pt10 cluster 21 was used with a vacuum space of 20 Å to avoid spurious
19
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inter-slab interactions. During geometry optimizations, the bottom layer was frozen, while the upper
two layers were fully relaxed. All adsorbates were fully relaxed during geometry optimization. The
DFT+U methodology 22 (U is a Hubbard-like term describing the on-site Coulomb interactions) was
used. Ueff was set to 4.0 eV 23 to localize the electrons in the Ti 3d orbital. Dipole-moment corrections
in the framework of periodic boundary conditions

8

were employed to compensate for the non-

symmetric configuration of the slab models. The nudged elastic band algorithm 24 was used to explore
the minimum energy pathways and locate transition states. Frequency analysis confirmed that there
was only one imaginary frequency along the reaction coordinate for the transition states. For the
transition state for C-C cleavage, we carried out the frequency analysis by only relaxing the involved
atoms and freezing the other atoms based on the optimized transition state structure.

2.2.5 Time-dependent DFT calculations
All molecular DFT calculations were carried using the hybrid B3LYP 25 exchange-correlation
functional as implemented in Gaussian 09 D.01 program.

26

The all electron 6-311+G(d,p) basis set

was used for all atoms. The polarized continuum model (PCM) with standard parameters for water
solvent was used to account for bulk solvent effects during geometry optimization, frequency analysis,
and excited state calculations. The excited state calculations and simulation of UV-Vis spectra were
carried out within the time-dependent DFT formalism. 27 Previous studies confirmed the good accuracy
of this methodology for the description of excited-state reactivity and photoexcitation processes in
TiO2 cluster models. 28-30
The activation barrier for the direct non-catalytic photodecarboxylation of LA and lactate
anions (Figure 2.5) were estimated from the relaxed potential energy scans carried out for the
molecular species in the ground S0 and first excited S1 states.
Photoexcitation of the TiO2-bound surface lactate species was carried out using the cluster
modeling approach at the same level of theory as the other molecular simulations. The initial
configuration of the lactate complex and the cluster model representing the TiO2 surface was
constructed from the optimized periodic structure of the respective periodic slab model. To minimize
potential artifacts due to the limited size of the cluster, the highly symmetric trinuclear cluster model
was used, in which after LA adsorption all three Ti centers are in octahedral coordination. The
coordination environment of the Ti centers was completed by water molecules resulting in a
(TiO2)3·(H2O)6 cluster.
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2.3 Results and discussion
2.3.1 Photolysis of lactic acid
The irradiation of aqueous solutions of LA by the full-wavelength light of a Hg(Xe) lamp at
500 W yields EtOH and CO2 as the main products as determined by a combination of GC-MS, 2D
HSQC NMR, GC-TCD and HPLC analysis. No LA conversion was observed without UV light
irradiation or upon irradiation at λ > 360 nm. Direct photolysis also produced small amounts of 2,3butanediol (BD) and HCOOH (FA). The yield of these by-products increases at higher LA
concentration (Table 2.1, entries 1-4) evidencing a radical mechanism during LA photolysis (Figure
2.2). The alternative ionic mechanism (Figure 2.2) is ruled out in view of the substantial inhibition of
the decarboxylation reaction upon the neutralization of the LA aqueous solutions (pH = 6.7, Figure
2.3). The reactions yield equal amounts of C1 (CO2 and FA) and C2 products (EtOH and BD). Other
products such as AcH (acetaldehyde), AcOH (acetic acid) and propionic acid are formed in very small
amounts (Table 2.1). These products most likely originated from competing oxidation pathways.

Figure 2.2. Two alternative reaction mechanisms for LA photolysis via radical and ionic pathways.

Figure 2.3 summarizes the results of direct LA photolysis tests with varied pH of the solution.
The highest reaction rate is observed at the native pH = 2.2 of the 0.1 M aqueous LA. The decreased
reaction rate at lower pH is likely due to the strong absorption of Cl- anions in the UV region (λ < 260
nm) decreasing the overall quantum efficiency. The deprotonation of LA at higher pH and the
concomitant decrease of the reaction rate point to the lower reactivity of lactate anions in agreement
with the results of TD-DFT calculations presented below.
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Figure 2.3. pH-dependency of the time-evolution of CO2 yield upon the direct photolysis of LA 0.1 M aqueous
solution at varying pH (Conditions: full output Hg(Xe) lamp, 500 W; pH of 0.1 M LA solution without additives
is 2.2; pH 1.5 and pH 1.0 LA solution were adjusted by HCl; pH 6.7 LA solution was adjusted by NH3∙H2O).
The observed pH dependency together with the reaction selectivities indicate the radical nature of the photolysis
reaction.

UV-Vis spectroscopy in combination with time-dependent density functional theory (TD-DFT)
calculations demonstrate that deep UV (λ < 250 nm) excitation is required for C-C bond activation in
LA (Figure 2.4, Figure 2.5). UV-Vis spectra of protonated and deprotonated forms of aqueous LA
show a strong absorption below 250 nm (E = 5.51 eV) attributed to intramolecular charge transfer
(Figure 2.4). The difference in product yields with varying pH can be attributed to the weak absorption
around 254 nm in the case of protonated form (Figure 2.4 (a)) while lactate-anion has virtually zero
absorption at these wavelengths (Figure 2.4 (b)). Excitation of the charge-transfer band (λ < 254 nm)
leads to LA photo-dissociation and the initiation of the radical conversion path.
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Figure 2.4. UV-Vis spectra of protonated (a) and deprotonated (b) forms of aqueous LA. This evidences a
strong absorption below 250 nm. Difference in the yields of the direct photolysis products can be seen in weak
absorption around 254 nm in the case of protonated form while lactate-anion has virtually zero absorption at
these wavelengths. 254 nm is a strong line in the emission spectrum of Hg(Xe) lamp. Excitation of the chargetransfer band ((  254 nm) leads to LA photo-dissociation and the initiation of the radical conversion path.

Figure 2.5. Time-dependent density functional theory calculations (TD-B3LYP/6-311+G**) of C-C bond
strength in the ground state (S0) and first excited state (S1) of LA. It summarizes the theoretical result that shows
the thermal cleavage (S0 ground state) of the C-C bond and LA decarboxylation proceed with a prohibitively
high barrier, while this barrier is strongly reduced when the reaction takes place over the S1 excited state.
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LA photolysis was further investigated computationally by means of TD-DFT calculations at
the B3LYP/6-311+G(d,p) level with implicit polarized continuum model (PCM) corrections to account
for water. In line with the experiments, the calculations demonstrate that decarboxylation of LA in the
ground S0 state involves a barrier of 240 kJ/mol. This is much higher than the computed barrier of 83
kJ/mol for decarboxylation of LA in the first excited (S1) state (Figure 2.5). Thermal prohibitive C-C
cleavage becomes possible under UV-light irradiation based on the prediction by TD-DFT calculations:
a S0 → S1 excitation in the free LA molecule corresponding to a wavelength of 206 nm. These results
explain why UV photoexcitation is required to cleave the C-C bond resulting in LA decarboxylation
via a radical mechanism.

Figure 2.6. Relaxed PES scans (TD-B3LYP/6-311+G**) for LA and LA-(lactate anion) in the ground S0 and
first excited state S1 configurations in the water phase (PCM model, water as the solvent) based on timedependent density functional theory calculations.

In addition to the prediction of free LA molecules, we also compared the C-C bond strength of
LA and LA-(lactate anion) in the ground state (S0) and first excited state (S1) by scanning the potential
energy surfaces along the C-C bond cleavage direction (Figure 2.6). Here, we took solvent water into
account as well. The multiplied inserts by X5 shows the thermal cleavage of the C-C bond of both LA
and LA- is prohibitive in the ground state. However, in the first excited state, LA and LA- both only go
through the energy barriers of 2.22 eV and 2.58 eV, respectively, to cause the C-C bond cleavage.
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Then we adopted the configurations at the maximum energy point to do the static local optimization
only fixing these two carbon atoms and got the more precise energy barriers of 28 kJ/mol and 60
kJ/mol for free LA and LA-, respectively. LA- shows higher energy barrier than LA, which could be
one of the reasons that lactate has lower decarboxylation yield than LA (Figure 2.3).

2.3.2 Photocatalytic decarboxylation of lactic acid
Aiming at improving the reaction efficiency, we studied the use of titania-supported noble
metal photocatalysts (TM/TiO2, TM = Au, Pt, Pd, and Ru). Commercial TiO2 pigment (Aeroxide P25)
was chosen as the support because of its good performance and high stability under photocatalytic
conditions.
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The results of the photocatalytic tests are summarized in Table 2.1 (entries 5-9). TiO2

alone inhibits photochemical conversion (Table 2.1, entry 5) resulting in only trace amounts of reaction
products.
Table 2.1. Photochemical conversion of aqueous solutions of LA with and without TiO2-supported transition
metal photocatalysts (TM/TiO2). [a]

[a]

#

C0(LA)/Cat[b]

1
2
3
4
5
6
7
8
9

0.02 M/–
0.05 M/–
0.10 M/–
0.50 M/–
TiO2
Pt/TiO2
Au/TiO2
Pd/TiO2
Ru/TiO2

AcH
0
1
2
6
7
2014
974
1300
1684

Amounts of products (μmol) [c]
EtOH
AcOH
BD
FA
76
1
21
9
135
0
34
32
279
26
144
75
850
24
227
412
44
0
19
0
22
78
5
0
39
16
14
0
6
55
0
62
19
110
3
63

CO2
146
209
466
839
104
2030
989
1300
1669

H2
0
0
0
0
0
2083
1000
1245
1724

YieldΣ (%)[d]
C1
C2
16
12
10
8
11
11
5
5
2
2
41
41
20
21
27
26
35
34

Conditions: H2O solvent 50 mL, 20 °C, 3 h, full output of 500 W Hg(Xe) arc lamp, for catalytic experiments

50 mg 1 wt% TM/TiO2(P25) catalyst used; [b] Initial LA concentration/catalyst, # 5 to 9: C0(LA)=0.1 M; [c] Ethyl
lactate and propionic acid detected with less than 1% yield; [d] Decarboxylation yield of C1 (CO2 and HCOOH)
and C2 (EtOH+AcH+BD+AcOH) product equivalents.

Liquid product distributions are further proved by 2D HSQC NMR (Figure 2.7). The 2D HSQC
NMR of reaction mixtures formed by photolysis of LA and photocatalytic conversion of LA by using
Pt/TiO2 are shown in Figure 2.7. From Figure 2.7(a), one can clearly see the unreacted LA and the
decarboxylation product-ethanol. In addition, the internal standard 1-propanol and DMSO are seen as
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well. Comparing to Figure 2.7(a), ethanol is gone in Figure 2.7(b). Instead, acetaldehyde and acetic
acid started to appear after Pt/TiO2 catalyst being used.

Figure 2.7. 2D HSQC NMR of reaction mixtures formed by LA (a) photolysis and (b) photocatalytic
conversion in the presence of Pt/TiO2 (Conditions: 50 mg catalyst, 50 mL 0.1 M LA aqueous solution,
reaction time 3 h). ISTD: internal standard.

The activity of a series of TiO2-supported transition metal (Cu, Ni, Au, Rh, Ir, Pd, Ru, and Pt)
photocatalysts was evaluated. Figure 2.8 evidences a strong increase of the H2 yield in the presence of
26

Selective photocatalytic decarboxylative transformations of lactic acid
such catalysts compared to the non-catalytic reaction. The activity (H2 yield) of a series of TiO2supported transition metal catalysts indicates that besides the noble metal Pt, Rh, Ru, Pd, Ir, Au
catalysts, non-critical Ni metal (10 wt%/ TiO2) can also efficiently catalyze the target reaction (Figure
2.8). Next, we took Pt, Au, Pd, and Ru for detailed products’ compositions (Figure 2.9a, Table 2.1,
entries 6-9). Compared with direct photolysis of LA, these TM/TiO2 photocatalysts afford two- to fourfold higher decarboxylation yields. Photocatalysts also shift the selectivity from predominantly EtOH
and CO2 to AcH, CO2, and H2. Only small amounts of EtOH, AcOH, BD, and FA are observed,
indicating that the photocatalytic reaction follows a different mechanism from that of the direct LA
photolysis. Strikingly, the selectivities to AcH, CO2, and H2 are nearly independent of the noble metal.
On the other hand, the noble metal strongly affects the reaction rate and, hence, the overall (Table 2.1).
Photocatalytic activity decreases in the order Pt/TiO2 >Ru/TiO2 >Pd/TiO2 >Au/TiO2. Pt/TiO2 displays
the highest photocatalytic performance with a decarboxylation yield of 41% after 3 h reaction that is
nearly four-fold higher than the yield in the direct photolysis. Comparison of the time-yield profiles
for the main gas- and liquid-phase products of the photocatalytic LA conversion with Pt/TiO2 under
full wavelength irradiation of Hg(Xe) lamp shows the equal amount of AcH, H2, and CO2 (Figure 2.9b).
The photocatalytic nature of the reaction is underpinned by studying the influence of the
excitation wavelength (Figure 2.9(a)). Compared with full wavelength irradiation, the activity of
Pt/TiO2 at λ > 360 nm – the value close to the absorption edge of P25 TiO2 – decreases substantially.
However, without the catalyst, irradiation with λ > 360 nm does not lead to any conversion of LA.
These data show the importance of photo-induced electron-hole separation in TiO2 during
photocatalytic decarboxylation of LA, and also highlight the possibility of carrying out photocatalytic
dehydrogenative decarboxylation of LA under solar irradiation. In separate photoelectrochemical
measurements, Pt/TiO2 shows the highest response using an aqueous LA solution as the electrolyte
(Figure 2.10). This suggests that similar to the photocatalytic reduction of water, electrons
photogenerated in titania are removed by proton reduction during photocatalytic conversion of LA. 32,
33, 34

TM nanoparticles facilitate H2 evolution by trapping photogenerated electrons, which improves

charge carrier separation and lowers the overpotential for H2 evolution. 34, 35
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Figure 2.8. Evaluation of the photocatalytic activity (H2 yield) of a series of TiO2-supported transition
metal catalysts including both the noble metal Pt, Rh, Ru, Pd, Ir, Au catalysts and non-critical Ni, Cu
metal (10 wt%/TiO2).

Figure 2.9. (a) Evolution of CO2 during photochemical conversion of aqueous LA (0.1 M) under fullwavelength (FW) and λ > 360 nm irradiation in the absence (photolysis) and presence of TiO2-supported 1 wt %
noble metal catalysts. (b) Comparison of the time-yield profiles for the main gas- and liquid-phase products of
the photocatalytic LA conversion with Pt/TiO2 under FW irradiation of Hg(Xe) lamp.
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Figure 2.10. Photocurrent density versus applied potential (V versus Ag/AgCl) for Pt/TiO2, Au/TiO2, and
Pd/TiO2. A Pt wire was used as the counter electrode and Ag/AgCl served as a reference electrode. As the step
4 → 1+ H2 is shown in Figure 2.12, H2 evolution is needed to close the catalytic cycle. Herein, Pt/TiO2 shows
the highest photocurrent, which correlates with the highest photodecarboxylation yield of LA (Table 2.1, entry
6).

We carried out additional experiments using the best Pt/TiO2 catalyst in an aqueous EtOH to
check whether the primary pathway in LA conversion proceeds via EtOH as an intermediate.
Photoreforming of EtOH results in three-fold lower H2 evolution rate compared with the LA
photodecarboxylation (Table 2.2). Combining with the observation that nearly equivalent amounts of
AcH, H2, and CO2 irrespective of the activity level are obtained during photocatalytic LA conversion,
we propose that photocatalytic reaction proceeds in a single step involving decarboxylation and
dehydrogenation without the intermediate formation of EtOH. We also established that LA does not
undergo a photocatalytic conversion over Pt catalysts supported on Al2O3 or CeO2 under identical
conditions (Table 2.3).
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Table 2.2. Reaction products of the photocatalytic reaction of ethanol.
Catalyst
Pt/TiO2

Amounts of products (μmol)
CH3COOH
CO2
41
0

CH3CHO
642

XEtOH(%)

H2
650
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Conditions: 50 mL 0.1 M ethanol aqueous solution; light source: Hg (Xe) lamp, 500 W, full output irradiation;
reaction time: 3 h; catalyst loading: 50 mg 1 wt% Pt/TiO2.

Table 2.3. Reaction products of the photocatalytic reaction of LA with other supports.
Substrate

Catalyst

LA
LA

Pt/Al2O3
Pt/CeO2

CH3CHO
18
13

Amounts of products (μmol)
EtOH
CH3COOH
CO2
30
0

0
0

0
0

H2
0
0

X (%)
0.3
0.2

Conditions: 50 mL 0.1 M LA aqueous solution; light source: Hg (Xe) lamp, 500 W; catalyst: 50 mg; reaction
time: 3 h.

Figure 2.11. FT-IR spectra of TiO2 (a) and 1 wt% Pt/TiO2 (b) before (bottom) and after (top) exposure to LA
vapor at room temperature. Changes in the OH- stretching region (yellow box) evidence a rapid reaction of LA
with the surface hydroxyl groups, resulting in surface lactate species characterized by bands in the 1550-1750
cm-1 region.

The IR spectrum of LA adsorbed on bare TiO2 and 1 wt% Pt/TiO2 are shown in Figure 2.11.
(OH) stretching bands are located in the range between 3740 and 3300 cm-1. The sharp band observed
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at 3632 cm-1 is attributable to the hydroxyl group on TiO2. LA readily interacts with this group, as can
be derived from its erosion upon exposure to LA. The spectrum obtained after LA adsorption on TiO2
shows new peaks at 1724 cm-1, 1680 cm-1, and 1568 cm-1. The 1680 cm-1 peak, red shifted by 44 cm-1
relative to the similarly intense 1724 cm  (C=O) band, is likely due to the interaction of surface Lewis
acid sites Ti4+ with the carbonyl oxygen atoms of LA on TiO2. The relatively intense 1560 cm-1 band
stems from lactate. The band at 2991cm-1 is ascribed to  as (CH3), the one 2941 cm-1 to  s (CH3), and
the one at 2878 cm-1 to (CH).

Figure 2.12. Proposed mechanism for photocatalytic LA conversion at the Pt/TiO2 interface. A facile reaction
of surface OH groups of TiO2 with LA to form surface lactates upon exposure of Pt/TiO2 to LA vapor at RT (1
+ LA → 2 + H2O). Such TiO2-bound lactate can undergo a ligand-to-metal charge transfer excitation that
facilitates a one-step decarboxylation (2 → 3). Next, the photo-assisted H2O dissociation (3 + H2O → 4 + CO2
+ CH3CHO) regenerates surface OH groups and produces Pt-bound H species, which recombine resulting in
H2 evolution that closes the catalytic cycle (4 → 1 + H2).
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On the basis of the above findings, we propose a reaction mechanism for the photocatalytic
conversion of LA by Pt/TiO2 (Figure 2.12). The mechanism is also supported by (TD-)DFT
calculations and vibrational spectroscopy. The catalytic cycle starts with the reaction of LA with a
surface OH group of TiO2 resulting in a surface-bound lactate intermediate and water (1 + LA → 2 +
H2O, Figure 2.12). The surface of hydrated titania will contain hydroxyl groups. 36 In agreement with
previous publications, 37 infrared spectra of TiO2 and Pt/TiO2 before and after exposure to LA confirm
its reaction with hydroxyl groups of the support (Figure 2.11). Such TiO2-bound lactate can undergo
a ligand-to-metal charge transfer excitation that facilitates a one-step decarboxylation (2→3). Next,
the photo-assisted H2O dissociation (3 + H2O → 4 + CO2 + CH3CHO) regenerates surface OH groups
and produces Pt-bound H species, which recombine resulting in H2 evolution that closes the catalytic
cycle (4 → 1 + H2).

Figure 2.13. CO2 evolution with UV irradiation of 0.1 M LA aqueous solution with Pt/anatase (blue) and
Pt/rutile (red) (Conditions: 50 mL 0.1 M LA aqueous solution; light source: Hg (Xe) lamp, full output, 500 W;
catalyst: 50 mg; reaction time: 3 h.)

Periodic dispersion-corrected DFT+U calculations 38 (PBE+D3/PW-400 eV, Ueff = 4.0 eV for
3d orbital of Ti 39) were carried out on a Pt10/TiO2(110) model to gain better insight into the proposed
mechanism. In our experiments, Pt/rutile shows much higher decarboxylation activity when compared
with Pt/anatase (Figure 2.13). And as (110) surface is the most stable one for rutile TiO2, 40 we chose
three O-Ti-O layers (5 × 2) TiO2(110) for the following simulation (Figure 2.14). Despite its relatively
small size, a 10-atom Pt cluster allows studying the interface between Pt and the TiO2 support. Periodic
DFT simulations indicate that the substitution of a titania-bound surface hydroxyl group with LA at
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the Pt/TiO2 interface is barrierless (6 kJ/mol) and highly exothermic. Subsequent LA adsorbs on the
Pt10 cluster with a quite strong adsorption energy of -117 kJ/mol, and at the same time, the α-OH group
reacts with surface OH radical to form water without any barrier. The re-organization of lactate anion
releases the heat of -118 kJ/mol. Next, proton abstraction from the α-OH group of the adsorbed lactate
by the Pt cluster occurs simultaneously with C1-C2 bond cleavage to yield CO2 and AcH (2 → 3,
Figure 2.12). This reaction step, which results in the reduction of one Ti(IV) center to Ti(III), is
kinetically and thermodynamically unfavorable in the ground state. This reaction step at the Pt/TiO2
surface proceeds with a barrier of over 200 kJ/mol that is prohibitive under the mild conditions of the
studied reaction (IM4 → TS2 → IM5, Figure 2.14). As computational modeling of periodic surface
structures in the excited state is too demanding, we carried out excited state calculations on a simplified
model system in the framework of the TD-DFT method using a trinuclear cluster Ti3O6(H2O)6H+ model,
which represents the surface lactate species. These calculations predict a pronounced shift of the
charge-transfer band to lower energies by 1.5 eV for the lactate-titania adsorption complex as
compared with free LA and the lactate anion. This shift is in a qualitative agreement with the
experimental observations. After a facile desorption of CO2 and CH3CHO by 77 kJ/mol, the catalytic
cycle is closed by the re-oxidation of the Ti(III) site by water (3 → 4, Figure 2.12). This reaction is
facilitated by an electron-hole pair generated upon photo-excitation, regenerating the initial Ti-OH
group and another H atom bound to Pt that leads to H2 formation via 4 → 1 + H2. It is worthwhile to
note that the H atom migration can take place by overcoming an energy barrier of 70 kJ/mol from TiO2
surface to Pt10 cluster for next H2 formation. In fact, it is quite difficult to produce H2 in the ground
state due to a manifest heat absorption of 117 kJ/mol.
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Figure 2.14. Mechanism of LA decarboxylation over Pt/TiO2 constructed on the basis of the results of periodic
DFT calculations. The numbers are relative energies (in kJ/mol) with a reference to free water, LA, and a
Pt10/TiO2 (110) model. Colour scheme for the atoms: pink – O of LA and water, red – O of TiO2 (110), light blue
– Ti, white – H, grey – C and dark blue - Pt.

Table 2.4. Reaction products of the photocatalytic reaction of PyA.
Substrate

Light source

LA
PyA
PyA

λ > 360 nm
Full output
Full output

Catalyst
Pt/TiO2
No cat.
Pt/TiO2

Amounts of products (μmol)
CH3CHO CH3COOH
CO2
801
10
715
23
124
2409
108
1019
2439

H2
985
0
82

X (%)
49
83
86

Conditions: 50 mL 0.1 M aqueous solution; light source: Hg(Xe) lamp, 500 W; reaction time: 3 h. PyA: pyruvic
acid.

Biological pathways start with glycolysis, which converts glucose into pyruvate followed by
decarboxylation into AcH, which is then hydrogenated to EtOH (Figure 2.1b). Here we described a
chemocatalytic path for decarboxylative acceptorless dehydrogenation (DAD) of LA to AcH that does
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not involve pyruvate as an intermediate. Only traces of PyA by-product was observed in the
photocatalytic runs and the conversion of PyA itself was not influenced by the presence of Pt/TiO2
(Table 2.4). Moreover, we only observed trace amounts of PyA in the reaction mixtures during LA
conversion.
The photocatalytic reaction of LA by Pt/TiO2 into mainly acetaldehyde, CO2, and H2 represent
a novel approach of mild decarboxylative acceptorless dehydrogenation. In recent years, significant
efforts have been made to develop novel catalysts for conceptually similar acceptorless
dehydrogenation (AD) and acceptorless dehydrogenative coupling (ADC) chemistry.

41, 42

These

reactions represent atom-efficient approaches for the oxidation of organic molecules as an alternative
to conventional chemistry involving the stoichiometric use of inorganic oxidizing agents.

43, 44

This

chemistry has also been advocated as a practical route for H2 production from biomass-derived
oxygenates under mild conditions. 45, 46 Inspired by these recent developments in ADC chemistry, we
evaluated the possibility of carrying out similar transformations using LA and alcohols as the reactants
under photocatalytic conditions using Pt/TiO2 as the catalyst.
The photocatalytic conversion of LA in alcohol is accompanied by solvent dehydrogenation,
which explains the increased H2 yield (Figure 2.15).
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Carrying out the reaction in EtOH results in

acetaldehyde diethyl acetal (ADEA), which is the coupling product of decarboxylative acceptorless
dehydrogenation of LA with EtOH (Figure 2.16a). This is supported by the observation that no
coupling product can be found upon the photoreforming of ethanol only over Pt/TiO2 (Table 2.2).The
ADEA yield was 26% after 3 h reaction. The reaction in MeOH produces a much higher H2 yield,
because of the ease of MeOH photoreforming as compared with EtOH. The liquid phase products, in
this case, are paraformaldehyde and the acetaldehyde dimethyl acetal (ADMA) (Figure 2.16b).
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Figure 2.15. Hydrogen evolution from LA solutions in ethanol, methanol, and water: 50 mg Pt/TiO2 in 50 mL
0.1 M LA solution under full output of the 500 W Hg (Xe) lamp. The increased hydrogen yield for the reaction
in methanol can be explained by the mechanism.

Figure 2.16. Acceptorless dehydrogenative coupling (ADC) of LA in (a) ethanol leading to acetaldehyde
diethyl acetal (ADEA) and (b) in methanol leading to acetaldehyde dimethyl acetal (ADMA).

The coupling reaction is a photocatalytic process. Because the acetaldehyde-ethanol reactant
pair shows no reaction in the dark with and without using Pt/TiO2. Nevertheless, the reactant pair LAethanol displays a very fast acetalation and coupling resulting in ADEA under photocatalytic
conditions. When only ethanol was used as the reactant, under UV irradiation and the addition of
Pt/TiO2, we could only detect acetaldehyde, but not coupling product ADEA. For the ADC chemistry,
we propose that it involves the coupling with the reactive intermediates formed upon the main
dehydrogenation cycle of LA.
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2.4 Conclusions
In summary, LA can be efficiently decarboxylated into C2 chemicals such as EtOH and AcH
under photochemical/photocatalytic conditions. Direct photolysis requires deep UV light excitation
with λ < 250 nm and produces EtOH and CO2 with high selectivity. The investigation of such factors
as the substrate concentration, pH of the solution, and presence of various additives on conversion and
selectivity led to the conclusion that photolysis of LA proceeds via a radical mechanism. No reaction
was observed under irradiation with visible light (λ > 360 nm). UV-Vis spectroscopy results confirm
that the deep UV irradiation (λ < 250 nm) is necessary to achieve LA photolysis. This is further
confirmed by the results of DFT calculations on the direct LA decarboxylation. To achieve a better
control over the reaction selectivity and improve the efficiency of the decarboxylation reaction, we
also investigated the effect of supported transition metal catalysts on the photocatalytic conversion of
LA. The decarboxylation reaction is enhanced significantly by titania-supported transitional metal (Pt,
Pd, Ir, Ni, Cu, Au, and Ru) nanoparticle photocatalysts. A more than 4-fold higher CO2 yield was
achieved with Pt/TiO2 after 3 h reaction compared to the direct photolysis. Interestingly, the reaction
selectivity alters dramatically by the photocatalyst. Whereas CO2 is the predominant gaseous product
formed in the UV-photolysis of LA, the photocatalytic reaction yielded stoichiometric amounts of CO2
and H2. Both products are derived from the conversion of the LA substrate as is evidenced by the
analysis of the liquid phase. For all catalysts considered, photocatalytic LA conversion leads to AcH
with a concomitant formation of stoichiometric amounts of CO2 and H2. We propose a concerted
surface-mediated decarboxylative dehydrogenation mechanism for the photocatalytic reaction. Our
findings emphasize the role of the metallic nanoparticle-titania interface and photogeneration of
electron-hole pairs in titania in the overall reaction mechanism. LA adsorbs on titania by condensation
with its hydroxyl groups. The noble metal nanoparticles promote dehydrogenation of lactate and, in
this way, provide a path for H2 evolution in which photo-induced charge separation in the
semiconducting titania support is involved in the re-oxidation of Ti(III) centers. This photocatalytic
decarboxylation of LA provides the missing link in a hypothetical artificial path for decarboxylative
conversion of carbohydrate biomass to C2 products. Besides its fundamental importance, we have
demonstrated that this new chemistry can be useful for constructing novel atom-efficient acceptorless
dehydrogenative coupling paths converting biobased chemicals into value-added products.
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Chapter 3
MoO3-TiO2 synergy in oxidative dehydrogenation
of lactic acid to pyruvic acid
Abstract
An efficient catalytic process for the oxidative dehydrogenation of biomass-derived lactic acid by
earth-abundant MoO3/TiO2 mixed oxide catalysts is presented. A series of MoO3/TiO2 materials with
varied MoO3 loading were prepared and their performance in the aerobic and anaerobic conversion of
lactic acid was evaluated. A strong synergistic effect between MoO3 and TiO2 components of the
mixed oxide catalyst was observed. Optimum catalysts in terms of activity and pyruvic acid selectivity
were obtained by ensuring a high dispersion of MoOx species on titania surface. Mo-oxide aggregates
catalyze undesired side-reactions. XPS measurements indicated that the redox processes involving
supported Mo ions are crucial for the catalytic cycle. A mechanism is proposed, in which lactic acid
adsorbs to basic sites of the titania surface and is dehydrogenated over the Mo=O acid-base pair of a
vicinal tetrahedral Mo site. The catalytic cycle closes by hydrolysis of surface pyruvate and water
desorption accompanied by the reduction of the Mo center, which is finally oxidized by O2 to
regenerate the initial active site. Under anaerobic conditions, a less efficient catalytic cycle is
established involving a bimolecular hydrogen transfer mechanism, selectively yielding propionic and
pyruvic acids as the major products. The optimum catalyst is a 2 wt% MoO3/TiO2 predominantly
containing tetrahedral Mo species. With this catalyst, the oxidative conversion of lactic acid at 200 °C
proceeds with a selectivity of ca. 80% to pyruvic acid. The pyruvic acid productivity is 0.56 g g-1 h-1.

This work in this chapter is published in Green Chemistry 2017, 19, 3014-3022.
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3.1 Introduction
The development of novel catalytic technologies for the efficient production of chemicals and fuels
from renewable resources is pivotal for the transition to a green chemical industry. Especially,
lignocellulosic biomass is an attractive source of renewable carbon. Novel processes will hinge on the
availability of platform molecules, which can be efficiently obtained from biomass and converted into
a range of chemical intermediates and end-products.

1, 2

Lactic acid (LA) is a prominent platform

molecule, which is typically obtained by enzymatic conversion of sugars. 3, 4 Figure 1.4 depicts a large
number of chemical products that can be obtained from LA. Catalytic dehydrogenation of LA to
pyruvic acid (PyA) is of considerable importance for the production of L-amino acids, 5 cyanoacrylate
adhesives,

6

perfumes, food additives, dietary and weight-control supplements, nutraceuticals,

antioxidants, 7 and photo-resistant solvents for electronic processing. 8
The current industrial process for the production of PyA involves the stoichiometric
dehydrative decarboxylation of tartaric acid. This approach was originally described by Erlenmeyer in
1881. 9-10 A more efficient alternative is desirable in order to avoid the formation of large amounts of
inorganic waste and to improve the atom efficiency, creating a more sustainable process. A challenge
in developing direct oxidative dehydrogenation of LA is the high reactivity of PyA. Decarboxylation
as well as over-oxidation of PyA lower product selectivity, which is especially a problem at the
elevated temperatures necessary to achieve appreciable reaction rates.

11

The use of lower reaction

temperatures usually results in rapid catalyst deactivation due to the blocking of the catalytic surface
by oligomers of LA. 3 Phosphate-based catalysts, 11, 12 usually containing transition metal promoters,
13

are currently the benchmark systems for oxidative dehydrogenation of LA and its alkylated

derivatives. Ai et al. described an iron phosphate catalyst for the gas-phase oxidation of LA, which
gave a maximum PyA yield of 50% (66% PyA selectivity at 76% LA conversion) at 260 °C. 11 Doping
this catalyst with Mo strongly enhanced the catalytic performance and a nearly similar yield of 52%
was achieved at 200 °C. 12
Reducible metal oxides represent another important class of promising catalysts for oxidative
dehydrogenation of LA. Their acid-base properties strongly affect PyA selectivity. TiO2, ZrO2, and
SnO2 typically result in higher selectivity to pyruvates compared to conventional oxidation catalysts
such as MoO3,

14-17

TeO2,

17

and V2O5.

14, 18

Rothenberg and co-workers evaluated the activity of a

wide range of metal oxides including Fe2O3, V2O5/MgO-Al2O3, ZrO2, TiO2, CeO2, and ZnO for the
oxidative dehydrogenation of ethyl lactate.

19

TiO2 showed superior catalytic performance, reaching

up to 75% ethyl pyruvate selectivity at 80% conversion of ethyl lactate. The unique reactivity of TiO2
42
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is attributed to specific surface sites that selectively activate the hydroxyl group in the reactant. 20 The
catalytic properties of these oxides can be further improved by the addition of other metal oxides. The
properties of binary oxides, such as surface area, acidity, and redox behavior, are often quite different
from their single-oxide constituents. A previous study demonstrated the utility of Ni–Nb–O mixed
oxides to catalyze oxidative dehydrogenation of LA.

21

PyA yields of up to 18% were obtained at

280 °C. Binary oxides containing Mo, e.g., Fe2O3-MoO3, and TeO2-MoO3, have also been reported as
active catalysts for LA or ethyl lactate dehydrogenation. For these catalysts, lactate conversions of 75%
with pyruvate selectivities higher than 90% were reported. 22
In this study, we investigated the catalytic performance of heterogeneous MoO3-TiO2 (anatase)
catalysts for the oxidative dehydrogenation of LA to PyA. Titania-supported MoO3 constitutes an
important class of catalytic materials showing promising performance in the oxidation of methanol, 23,
24

the oxidative dehydrogenation of ethane, 25 propane, 26, 27 1-butene, and o-xylene 28 as well as the

hydrodeoxygenation of m-cresol.

29

The high catalytic performance of these catalysts in selective

oxidation of organic molecules has been linked to highly reactive sites at the interface between the two
oxides.

30, 31

Accordingly, it has been proposed that the catalytic performance of such materials

crucially depends on the dispersion of the MoO3 phase on TiO2.

32, 33

The formation of the binary

system has been shown to be crucial for the activity in alcohol dehydrogenation.

34

It has also been

reported that higher MoO3 dispersion can be achieved using anatase as a catalyst support rather than
the rutile TiO2 phase. 35
The present work introduces MoO3, TiO2, and their mixtures as promising catalysts for
obtaining PyA from LA. The surface properties of the metal oxides were extensively investigated to
understand the relation between the structure and acidic properties and catalytic performance. A
mechanism is proposed for the strong synergy observed between isolated tetrahedral Mo-oxide species
and the titania support.

3.2 Experimental
3.2.1 Materials
TiO2 (anatase, powder, ≥99% trace metals basis), (NH4)6Mo7O24·4H2O (≥99%) were purchased
from Sigma–Aldrich. LA (90%, Sigma-Aldrich), PyA (98%, Aldrich), acetaldehyde (≥99.5%, Aldrich),
methylsuccinic anhydride (98%, Aldrich), propionic acid (≥99.5%, Aldrich), acetic acid (≥99.85%,
Aldrich) and citraconic anhydride (98%, Aldrich) were used as received without further purification.
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3.2.2 Catalysts preparation
Two methods were used to synthesize the catalysts, namely physical mixing of the two oxides
and wet impregnation of ammonium heptamolybdate on titania. A TiO2-MoO3 catalyst was prepared
by thoroughly mixing TiO2 and MoO3 in a 1:2 molar ratio TiO2:MoO3 with a small amount of water.
The resulting paste was spread over a glass plate, dried overnight at 80 °C, crushed, and calcined at
500 °C in air for 6 h. To prepare MoO3/TiO2, with MoO3 loadings in the 1-10 wt% range, an
appropriate amount of (NH4)6Mo7O24·4H2O was completely dissolved in deionized water under
vigorous stirring for 2 h at room temperature. Then, an appropriate amount of TiO2 was added to the
solution and stirred for 4 h at room temperature. Afterwards, the water was removed under reduced
pressure and the resulting solid was dried at 110 °C for 16 h before being calcined at 500 °C for 6 h in
static air. A typical procedure for obtaining 5 g of 10 wt% MoO3/TiO2 catalyst was as follows: 0.6132
g (NH4)6Mo7O24·4H2O was dissolved in 15 mL deionized water under vigorous stirring followed by
addition of 4.5 g TiO2. Catalysts prepared by wet impregnation are denoted as MTx, where x
represents the weight loading of MoO3.

3.2.3 Characterization
Powder X-ray diffraction (XRD) patterns were measured on a Bruker D4 Endeavor powder
diffraction system using Cu Kα radiation (40 kV and 30 mA) with a scanning speed of 0.01 °/min in
the range of 5° ≤ 2θ ≤ 80°. Scanning electron microscopy (SEM) measurements were taken using a
Philips environmental scanning electron microscope FEIXL-30 ESEM FEG in high vacuum mode at
low voltage. Textural analysis was done by nitrogen physisorption on a Tristar 3000 automated gas
adsorption system. The samples were degassed at 300 °C for 6 h prior to analysis. Raman spectra were
recorded using a Jobin-Yvon T64000 triple-stage instrument at a spectral resolution of 2 cm-1. The
excitation laser line at 600 nm was produced by a Kimmon He-Cd laser. The power of the laser was 4
mW. Diffuse reflectance UV-Vis spectra were recorded on a Shimadzu UV-2401 PC spectrometer in
a diffuse-reflectance mode using an integrating sphere (internal diameter 60 mm) and BaSO4 was used
as the reference. Fourier Transform Infrared (FT-IR) spectra were recorded on a Bruker Vertex V70v
FT-IR spectrometer in transmission mode. Typically, a powdered sample was pressed into a selfsupporting wafer with a density of about 10 mg/cm2 and placed inside a controlled environment
infrared transmission cell, capable of heating and cooling, gas dosing, and evacuation. After calcining
the catalyst wafer at 500 °C, the catalyst was evacuated to a pressure better than 2 × 10-5 mbar and
temperature was lowered to 150 °C. A background was recorded. Pyridine was introduced into the cell
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from a glass ampoule. The sample was then exposed to pyridine at 150 °C for 30 min. After removing
physisorbed pyridine by evacuation at 150 °C for 1 h, a spectrum was recorded.
X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo
Scientific K-Alpha spectrometer, equipped with a monochromatic small-spot X-ray source and a 180°
double focusing hemispherical analyzer with a 128-channel detector. Spectra were obtained using an
aluminum anode (Al Kα=1486.6 eV) operating at 72 W and a spot size of 400 µm. Survey scans were
measured at a constant pass energy of 200 eV and regions scans at 50 eV. The background pressure
was 2 × 10-9 mbar and during measurement 3 × 10-7 mbar Ar because of the charge compensation dual
beam source. Data analysis was performed using CasaXPS software. The binding energy was corrected
for surface charging by taking the C 1s peak of adventitious carbon as a reference at 284.5 eV.
Temperature programmed reduction (TPR) experiments were carried out in a flow apparatus
equipped with a fixed-bed reactor, a computer-controlled oven, and a thermal conductivity detector.
Typically, 50 mg catalyst was loaded in a tubular quartz reactor. The sample was reduced in 4 vol%
H2 in N2 at a flow rate of 8 mL/min whilst heating from room temperature up to 900 °C at a ramp rate
of 10 °C/min. The H2 signal was calibrated using a CuO/SiO2 reference catalyst.

3.2.4 Catalysts activity measurements
3.2.4.1 Oxidative dehydrogenation of lactic acid
Catalytic tests were carried out under atmospheric pressure in a gas phase down-flow fixedbed reactor (stainless steel, 6 mm inner diameter, 150 mm length). In a typical experiment, 0.3 g of
catalyst powder (125 – 250 µm) were loaded in the reactor and the bed was fixed between quartz wool.
The aqueous LA solution (20 wt%) was fed using a HPLC pump at a flow-rate of 0.05 mL/min to the
entry point of the reactor system, where it was vaporized at 190 °C and diluted with air (30 mL/min
STP, STP = standard pressure, and temperature). The feed molar LA: H2O: air composition was
0.6:13.3:1. The liquid solution fed by the HPLC was prepared by dissolving an appropriate amount of
LA (90%, Sigma Aldrich) in deionized water. The reaction temperature was 200 °C. The products
were collected in a cold trap installed after the reactor and analyzed by HPLC and GC-FID. The feed
concentration and the reaction conditions were selected such to ensure a complete vaporization of the
LA substrate. HPLC analysis of concentrations of LA, PyA, and acetic acid was carried out on a
Shimadzu setup equipped with UV detector and a Prevail Organic Acid 3u column (Grace, 2.1 × 100
mm column). HPLC analysis was done at room temperature with 25 mM phosphate buffer of pH = 2
as a mobile phase at a flow rate of 0.125 mL/min and the products were detected by a UV detector.
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The GC-FID analysis was used to quantify acetaldehyde and other hydrocarbon products. The analysis
was carried out using a Thermo GC equipped with a Stabilwax-DA capillary column, 30 m × 0.53 mm
× 1.0 μm and a flame ionization detector (FID). The oven was set at 40 °C, using a hold time of 5 min,
before increasing with a rate of 10 °C/min to reach 240 °C, followed by another hold time of 20 min.
Injector and detector temperatures were 250 °C. For HPLC and GC-FID analysis, the products were
quantified using external calibration curves generated with authentic compound solutions.
The conversion of LA (X) was calculated by
(%) =

,

−

× 100%

,

The (carbon-based) selectivity of product was calculated as
×

(%) =

,

× 100%

× ×

where CLA,0, CLA and Cproduct i are the concentrations of LA in the feed and after the reactor and the
concentration of product i after the reactor, respectively.

3.2.4.2 Oxidative dehydrogenation of ethanol
Oxidative dehydrogenation of ethanol was carried out in a fixed-bed plug flow reactor system.
In a typical experiment, 100 mg of catalyst (sieve fraction 125-250 µm) diluted with 300 mg of αAl2O3 was loaded into a stainless-steel reactor with an internal diameter of 6 mm. Prior to reaction, the
catalyst was stabilized in a mixture 20 vol% O2 in N2 at 300 °C for 4 h. The volumetric composition
of these feed mixtures was ethanol: O2: He = 1.5:4.5:94. The reactant feed mixture was obtained by
evaporating ethanol in a He flow in a controlled evaporator mixer. All tubings were kept above 120 °C
to avoid condensation of the reactants and products. The total gas flow rate was 167 mL/min with
ethanol flow rate-2.5 mL/min (1.5 vol%) and a GHSV of 100,000 mL gcat-1h-1 for all experiments. The
reactor effluent was analyzed by online gas chromatography (Interscience GC-8000 Top, permanent
gases on Schincarbon ST80/100 packed column connected to a TCD and hydrocarbons on a Rtx-Wax
column connected to a FID). The ethanol conversion (X) and acetaldehyde selectivity (S) were
calculated by:
(%) =

,

−

× 100%
,

(%) =
,
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3.3 Results and discussion
3.3.1 Oxidative dehydrogenation of lactic acid using TiO2, MoO3, and their
physical mixture
As a starting point of this study, we evaluated the catalytic performance of TiO2 and MoO3
catalysts for the oxidative dehydrogenation of LA in continuous flow at an air pressure of 1 bar. LA
was fed to the reactor as a 20 wt% aqueous solution. The reaction temperature was 200 °C. The results
are shown in Figure 3.1. For MoO3 and TiO2, stable but low conversion of LA was observed with a
relatively high PyA selectivity (~80%). The product distribution is slightly different between these two
bulk oxide catalysts. Whereas methylsuccinic anhydride and propionic acid are the major by-products
with TiO2, products of decarboxylation such as acetaldehyde and CO2 were observed when MoO3 was
the catalyst. The decarboxylation by-products decreased with time on stream, suggesting that some
highly reactive sites on the MoO3 surface slowly deactivated. Other by-products included acetic acid,
propionic acid, and citraconic anhydride formed with selectivities below 1%. The reaction outcome
changed drastically when a physical mixture of the two oxides was employed as the catalyst (Figure
3.1c). The LA conversion was about three times higher than that of the single component oxides. A
steady state was obtained after 3 hours on stream. During the initial transient, the PyA selectivity
increased from 61% to 82%, the final selectivity level being similar to that of the much less active
single-component catalysts. The decrease in LA conversion was relatively minor. The increase in PyA
selectivity was accompanied by lowered formation rates of decarboxylation products CO2,
acetaldehyde and the overoxidation product acetic acid. When 2 wt% Mo on TiO2 (MT2) prepared by
wet impregnation was employed as the catalyst, higher activity and selectivity with similar stability as
the physically mixed catalyst were observed (Figure 3.1d). Notably, the selectivity to the
decarboxylation products acetaldehyde, CO2 and the overoxidation product acetic acid became lower
with time on stream. It should be remarked that the amount of CO2 was nearly equal to that of
acetaldehyde, indicating that carbon dioxide was the product of decarboxylation of LA and not from
full combustion reactions. These results clearly demonstrate the synergy between TiO2 and MoO3 for
the oxidative dehydrogenation of LA.
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Figure 3.1. The evolution of LA conversion (X(LA), %, black squares) and selectivities (S, %) to PyA (SPyA(%),red
circles) and other minor products (open symbols) in the presence of 1 bar air over (a) TiO2, (b) MoO3, (c)
physical mixture of TiO2 and MoO3 with a molar ratio of 1:2 and (d) MT2 binary catalyst (Conditions: T =
200 °C, p = 1 atm, 4.0 vol% LA, 6.7 vol% air, WHSV = 10 h-1).

3.3.2 Supported MoO3/TiO2 catalysts
We further investigated the synergy between MoO3 and TiO2 in the oxidative dehydrogenation
of LA by evaluating the performance of a series of MoO3/TiO2 catalysts with varying MoO3 loading
(1, 2, 5, 8, and 10 wt%). The catalytic performance of these catalysts after a reaction time of 4 h is
shown in Figure 3.2. These data further emphasize the synergy between the two oxides. Within this
series, the highest LA conversion occurred with the catalyst with the highest MoO3 loading (MT10).
However, its high activity was accompanied by a significant contribution of products of
decarboxylation and further oxidation of acetaldehyde to acetic acid. For MT10, the acetic acid
selectivity was higher than the PyA selectivity. Lowering the MoO3 loading resulted in a decrease of
the LA conversion and an increase of the PyA selectivity. For MT8, the overall selectivity of C2
products was the same as for MT10, although acetaldehyde was also observed next to acetic acid. MT1
with the lowest MoO3 loading was the most selective catalyst, reaching a PyA selectivity of about 90%
at a LA conversion of 50%. No acetic acid was observed for this catalyst. The by-products
methylsuccinic anhydride and propionic acid are likely due to LA conversion on titania, as the data
show that the yield of these by-products increased with increasing TiO2 content. On the contrary, the
selectivities towards oxidation products trend well with the MoO3 content. These findings suggest that
48
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these side-reactions were catalyzed by bulk MoO3 species present at higher Mo loading. The highest
PyA yield of 60% was obtained using MT2 as the catalyst, which remains unchanged even after 24 hrs
on stream evidencing an outstanding stability of the MT2 catalyst under the reaction conditions (Figure
3.3). The PyA yield of 60% is the highest reported for oxidative dehydrogenation of LA under mild
reaction conditions. 21

Figure 3.2. An overview of LA conversion and PyA yields (respectively, X(LA), ◊, and Y(PyA), ○, %, right axes),
and selectivities (bars, left axes) at 4 h reaction time over TiO2, MoO3, and binary molybdena-titania catalysts
with varying MoO3 loading (Conditions: T = 200 °C, p = 1 atm, 4.0 vol% LA, 6.7 vol% air, WHSV = 10 h-1).
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Figure 3.3. Oxidative dehydrogenation of LA over MT2 catalyst at 200 °C.

Based on the results presented above, we propose that the oxidative conversion of LA over the
MoO3/TiO2 catalysts follows the reaction paths shown in Figure 3.4. The dominant reaction is
dehydrogenation of LA to PyA. The side-reactions include the further condensation of PyA product
with concomitant decarboxylation and dehydration to citraconic anhydride and methylsuccinic
anhydride as well as the decarboxylation to CO2, acetaldehyde and the further oxidation of
acetaldehyde to acetic acid.
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Figure 3.4. The proposed reaction scheme for oxidative conversion of LA over MoO3/TiO2.

3.3.3 Catalyst characterization
To gain further insight into the MoO3/TiO2 synergy, we characterized the various materials.
Figure 3.5 shows powder XRD patterns and Raman spectra. The dominant diffraction features in the
XRD patterns relate to the anatase form of titania. Characteristic diffraction features of crystalline
MoO3 were absent in MT1 and MT2. The other catalysts displayed clear (020) and (021) reflections of
MoO3, which became more intense and sharper at higher MoO3 content. No diffraction peaks related
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to mixed oxide phases were observed. 35 All of the Raman spectra contained a broad band centered at
around 790 cm–1, which is attributed to the first overtone of the O-Ti-O vibration.

36

For the Mo-

containing samples, additional bands in the 940-990 cm–1 regime are due to different MoOx species.
The band at 942 cm-1 in MT1 is due to isolated tetrahedral [MoO4]2– species. 36 With increasing MoO3
content, this band shifted to higher wavenumbers. These changes point to the agglomeration of Mooxides and an increasing amount of octahedral Mo species.

37-39

Oligomeric Mo-oxides are

characterized by the Raman band at ca. 980 cm-1, which was also observed for Mo7O246- and Mo8O264clusters in solutions.

40

The band at 992 cm-1, which appeared in the Raman spectrum of MT5 and

which became more intense at higher MoO3 content, is due to the Mo=O stretching vibration in Mooxide aggregates. Based on these results, it appears that the monolayer Mo-oxide coverage is reached
between 2 wt% and 5 wt%. In a previous study, it was determined that the monolayer capacity of
anatase is about 0.16 wt% MoO3 per square meter of surface area. 41 Based on the surface area of the
anatase titania support used in this study (11.7 m2 g–1, Table 3.1), a MoO3 monolayer coverage of 2
wt% is estimated, which explains the formation of bulk segregated molybdena phases above a MoO3
loading of 2 wt%.
Table 3.1. Textural properties of the catalysts.
Catalyst
TiO2
MoO3
TiO2/MoO3 (1:2)
MT10
MT8
MT5
MT2
MT1

SBET (m2/g)
11.7
0.5
3.1
10.7
10.7
11.5
10.7
11.0

Pore volume (cm³/g)
0.06
0.00
0.02
0.05
0.07
0.06
0.06
0.06

Pore size (nm)
21
18
22
19
26
20
21
21

Further evidence of the intimate contact between the components in the binary oxide catalysts
is provided by TPR and UV-Vis spectroscopy. The corresponding data are shown in Figure 3.6. Pure
TiO2 is hardly reducible at temperatures below 900 °C. Pure MoO3 shows three broad peaks with
hydrogen uptake in the temperature range between 600 and 850 °C. According to Thomas et al., 42 the
first two main reduction features at 704 °C and 818 °C correspond to reduction of MoO3 to MoO2 and
further reduction of MoO2 to Mo0 state, respectively. The small peak at 740 °C is attributed to the
reduction of MoO3 to Mo4O11. For the MTx catalysts, the first reduction step occurred at much lower
temperature than for bulk MoO3. Among them, MT2 shows the highest reducibility with the first
reduction peak occurring already at 472 °C. The second reduction feature to metallic Mo took place at
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the same temperature as for MoO3. The higher reducibility of isolated surface Mo species implies a
higher availability of oxygen species, relevant to the removal of hydrogen atoms from LA during its
oxidative dehydrogenation.
According to Wachs and co-workers 43 the band-gap energy for the supported MoO3 catalysts
correlates with the Mo dispersion: isolated Mo-oxo species are characterized by a wider band gap. We
recorded UV-Vis spectra and derived Tauc plots, depicted in Figure 3.6b and c, respectively. Pure
TiO2 and MoO3 have band gaps of 3.4 eV and 3.2 eV, respectively. For all MTx catalysts, the band
gap is shifted to higher energies. The highest band gap is observed for MT2 (Figure 3.6), further
confirming the higher Mo dispersion.

Figure 3.5. (a) XRD patterns and (b) Raman spectra for MoO3, TiO2, and MTx catalysts.
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Figure 3.6. (a) TPR traces, (b) UV-Vis absorption spectra and (c) corresponding Tauc plots for TiO2, MoO3,
and MTx catalysts.

3.3.4 Catalytic mechanism
In order to understand the mechanism better, we also carried out the conversion of LA without
a gaseous oxidant. For this purpose, the reaction experiments were performed in a flow of nitrogen.
The results are given in Figure 3.7. TiO2 provided low and stable LA conversion with a high selectivity
(ca. 40%) to propionic acid (Figure 3.7a). Pure MoO3 initially showed a higher activity, but the
conversion rapidly decreased with time on stream (Figure 3.7b). The decrease in conversion was
accompanied by a pronounced increase in the selectivities of PyA and propionic acid. These products
made up about 80% of the products after 4 h on stream. The conversion was stable for MT2 (~10%)
with a high selectivity to propionic acid (~60%), the remainder being PyA. We propose that the
reaction in the absence of the external oxidant proceeds via a transfer hydrogenation mechanism, in
which LA acts both as the hydrogen donor and the hydrogen acceptor. Without an oxidant that can
remove the proton and hydride from LA, hydrogenolysis is the dominant reaction, explaining why the
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propionic acid yield is higher than that of PyA. As propionic acid yield was higher with TiO2 than with
MoO3, we expect that the dehydrogenation and the associated hydrogenolysis reaction are catalyzed
by sites on the titania surface. The promoting role of MoO3 is to provide mobile oxygen species,
necessary for the removal of adsorbed H obtained by dehydrogenation of LA. The rapid deactivation
of bulk MoO3 in the absence of oxygen is associated with the reduction of surface Mo sites in the
course of the reaction.

Figure 3.7. Selectivities to PrA (propionic acid, right triangles, left Y axis), PyA (red circles, left Y axis), and
to other minor products (open symbols, right axis) and LA conversion (black squares, right axis) under
anaerobic conditions over (a) TiO2, (b) MoO3, and (c) MT2 (Conditions: T = 200 °C, p = 1 atm, 4.0 vol% LA,
6.7 vol% N2, WHSV = 10 h-1).
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Figure 3.8. Mo 3d binding energy region of XPS spectra of (a) fresh and spent MT2 following reaction with LA
in (b) air and (c) nitrogen. The displayed ratios of Mo oxidation states were obtained by deconvolution of the
spectra.

Figure 3.9. (a) Mo 3d and (b) Ti 2p XPS spectra of MT2 spent upon LA conversion in N2.

This hypothesis about the role of Mo-oxide is supported by Mo 3d XPS spectra, which are
compared in Figure 3.8 for fresh and spent MT2 recovered after reaction with LA in air and nitrogen.
The surface of the fresh MT2 catalyst contains Mo6+ and Mo5+ species in a 75:25 ratio. Spent catalysts
contain a higher amount of reduced Mo species. The sample contained these species in a 65:35 ratio,
showing that reduction of Mo-oxide species is part of the catalytic cycle. Without oxygen present, the
extent of Mo reduction is significantly higher. The Ti 3d XPS spectra show that Ti is not reduced under
the reaction conditions (Figure 3.9). Scanning electron micrographs show that the occurrence of line
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defects in spent bulk MoO3 (Figure 3.10 f), which is due to the removal of lattice oxygen on MoO3
surface. Such changes are expectedly absent for the spent TiO2 sample (Figure 3.10c, e). The result
that Mo-oxides are reduced is consistent with the XPS findings.

Figure 3.10. SEM images of (a) TiO2-fresh, (b) MoO3-fresh, (c) TiO2 spent in air, (d) MoO3 spent in air, (e)
TiO2 spent in N2 and (f) MoO3 spent in N2.

Previous studies found that the redox and acid-base properties of metal oxide catalysts
correlated well with their catalytic performance in selective oxidation reactions. 44-46 It has also been
demonstrated that oxidative dehydrogenation of ethanol could be used as a model reaction to
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investigate the redox properties of the V2O5/TiO2 catalysts. 47 Inspired by these studies, we also applied
ethanol oxidation as a model reaction to investigate these properties of the catalysts used for LA
conversion. The catalytic results are summarized in Figure 3.11. The acetaldehyde yield with TiO2 is
ca. 30% with a very high acetaldehyde selectivity (99%). This confirms that TiO2 is highly selective
for oxidative dehydrogenation reaction. For MT2, the acetaldehyde yield reached the highest value of
93%. At higher loading, the yield decreased again. The best performance for MTx catalysts is in
keeping with the high reducibility of MT2. For the bulk MoO3 catalyst, a high acetaldehyde yield
(~79%) was obtained, although the acetaldehyde selectivity was much lower than TiO2. This is caused
by the formation of diethyl ether by-product, which is catalyzed by acidic sites of the catalysts. 48, 49
The formation of diethyl ether is only noticeable when MoO3 loading is higher than 1 wt% and with
bulk MoO3. The diethyl ether selectivity increased along with the MoO3 loading, indicating an increase
of the acidity with increasing MoO3 loading.

Figure 3.11. Acetaldehyde yield (open circles) and product selectivities (bars) in the oxidation of ethanol over
MoO3, TiO2, and MTx catalysts after 4 h time on stream. (Conditions: T = 300⁰C, p = 1 atm, 1.5 vol% C2H5OH,
4.5 vol% O2, balance He, GHSV = 100,000 mL g-1h-1).

Pyridine FT-IR was further applied to characterize the Lewis and Brønsted acidity of these
catalysts (Figure 3.12). As expected, TiO2 mainly contains Lewis acid sites at 1450 and 1480 cm-1. 50,
51

The loading of MoO3 on TiO2 introduced new Brønsted acid sites characterized by the peaks at 1540

cm-1 and 1638 cm-1. Consistently, these two peaks are only noticeable for the bulk MoO3 and MTx
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catalysts with more than 1 wt% MoO3 loading. The general trend also correlates well with the Raman
results where oligomeric Mo species start to form when MoO3 loading is higher than 1 wt%. Therefore,
it is reasonable to conclude that the oligomeric Mo species on the titania surface introduce more
Brønsted acid sites that catalyze dehydration of ethanol and result in the formation of diethyl ether
side-product.

52, 53

A high amount of Brønsted acid sites is also known to catalyze decarboxylation

reactions 54-56 which explains the lower selectivity at higher MoO3 content.

Figure 3.12. FT-IR spectra of the adsorbed pyridine in the 1660-1400 cm-1 range after pyridine desorption at
200 °C of samples: TiO2, MoO3, and binary molybdena-titania catalysts. L=coordinated pyridine on Lewis acid
site, B=pyridinium ion formed on Brønsted acid site.
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Figure 3.13. Proposed catalytic reaction mechanisms for the (a) aerobic and (b) anaerobic conversion of LA
over MoO3/TiO2 and TiO2, respectively.
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Figure 3.13 shows tentative catalytic cycles for the aerobic and anaerobic conversion of LA by
highly dispersed tetrahedral Mo sites located on the titania support. The first step in the oxidative
dehydrogenation of LA (Figure 3.13a) involves the coordination of LA to the catalyst surface by
reaction of basic OH groups of titania, forming lactate species (CH3CH(OH)COO), which have earlier
been identified by IR spectroscopy. 57 The next step is deprotonation of the secondary alcohol group
of adsorbed lactate by the molybdate species, followed by hydride abstract of the resulting activated
lactate intermediate by the Mo center, which results in the reduction of Mo and the formation of
pyruvate. Hydrolysis of the pyruvate adsorbate on the surface yields PyA and regenerates the basic
OH group on the titania surface. After desorption of water, the Mo center is reduced to the 4+ state.
Molecular oxygen can oxidize the surface back to the 6+ state. In the absence of oxygen, the removal
of surface H species has to proceed via another pathway. Bimolecular transfer hydrogenation resulting
in propionic acid as the major by-product in addition to PyA product (Figure 3.13b) requires synergy
between Lewis acid and base sites.
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The initial LA activation would involve dissociation of the

carboxyl and hydroxyl group to form a dual-site bound activated lactate species. Oxidation of the
surface lactate species takes place either via hydride abstraction by the Lewis acid sites of titania
(shown in Figure 3.13b) or via a concerted electron-coupled proton transfer.
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spectroscopy and computational modeling would be required to understand this mechanism.
Hydrolysis of the resulting pyruvate adsorbates regenerates the basic OH group. This OH group
activates another LA molecule to form a surface lactate, which then undergoes hydrogenolysis by
reacting with the surface hydride and the proton with concomitant release of water and formation of a
surface propionate. The latter can desorb after hydrolysis of its bond with the surface OH group.

3.4 Conclusions
We report that highly dispersed molybdate species on titania are active catalysts for the
oxidative dehydrogenation of LA to PyA. MoO3, TiO2, and physically mixed MoO3-TiO2 are selective
catalysts themselves, but their activities are low compared to the binary oxide obtained by dispersing
Mo on titania. The optimum catalyst is the 2 wt% MoO3/TiO2, in which tetrahedral Mo species
predominate over oligomeric Mo-oxides. This catalyst provides PyA yield and selectivity of ca. 60%
and 80%, respectively. The PyA productivity is 0.56 g g-1 h-1. At higher MoO3 content, the formation
of oligomeric Mo-oxides leads to the formation of sites that catalyze undesired side-reactions such as
decarboxylation to acetaldehyde, which can be further oxidized to acetic acid. XPS measurements
indicate that surface redox processes of Mo are involved in the catalytic cycle. A mechanism is
proposed, in which LA adsorbs to basic sites of the titania surface and is then dehydrogenated over the
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vicinal Mo=O moiety of a tetrahedral Mo site. The catalytic cycle closes by hydrolysis of pyruvate and
desorption of water accompanied by the reduction of the Mo site. The reduced Mo site is then reoxidized by molecular oxygen to close the catalytic cycle. In the absence of oxygen, a less efficient
catalytic cycle involving a bimolecular transfer self-hydrogenation process takes place. The reaction,
in this case, results in the formation of propionic acid next to PyA as the primary product.
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Chapter 4
Hydrogenation of lactic acid to 1,2-propanediol over Ru-based
catalysts
Abstract
The catalytic hydrogenation of lactic acid to 1,2-propanediol with supported Ru catalysts in water was
investigated. The influence of catalyst support (activated carbon, γ-Al2O3, SiO2, TiO2, and CeO2) and
promoters (Pd, Au, Mo, Re, Sn) on the catalytic performance were evaluated. Catalytic tests revealed
that the use of TiO2 yields the best Ru catalysts. With a monometallic Ru/TiO2 catalyst, a 1,2propanediol yield of 70% at 79% lactic acid conversion was achieved at 130 °C after 20 h reaction.
Minor by-products of the hydrogenation reaction were propionic acid, ethanol, 1-propanol, and 2propanol. For the bimetallic catalysts, the addition of Pd and Au slightly enhanced the performance of
Ru/TiO2, while the addition of common hydrogenation promoters such as Re, Mo, and Sn impaired
the activity.

This work in this chapter is published in ChemCatChem 2017, in press, DOI: 10.1002/cctc.201701329.
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4.1 Introduction
Lignocellulosic biomass is a potential low-cost and renewable carbon source for the chemical industry.
1

A common approach to valorize biomass is its conversion to platform chemicals, which can serve as

the starting chemicals for further applications. Lactic acid (LA) is a recognized biobased platform
molecule,

2

which is commonly produced by fermentation. Given sustainability issues with this

enzymatic route, there is also significant interest in obtaining LA by chemocatalytic approaches. 3, 4
Polymerization of a homochiral LA via the intermediate formation of the cyclic lactide molecules
results in polylactic acid (PLA), a biobased and biodegradable plastic. 5 Dehydration of LA at the αhydroxyl position yields acrylic acid, which is the primary monomer for the synthesis of acrylate
polymers. 6 The oxidative dehydrogenation of LA gives PyA, which finds diverse applications in food,
cosmetics, and pharmaceutical industries.

7,8

Other important LA conversion routes include

decarboxylation to acetaldehyde, 9 condensation to 2,3-pentanedione, 10 and esterification to LA esters.
11

The reductive transformation of LA to 1,2-propanediol (1,2-PDO) via catalytic hydrogenation
is regarded as an attractive green alternative to the current process in which 1,2-PDO is obtained via
the hydration of propylene oxide.

12

The main challenge in establishing a catalytic process for the

hydrogenation of LA to 1,2-PDO is to reduce the carboxylic acid group while preserving the α-hydroxy
moiety. Given the intrinsic difficulty to reduce carboxylic acids with H2, harsh conditions are typically
required to achieve high conversion, 13 which usually has the drawback of also promoting undesired
hydrogenolysis side-reactions. The development of an active catalyst for selective hydrogenation of
LA to 1,2-PDO under mild reaction conditions is highly desired. 14
Hydrogenation of LA using heterogeneous catalysts has been discussed since the 1950s. Neat
LA could be successfully reduced in the presence of a Re black at 150 °C and 258 bar of H2, yielding
up to 80% of 1,2-PDO.

15

The hydrogenation of LA in the gas phase has been reported using a Cu-

based catalyst at temperatures between 160 °C and 220 °C, resulting in high 1,2-PDO yields. 13, 16, 17
Supported Ru has been recently identified as a promising catalyst for the aqueous-phase hydrogenation
of carbonyl-containing biomass-derived oxygenates including carboxylic acids. 18 The activity of Ru
can be promoted by Sn or Mo to enable the selective hydrogenation of carboxylic acids and their esters.
19-22

Earlier studies on the hydrogenation of aqueous LA identified carbon-supported Ru catalysts as

active and highly selective catalysts. 23 However, the optimal performance of such catalysts could only
be established at H2 pressure as high as 140 bar. Subsequent studies mainly focused on reducing the
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temperature and pressure requirements for the hydrogenation process and the most representative
results are summarized in Table 4.1. 24-28
Previous studies indicate that the highest 1,2-PDO selectivity can be obtained in the 110 200 °C temperature range. At higher temperatures hydrogenolysis results in 1-propanol and 2-propanol.
Furthermore, the solvent has a pronounced effect on the performance of the Ru catalysts. For TiO2supported catalysts, water has been identified as the preferred solvent.

29

Competitive adsorption of

water with 1,2-PDO for surface sites and high solubility of the product in water shorten the residence
time of the product on the catalyst surface, thereby limiting hydrogenolysis reactions.
In this work, we carried out a systematic study of LA hydrogenation by supported Ru catalysts.
Particular attention was paid to the influence of the support and common hydrogenation promoters.
For the best performing catalyst, the influence of the process conditions on 1,2-PDO selectivity was
evaluated.
Table 4.1. Overview of LA hydrogenation over Ru (5 wt%) based catalyst in aqueous solution. C0(LA) – initial
LA concentration, X(LA) – conversion in %, S(1,2-PDO) – selectivity to 1,2-PDO in %.
Catalyst

C0(LA) / M

PH2 / bar

T / °C

t/h

X(LA)/%

Ru/SiO2
Ru/C
RuSn/C
Ru/C
RuMoOx/C
Ru/C
Ru/SiO2

1
1
1.66
0.55
0.55
0.55
0.55

80
50
60
35
80
80
80

130
130
190
120
120
120
120

7
2
4
2.5
18
2
2

30
70
>95
19
>95
13
4.7

S(1,2-PDO)
/%
80
84
>95
>95
95
93
92

Ref.
24
25
26
27
28
28
28

4.2 Experimental
4.2.1 Materials
LA (90 wt% aqueous solution), 1,2-propanediol (1,2-PDO, 98%), 1-propanol (99%), 2propanol (99%), ethanol (99%), and propionic acid (99%) were purchased from Sigma-Aldrich.
Ruthenium (III) chloride hexahydrate (38 wt% Ru) was purchased from VWR. Amorphous SiO2 (481
m2/g), γ-Al2O3 (231 m2/g), CeO2, and TiO2 (P25, 50 m2/g) and commercial 5 wt% Ru/C were
purchased from Sigma-Aldrich. H2 (99.999%) and N2 (99.999%) were purchased from Linde Gas. All
the reagents were used as received without further purification. MilliQ water was used in the
preparation of catalysts, reactor feeds, calibration standards, and HPLC mobile phases.
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4.2.2 Catalysts preparation
Catalyst comprised of Ru supported on TiO2 (P25), CeO2, SiO2, C, and γ-Al2O3 were prepared
by incipient wetness impregnation using RuCl3.xH2O (38 wt% Ru) as the metal precursor. The loading
of ruthenium was fixed at 2 wt% on these supports. All the supports were dried at 110 °C for 24 h
before impregnation. For the preparation of monometallic Ru-based catalysts, milliQ water (3 mL/g
catalyst) was added to the amount of Ru precursor needed. For the bimetallic catalysts (RuM/TiO2),
the metal precursor was added to the Ru precursor solution. The loading of ruthenium was fixed at 2
wt%. The second metal was added with the molar ratio to Ru of 1:1. The specific loadings of the
second metals are summarized in Table 4.2. The precursor solution was stirred at 300 rpm for 10 min
before adding it to the support. Then, the slurries were stirred for 4 h at 250 rpm and pre-dried in a
sand bath at 80 °C followed by drying in an oven overnight at 110 °C. Finally, the catalysts were
reduced in a H2/N2 (v/v 10/90, 100 mL/min) at 350 °C for 2 h after heating at a rate of 2 °C/min.
Table 4.2. The composition of the catalysts.
Catalyst
Ru/CeO2
Ru/SiO2
Ru/C
Ru/Al2O3
Ru-2 wt%/TiO2
Ru-5 wt%/TiO2
Ru-8 wt%/TiO2
Ru-10 wt%/TiO2
RuAu(1:1)/TiO2
RuPd(1:1)/TiO2
RuRe(1:1)/TiO2
RuSn(1:1)/TiO2
RuMo(1:1)/TiO2

Ru /wt%
2
2
2
2
2
5
8
10
2
2
2
2
2

Promoter /wt%
3.9
2.1
3.7
2.4
1.9

4.2.3 Characterization
Crystal phase analysis of the reduced catalysts was carried out on a Bruker Phaser 2 X-ray
powder diffraction (XRD) apparatus using Cu Kα radiation source (2θ range from 5° to 80°). The
textural analysis was performed by N2 physisorption carried out on a Tristar 3000 automated gas
adsorption system. Prior to analysis, samples were degassed at 300 °C for 6 h. Temperature
programmed reduction (TPR) experiments were performed in a flow apparatus equipped with a fixedbed reactor, a computer-controlled oven, and a thermal conductivity detector. Typically, 50 mg catalyst
was loaded into a tubular quartz reactor. Before TPR, samples were pretreated at 150 °C for 2 h. The
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sample was reduced in 4 vol% H2 in N2 at a flow rate of 8 mL/min, whilst heating from room
temperature up to 900 °C. The H2 signal was calibrated using a CuO/SiO2 reference catalyst.
Transmission electron microscopy (TEM) was used to determine the average Ru particle size and the
particle size distribution for the reduced catalysts. To this end, a catalyst sample was suspended in
excess ethanol via sonication, and aliquots were deposited on 300 mesh carbon film Cu grids (EMS)
and dried overnight under ambient conditions. Images were taken using a JEOL 2010F equipped with
a Schottky field emission gun operated at 200 kV and a Gatan CCD camera. Particle size distributions
were extracted from the TEM images using image processing software (ImageJ).

4.2.4 Catalytic activity testing
Aqueous phase catalytic hydrogenation of LA to 1,2-PDO was performed in a 10 mL autoclave
(HOKE Swagelok) at various reaction temperatures (110 -180 °C) and a (cold) hydrogen pressure of
40 bar. Typically, 5 mL of 0.1 M LA aqueous solution and 20 mg of reduced catalyst were charged
into the autoclave in a nitrogen-flushed glove box. The sealed autoclave was then purged 4 times with
H2 before being pressurized at 40 bar with H2 at room temperature. Typically, the autoclave was heated
at 130 °C and stirred at 1100 rpm (magnetic stirring). After the reaction, the heater was removed and
the autoclave was rapidly cooled in an ice bath. The gaseous products (methane, ethane, propane, CO2,
CO) were analyzed by an off-line Interscience Compact GC. After the remaining gaseous products
were released, the liquid product was separated from the catalyst by filtration (syringe filter 0.45 µm,
VWR International) and transferred to a glass vial.

4.2.5 Product analysis
Quantitative analysis of the liquid products was carried out by a combination of HPLC and 1H
NMR. The concentrations of LA and propionic acid were quantified using a Shimadzu HPLC equipped
with a Prevail Organic Acid column and UV detector. Phosphate buffer (25 mM, pH = 2) was used as
the mobile phase to ensure that all acidic groups of the compounds were protonated. All the liquid
samples were directly subjected to analysis without dilution. Analysis showed that the commercially
obtained aqueous solution of 90 wt% LA contains LA monomer, lactyl lactate dimers, and oligomers.
The composition depends on the LA concentration. In this work, a 0.1 M aqueous LA solution was
used as the starting material.
Quantitative analysis of LA solutions with 1H and 1H-13C nuclear magnetic resonance
measurements revealed that the starting 0.1 M solution contains 72.1 wt% LA, 27.4 wt% dimer (lactyl
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lactate) and 0.5 wt% oligomers (Figure 4.1). No cyclic lactide was observed in the solution (Figure
4.1). The dimer is completely hydrolyzed to form LA monomer after heating at 130 °C for 4 h in water
without a catalyst (Figure 4.2). Therefore, to simplify the data presentation we assume that the 0.1 M
LA solution feed only contains LA monomer. Given the fact that the dimer totally disappeared after
the reaction, the concentration of the remaining LA monomer as determined by HPLC was used for
calculating the reaction conversion. The quantification of LA and propionic acid were made based on
the calibration curves generated with authentic compound solutions in HPLC.
1

H NMR was used for quantification of the other liquid products including 1,2-PDO, ethanol,1-

propanol, and 2-propanol. For the preparation of NMR samples, 0.25 mL of the liquid solution was
added into a 5 mm NMR sample tube together with 0.25 mL water and 0.05 mL deuterated
dimethylsulfoxide-d6 (DMSO-d6) solvent, which contains 2 mg/mL 1,4-dioxane as the internal
standard. For quantitative 1H NMR analysis, 32 scans were averaged using a relaxation delay of 5 s.
All spectra were integrated using the MestReNova software.
The conversion of LA (X) was calculated as follows:
(%) =

,

−

× 100%

,

The yield of the liquid component (Yi) was calculated as follows:
(%) =

× 100%
,

The gaseous product (methane, ethane, propane, CO2, CO) were analyzed by an Interscience
Compact GC system, equipped with Molsieve 5 Å and Porabond Q columns employing a thermal
conductivity detector (TCD) and an Al2O3/KCl column with a flame ionization detector (FID).

68

Hydrogenation of lactic acid to 1,2-propanediol over Ru-based catalysts

Figure 4.1. 1H-13C HSQC NMR analysis of the 0.1 M LA aqueous solution (1,4-dioxane was added as an
internal standard).

Figure 4.2. The transformation of the LA dimer to the LA monomer after treating the 0.1 M LA aqueous solution
at 130 °C for 4 h without a catalyst (the concentration was calculated based on the areas of the monomer and
dimer detected by HPLC).

4.3 Results and discussion
4.3.1 Catalyst identification
A series of 2 wt% Ru catalysts supported on TiO2 (P25), CeO2, SiO2, C, and γ-Al2O3 were
prepared by incipient wetness impregnation. XRD patterns of the reduced catalysts are given in Figure
4.3a. The XRD patterns only contain features of the supports, implying the absence of large Ru and
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RuO2 particles. With regard to the support features, XRD shows that TiO2 is a mixture of anatase and
rutile, CeO2 has the fluorite structure, γ-Al2O3 gives rise to the well-known weak X-ray reflections of
this semi-crystalline oxide, while C and SiO2 are amorphous. The textural properties of the catalysts
are listed in Table 4.3. The highest surface area is obtained for the amorphous carbon support, the
lowest for CeO2.
Table 4.3. Physical-chemical properties of supported 2 wt% Ru catalysts.
Catalyst

SBET / m2 g–1

Pore volume / cm³ g–1

Average pore size / nm

Ru/TiO2
Ru/CeO2
Ru/SiO2
Ru/C
Ru/Al2O3

58
3
293
1470
192

0.09
0.005
1.25
0.37
0.54

5.3
5.3
12.1
2.9
7.6

The reducibility of the Ru supported catalysts was investigated by H2-TPR. The TPR traces of
the samples are shown in Figure 4.3b. The trace for Ru/TiO2 shows a sharp reduction feature at 120 °C
due to the reduction of RuCl3 to metallic Ru. The position of this peak is shifted to the lower
temperature compared to the unsupported catalyst, for which the reduction peak is observed at ca.
155 °C, 30’ 31 suggesting that the TiO2 support facilitates the reduction of RuCl3. For the other catalysts,
the main reduction feature is located at around 150 °C. The higher reducibility of Ru/TiO2 may be
explained by the acid-base characteristics of the TiO2 surface which can catalyze the dissociation of
H2. Previous computational studies indicated the possibility of a heterolytic cleavage of H2 at
interfacial sites between Ru nanoparticles and basic bridging hydroxyl groups of the TiO2 surface. 32
For Ru/C, besides the main peak at 150 °C, two additional reduction features at 200 °C and in the 400
-600 °C range were observed. These peaks are most likely related to the reduction of oxygencontaining functional groups of the activated carbon surface.

33

For the Ru/CeO2 sample, the broad

peak at high temperature at 750 °C is due to the bulk reduction of the support. 34 The smaller feature
below 300 °C is due to ceria surface reduction facilitated by hydrogen spilling over from the reduced
Ru particles.
Figure 4.4 shows representative TEM images of the reduced Ru catalysts along with the particle
size distribution and the average Ru particle size. Except for the low-surface area ceria support (d =
4.15 nm), all catalysts contained on average smaller than 1 nm Ru particles.
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Figure 4.3. (a) XRD patterns and (b) TPR profiles of different supported 2 wt% Ru catalysts (A = anatase, R =
rutile, * = γ-Al2O3).

The activity of the supported Ru catalysts was evaluated in the batch hydrogenation of an
aqueous 0.1 M LA solution at 130 °C. The LA conversion and product yield obtained after 4 h are
displayed in Figure 4.5. Ru/TiO2 gave the highest 1,2-PDO yield (27%) at a LA conversion of 39%.
The Ru/SiO2, Ru/C, and Ru/Al2O3 catalysts were less active with 1,2-PDO yields of 11%, 21%, and
13%, respectively. Ru/CeO2 was the least active and selective catalyst with only 3% yield of 1,2-PDO
obtained at a LA conversion of 23%. We also tested Ru supported on pure-phase anatase and rutile, as
well as the high surface area CeO2 (150 m2/g). They were all found to be nearly inactive compared to
mixed-phase P25-supported catalyst (Figure 4.6). The origin of such a different activity behavior is
not clear and will be investigated in our further studies. The low activity of Ru/CeO2 is likely due to
the large Ru particle size. The superior activity of the P25 TiO2-supported catalysts is tentatively
attributed to their high reducibility. TPR data reveals that Ru nanoparticles supported on P25 TiO2 are
reduced already at 120 °C allowing to maintain their reduced state under the conditions of the catalytic
reaction (130 °C). Previous studies also highlight the importance of specific Lewis acidity of the TiO2
support that additionally polarizes the carbonyl group of LA making it more susceptible to a reduction
over the Ru nanoparticles.

20, 35, 36
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Figure 4.4. TEM images of reduced (a) Ru/TiO2, (b) Ru/CeO2, (c) Ru/SiO2, (d) Ru/C, and (e) Ru/γ-Al2O3
catalysts (Ru loading: 2 wt%).

Figure 4.5. LA conversion (left) and product yield (right) for the 2 wt% Ru catalysts (Conditions: 0.1 M LA,
130 °C, 4 h, 40 bar H2).
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Figure 4.6. Product yield for LA hydrogenation over 2 wt% Ru catalyst supported on anatase and rutile forms
of TiO2 as well as a high-surface area CeO2 sample (S.A. = 150 m2/g) (Conditions: 0.1 M LA, 4 h, 40 bar H2,
130 °C).

For all catalysts, by-products obtained in relatively small amounts were propionic acid (PrA),
ethanol (EtOH), 1-propanol (1-PrOH), and 2-propanol (2-PrOH). For Ru/TiO2, the overall yield of
these by-products is about 3%. Gas-phase analysis of the gas cap of the experiment with Ru/TiO2
(Table 4.4) revealed the formation of small quantities of alkanes such as CH4 (0.3%, carbon yield),
C2H6 (0.1%), and C3H8 (1.0%). No CO and only negligible amounts of CO2 were detected. The overall
yield of these gaseous products was 1.4%. Similar amounts of gaseous products were formed with the
other catalysts. It is important to note that the carbon balance for LA conversion could not be closed
for the experiments with Ru/CeO2, Ru/SiO2, and Ru/Al2O3. The conversion of LA was substantially
higher than the total yield of analyzed liquid products. The difference cannot be accounted for by the
small amount of gaseous products. We were not able to identify the products responsible for this loss
of carbon neither by the chromatography nor by 1H NMR spectroscopy, where all major peaks were
identified and quantified.
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Table 4.4. Summary of the gaseous products of LA hydrogenation reaction at different conditions over
supported Ru catalysts.
Carbon yield (C %)

Entry

Catalyst

Temp.
(°C)

Time
(h)

CH4

C2H6

C2H4

C3H8

C3H6

CO2

CO

1
2
3
4
5
6
7
8
9
10
11
12
13
14

2 wt% Ru/TiO2
2 wt% Ru/CeO2
2 wt% Ru/C
RuPd/TiO2
RuRe/TiO2
RuMo/TiO2
RuSn/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2
2 wt% Ru/TiO2

130
130
130
130
130
130
130
110
150
180
200
130
130
130

4
4
4
4
4
4
4
4
4
4
4
2
8
20

0.34
0.17
0.18
0.90
0.10
0.03
0.02
0.12
0.50
3.86
5.24
0.08
0.44
0.69

0.13
0.15
0.08
0.42
0.06
0.02
0.01
0.11
0.17
1.88
1.15
0.03
0.14
0.19

0.00
0.05
0.01
0.02
0.00
0.00
0.00
0.03
0.01
0.00
0.03
0.00
0.00
0.01

1.00
0.84
1.07
3.65
1.25
0.18
0.11
0.30
1.15
2.76
2.59
0.21
1.20
1.70

0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Overall
yield
(C %)
1.46
1.22
1.33
5.00
1.42
0.24
0.15
0.56
1.83
8.51
9.01
0.32
1.77
2.61

4.3.2 Catalyst optimization
Having identified TiO2-supported Ru as the most promising catalyst for the selective
hydrogenation of LA to 1,2-PDO, we aimed to optimize performance towards Ru loading and by using
promoters.
Firstly, we optimized the Ru loading of the Ru/TiO2 catalyst. Figure 4.7 shows representative
TEM images of the reduced catalysts. The catalysts containing 5 wt% and 8 wt% Ru contain on average
1.9 ± 0.7 nm and 1.8 ± 0.8 nm particles. Increasing the loading to 10 wt% Ru results in nanoparticles
with an average size of 2.2 ± 1.2 nm. Thus, increasing the loading leads to a modest increase of the
particle size from about 1 to 2 nm with a concomitant broadening of the particle size distribution.
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Figure 4.7. TEM images of (a) 2 wt% Ru/TiO2, (b) 5 wt% Ru/TiO2, (c) 8 wt% Ru/TiO2 and (d) 10 wt% Ru/TiO2,
and the corresponding particle size distribution histograms.

Figure 4.8. LA conversion (left) and product yield (right) for Ru/TiO2 with different Ru loadings (Conditions:
0.1 M LA, 130 °C, 4 h, 40 bar H2).

Figure 4.8 shows the LA hydrogenation data for these catalysts. The LA conversion and 1,2PDO yield show a maximum at a Ru content of 8 wt%. Notably, the carbon balance for the experiments
for the 5 wt% and 8 wt% catalysts was closed. Although the 8 wt% Ru/TiO2 resulted in the highest
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1,2-PDO yield of 70%, it also catalyzed the formation of ethanol, 1-propanol, and 2-propanol in larger
amounts than the 2 wt% catalyst. By normalizing the 1,2-PDO yields to the total Ru contents, turnover
number (TON) values can be estimated to be 34, 28, 25, and 13 for Ru/TiO2 containing 2, 5, 8, and 10
wt% Ru, respectively. These data suggest that the intrinsic activity of the catalyst remains almost same
up until 8 wt% Ru loading. The increase of the particle size observed at higher Ru loading is
accompanied by a substantial drop in the intrinsic activity, suggesting a pronounce structure-sensitivity
of the hydrogenation reaction with optimum activity towards 1,2-PDO formation obtained for the
intermediately sized Ru nanoparticles.
Although high-loading Ru/TiO2 catalyst gave a higher 1,2-PDO yield, this catalyst also leads
to more by-products. With the goal of further improving the activity and selectivity of the Ru/TiO2
catalyst, we explored the influence of metal promoters. Previous studies showed that the formation of
alloyed nanoparticles can enhance the catalyst activity by modifying the electronic or structural
properties of the active phase.

37

For instance, Sn has been widely studied as an additive to

hydrogenation catalysts and it might also play a role in activating the carboxyl group of carboxylic
acid reactants.

26, 35

The formation of bimetallic RuPd nanoparticles resulted in a superior

hydrogenation activity (99% selectivity towards γ-valerolactone in the hydrogenation of levulinic acid)
due to the dilution and isolation of the active Ru sites by Pd.

38

Bimetallic RuAu/C improved the

activity and stability in LA hydrogenation. 39
Inspired by these earlier studies, we prepared several bimetallic RuM/TiO2 with M being Mo,
Sn, and Re. The Ru loading was kept at 2 wt%, while the atomic amount of promoter was the same as
that of Ru.
The XRD patterns of the bimetallic catalysts are shown in Figure 4.9. Only the diffraction
peaks of rutile and anatase phases of the support were observed, indicative of the high dispersion of
the metallic phase. Only for the RuAu catalyst small features due to the presence of gold particles with
an estimated size in the 5-10 nm range were observed.
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Figure 4.9. XRD patterns of the Ru-based bimetallic catalysts supported on TiO2.

Figure 4.10. LA conversion (left) and product yield (right) for RuM/TiO2 catalysts (Conditions: 0.1 M LA,
130 °C, 4 h, 40 bar H2).

Figure 4.10 summarizes results of the catalytic tests with the RuM/TiO2 catalysts. The addition
of Au did not have a significant effect on the catalytic performance. A slightly higher LA conversion
(45%) was obtained with the RuAu/TiO2 compared to the monometallic counterpart (39%), while the
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1,2-PDO yield (29%) was the same. Similarly, the addition of Pd and Re did not affect substantially
the 1,2-PDO yield, despite the higher activity of the RuPd catalyst. The increased LA conversion was
accompanied by a decreased 1,2-PDO selectivity. The decreased 1,2-PDO selectivity was due to
enhanced hydrogenolysis reactions as evident from the increased selectivity to 1-propanol and 2propanol. This conclusion is also supported by the higher yields of gaseous products (Table 4.4). The
addition of Sn and Mo had a strong negative effect on the catalytic performance, especially with respect
to LA conversion. Based on these data, we conclude that promoters do not bring a real advantage.
Therefore, we further investigated the influence of the reaction parameters such as reaction time and
temperature for the 2 wt% Ru/TiO2 catalyst. We attribute the observed lack of activity enhancement
in the current bimetallic catalyst formulations to the current choices of the synthesis methodology and
loading of the promoters as well as other parameters of the synthesis. In this work, we selected the coimpregnation method for the preparation of the bimetallic catalysts to achieve a high loading of the
promoter. Previously this method was successfully employed by us for preparation of a wide range of
Re-promoted Ni 40 and Pd hydrogenation catalysts. Potentially, other synthesis approaches could have
led to more active systems. For example, Jong-Min Lee and co-authors successfully employed a
sequential coprecipitation-deposition method to prepare RuSn/ZnO catalysts, showing an exceptional
activity in the hydrogenation of butyric acid to n-butanol.

41

Takeda et al. employed a sequential

impregnation method to a highly active Ru-MoOx/SiO2 material capable of hydrogenating LA at 120
°C and 80 bar H2. 28

4.3.3 Process conditions optimization
Figure 4.11 presents the results of the catalytic tests at varied reaction time at 130 °C with 2
wt% Ru/TiO2 catalyst. Similar to the above findings, the increase of LA conversion with the reaction
time led to a pronounced increase in 1,2-PDO selectivity and an improved carbon balance. After 20 h
reaction time at 130 °C, a 70% 1,2-PDD yield at 79% LA conversion was obtained along with a nearly
complete carbon balance.
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Figure 4.11. LA conversion (left) and product yield (right) for 2 wt% Ru/TiO2 as a function of reaction time
(Conditions: 0.1 M LA, 130 °C, 40 bar H2).

Figure 4.12. LA conversion (left) and product yield (right) for 2 wt% Ru/TiO2 as a function of reaction
temperature (Conditions: 0.1 M LA, 4 h, 40 bar H2).

Next, we evaluated the influence of the reaction temperature on the outcome of the catalytic
reaction with 2 wt% Ru/TiO2 catalyst. The results of the catalytic experiments are given in Figure 4.12.
Expectedly, the reaction at 110 °C gave only a low LA conversion of 27% with 1,2-PDO yield of 14%.
The increase of the reaction temperature up to 180 °C resulted in a simultaneous increase of both the
LA conversion and 1,2-PDO yield. A maximum 1,2-PDO yield of 64% at an 84% LA conversion was
obtained in 4 h reaction at 180 °C. The high conversion resulted in a higher overall yield (13%) of the
mono-alcohol hydrogenolysis products as well as the short-chain alkanes in the gas phase (8%) (Table
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4.4). Further increase of the reaction temperature to 200 °C led to a pronounced decrease of the yield
of the target 1,2-PDO product suggesting the range between 130 °C and 180 °C to be optimal for the
catalytic LA hydrogenation with Ru/TiO2.
We performed additional LA hydrogenation reactions by varying the pressure from 10 to 40
bar at 180 °C for 4 h with the 2 wt% Ru/TiO2 catalyst. It was found that the yield of 1,2-PDO linearly
increases with increasing reaction pressure (Figure 4.13). This is in line with earlier studies
demonstrating that the formation of 1,2-PDO is generally favored at a higher pressure,

16

at least in

part because of the strong pressure-dependency of H2 solubility in water. 24

Figure 4.13. Product yield for LA hydrogenation over 2 wt% Ru/TiO2 as a function of reaction pressure
(Conditions: 0.1 M LA, 4 h, 180 °C).

The five-fold increase of the LA feed concentration to 0.5 M, while keeping the LA/Ru ratio
similar to that of the other tests, did not substantially affect the reaction outcome. A similar 1,2-PDO
yield of 68% at 84% LA conversion could be obtained after 4 h reaction at 180 °C. An appropriate
amount of spent catalyst was weighed and utilized in a next catalytic test following the standard
procedure (20 mg catalyst, 0.1 M LA). In this recycling experiment, a 1,2-PDO yield of 64% was
obtained similar to that in the catalytic test employing a fresh catalyst.

4.3.4 Mechanistic proposal
Based on the product distributions observed in the catalytic tests, we put forward a proposal
for the mechanism of LA conversion over Ru/TiO2 catalyst (Figure 4.14). The commercial 90 wt%
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LA aqueous solution contains some lactyl lactate and this dimer will hydrolyze to form LA under the
reaction conditions. Hydrogenation of carboxylic acid group of LA yields 1,2-PDO as the major
product. One side-reaction is the non-selective hydrogenolysis of the α-OH group of the LA to yield
propionic acid. Another side-reaction is the consecutive hydrogenolysis of the 1,2-PDO, yielding 1propanol and 2-propanol.

42

Further hydrogenolysis of these alcohols results in the formation of C3

alkanes. Ethanol can be obtained via decarboxylation of LA. However, only trace amount of CO2 was
detected during reactions, suggesting that decarboxylation might not be the path for ethanol formation.
Given the high yield of methane, we believe that ethanol is likely formed by C-C bond cleavage of
1,2-PDO. In this way, ethanol was produced together with methanol followed by a fast conversion of
methanol to methane.

Figure 4.14. Possible reaction pathways for LA hydrogenation in water.

4.4 Conclusions
Supported monometallic and bimetallic Ru-based catalysts were synthesized and tested in the
aqueous phase hydrogenation of LA to 1,2-propanediol. The XRD and TEM characterizations showed
that the metal particles are highly dispersed on TiO2 surface. Ru/TiO2 gave the lowest reduction
temperature compared to other supports, which makes it an excellent support for the hydrogenation of
LA. The addition of different metal promoters to the Ru catalyst did not result in substantial activity
enhancement and, accordingly, the optimization of the reaction conditions and catalyst formulation
were further carried out with the Ru/TiO2 system. The catalyst shows a pronounced hydrogenation
activity at the temperature as low as 130 °C. The optimal performance was established at this
temperature allowing to reach a 1,2-PDO yield of 70% and LA conversion of 79%. Further increase
of the temperature led to pronounced selectivity decline due to several side-reactions.
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Hydrogenation of levulinic acid to γ-valerolactone over Fe-Re/TiO2
catalysts

Abstract
Hydrogenation of levulinic acid to γ-valerolactone is a key reaction in the valorization of carbohydrates
to renewable fuels and chemicals. State-of-the-art catalysts involve supported noble metal nanoparticle
catalysts. We report the utility of a bimetallic Fe-Re supported on TiO2 for this reaction. A strong
synergy was observed between Fe and Re for the hydrogenation of levulinic acid in water under mild
conditions. The Fe-Re/TiO2 shows superior catalytic performance compared to monometallic Fe and
Re catalysts at similar metal content. The hydrogenation activity of the bimetallic catalysts increased
with the Re content. H2-TPR, XPS, TEM, and low-temperature CO IR spectroscopy show that the
bimetallic catalysts contain mainly metallic Re nanoparticles, small amounts of a Fe-Re alloy and
mixed Fe-Re-oxides. The metallic Re surface is partially covered by FeOx species. Under reaction
conditions, the partially reduced surface species adsorb water and form Brønsted acidic OH groups
which are involved in the dehydration of the reaction intermediates. Under optimized conditions,
nearly full conversion of levulinic acid with a 95% yield of γ-valerolactone could be achieved at 180 °C
in water at a H2 pressure of 40 bar.

85

Chapter 5

5.1 Introduction
Due to dwindling reserves of easily accessible fossil resources and the increasing demand for fuels and
chemicals, there is an increased attention for the development of efficient catalytic conversion routes
to convert renewable lignocellulosic biomass to fuels and chemicals. Cellulose, an increasingly
important renewable feedstock, is widely considered as a source of platform chemicals, such as 5hydroxymethylfurfural (HMF),

1

levulinic acid (LvA),

2

and γ-valerolactone (GVL).

3

In particular,

GVL has attracted substantial attention in recent years, as it can be used in the chemical industry either
directly or, after further upgrading, as a food additive, nylon intermediate, or green solvent. 4 GVL is
also increasingly considered as an intermediate for the production of liquid biofuels. GVL can be
obtained by gas- or liquid-phase hydrogenation of levulinic acid (LvA) using a suitable metal-based
catalyst and a hydrogen source. In the past few years, many different catalyst systems including noble
5-7

and non-noble metals 8-12 have been evaluated for the reduction of LvA to GVL. In addition to the

use of sustainable feedstock, it is also of increasing importance to use catalysts that are based on cheap
and abundantly available metals. Many catalysts used in the chemical industry are based on precious
group metals. Accordingly, there is a significant incentive to replace them with non-noble metals.
The catalytic hydrogenation of LvA in the presence of molecular hydrogen using batch

13, 14

and flow reactors 15, 16 has been extensively studied in the last decade. The first example of catalytic
hydrogenation of LvA was already reported more than 50 years ago by Broadbent et al.

17

These

researchers employed an unsupported Re black catalyst and were able to reach a 71% yield of GVL
after 18 h reaction at 106 °C at a H2 pressure of 150 bar. The remaining products were mainly
polymeric esters. Afterwards, a wide range of supported noble metal catalysts featuring Ru 6, 18, Ir 19,
Rh 20, and Pt

16

as the key hydrogenation components have been evaluated for their activity in LvA

hydrogenation. Ruthenium-based catalysts have emerged as promising candidates, as they typically
combine high activity and selectivity. Non-noble copper-based catalysts, such as Cu/ZrO2 21, Cu/SiO2
22

, Cu-Cr

23

, and Cu-Fe

24

, have also been reported to be effective for producing GVL from LvA,

although they typically require a high temperature and/or long reaction time for achieving high LvA
conversion.
There is a growing evidence of the positive effect of using bimetallic catalyst formulations for
the hydrogenation of oxygenated substrates. 25, 26 For instance, the group of Weckhuysen reported on
the beneficial effect of Ru-Au nano-alloying for the catalytic conversion of LvA to GVL. 27 Bimetallic
catalysts containing noble and non-noble metals (i.e., Ni-Ru, Ni-Pt, Ni-Au, and Ni-Pd) supported on
supports such as zeolite, ZrO2, γ-Al2O3, and SiO2 have also been employed for the upgrading of
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biobased intermediates derived from lignin.

28

Supported Ni-Re

29

and Pt-Re

30

catalysts have been

shown to be highly active for the selective hydrogenation of carboxylic acids. Importantly, a higher
conversion and selectivity of carboxylic acid hydrogenation were achieved with a Ni-Re catalyst
compared to its single-metal and Pt-based counterparts. 29 Recently, Ni/Al2O3 and Ni-Cu/Al2O3 were
prepared for the hydrogenation of LvA using wet impregnation and sol-gel methods. 31 A high reaction
temperature (250 °C) and high H2 pressure (65 bar) were however required to achieve reasonable
performance. Shimizu and co-workers 32 first reported a noble-metal-free Ni-MoOx/C catalyst with a
TON (turnover number) of 4950, which is comparable to a state-of-the-art Ru catalyst for the
hydrogenation of LvA to GVL at 250 °C. Grunwaldt et al. reported a solvent-free method to obtain a
92% GVL yield for LvA hydrogenation using Ni/Al2O3. 13 However, reuse of the Ni catalysts resulted
in a significantly lower activity. Shimizu and his coworkers reported that Re/TiO2 is a promising
catalyst for the selective hydrogenation of aromatic and aliphatic carboxylic acids. In this study, 3phenylpropanol was produced in 97% yield from 3-phenylpropionic acid under mild conditions (50
bar H2 at 140 °C). 33
Here we report a new TiO2-supported Fe-Re bimetallic catalyst system, which is highly active
in the hydrogenation of LvA to GVL under mild conditions. The catalysts were extensively
characterized using various techniques such as H2-TPR, XPS, CO-FTIR, and TEM. This discovery
creates a foundation for the development of Fe-based hydrogenation catalysts in which the Re promoter
should be replaced by a less expensive alternative.

5.2 Experimental
5.2.1 Catalyst preparation
All the supported catalysts were prepared by an incipient wetness impregnation method. Titania
(P25 TiO2, Evonik-Degussa) was dried at 110 °C overnight, prior to impregnation of the metal
precursor. For the preparation of Fe-Re bimetallic catalysts, appropriate amounts of Fe(NO3)3· 9 H2O
(≥98.0%, Sigma Aldrich) and perrhenic acid (HReO4) (99.99%, 75-80 wt% in H2O, Sigma Aldrich)
precursors were dissolved in deionized water. Then, the required amount of titania was added very
slowly under continuous stirring at room temperature. The sample was dried at 110 °C overnight, and
ground thoroughly and reduced in a furnace at 500 °C for 2 h (ramp rate 2 °C/min) in a flow of 10%
H2/He (total 100 mL/min). Two monometallic reference catalysts 2.0 wt% Fe/TiO2 and 13 wt%
Re/TiO2 were prepared by using the same method.
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5.2.2 Catalyst characterization
Temperature-programmed reduction (TPR) experiments were performed in a Micromeritics
AutoChem II 2920 instrument equipped with a fixed-bed reactor, a computer-controlled oven, and a
thermal conductivity detector. Typically, samples (50 mg) were loaded in a tubular quartz reactor.
Prior to reduction, samples were pretreated at 150 °C for 2 h. The sample was reduced in 4 vol% H2
in N2 at a flow rate of 8 mL/min, whilst heating from room temperature up to 900 °C at a heating rate
of 10 °C/min. The H2 consumption was monitored by a gas chromatograph equipped with a thermal
conductivity detector (TCD) and calibrated using a CuO/SiO2 reference catalyst.
XPS measurements were performed using a Kratos AXIS Ultra spectrometer, equipped with a
monochromatic X-ray source, and a delay-line detector (DLD). Spectra were obtained using an
aluminum anode (Al Kα=1486.6 eV) operating at 150 W. Survey scans were measured at a constant
pass energy of 160 eV and region scans at 40 eV. The background pressure was kept at 2 × 10-9 mbar.
Quasi-in situ XPS measurements for all of the catalysts were performed after reducing them in a tubular
quartz reactor with 10 °C/min heating rate from room temperature to 500 °C in a flow of 10 vol% H2
in He (total flow 100 mL/min). After cooling to room temperature, the lids at the inlet and outlet of
the reactor were closed to prevent air exposure. The samples were prepared for XPS measurements in
an Ar-flushed glove box and transferred in an air-tight transfer holder to the XPS apparatus. Data
analysis was performed using CasaXPS software. The binding energy was corrected for surface
charging by taking the C 1s peak of adventitious carbon as a reference at 284.6 eV.
Low-temperature infrared spectra of CO adsorbed on the catalysts was recorded using a Bruker
Vertex V70v FT-IR spectrometer. The IR spectra were acquired at a resolution of 2 cm-1 and 32 scans
were averaged for each spectrum. Typically, an amount of ca. 20 mg catalyst was pressed into a thin
self-supporting wafer with a diameter of 13 mm, which was then placed inside a controlledenvironment IR transmission cell capable of heating and cooling, gas dosing, and evacuation. Prior to
CO adsorption, the catalyst wafer was reduced at 500 °C for 1 h in flowing 10 vol% H2 in He, followed
by cooling to 100 °C. The cell was then evacuated to ~10-6 mbar and further cooled to liquid nitrogen
temperature. The sample was then subjected to pulses of CO via a sample loop (10 µl) connected to a
six-port sampling valve. CO was pulsed until saturation was reached as observed by saturation of the
CO IR adsorption bands.
Transmission electron micrographs were acquired on a FEI cubed Cs corrected Titan at 300
kV. Typically, a small amount of the sample was ground and suspended in pure ethanol, sonicated and
dispersed over a Cu grid with a holey carbon film. Samples were firstly reduced in 10 vol% H2 in He
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(total flow 100 mL/min) at 500 °C for 2 hours, followed by passivation in 1 vol% O2 in He for 10 h.
Bright field images (BF) were taken using a rather large objective aperture to enhance the contrast,
specifically for lattice imaging. HAADF-STEM imaging was done to analyze the particle size.
Elemental analysis was done with an Oxford Instruments EDX detector X-MaxN 100TLE.

5.2.3 Catalytic activity measurements
Aqueous phase catalytic hydrogenation of LvA to GVL was performed in a 10 mL autoclave
(HOKE Swagelok) at various temperatures (130 - 200 °C) and a (cold) H2 pressure of 40 bar. In a
typical reaction, 2 mmol LvA and 23 mg reduced catalyst were loaded into the autoclave in a nitrogenflushed glove-box. The autoclave was sealed using a rubber plug before removing it from the glovebox. An amount of 4 mL degassed water was injected into the autoclave via the rubber plug using a
syringe. The autoclave was then sealed and purged four times with H2 before pressurizing it to 40 bar.
The reaction was then started by heating the autoclave to the desired reaction temperature under
continuous stirring (1000 rpm). At the end of the reaction, the autoclave was cooled rapidly to room
temperature in an ice bath, after which the remaining H2 was released. The catalyst was separated from
the solution by filtration (0.45 µm filters). The reaction products were subjected to NMR analysis.

5.2.4 Product analysis
Quantitative analysis of the liquid products (LvA and GVL) was carried by 1H-NMR using 1,4dioxane as an internal standard. An amount of 100 µl 1,4-dioxane was added to the reaction mixture
after the catalytic reaction. An aliquot of 300 µL of the reaction mixture was transferred to a 5 mm
NMR tube together with 300 µL deuterated dimethylsulfoxide-d6 (DMSO-d6) solvent. For
quantitative 1H NMR analysis, 32 scans were averaged using a relaxation delay of 5 s. All spectra were
integrated using MestReNova software.
The conversion of LvA ( ) was calculated as follows:
(%) =

,

−

× 100%

,

The yield of the liquid component ( ) was calculated as follows:
(%) =

× 100%
,
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5.3 Results and discussion
5.3.1 Influence of Fe/Re ratio on catalytic performance
A set of Fe-Re catalysts supported on TiO2 with different atomic Fe/Re ratios were prepared
by wetness impregnation. The Fe loading for all of the Fe and Fe-Re catalysts was kept at 2.0 wt%.
The highest atomic Fe-to-Re ratio was 1:2. The bimetallic catalysts are denoted by Fe-Re(x:y)/TiO2 in
which x:y stands for the atomic Fe: Re ratio. Monometallic Fe-2.0 wt%/TiO2 and Re-13 wt%/TiO2
(denoted as Fe(2.0)/TiO2 and Re(13)/TiO2, respectively) were prepared in the same way and served as
reference catalysts.
We firstly screened these catalysts for their performance in the hydrogenation of LvA to GVL.
For this purpose, the catalysts were reduced at 500 °C for 2 h and then tested in a batch reactor in water
at 140 °C and 40 bar H2 for 4 h. Figure 5.1 compares the performance of the reduced catalysts.
Fe(2.0)/TiO2 showed a very low GVL yield of less than 1%. The yield for Re(13)/TiO2 was 3%. The
much higher catalytic performance was achieved using Fe-Re bimetallic catalysts. With FeRe(1:1)/TiO2 catalyst, a yield of 12% GVL was obtained at the conversion of 14%. The catalytic
performance increased with increasing Re-to-Fe ratio. The best catalytic performance was obtained
for Fe-Re(1:2)/TiO2, which gave 17% yield of GVL at the conversion of 18%. These results evidence
a strong synergistic effect between Fe and Re. The addition of Re to Fe strongly improved LvA
conversion.

Figure 5.1. Hydrogenation of LvA on Fe(2.0)/TiO2, Fe-Re/TiO2 and Re(13)/TiO2 catalysts (Conditions: 2 mmol
LvA, 23 mg catalyst, 4 mL water, 140 °C, 4 h, 40 bar H2, 1000 rpm).

90

Hydrogenation of levulinic acid to γ-valerolactone over Fe-Re/TiO2 catalysts

5.3.2 TPR
TPR traces for all of the catalysts are presented in Figure 5.2. The Fe(2.0)/TiO2 sample shows a very
small reduction feature around 285 °C, which is due to the partial reduction of Fe3+ to Fe2+. A broad
feature around 650 °C can be attributed to the reduction of Fe2+ to Fe0.

34

The H2/Fe ratio for this

sample is 0.42. This indicates that ~28% of the Fe-oxide precursor in Fe(2.0)/TiO2 can be reduced
(Table 5.1). The active phase in Re(13) /TiO2 sample is reduced at 350 °C. The H2/Re ratio is 2.12
corresponding to a Re reduction degree of 61% (Table 5.1). This suggests that neither the Fe- nor the
Re-oxide precursors supported on TiO2 can be completely reduced at a temperature of 500 °C. It is
easier to reduce Re than Fe on titania. The H2/M (M is the total metal content of Fe and Re) ratios of
the Fe-Re/TiO2 samples increase with the Re content. For the Fe-Re samples, the main reduction peak
becomes sharper and its position shifts to slightly higher temperatures compared with the Re-only and
Fe-only samples. It is also noted that the first (partial) reduction peak at 285 °C, which is due to
reduction of Fe3O4 or Fe2O3 to FeO, is not present for the bimetallic Fe-Re catalysts and the second
reduction peak at 650 °C shifts to higher temperature (cf. the dashed line in Figure 5.2). Higher
reduction temperature for bimetallic Fe-Re/SiO2 catalysts compared to the monometallic ones has been
attributed to the strong interaction between Fe and Re in the mixed oxide.

34

For the Fe-Re/TiO2

samples, besides the small reduction feature of Fe2+  Fe0, a single main reduction feature suggests
that Fe and Re are present in a mixed-oxide phase. The overall reducibility of the Fe-Re samples with
lower Re contents (Fe-Re(5:1)/TiO2 and Fe-Re(2:1)/TiO2) was hindered, which is supported by the
lower reduction degrees (26% and 47%, respectively) compared to the Re-only sample (61%, Table
5.1). In contrast, higher Re content (Fe-Re(1:1)/TiO2 and Fe-Re(1:2)/TiO2) resulted in a higher overall
reducibility, as follows from the reduction degrees of 75% and 68% for the Fe-Re(1:1)/TiO2 and FeRe(1:2)/TiO2 samples, respectively. These results imply a synergy between Fe-Re for the samples with
a higher Re content during the H2-reduction step.
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Figure 5.2. TPR profiles of the (a) Fe(2.0)/TiO2, (b) Fe-Re(5:1)/TiO2, (c) Fe-Re(2:1)/TiO2, (d) Fe-Re(1:1)/TiO2,
(e) Fe-Re(1:2)/TiO2, and (f) Re(13)/TiO2 catalysts. The dashed line indicates the temperature of reduction of
Fe2+ to Fe0.

Table 5.1. Catalysts composition and quantification of TPR data.

Catalyst
Fe(2.0)
Fe-Re(5:1)
Fe-Re(2:1)
Fe-Re(1:1)
Fe-Re(1:2)
Re(13)
[a]

Compositions
(wt%)
Fe

Re

H2 needed for
complete reduction
(umol/g)

2.0
2.0
2.0
2.0
2.0
0

0.0
1.3
3.3
6.7
13.3
13.3

537
788
1164
1791
3044
2500

H2
consumed
(umol/g)

Reduction up to
900 °C (%)[a]

H2/M ratio[b]

149
205
552
1344
2073
1515

28
26
47
75
68
61

0.42
0.48
1.03
1.88
1.93
2.12

Reduction up to 900 °C (%) equals to the ratio of the amount of H2 consumed to that of H2 needed for complete

reduction; [b]M is the total metal contents of Fe and Re.

5.3.3 XPS
The reduced Fe, Re, and Fe-Re samples were also characterized by XPS. Figure 5.3 shows the
fitted Re 4f XPS spectra. Quantitative XPS data are placed in Table 5.2. A wide range of oxidation
states of Re between +2 and +7 is observed for the reduced catalysts. At a low Re content (FeRe(5:1)/TiO2), the intensity of the Re signal was too low for reliable fitting. For Fe-Re(2:1)/TiO2, the
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Re2+:Re4+:Re5+:Re6+:Re7+ ratio was 16 : 16 : 10 : 21 : 37. No metallic Re was observed for this sample.
Samples with a higher Re content (Fe-Re(1:1)/TiO2 and Fe-Re(1:2)/TiO2) contained both metallic and
oxidic Re. For Fe-Re(1:1)/TiO2, 53% of Re was in the metallic phase and the remainder was present
as Re-oxide species with a large fraction of Re2+. The Re0 content increased to 70% for FeRe(1:2)/TiO2. It is important to mention that the metallic Re0 content in the Fe-Re(1:1)/TiO2 and FeRe(1:2)/TiO2 samples are both higher than that of Re(13)/TiO2 sample (29%). In line with the TPR
data, these results confirm that a higher Re content in the presence of Fe resulted in a higher reducibility
of the Re component.

Figure 5.3. XPS spectra of Re(4f) region for the reduced Re(13)/TiO2 and Fe-Re/TiO2 catalysts.
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Figure 5.4. XPS spectra of Fe(2p) region for the reduced Fe(2.0)/TiO2 and Fe-Re/TiO2 catalysts.

Table 5.2. XPS data for the Fe(2.0)/TiO2, Fe-Re/TiO2, and Re(13)/TiO2 after reduction.
Concentration (%)
Catalyst

Fe0

2+

Fe

3+

Fe

Re0

2+

4+

5+

6+

Re

Re

Re

Re

Re7+

Fe(2.0)

0

78

22

0

0

0

0

0

0

Fe-Re(5:1)

4

64

32

0

n.a

n.a

n.a

n.a

n.a

Fe-Re(2:1)

0

66

34

0

16

16

10

21

37

Fe-Re(1:1)

1

66

33

53

30

8

1

1

6

Fe-Re(1:2)

2

85

13

70

18

4

0

1

7

Re(13)

0

0

0

29

35

15

4

7

11

We also analyzed the oxidation state of Fe in these samples by XPS. The XPS spectra in the
Fe 2p region and their analysis are shown in Figure 5.4 and Table 5.2, respectively. The reduced
Fe(2.0)/TiO2 sample contains a large amount of Fe2+ (78%) with the remainder being Fe3+ (22%). No
metallic Fe was observed in this catalyst. This confirms that the first reduction peak in TPR is due to
the partial reduction of Fe3+ to Fe2+. It is seen that the amount of Fe2+ is lower for the reduced catalysts
Fe-Re(5:1)/TiO2, Fe-Re(2:1)/TiO2, and Fe-Re(1:1)/TiO2 comparing to Fe(2.0)/TiO2. The Fe3+/Fe2+
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ratio of these three catalysts does not change. These results imply that Re does not promote the
reduction of Fe at a low Re content. In contrast, the reducibility of both Fe and Re are decreased, which
is in line with the lower reduction degree observed by TPR characterization (Table 5.1). This further
underpins our suggestion that a strong interaction between Fe- and Re-oxides hampers their reductions
at 500 °C. On the other hand, at higher Re loading (Fe-Re(1:2)/TiO2), the fraction of Fe2+ in the reduced
materials is ~85%, suggesting that the presence of Re promotes the reduction of Fe. It is well-known
that metallic particles can dissociate H2, which leads to the spillover of H atoms that help the further
reduction of Fe-oxides. 35, 36

5.3.4 TEM
The reduced and passivated samples were analyzed on a Cs-corrected TEM. In all samples,
nanoparticles were found on micron-sized agglomerates of titania particles. Although the BF images
showed the presence of 1-2 nm nanoparticles, the active phase cannot be clearly observed in this way.
Accordingly, HAADF-STEM images were recorded as well from which the particle size distribution
was determined. EDX maps and particle size distributions are shown in Figures 5.5-5.8. The average
particle size for Fe-Re(2:1)/TiO2, Fe-Re(1:1)/TiO2, and Fe-Re(1:2)/TiO2 is approximately 1.0 ± 0.4
nm. Re(13)/TiO2 contains slightly larger nanoparticles with an average diameter of 1.3 ± 0.8 nm. All
samples contain few nanoparticles larger than 2 nm. Notably, the Re-only sample contains a fraction
of significantly larger nanoparticles (cf. Figure 5.8). By comparing Fe-Re(1:2)/TiO2 and Re(13)/TiO2
with the same Re content, it can be stated that the presence of Fe in the bimetallic catalyst results in a
higher Re dispersion.
EDX mapping in STEM mode showed the presence of Fe and Re over the surface of the titania
support particles. The reported quantitative Fe signals (determined by wide electron probe EDX) were
corrected for signals due to secondary electrons using the Co signal. In general, the Fe/Re ratio in areas
where no clear nanoparticles are visible is higher than in areas where Re nanoparticles can be observed
(Table 5.3). For instance, the Fe/Re ratio on the titania surface for Fe-Re(2:1)/TiO2 is higher (~2.0)
than the Fe/Re ratio on a nanoparticle observed in Figure 5.5. The EDX maps of the nanoparticle
shown in Figure 5.5 d-f also suggest a core-shell structure in which the shell contains more Fe than the
core. The data in Table 5.3 point to a Re enrichment at the surface of the nanoparticles. The presence
of Fe and Re across the titania surface is in agreement with recent aberration-corrected TEM images
of a Ni-Re catalyst that show that Re is dispersed on the surface in the form of atoms, clusters, and
nanoparticles.

Chapter 6, 29

In the present study, STEM can only image the nanoparticles. Accordingly,
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we can conclude that the titania-supported Fe-Re samples contain Re nanoparticles in close contact
with Fe and very highly dispersed Fe and Re species homogeneously distributed over the titania
surface.
Table 5.3. Elemental distribution and particle size analysis of Fe-Re/TiO2 and Re(13)/TiO2 catalysts. The Fe/Re
ratio in regions without nanoparticles and on nanoparticles are averages of several EDX measurements.
Samples
Fe-Re(2:1)
Fe-Re(1:1)
Fe-Re(1:2)
Re(13)
[a]

expected
2
2
0.5
0

Fe/Re ratio
region
2.0
1.0
1.1
0

nanoparticle
1.0
0.5
0.6
0

Particles size (nm)
Average
SD[a]
0.9
0.3
1.1
0.5
1.1
0.4
1.3
0.8

SD is the standard deviation.

Figure 5.5. Transmission electron microscopy characterization of Fe-Re(2:1)/TiO2: representative (a) TEM
and (b) HAADF-STEM images, (c) particle size distribution histogram derived from various STEM images and
(d-f) nanoscale elemental EDX maps. The latter three panels show a particle with a Fe/Re ratio of 1.3 in which
the area covered by Fe is larger than that covered by Re, suggesting a core-shell structure.
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Figure 5.6. Transmission electron microscopy characterization of Fe-Re(1:1)/TiO2: representative (a) TEM
and (b) HAADF-STEM images, (c) particle size distribution histogram derived from various STEM images and
(d-f) nanoscale elemental EDX maps, showing a rather homogeneous distribution of Fe over the surface
including regions where a Re particle is localized.

Figure 5.7. Transmission electron microscopy characterization of Fe-Re(1:2)/TiO2: representative (a) TEM
and (b) HAADF-STEM images, (c) particle size distribution histogram derived from various STEM images and
(d-f) nanoscale elemental EDX maps. These maps show that Fe and Re are distributed over the titania surface,
with Re also in the form of particles.
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Figure 5.8. Transmission electron microscopy characterization of Re(13)/TiO2: representative (a) TEM and (b)
HAADF-STEM images, (c) particle size distribution histogram derived from various STEM images and (d-e)
nanoscale elemental EDX maps.

5.3.5 CO IR spectroscopy
IR spectroscopy of adsorbed CO was used to investigate the active phase in in situ reduced
catalysts. As XPS showed that the samples oxidic Re and Fe, which do not adsorb CO at room
temperature, we recorded the CO IR spectra at liquid N2 temperature. We also included the bare TiO2
support for comparison. Figure 5.9 shows the IR spectra of CO adsorbed on the samples as a function
of the CO partial pressure in the cell (0.02-1 mbar CO).
The IR spectra in the CO stretching region contain bands at 2178 cm-1, 2157 cm-1, and 2042
cm-1. According to literature 37,38 CO stretching bands between 2200-2100 cm-1 can be assigned to CO
adsorption on Lewis-acidic metal cations and OH groups, while metals in a lower oxidation state
usually give rise to lower frequencies. In particular, bands between 1900 and 2100 cm-1 can be assigned
to linearly adsorbed CO on the surface of metallic particles. For the bare TiO2 support, a sharp band at
2181 cm-1 increases with increasing CO pressure concomitant with a red shift to 2178 cm-1. This
feature is due to CO adsorbed on Lewis acidic Ti4+ sites. Another weaker band at 2156 cm-1 can be
assigned to weaker Ti-OH···CO complexes.

39,5

The presence of surface OH groups is also evident

from the OH stretching region. Similar IR spectra were obtained for Fe(2.0)/TiO2 (Figure 5.9b). The
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presence of Fe on TiO2 resulted in a lower intensity of the OH stretching bands in the 3500-3800 cm1

region, suggesting that during the preparation Fe3+ has reacted with titania OH groups forming Fe-

O-Ti species. It is seen that the more acidic OH groups are preferentially consumed. There are no
indications of the presence of metallic Fe, consistent with the other characterization data (Figure 5.4,
Table 5.2). The spectra did not contain other bands than those observed for bare TiO2, which suggests
that Fe is present as a dispersed Fe-oxide phase. Based on the reported OH density of this type of
titania (4.5 OH/nm2), we can estimate that a Fe content of 2 wt% corresponds to about 80% of the
monolayer capacity.
For the Re-containing samples, the intensity of the broad band at 2157 cm-1 is much higher than
for TiO2 and Fe(2.0)/TiO2. Moreover, this bands already appears at a much lower CO coverage and,
importantly, before the band at 2178 cm-1 appears. This completely different behavior suggests that a
different and stronger CO adsorption complex gives rise to the 2157 cm-1 band in these samples. This
is further underpinned by the strong erosion of the OH groups in the 3500-3800 cm-1 spectral range
when Re is present. It is interesting to note that the OH stretch intensity becomes weaker with
increasing Re content. On the other hand, the reduced Re(13)/TiO2 only contains a very weak band at
2158 cm-1 band, which is most likely due to a small amount of OH groups faintly visible in the IR
spectra. It should be mentioned that a Re content of 13 wt% corresponds to a 1.8 monolayer coverage
of the titania surface. All of the IR spectra of the Re-containing samples contain a broad band in the
2030-2048 cm-1 regime which can be associated with Re0. The intensity of this band for FeRe(1:2)/TiO2 is much weaker than for Re(13)/TiO2. We can also notice a red shift of the Re0 feature
with increasing Re content, which could be due to the close proximity of CO adsorbed on Re to FeOx
or the formation of a bimetallic Fe-Re alloy.
The CO IR spectra show that the Fe-Re(1:1)/TiO2 and Fe-Re(1:2)/TiO2 samples contain a lower
amount of reduced Re0 surface sites than Re(13)/TiO2. On the other hand, while TEM shows that the
nanoparticles in these catalysts are approximate ~1 nm, XPS and TPR point to a substantially higher
reduction degree of Re in the bimetallic catalysts. Together with the Fe/Re ratios on the nanoparticles
derived by STEM-EDX maps, we can conclude that the metallic Re particles are covered by small Feoxide clusters that partially block the reduced Re sites. A similar conclusion has been drawn in studies
of related Fe-Re/SiO2 34 and Pd-FeOx/SiO2 40 catalysts.
The CO IR spectra of the bimetallic Fe-Re catalysts contain a new IR feature at 2157 cm-1,
which shows a maximum at intermediate Fe/Re ratio. It is not likely that this feature is related to the
highly dispersed Fe-oxide and Re-oxide species on the titania support because the signal is absent for
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the monometallic catalysts. Therefore, we speculate that the 2157 cm-1 is due to Lewis acid cations,
likely Fe cations, at the interface between metallic Re nanoparticles and a partially reduced Fe-oxide.

Figure 5.9. CO IR spectra recorded at liquid N2 temperature for reduced (a) TiO2, (b) Fe(2.0)/TiO2, (c) FeRe(2:1)/TiO2, (d) Fe-Re(1:2)/TiO2, and (e) Re(13)/TiO2 after adsorption of CO; (f) OH stretching regions before
CO adsorption.
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5.3.6 Mechanistic proposal

Figure 5.10. Proposed mechanism for LvA hydrogenation reaction catalyzed by Fe-Re/TiO2 catalysts.

In attempting to explain the Fe-Re synergy, we compare the highly active Fe-Re(1:2)/TiO2
catalyst with the nearly inactive Re(13)/TiO2 one. The Re reduction degree is much higher for the
bimetallic catalyst, demonstrating that reduced Re is the active phase for LvA hydrogenation. 17 Our
characterization data show that the oxides of Fe and Re strongly bind to the titania surface via reaction
with the OH groups. When the total Fe+Re content is higher than the monolayer capacity of titania as
for Fe-Re(1:2)/TiO2, no OH groups are observed anymore. Therefore, the higher Re reduction degree
in the bimetallic catalyst is mainly due to a less strong bonding of Re to the titania surface, because it
is largely covered by dispersed Fe-oxide species. If the Re loading is too low, a larger fraction of Re
remains strongly bound to the titania surface, resulting in incomplete Re reduction and a low
hydrogenation activity. Thus, we can conclude that a particular role of Fe is to compete for surface OH
groups of the titania support and decrease the interaction of Re with the support, thereby resulting in a
higher reducibility of Re. Despite the higher Re reduction degree in bimetallic catalysts, the Re surface
area probed by CO IR spectroscopy is lower. This is due to the coverage of part of the Re nanoparticles
with Fe-oxides. It is not likely that the very small amount of reduced Fe present in these catalysts can
cause this. Fe-oxides may be partially reduced due to spillover H originating from Re. We speculate
that a second role of partially reduced Fe-oxides is to dissociate water and provide slightly acidic OH
groups, which can catalyze the dehydration step of 4-hydroxy pentanoic acid to γ-valerolactone in the
mechanism of LvA hydrogenation. 41, 42 This kind of promoting effect has also been earlier discussed
for dehydration steps relevant to aqueous phase reforming by bimetallic Ir-Re, Pt-Re, and Rh-Re
catalysts.

43-45

A similar mechanism involving acid-catalyzed dehydration followed by Pt-catalyzed

hydrogenation for selective glycerol hydrogenolysis was also proposed by Davis et al.

46

The

promotion of metal catalysts with partially oxidized oxophilic MOx species, such as ReOx-promoted
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Rh has also been demonstrated by a DFT study. 47 In those cases, the oxophilic nature of Re facilitated
the activation of water, while we speculate that for the Fe-Re bimetallic catalysts partially reduced Feoxide species play this role.

5.3.7 Process optimization
Encouraged by these findings, we further optimized the reaction conditions by varying the
reaction temperature. Fe-Re(1:2)/TiO2 was selected for this optimization study as it was the most active
catalyst in the screening stage. Figure 5.11 shows that this catalyst is active for LvA hydrogenation at
a temperature as low as 130 °C. Increasing the reaction temperature resulted in a remarkable increase
of the catalytic performance. The nearly full conversion was achieved after reaction at 180 °C for 4 h,
delivering a 95% yield of GVL. The results at 200 °C were similar and demonstrate that the catalyst is
very active and selective for LvA hydrogenation to GVL in water. The sigmoidal activation with
respect to temperature might be due to the higher water coverage on the reduced Re surface at too low
temperature, which may also lead to partial re-oxidation. Further operando spectroscopy would be
required to investigate the catalytic surface during aqueous phase LvA hydrogenation.

Figure 5.11. The effect of reaction temperature on the hydrogenation of LvA in water. (Conditions: 2 mmol
LvA, 23 mg Fe-Re(1:2)/TiO2, 4 mL H2O solvent, 4 h, 40 bar H2, 1000 rpm).
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Figure 5.12. Hydrogenation of LvA on Fe-Re(1:2)/TiO2 catalyst (Conditions: 2 mmol LvA, 23 mg catalyst, 4
mL H2O, 180 °C, 40 bar H2, 1000 rpm).

We performed additional LvA hydrogenation reactions by varying the reaction time from 30
min to 6 h at a temperature of 180 °C. The performance of Fe/TiO2, Re/TiO2, and Fe-Re(1:2)/TiO2 are
compared in Figure 5.12. It is clear that the bimetallic catalyst is much more active in LvA
hydrogenation. About 50% yield of GVL at 50% LvA conversion was achieved after 2 h reaction for
Fe-Re(1:2)/TiO2, whereas Re(13)/TiO2 and Fe(2.0)/TiO2 were nearly inactive. Notably, the two
monometallic catalysts became slightly active after prolonged reaction but afforded only GVL yields
of 40% and 5%, for Re(13)/TiO2 and Fe(2.0)/TiO2 after 6 h. Whereas, for Fe-Re(1:2)/TiO2, the
maximum yield of GVL ~95% has already reached after 4 h.

5.4 Conclusions
Hydrogenation of levulinic acid towards γ-valerolactone is one of the most promising reactions
in the fields of biomass valorization to fine chemicals and liquid transportation fuels. A series of FeRe supported on TiO2 (P25) catalysts were tested for hydrogenation of levulinic acid in water.
Remarkable improvements in catalytic performance were observed for the Fe-Re bimetallic catalysts,
in comparison with their monometallic counterparts, suggesting a synergistic effect. H2-TPR results
show that the reduction peak of Fe-Re samples shifts to higher temperature regime due to the close
interaction between Fe and Re species. XPS and low-temperature CO-FTIR results evidenced large
fractions of FeOx and ReOx are present and part of the metallic Re is covered by FeOx. The Fe-Re alloy
and FeReOx species are likely present in the bimetallic samples and believed to be the main reason for
the enhanced catalytic activity. The presence of FeOx and ReOx are highly oxophilic and might
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introduce Re-OH acidic groups via hydration during the reaction, facilitating the dehydration, a key
intermediate step for levulinic acid hydrogenation. Under the optimized condition, nearly full
conversion of levulinic acid could be achieved after reaction at 180 °C for 4 h, obtaining 95% yield of
GVL.
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Chapter 6
Supported nickel-rhenium catalysts for selective hydrogenation of
methyl esters to alcohols
Abstract
The addition of Re to Ni on TiO2 yields efficient catalysts for the hydrogenation of acids and esters to
alcohols under mild conditions. Rhenium promotes the formation of atomically dispersed and subnanometer-sized bimetallic species interacting strongly with the oxide support. The selectivity to
alcohol products could be increased to over 90% via the addition of small amounts of Re to Ni/TiO2,
which represents a promising route for further optimization of the heterogeneous catalyst.

This Chapter is published in Chemical Communications, 2017, 53, 9761-9764.
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6.1 Introduction
Hydrogenation of carboxylic acid esters is an important class of reactions used to produce fatty
alcohols and other chemicals. 1, 2 Global fatty alcohol consumption reached 4.6 million tonnes in 2016.
3

The annual production capacity continues to expand and several plants have recently gone online in

Southeast Asia. 4 Due to the intrinsic resistance of carboxylic acids and esters to reduction, 5 current
industrial processes employing Cu/Zn chromite catalysts 6, 7 operate at high temperatures (200-300 °C)
and pressures (140-300 bar H2). 8 Milder conditions can be employed when using homogeneous noble
8, 9

(Ru 10 and Ir 11) as well as base transition metal (Mn, 12-15 Fe, 16, 17 and Co 18, 19) catalysts. However,

such ester reduction processes have so far remained limited to fine chemical and pharma applications
due to their high costs and limited recyclability. New heterogeneous catalysts are desirable to improve
the sustainability of the larger-scale reduction processes. The best performances so far have been
observed for the bimetallic heterogeneous catalyst formulations. 8, 20-22 Seminal studies by Narasimhan
et al. 23, 24 established also the importance of the synergy between the metal and support components.
Recently, the hydrogenation of C6-18 fatty acids over supported Pd-Re and Pt-Re systems has received
much attention.

25

Tomishige et al.

26-28

demonstrated the versatility of Pd-Re catalysts in the

hydrogenation of fatty acids including hexanoic, capric, palmitic, and stearic acids at 140 °C and 80
bar H2. It was proposed that the role of Pd is to promote the reduction and dispersion of Re in the active
catalyst.

26, 29

Shimizu and co-workers utilized Re/TiO2 to develop a broadly applicable synthetic

methodology for the selective reduction of a wide range of carboxylic acids.
workers

31, 32

30

Hardacre and co-

were successful in hydrogenating stearic acid over Pt-Re/TiO2 catalysts under

unprecedentedly mild conditions of 120 °C and 20 bar H2. However, when esters are employed used
as the substrates, the performance of such Re-promoted catalysts is much lower. Besides a higher
temperature required for the reduction, the product yield usually does not exceed 30% due to in situ
poisoning of the catalyst by short-chain alcohol byproducts. 33
As a result of these findings and the need to replace platinum group metals with cheaper noncritical elements, we herein present the investigation of the catalytic and structural properties of a series
of Ni-Re (x:y)/TiO2 catalysts and disclose their unprecedented performance in the hydrogenation of
carboxylic acid and ester substrates.

6.2 Experimental
6.2.1 Catalyst preparation
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Catalysts precursors, reactants, and solvents were obtained from Sigma Aldrich: perrhenic acid,
HReO4 (75-80 wt%, aqueous), nickel nitrate hexahydrate, Ni(NO3)2·6H2O, methyl hexanoate (99.9%),
ethyl hexanoate (99.9%), methyl benzoate (99.9%), hexanoic acid (99.9%), and hexane (99%) were
used as received without additional purification. Catalyst supports were obtained from the following
sources: α-Al2O3 (Condea), Carbon (RX-3, Norit), CeO2 (Sigma Aldrich), SiO2 (Grace), TiO2 (P25,
Degussa). Supported 3 wt% Ni-x wt% Re catalysts were synthesized by wet-impregnation with all
quantities listed per gram of catalyst. Re contents in the prepared catalysts were summarized in Table
6.1.
Table 6.1. The Re contents in the prepared catalysts with different Ni:Re ratios.
(Ni:Re) molar ratio

(5:1)

(5:2)

(2:1)

(1:1)

(1:2)

(1:4)

wt% Re

1.9

3.8

4.8

9.5

19

38.1

In a typical procedure, HReO4 (34-169 µL) was added to a solution of Ni(NO3)2·6H2O (0.1486
g). The appropriate amount of support (125-250 µm) was then added to the solution while stirring at
80 °C. The material was dried (110 °C, 16 h), ground using a pestle and mortar, and reduced at 300 °C
in 10% H2/He (100 mL/min) for 2 h.

6.2.2 Catalyst characterization and testing
6.2.2.1 Transmission electron microscopy (TEM)
Transmission electron micrographs were acquired on a FEI Tecnai 20 transmission electron
microscope at an acceleration voltage of 200 kV with a LaB6 source. Typically, a small amount of the
sample was ground and suspended in pure ethanol, sonicated, and dispersed over a Cu grid with a
holey carbon film. Samples were first reduced in 10 vol% H2 in He (total flow 100 mL/min) at 300 °C
for 2 hours, followed by passivation in 1 vol% O2 in He for 2 h. Materials for analysis by scanning
transmission electron microscopy (STEM) were dry dispersed onto a holey carbon TEM grid. The
catalyst samples were examined using high angle annular dark field (HAADF) imaging mode in an
aberration-corrected JEOL ARM-200CF TEM/STEM operating at 200 kV. This microscope was also
equipped with a Centurio silicon drift detector (SDD) system for X-ray energy dispersive spectroscopy
(XEDS) analysis.

6.2.2.2 X-ray energy dispersive spectroscopy (XEDS)
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Quantification of the XEDS spectra were carried out via the Thermo NORAN System SIX
(NSS) software using the Cliff-Lorimer method assuming no X-ray absorption.

34

The Ni Kα (peak

range: 7331-7623 eV) and Re Lα (peak range: 8496-8806 eV) were used to quantify the relative
proportions of the two elements in the areas analyzed. Standardless Gaussian fitting was applied to the
two characteristic peaks, with the k-factors pre-determined by the NSS software (kNi Kα=1.217, kRe
Lα=2.652).

6.2.2.3 Temperature-programmed reduction (TPR)
H2-TPR experiments were performed in a Micromeritics Autochem II 2920 equipped with a
fixed-bed reactor, a computer-controlled oven, and a thermal conductivity detector. Typically, 50 mg
catalyst was loaded in a tubular quartz reactor. The sample was reduced in 4 vol% H2 in N2 at a flow
rate of 10 mL/min, while heating from room temperature up to 700 °C at a ramp rate of 2 °C/min. The
H2 signal was calibrated using a CuO/SiO2 reference catalyst.

6.2.2.4 X-ray photoelectron spectroscopy (XPS)
XPS measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical analyzer with a
128-channel detector. Spectra were obtained using an aluminum anode (Al Kα = 1486.6 eV) operating
at 72 W and a spot size of 400 µm. Survey scans were measured at a constant pass energy of 200 eV
and region scans at 50 eV. The background pressure was 2 × 10-9 mbar and during measurement 3 ×
10-7 mbar Ar because of the charge compensation by the dual-beam low energy electron / Arion source.
Data analysis was performed using CasaXPS software. The binding energy was corrected for surface
charging by taking the C 1s peak of adventitious carbon as a reference at 284.6 eV.

6.2.3 Catalyst activity measurements
All hydrogenation experiments were prepared inside a large, two-hand glove bag (AtmosBag
with zipper lock, Sigma Aldrich). The glove bag was purged five times with nitrogen after which a
constant flow rate was applied to give a suitable working over-pressure. A pre-reduced catalyst (3 - 18
mg) was then loaded into a small stainless steel autoclave followed by the addition of solvent (3.5 mL),
the substrate (0.44 mmol), and internal standard (dodecane, 35.2 µL) after which the autoclave was
sealed and removed from the glove bag. The catalytic reactions were carried in the absence of any
source of light. The autoclave was subsequently purged five times with hydrogen (20 bar) before filling
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the vessel to the desired pressure (50 bar). Using a hot plate equipped with magnetic stirring capability,
the autoclave was gradually heated to 180 oC (unless otherwise stated) before stirring at 1000 rpm was
commenced (1-8 h). On completion of the reaction, both heating and stirring were stopped, the
autoclave was removed from the hot plate and then cooled in ice-cold water. Once cooled, the contents
of the autoclave were filtered using an organic-based polymer frit and a sample was prepared for GCFID analysis (Shimadzu GC-FID equipped with RX-5 carbowax column). Calibration was performed
using known concentrations of all reactants and products in order to determine correct response factors.

6.3 Results and discussion
6.3.1 Catalysts identification and process optimization

Figure 6.1. Effect of catalyst support on the performance of Ni-Re (1:2) catalysts in the hydrogenation of methyl
hexanoate. (Conditions: catalyst (18 mg), methyl hexanoate (0.44 mmol), hexane (3.5 mL), dodecane (35.2 µL),
180 °C, 50 bar H2, 8 h, 1000 rpm).

A series of Ni-Re (1:2) bimetallic catalysts supported on TiO2 (P25), CeO2, Al2O3, C, and SiO2
were synthesized. The Ni and Re content was kept at 3 wt% and 18 wt%, respectively. The screening
experiments were performed using methyl hexanoate as a model substrate and hexane as the solvent
at 180 °C for 8 h. Ni-Re(1:2)/TiO2 gave the highest methyl hexanoate conversion of 95% with the
hexanol selectivity of 58% (Figure 6.1). The NiRe/CeO2, NiRe/SiO2, NiRe/C, and NiRe/Al2O3
catalysts were less active, which gave less than 40% of methyl hexanoate conversion. The superior
activity of the P25 TiO2-supported catalysts was also found in Chapter 4 for the hydrogenation of LA
over Ru-based catalysts.

35

A similar effect has been previously noted by us for a related Pt-Re ester
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hydrogenation system.

33

Although the origin of such a different activity behavior is not clear, this

result shows that TiO2 support plays a crucial role in obtaining high activity of the bimetallic catalyst.
Having identified Ni-Re(1:2)/TiO2 as the promising catalyst for ester hydrogenation, we
performed further screening experiments by changing the reaction conditions. The initial screening
experiments identified alkanes to be preferred over other solvents including 1,4-dioxane, THF, and
1,2-DME (Table 6.2 entries 1-4). The catalyst is still active at 160 °C, delivering methyl hexanoate
conversion of 24% with a selectivity of 58% (Table 6.2 entry 5). Increasing the reaction time results
in improved conversion at the expense of decreasing product selectivity to hexanol, due to the
consecutive hydrogenolysis of the hexanol to form hexane (Table 6.2 entries 7-9).
Table 6.2. Catalytic hydrogenation of methyl hexanoate over the Ni-Re(1:2)/TiO2 catalyst at varying conditions.
Entry
1
2
3
4
5
6
7
8
9

Solvent
THF
1,2-DME
1,4-dioxane
Hexane
Hexane
Hexane
Hexane
Hexane
Hexane

Temp.(°C)
180
180
180
180
160
170
180
180
180

Time (h)
8
8
8
8
8
8
2
4
6

Conversion (%)
11
18
15
95
24
73
34
69
84

Selectivity to hexanol (%)
87
67
79
58
58
73
88
60
58

Conditions: catalyst (18 mg), methyl hexanoate (0.44 mmol), solvent (3.5 mL), dodecane (35.2 µL), 180 °C, 50
bar H2, 8 h, 1000 rpm.

6.3.2 Ni-Re synergy
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Figure 6.2. The catalytic performance of 3 wt% Ni, 5 wt% Re, and 3 wt% Ni-Re (x:y)/TiO2 catalysts in the
hydrogenation of methyl hexanoate to hexanol in hexane solvent. (Conditions: catalyst (18 mg), methyl
hexanoate (0.44 mmol), hexane (3.5 mL), n-decane (35.2 µL), 180 °C, 50 bar H2, 8 h, 1000 rpm).

We further optimize the NiRe/TiO2 catalysts by varying the Ni to Re ratios. The Ni content
was kept at 3 wt% while the Re content was increased up to a Ni to Re molar ratio of 1:4. For Ni-Re
(1:2)/TiO2, high conversion (X) of methyl hexanoate (95%) with moderate selectivity (S) to 1-hexanol
(58%) was achieved in hexane at 180 °C and 50 bar H2 in 8 h (Figure 6.2). Good performance was also
witnessed for Ni-Re (1:1)/TiO2 (X = 82%, S = 79%). Hexanol selectivity increased at lower Re content
but at the expense of conversion as can be seen for Ni-Re (5:2)/TiO2 (X = 35%, S = 96%) in Figure
6.2. To the best of our knowledge, these are the highest ester hydrogenation activities reported so far
for non-noble metal-based heterogeneous catalysts. The Ni-Re synergy is apparent from the much
better performance of the bimetallic catalysts compared to their monometallic counterparts.
Bright field TEM images of the Ni and Ni-Re (1:2) catalysts highlight a significant decrease in
average particle size and a narrowing of the particle size distribution on the addition of Re to Ni/TiO2
(Figure 6.3 a-f). The bimetallic Ni-Re catalysts exhibited a tight distribution of ca. 1 nm particles.
Higher magnification HAADF-STEM images of the Ni/TiO2 catalysts (Figure 6.4) confirm that the
particles are generally in the 2-4 nm size range and correspond mainly to the NiO phase. The atomic
resolution HAADF-STEM images of the NiRe/TiO2 (Figure 6.3(g,h); Figure 6.6, Figure 6.5) and
Re/TiO2 (Figure 6.7) catalysts show them to be structurally much more complicated in that a number
of different types of surface species of varied composition (Figure 6.8, Figure 6.9, Figure 6.10) coexist. These include (i) atomically dispersed species, (ii) disordered sub-nm Ni-Re clusters, (iii)
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ordered epitaxial Re-containing rafts, (iv) 1-2 nm crystalline Ni-Re nanoparticles and (v) more
extended disordered Ni- and Re- containing surface films. X-ray energy dispersive spectroscopy
(XEDS) evidences the bimetallic nature of the nanoparticles and metal clusters in Ni-Re/TiO2 (Figure
6.3(g,h); Figure 6.8, Figure 6.9, Figure 6.10). The relative proportions of the different surface species
depend on the Ni: Re ratio, with those samples having lower Re contents exhibiting more sub-nm
mixed Ni-Re clusters and atomically dispersed species. Larger oxidic (ReO2 and Re2O7) and metallic
Re nanoparticles were only detected in monometallic Re/TiO2 catalyst (Figure 6.7).

Figure 6.3. Representative results of the electron microscopy characterization of the 3 wt% Ni/TiO2, Ni-Re
(5:2)/TiO2 and Ni-Re (1:2)/TiO2 catalysts. (a-c) Bright-field TEM images and (d-f) corresponding particle-size
distribution histograms show a decrease in the average particle size and narrowing of the particle size
distribution on Re addition. STEM-HAADF analysis confirms these trends and reveals a high heterogeneity of
surface species. For the Ni-Re (5:2)/TiO2 catalyst STEM-HAADF complemented by XEDS measurements (local
Ni: Re ratios) reveals (g) the high abundance of ca. 1 nm Ni-Re particles and (h) a combination of subnanometre-sized Ni-Re clusters and atomically dispersed species. See Figure 6.4 - 6.10 for extended STEM and
XEDS characterization data.
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(a)

(b)

(d)

(c)

(e)

Figure 6.4. Representative STEM-HAADF micrographs of the Ni/TiO2 catalyst. (a) shows a lower
magnification view in which 2-4 nm Ni-containing particles are primarily visible similar to the BF-TEM images
presented in Figure 6.3(a). Some of the particles appear disordered in nature (a,b) while others are clearly
more crystalline (c, d, e). More detailed analysis of the lattice fringe spacings and intersection angles suggest
the latter are primarily NiO. These Ni-containing particles exhibit a relatively low contrast in these HAADF
images due to the similarity in atomic number between Ti (z = 22) and Ni (z = 28). The much stronger contrast
shown by Re atoms in the subsequent HAADF images presented in Figure 6.6 and Figure 6.5 is due to the
significantly higher mass of Re (z = 75).
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(a)

(b)

(c)

(d)

Figure 6.5. Representative STEM-HAADF micrographs of the Ni-Re (5:2)/TiO2 catalyst. (a) shows a lower
magnification view in which ~1 nm Ni-Re containing particles are primarily visible similar to the BF-TEM
images presented in Figure 6.3(b). Higher magnification images show a proliferation of sub-nm mixed Ni-Re
clusters and atomically dispersed species in this sample. Noticeably fewer particles in the 1-2 nm size range
were found in this lower Re content sample as compared to the Ni-Re (1:2)/TiO2 catalyst shown in Figure 6.6.
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(a)

(c)

(b)

(d)

(f)

(e)

(g)

Figure 6.6. Representative STEM-HAADF micrographs of the Ni-Re (1:2)/TiO2 catalyst. (a) shows a lower
magnification view in which 1-2 nm Ni-Re containing particles are primarily visible similar to the BF-TEM
images presented in Figure 6.3(c). Higher magnification micrographs show the additional co-existence of (b)
atomically dispersed Re and Ni species, (c, d) disordered sub-nm Re and Ni-containing clusters, (e) ordered
epitaxial Re-containing rafts, (f) crystalline Ni-Re metallic nanoparticles and (g) more extended disordered Niand Re- containing surface films.
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Figure 6.7. Representative STEM-HAADF micrographs of the Re (18 wt%)/TiO2 catalyst. (a) and (b) show
lower magnification views evidencing inhomogeneous distributions Re-containing nanoparticles (NPs).
Although some very larger aggregates can be noted in (a), smaller polycrystalline aggregates of <10 nm (inset
in (a)) are more populous. Lattice fittings of large NPs suggest that they are metallic Re (c,d). Higher
magnification images evidence the presence of NPs of different size including nanocrystals (e-h), clusters and
Re atoms (e,f,h). Lattice fringes of ~ 1nm nanocrystals (yellow arrows) in (e) appear to be parallel to each other,
suggesting their epitaxial relation with the support. The crystalline NPs in (g) and (h) were fitted to Re2O7 and
ReO2, respectively. The collected data indicates the presence of crystalline NPs with Re in different oxidation
states, with more oxidized Re observed in smaller NPs.
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Figure 6.8. Representative STEM-HAADF micrographs together with the respective XEDS spectra and the
results of their quantification for Ni-Re (5:2)/TiO2 catalyst evidencing the formation of bimetallic nanoparticles
and clusters.
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Figure 6.9. Representative STEM-HAADF micrographs together with the respective XEDS spectra and the
results of their quantification for Ni-Re(1:1)/TiO2 catalyst evidencing the formation of bimetallic Ni-Re
nanoparticles and clusters.
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Figure 6.10. Representative STEM-HAADF micrographs together with the respective XEDS spectra and the
results of their quantification for Ni-Re(1:2)/TiO2 catalyst evidencing the formation of bimetallic Ni-Re
nanoparticles and clusters.

Figure 6.11. XPS spectra of Ni(2p) region for the reduced Ni-Re (5:1) and Ni-Re(1:1)/TiO2 catalyst.
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Figure 6.12. XPS spectra of Re (4f) region of the reduced TiO2-supported (a) 18 wt% Re, (b) 9 wt% Re, (c) NiRe (1:1) and (d) Ni-Re (5:1) catalysts.

X-ray photoelectron spectroscopy (XPS) analysis of the reduced catalysts (Figure 6.11, Figure
6.12) showed the co-existence of Ni0 and Ni2+ species and a high heterogeneity of Re species in
different oxidation states on the catalyst surface. For the monometallic Re/TiO2 catalysts, (Figure
6.12(a,b)) the increase in Re loading resulted in the increase of the percentage of metallic Re from 17
to 40% at the expense of the overall contribution from the oxidized species (ReOx, Re2+, Re4+, Re5+,
Re6+, and ReO4-), which relative abundance was not affected by the Re contents. For the bimetallic NiRe (1:1)/TiO2 system with a nominal Re loading of 9.5 wt%, the fraction of Re0 (37%) is ca. twice
higher than that in the corresponding 9 wt% Re/TiO2 catalyst (17%). Interestingly, the addition of Ni
eliminated the Re2+ fraction in the bimetallic sample, while the fractions of all other Re valance states
were unchanged relative to each other. The XPS data suggest that surface enrichment of metallic Re
species, particularly in bimetallic Ni-Re catalysts, gives rise to an enhanced performance in methyl
ester hydrogenation.

122

Supported nickel-rhenium catalysts for selective hydrogenation of methyl esters to alcohols
Table 6.3. Evaluation of Ni-Re (x:y)/TiO2 catalysts with varying compositions in the hydrogenation of methyl
esters in different alkane solvents.
Ni: Re

Substrate

Solvent

1:0
5:2
1:1
1:2
1:2[a]
0:1[b]
1:0
5:2
1:2
0:1
1:0
5:2
1:2
0:1

Methyl
Hexanoate

Octane

Methyl
Octanoate

Hexane

Methyl
Decanoate

Hexane

Conversion
(%)
0
10
74
70
67
65
5
81
56
37
11
16
63
34

alcohol
92
67
76
76
80
20
74
87
57
2
93
69
61

Selectivity to (%)
alkane
2
25
12
14
6
76
16
4
29
95
5
20
32

other
6
7
12
10
14
4
10
9
14
3
2
11
7

Conditions: catalyst (18 mg), substrate (0.44 mmol), solvent (3.5 mL), n-decane (35.2 µL), 180 °C, 50 bar H2,
8 h, 1000 rpm.

[a]

Catalyst recycling with an intermediate reduction of the reused catalyst in 10% H2 flow at

300 °C for 1 h; [b]18 wt% Re/TiO2.

Further catalytic tests reveal that the chain length of both solvent and substrate impact strongly
the activity trends as well as the extent of the Ni-Re synergy. Table 6.3 shows that for hydrogenation
of methyl hexanoate in octane the addition of small amount of Re to Ni/TiO2 made the catalyst active
with a high selectivity to the 1-hexanol product (S = 92%). Further addition of Re was beneficial in
terms of conversion (X

max

= 74%) but was accompanied by some variation in product distribution.

Small amounts of alkane (hexane) and trans-ester (hexane hexanoate) by-products were formed
together with 1-hexanol as the major product.
In hydrogenation of methyl hexanoate in octane, the performance of high-loading Re/TiO2
catalysts (Table 6.3, entry 6) was comparable to that of Ni-Re (1:2)/TiO2, whereas the Ni-only catalyst
was completely inactive (Table 6.3, entry 1). The use of hexane as a solvent (Figure 6.2) appeared to
be crucial for the hydrogenation activity of the monometallic Ni/TiO2 catalyst as well as for the
enhanced performance of the bimetallic catalysts. We tentatively attribute this to the effects related to
competitive adsorption from the liquid phase to the surface.
The substrate scope was next extended to methyl octanoate and methyl decanoate to investigate
the influence of the substrate chain-length. Ni-Re (5:2) and Ni-Re (1:2)/TiO2 catalysts were
exceptionally active for the hydrogenation of both methyl octanoate and methyl decanoate in hexane,
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respectively. In terms of conversion, Ni-Re (5:2)/TiO2 was found to be critically sensitive to the length
of substrate side-chain (X = 81% with Me-octanoate vs. 16% with Me-decanoate) while selectivity
towards the alcohol product peaked at 93%. Both high conversion and selectivity could be obtained
over Ni-Re (1:2)/TiO2. Critically, the synergy between the two metals is clear for the hydrogenation
of both methyl octanoate and methyl decanoate esters in hexane solvent when moving from pure Ni or
pure Re to the bimetallic Ni-Re/TiO2 systems.

Figure 6.13. Time-on-line analysis for Ni-Re (1:2)/TiO2 catalysts in the hydrogenation of methyl hexanoate in
octane showing selectivity to 1-hexanol (black) and hexane (green). (Conditions: catalyst (18 mg), methyl
hexanoate (0.44 mmol), octane (3.5 mL), dodecane (35.2 µL), 180 °C, 50 bar H2, 1000 rpm.)

Figure 6.13 shows the time-on-line analysis for Ni-Re (1:2)/TiO2 catalysts in the hydrogenation
of methyl hexanoate in octane. At lower reaction times of 1 to 4 h, the selectivity to 1-hexanol is over
80% and it gradually decreases as the reaction progresses to approximately 60% at full conversion.
This selectivity loss is due to the secondary conversion processes dominated by hexanol
hydrogenolysis.
Next, Ni-Re(1:2)/TiO2 catalyst was evaluated for the hydrogenation of hexanoic acid under
mild reaction conditions. The efficient hydrogenation of hexanoic acid in octane solvent (Table 6.4)
can be achieved at temperatures as low as 120 °C (X = 35%, S = 82%). Upon raising the reaction
temperature to 150 °C the yield of 1-hexanol increased at the expense of the product selectivity. The
hydrogenation of carboxylic acids proceeds at lower temperatures relative to that of their
corresponding methyl esters. In fact, hydrogenation of hexanoic acid at 180 °C, which is the
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temperature used for ester hydrogenation, is detrimental to the selectivity (S = 60%) due to the
accompanying side-reactions such as decarboxylation, dehydration, and trans re-arrangement reactions.
Table 6.4. Hydrogenation of hexanoic acid with Ni-Re(1:2)/TiO2 catalyst.
Temp.( °C)
120
150
180

Conversion
(%)
35
72
100

hexanol
82
70
60

Selectivity to (%)
hexane
4
9
26

other
14
21
14

Conditions: catalyst (18 mg), substrate (0.44 mmol), octane (3.5 mL), n-decane (35.2 µL), 50 bar H2, 8 h, 1000
rpm.

Figure 6.14. Representative TEM micrograph and corresponding particle-size distribution histogram for a NiRe(1:2)/TiO2 catalyst recovered after methyl hexanoate hydrogenation reaction and re-reduced in 10% H2 (300
o

C/ 1 h).
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Figure 6.15. Representative TEM micrograph and corresponding particle-size distribution histogram for a NiRe(1:2)/TiO2 catalyst prepared by a consecutive impregnation methodology and reduced twice in 10% H2 (300
o

C/ 2 h).

The catalyst could be successfully re-used after reduction in a flow of 10% H2 (300 °C / 1 h).
No significant loss of conversion and no change in product selectivity were observed with the recycled
catalyst (Table 6.3, entry 5). BF-TEM analysis indicated that the reduction step allowed to restore the
particle size distribution observed in the fresh catalyst (Figure 6.3 (c), Figure 6.14). The Ni-Re catalysts
could also be prepared via sequential impregnation instead of co-impregnation. In this case, Ni was
first impregnated onto the TiO2 support and reduced in 10% H2 before applying the same procedure
for Re to form Re[Ni]/TiO2. Such catalysts displayed a near-identical activity in hydrogenation of
methyl hexanoate with slightly improved selectivity to hexanol (X = 67%, S = 74%). BF-TEM analysis
evidenced a narrow distribution of particles ca. 0.88 nm in diameter for the sequentially prepared
sample (Figure 6.15).

6.4 Conclusions
To the best of our knowledge, this study represents the first example, in which supported NiRe catalysts were successfully applied in the hydrogenation of esters and carboxylic acids under mild
conditions. The selectivity to alcohol products could be increased to over 90% via the addition of small
amounts of Re to Ni/TiO2, which represents a promising route for further optimization of the
heterogeneous catalyst. The co-existence of Ni and Re on TiO2 surface gives rise to (i) smaller average
particle sizes, (ii) narrower distribution of nanoparticles, and (iii) a higher relative proportion of surface
metallic Re species. Atomic-scale analysis by aberration corrected STEM highlights the fact that the
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use of an incipient wetness impregnation preparation route and subsequent reductive treatments yields
a wide range of co-existing sub-nanometer-sized Ni-Re species of varied composition, thereby
hindering identification of the actual active site(s) in this system. Our study provides evidence for a
promising new approach of making alloyed Re-3d transition metal catalysts, but synthetic methods for
the preparation of better-defined materials need to be developed in order to gain an understanding of
what controls speciation in these systems. Nevertheless, it is clear that Ni-Re catalysts can effectively
compete with their more expensive Pd-Re and Pt-Re counterparts for the hydrogenation of such
challenging substrates as carboxylic acids and their esters.
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Summary and Outlook
Catalytic valorization of biobased acids and esters
The utilization of renewable resources, such as biomass, for substitution of fossil fuels, is a key issue
in the transition towards a more sustainable society. The development of new processes to convert
biomass-derived feedstock into valuable products is of critical importance. Lactic acid and levulinic
acid are well-known biobased platform molecules. To extend the scope of their application, a number
of potential catalytic valorization paths were investigated to produce such important chemicals as
pyruvic acid, 1,2-propanediol, and γ-valerolactone. These studies were further extended to the
development of more generic catalytic hydrogenation technology for the conversion of another
important class of bio-based substrates, namely carboxylic acids and their esters. A particular emphasis
of this thesis was on exploring the role of active site cooperativity to enable catalytic conversion of
challenging biomass-derived substrates.
Chapter 2 reports on the photodecarboxylation of lactic acid. Lactic acid was efficiently
decarboxylated

into

C2

chemicals

such

as

ethanol

and

acetaldehyde

under

photochemical/photocatalytic conditions. Direct photolysis requires deep UV light excitation with λ <
250 nm and produces ethanol and CO2 with high selectivity. The investigation of such factors as the
substrate concentration, pH of the solution, and the presence of various additives on conversion and
selectivity led to the conclusion that photolysis of lactic acid proceeds via a radical mechanism. No
reaction was observed under irradiation with visible light (λ > 360 nm). UV-Vis spectroscopy results
confirm that the deep UV irradiation (λ < 250 nm) is necessary to achieve lactic acid photolysis. This
is further confirmed by the results of DFT calculations on the direct lactic acid decarboxylation. To
achieve a better control over the reaction selectivity and to improve the efficiency of the
decarboxylation reaction, we also investigated the effect of supported transition metal catalysts on the
photocatalytic conversion of lactic acid. The decarboxylation reaction is enhanced significantly by
titania-supported transitional metal (Pt, Pd, Ir, Ni, Cu, Au, and Ru) photocatalysts. A more than 4-fold
higher CO2 yield was achieved with Pt/TiO2 after 3 h reaction compared to direct photolysis.
Interestingly, the reaction selectivity alters dramatically when using a photocatalyst. Whereas CO2 is
the predominant gaseous product formed in the UV-photolysis of lactic acid, the photocatalytic
reaction yielded stoichiometric amounts of CO2 and H2. Both products are derived from the conversion
of the lactic acid substrate as is evidenced by the analysis of the liquid phase. For all catalysts
considered, photocatalytic conversion of lactic acid leads to acetaldehyde with a concomitant
formation of stoichiometric amounts of CO2 and H2. A concerted surface-mediated decarboxylative
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dehydrogenation mechanism for the photocatalytic reaction was proposed. Our findings emphasize the
role of the metallic nanoparticle-titania interface and photogeneration of electron-hole pairs in titania
in the overall reaction mechanism. Lactic acid adsorbs on titania by condensation with its hydroxyl
groups. The noble metal nanoparticles promote dehydrogenation of lactate and, in this way, provide a
path for H2 evolution in which photo-induced charge separation in the semiconducting titania support
is involved in the re-oxidation of Ti(III) centers. This photocatalytic decarboxylation of lactic acid
provides the missing link in a hypothetical artificial path for decarboxylative conversion of
carbohydrate biomass to C2 products. Besides its fundamental importance, we have demonstrated that
this new chemistry can be useful for constructing novel atom-efficient acceptorless dehydrogenative
coupling path converting biobased chemicals into value-added products.
In Chapter 3, the oxidative dehydrogenation of lactic acid to pyruvic acid was reported. Highly
dispersed molybdate species on titania are active catalysts for the oxidative dehydrogenation of lactic
acid to pyruvic acid. MoO3, TiO2, and physically mixed MoO3-TiO2 are selective catalysts themselves,
but their activities are low compared to the binary oxide obtained by dispersing Mo on titania. The
optimum catalyst was the 2 wt% MoO3/TiO2, in which tetrahedral Mo species are more abundant than
oligomeric Mo-oxides. This catalyst provided a pyruvic acid yield and selectivity of ca. 60% and 80%,
respectively. The pyruvic acid productivity was 0.56 g g-1 h-1. At higher MoO3 content, the formation
of oligomeric Mo-oxides led to sites that catalyze undesired side-reactions such as decarboxylation to
acetaldehyde, which can be further oxidized to acetic acid. XPS measurements indicated that surface
redox processes of Mo are involved in the catalytic cycle. A mechanism was proposed, in which lactic
acid adsorbs on basic sites of the titania surface and is then dehydrogenated over the vicinal Mo=O
moiety of a tetrahedral Mo site. The catalytic cycle closes by hydrolysis of pyruvate and desorption of
water accompanied by the reduction of the Mo site. The reduced Mo site is then re-oxidized by
molecular oxygen to close the catalytic cycle. In the absence of oxygen, a less efficient catalytic cycle
involving a bimolecular transfer self-hydrogenation process takes place. In this case, the reaction
results in the formation of propionic acid, as the primary product, next to pyruvic acid.
In Chapter 4, the hydrogenation of lactic acid to 1,2-propanediol over Ru-based catalysts was
studied. Supported monometallic and bimetallic Ru-based catalysts were synthesized and tested in the
aqueous phase hydrogenation of lactic acid. The XRD and TEM characterizations showed that the
metal particles are highly dispersed on TiO2 surface. Ru/TiO2 gave the lowest reduction temperature
compared to other supports, which makes it an excellent support for the hydrogenation of lactic acid.
The addition of different metal promoters to the Ru catalyst did not result in substantial activity
enhancement and, accordingly, the optimization of the reaction conditions and catalyst formulation
130

Summary and Outlook
were further carried out with the Ru/TiO2 system. The catalyst shows a pronounced hydrogenation
activity at temperatures as low as 130 °C. The optimal performance was established at this temperature
allowing to reach a 1,2-propanediol yield of 70% at LA conversion of 79%. Further increase of the
temperature led to pronounced selectivity decline due to several side-reactions.
In Chapter 5, a new Fe-Re/TiO2 catalyst for the hydrogenation of levulinic acid was explored.
Hydrogenation of levulinic acid to γ-valerolactone is a key reaction in the valorization of carbohydrates
to renewable fuels and chemicals. State-of-the-art catalysts involve supported noble metal nanoparticle
catalysts. We report the utility of a bimetallic Fe-Re supported on TiO2 for this reaction. A strong
synergy was observed between Fe and Re for the hydrogenation of levulinic acid in water under mild
conditions. The Fe-Re/TiO2 shows superior catalytic performance compared to monometallic Fe and
Re catalysts at similar metal content. The hydrogenation activity of the bimetallic catalysts increased
with the Re content. H2-TPR, XPS, TEM, and low-temperature CO IR spectroscopy show that the
bimetallic catalysts contain mainly metallic Re nanoparticles, small amounts of a Fe-Re alloy and
mixed Fe-Re-oxides. The metallic Re surface is partially covered by FeOx species. Under reaction
conditions, the partially reduced surface species adsorb water and form Brønsted acidic OH groups
which are involved in the dehydration of the reaction intermediates. Under optimized conditions,
nearly full conversion of levulinic acid with a 95% yield of γ-valerolactone could be achieved at 180 °C
in water at a H2 pressure of 40 bar.
In Chapter 6, based on the robust activity of Fe-Re/TiO2 in the hydrogenation of levulinic acid,
the catalytic activity of Ni-Re/TiO2 in hydrogenation of methyl esters was further studied. Supported
Ni-Re catalysts were successfully applied in the hydrogenation of esters and carboxylic acids under
mild conditions. The selectivity to alcohol products could be increased to over 90% via the addition of
small amounts of Re to Ni/TiO2, representing a promising route for further optimization of the
heterogeneous catalyst. The co-existence of Ni and Re on TiO2 surface gives rise to (i) smaller average
particle sizes, (ii) narrower distribution of nanoparticles, and (iii) a higher relative proportion of surface
metallic Re species. Atomic-scale analysis by aberration corrected STEM highlights the fact that the
use of an incipient-wetness impregnation preparation route and subsequent reductive treatments yields
a wide range of co-existing sub-nanometer-sized Ni-Re species of varied composition, thereby
hindering identification of the actual active site(s) in this system. It is clear that Ni-Re catalysts can
effectively compete with their more expensive Pd-Re and Pt-Re counterparts for the hydrogenation of
such challenging substrates as carboxylic acids and their esters.
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Aiming at developing commodity chemicals from biomass-derived acids and esters, we studied
photodecarboxylation, oxidative dehydrogenation, and hydrogenation of lactic acid, together with
hydrogenation of levulinic acid and other methyl esters. Despite the promise of the explored titaniasupported transition metal catalysts, further research is needed. For decarboxylation of lactic acid, it is
necessary to develop cheaper catalysts to replace Pt. The substrate scope of MoO3/TiO2 can be
expanded, for instance by studying the oxidative dehydrogenation of lactates. For the hydrogenation
of lactic acid, the preparation method for bimetallic catalysts needs to be optimized in order to improve
their activity. In terms of Fe-Re/TiO2, more detailed characterization methods are needed to investigate
the synergy effect of these two metals in the hydrogenation of levulinic acid, such as Mössbauer
spectroscopy and X-ray absorption spectroscopy. Another important aspect could be the replacement
of expensive promoting metal Re by cheaper options. To decrease the cost of the hydrogenation
process, hydrogen donors, such as formic acid, could also be considered.
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