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Chapter 1: General introduction

1. Fuel and The Need for a Green
Alternative

Over the last hundred years, fossil resources such as petroleum, natural gas, and
coal have been the main energy sources for transportation fuels and chemicals
production and have played a vital role in achieving economic growth [1,2].
Society’s demand for energy had previously been dependent on plant biomass [3].
In the mid-1800s, for example, biomass satisfied over 90% of U.S. energy and fuel
needs. In many developing countries, biomass still serves as a main energy source
[4]. In the EU28 countries, the consumption of solid biofuel (all solid organic
components to be used as fuels) has practically doubled since 2000 after accounting
for over 100 Mtoe in 2019 [5].

By 2019, roughly 40.4% of the energy consumed worldwide came from oil resources

while 16.4% came from natural gas [6] (Figure 1.1).

45.0%
A0.4%
10.0%
35.0%
30.0%
25.0%
20.0%
’ 16.4%
15.0%
10.4% 10.4% 9.5%,

10.0% -

5.0% 3.6%

0.0% |

mOil mENatural Gas Electricity Biofules and Waste m@Coal @Other

Figure 1.1 The global consumption energy by 2019 [6]. Source:
https://www.iea.org/reports/key-world-energy-statistics-2021/final-consumption
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Demand on energy sources has been rising in the last five decades. However, no
remarkable changes in the amount of energy produced from oil or natural gas have
been observed: oil consumption, for example, decreased from 48.5% in 1973 to
40.4% in 2019, while gas consumption ranged between 14.1% in 1973 and 16.4% in
2019 [6]. However, these resources are limited and their associated release of CO»

into the atmosphere has led to climate change and global warming [3,7].

So, abrupt increases in global fossil CO, emissions [11], the growing shortage of
fossil hydrocarbons, the rise in oil prices, concerns about greenhouse gas (GHG)
emissions, and the projected mounting future demand for energy have encouraged
society to search for new renewable resources that can replace fossil fuels in the
current energy system [8].

At the same time, diminishing fossil fuel reservoirs and the ever-worsening
environmental situation linked to worldwide fossil-fuel-based industries make the

use of alternative feedstock imperative [3,9,10].

2. Biomass as a Sustainable Alternative

Solutions include replacing fossil fuel with renewable sources such as solar, wind,
hydroelectric and geothermal power to produce heat and electricity. However,
biomass is the only sustainable source of organic carbon on earth suggested as the
perfect equivalent to petroleum for producing fuels, chemicals and carbon-based
materials [12].

Thanks to its renewable capacity and vast reserves, biomass, which for thousands
of years has been used directly via combustion to produce heat, is believed to have
the capacity to satisfy our basic needs for the sustainable production of liquid
transportation fuels and chemicals without threatening the needs of future

generations [3,8].
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Since biomass has been considered a sustainable alternative to fossil resources, the
efficient use of biomass has attracted significant interest from the scientific and
industrial communities [13,15]. Biomass is an abundant, sustainable, non-edible
material, and a cost-efficient source of organic chemicals and liquid biofuels
[9, 16, 17]. Moreover, using biomass is environmentally less harmful than using
fossil resources [3]. Biomass can form not only on agricultural land but also on
forest, aquatic, and arid land. Though nature produces a wide range of structures
from biomass, most biomass is built from a few basic monomer units [3].

Biomass as feedstock can be taken from the following sources: waste materials
(agricultural waste, crop residues, wood waste, urban waste), forest products
(wood, logging residues, trees, shrubs), energy crops (starch crops such as corn,
wheat and barley; sugar crops; grasses; woody crops; vegetable oils; hydrocarbon
plants), and aquatic materials (algae, water weeds, water hyacinths) [3]. Biomass
can be transformed into chemicals and fuels by three different techniques, i.e.,

thermal, biochemical, or chemical.

3. Lignocellulose as Biomass Source

Lignocellulose is the least expensive and most abundant source of biomass; for
example, high-yield lignocellulosic energy crops such as switchgrass can be grown.
A different approach is to use lignocellulosic biomass residues such as agricultural,
industrial, and forest wastes. Biomass can be converted into liquid fuels via three
primary routes (see Figure 1.2), i.e. syngas production by gasification, bio-oil
production by pyrolysis or liquefaction, and hydrolysis of biomass to produce sugar

monomer units and other high-value chemicals [21].
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Figure 1.2. Process to produce fuel, hydrogen and high-value chemicals from biomass
[21].

Lignocellulose is a polymeric material comprising three primary units (Figure 1.3):
cellulose (30% to 50%), which is a crystalline polymer of glucose units;
hemicellulose (20% to 35%), which is a highly branched polymer with a wide
amorphous zone of five different Cs and Cs sugars; and lignin (10% to 25%), which

is a three-dimensional polymer of propyl-phenol that surrounds the cellulose and

hemicellulose [20,23].
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Figure 1.3. The three main components of lignocellulose; cellulose, hemicellulose and
lignin [20].

4. Hemicellulose

The most interesting building block of hemicellulose is xylan (a sugar polymer that
consists mainly of xylose and four other sugars linked to the [B (1 and 4 positions)]
glycosidic bonds) [29].

Important Cs sugars can be formed from hemicellulose, the acidic hydrolysis can
produce xylose via one-step hemicellulose deconstruction and xylose dehydration
in the same reactor by cleavage of the C—0 bonds present between adjacent sugar

molecules (Figure 1.4) [20,42,46].
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Figure 1.4. Sites of proton attack during the hemicellulose hydrolysis [20].

5. Xylose

Xylose (CsH100s), or wood sugar, is a Cs monosaccharide of aldo-pentose type
(Figure 1.5). It is the most abundant pentose sugar [47].
Many researchers have investigated its applications, especially those that involve

converting xylose into added-value chemicals such as ethanol, furfural and xylitol.
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Figure 1.5. The different stereo-chemical structure of Xylose [272].

Xylose was first isolated from wood by the Finnish scientist Koch in 1881 [48]. It is
also found in certain species of Chrysolinina beetles, such as Chrysolina coerulans,
which have cardiac glycosides (including xylose) in their defensive glands [49].

As a Cs sugar, xylose is a valuable building block in the industry due to its leading
role in various chemical and biological processes for producing chemicals such as
furfural.

Furfural was synthesized via xylose dehydration under acidic conditions [54,55]. It
is formed by the isomerization of xylose into its corresponding ketose (xylulose),
which can play the intermediate role as it is believed to be more prone to

dehydration [56]. This process can be achieved by both acid and base catalysis [57].
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6. Furfural

6.1. Physical and Chemical Properties of Furfural

Furfural is a furan derivative produced from the hemicellulosic portion of
lignhocellulose [60]. It is a heterocyclic and aromatic aldehyde that consists of a furan
ring with an aldehyde side group. It is also known as 2-furancarboxyaldehyde,
furaldehyde, 2-furanaldehyde, fural, and furfuraldehyde. Furfural is oily, has an
almond-like odor, and is a colorless liquid that turns yellow to dark brown when

exposed to air [60]. The physical properties of furfural are listed in Table 1.1.

Table 1.1. Physical properties of furfural Properties [60].

Molecular formula CsH40:
Molecular weight (gmol1) 96.1
Boiling point (°C) 161.7
Melting point (°C) -37
Density at 20°C (g/ml) 1.16
Solubility in water (g/L) 83
Vapor pressure (mmHg, 20°C) 2

Thanks to its excellent physical properties, it is used as a selective extractant in
various industries [61-63], for example to extract aromatics from lubricating oils,
which improve their performance and to eliminate aromatics from diesel fuels that
enhance the ignition properties [64,65]. To synthesis furfural more than one
mechanism, based on several techniques and under different reaction conditions,

have been reported.

The first mechanism can begin from the acyclic form of the pentose, followed by
dehydration of a 1,2-enediol intermediate (Figure 1.6 - 1) [66]. A second
mechanism is through direct dehydration, which can occur via a

2,3-(a,PB) unsaturated aldehyde (Figure 1.6 - 2) [67].
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Figure 1.6. The three suggested mechanism of furfural production from xylose [66,67,68].
Green molecules: First phase intermediates, Blue molecules: Second phase intermediate.

With the last mechanism the reaction begins by producing an intermediate

compound of 2,5-anhydroxylose furanose from the cyclic form of xylose (pyranose),

which is formed by the action of H* on the 02 of the pyranose ring, and which is

then dehydrated to produce furfural [68].

As Figure 1.7 shows, furfural has two major functional groups: an aldehyde group

(CHO) and two olefin groups (CH=CH). It is a versatile compound for many

applications.
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Figure 1.7. The reactive sites of furfural.

6.2. Reactions and Uses of Furfural

The reactions — including reductive amination to amines, reduction to alcohols,
decarboxylation, oxidation to carboxylic acids, Grignard reactions, and aldol and
Knoevenagel condensation — can occur in furfural through the aldehyde functional
group (C=0), while reactions such as alkylation, hydrogenation, oxidation,
halogenation, open ring reactions, and nitration are enabled through the furan-ring
system (C=C-C=C) [69] (Figure 1.8).

One application of furfural is its use in the purification technology of C4 and Cs from
hydrocarbons. It has been used in the purification of butadiene via the extractive
distillation of butadiene with furfural, which separates it from other hydrocarbons.
Butadiene is then ready to produce synthetic rubber [60,70].

Furfural is also used to manufacture inks, plastics, antacids, adhesives, nematicides,
fungicides, fertilizers, flavoring compounds [71] and cross-linked polymers [64,65].
It is especially efficient in preventing the growth of wheat smut, which is eliminated
by soaking the wheat for 3 h in a 0.05% aqueous solution of furfural [61-63]. It is
reported that the industrial production of furfural was begun in 1921 by Quaker
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Oats, which used various substrates [72]. Bozell et al., for their part, have proposed
classifying furfural as one of the most promising chemicals for the sustainable

production of fuels and chemicals in the 21st century [73].

v
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Figure 1.8. Reactions of furfural through aldehyde group and furan-rings’ bonds [60].

In 2021, the furfural market was estimated at approximately 566 million U.S. dollars
worldwide. By 2029, the global market value of this solvent is expected to increase
to almost 731 million U.S dollars (Figure 1.9) [74]. The compound annual growth
rate (CAGR) for this chemical was 13.3% from 2014 to 2020 [74]. China, the main
producer of furfural, accounts for 85% of global production capacity and 75% of
world consumption [60]. Current environmental concerns highlighting the need to
lower our use of conventional petrochemicals, as well as the emergence of novel

furfural applications, are driving forces behind the global furfural market [60].
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Figure 1.9. Furfural market value, adapted from reference [74].

6.3. Derivatives of Furfural Via Hydrogenation

Furfural can be converted via the hydrogenation process into different added-value
chemicals. We are specifically interested in synthesizing Furfuryl Alcohol (FA),
Tetrahydrofurfuryl Alcohol (TFA), 1,5-Pentanediol (15PD) and
1,2-Pentanediol (12PD) due to their great value and important role in

the chemical industry (Table 1.2.)

Furfuryl Alcohol (FA)

Furfuryl alcohol (FA) is one of the most common compounds produced from the
furfural hydrogenation process. Indeed, it has been speculated that roughly 62% of
the global production of furfural is used to synthesize furfuryl alcohol each year
[69].

The main application of furfuryl alcohol is in the manufacture of foundry resins,
which are mostly produced through the cross-linked polymers of furfuryl alcohol
with itself and with other products such as furfural, formaldehyde, phenolic

compounds, and urea, etc. The resins obtained showed excellent chemical, thermal
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and mechanical properties. Furfuryl alcohol has also exhibited anti-corrosion and
solvent-action properties [79]. For this reason, it has been used in the production
of furan fiber-reinforced plastics in the piping industry and in high-performance
chemical processes of chlorinated aromatics and oxygenated organic solvents [79].
It is also used as a precursor of ascorbic acid, levulinic acid, and lysine and in the

industry of lubricants [76]. More applications summarized in Table. 1.2

In the last few decades, several varieties of catalysts and advanced methods have
been developed for producing furfuryl alcohol through the hydrogenation of
furfural. One of the most common catalysts for this is the copper/chromite-based
catalyst [80-84]. The hydrogenation of furfural to furfuryl alcohol is relatively facile

and has become more advanced in recent decades [69].
Tetrahydrofurfuryl Alcohol (TFA)

Tetrahydrofurfuryl alcohol (TFA) has a molecular formula of CsHi00; and a
molecular weight of 102 g.mol? [61,62]. It is a transparent, mobile, high-boiling
liquid with mild odor that is completely miscible with water. It has many uses as a
green solvent in, for example, agricultural applications, printing inks, industrial
cleaners, and cleaners for electronics [69].

TFA can be utilized as raw material to produce important biofuels such as,
tetrahydrofuran, 1,2-pentanediol and 1,5-pentanediol [77-78]. It has been
considered as one of the advanced biofuels obtained from biomass which can play
a significant role in reducing the fossil fuel consumption and the emissions of CO3
from Internal-combustion engine [102-106] (Table. 1.2).

It is produced industrially by Koatsu Chemical Industries in Japan with a production
volume of roughly 30 tons per year. On the laboratory scale, tetrahydrofurfuryl

alcohol can be directly produced from the hydrogenation of furfural or by forming
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furfuryl alcohol as intermediate product over distinct noble and non-noble metal

catalysts [69,85,86].
1,5-Pentanediol (15PD)

Two alcohol groups at both terminal positions provide 1,5-pentanediol with low
viscosity and low glass transition temperatures, which make it a good candidate for
use as a monomer in chemical processes such as the manufacture of polyester and
polyurethane resins [90-92]. It has also been used to produce coatings, acrylates
and adhesives [93] (Table. 1.2). Globally, the price of 1,5-pentanediol is 9,700 USD
per ton and its market size in 2020 was nearly 133 million USD [94].

Because Cs petroleum feedstocks are still not readily available, 1,5-pentanediol is
still not produced on a large scale [91,92], which makes the unconventional
selective production derived from bio-based C5 feedstocks an alternative approach
[93].

In 2009, selective hydrogenolysis of TFA was performed by the Tomishige group to
synthesize 1,5-PD over heterogeneous noble bimetallic catalysts [95,96]. Also,
many researchers have recently studied this synthesis through hydrogenolysis
applied to furfural and furfuryl alcohol over several catalysts of monometallic,

bimetallic, and trimetallic systems, including noble and non-noble metals [93].

1,2-Pentanediol (12PD)

Like 15PD, 1,2-pentanediol is a high-value chemical that can be used as a monomer
in the production of polyesters [115] and as an intermediate in the synthesis of
fungicides [116]. It can also be used in the production of disinfectants, printing inks
[117] and cosmetics [118] (Table. 1.2).

One conventional method for producing 1,2-pentanediol is via the oxidation of 1-

pentene to 1,2-epoxypentene followed by a hydrolysis process to obtain 1,2-
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pentanediol that comprises a complex multistep system requiring sources of
petroleum [115]. To address this, the need emerged for a new green sustainable
synthesis of 15PD from biomass-derived chemicals [119].

The synthesis of 1,2-Pentanediol from furanic compounds has been investigated
over a few catalysts [120-122]. However, this synthesis still faces the problem of
the low selectivity of 1,2-pentanediol, which drives researchers to discover an

efficient catalytic system for producing it [123].
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Table 1.2. Applications of Furfuryl Alcohol (FA), Tetrahydrofurfuryl Alcohol (TFA), 1,2-
Pentanediol (12PD) and 1,5-Pentanediol (15PD) in the chemical industry.

Compound Uses and Industrial Reference
Applications
Piping industry 9,61,63,79
Resins 79
Pharmaceuticals 9,61,63
Adhesive 61,63,9
Anti-corrosion agent 79
Fuel additives 273,274
Solvent 273,274
Wetting agent 63
Tetrahydrofurfuryl alcohol (TFA Green solvent 69
Printing inks 69
Electronics cleaners 69
Biofuel 189
Diesel additives 96
Pyridine raw material 189
Dihydropyran raw material 189
1,5- pentanediol raw material 189
1,2—Pentanediol (12PD) Intermediate in fungicides synthesis 116
Production of polyesters 115
Cosmetics 118
Monomers of polyurethanes 253, 266
Disinfectant 119
Printing ink 117
Air care products 275
Polishes, wax blends 275
1,5—Pentanedio/ (15PD) Production of polyester 90, 92
Adhesives manufacturing 93
Resins 90, 92
Monomers of polyamides 253, 266
Monomer in coatings industry 93
Monomers in acrylates production 93
Polyurethane production 93
Adhesives 93
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2-Methylfuran (mMFUR)

2-methylfuran (mFUR) is colorless mobile liquid with high solvent power [69]. The
chemical properties of 2-methylfuran are usually comparable to conventional

solvents like furan and THF, while their physical properties are compared with

bioethanol and GVL [69].

It has recently been suggested that it is highly promising biofuel components [69].

Its performance is higher than other biofuels [111], and it can also be used directly
in the process of the internal combustion engine [114].

One application of 2-methylfuran is its use as feedstock for the production of
substances such as antimalarial drugs (chloroquine), methyl furfural,
2-Methyltetrahydrofuran, furan and sulfur heterocycles. It is also considered to be
a good solvent [3,65,70,84,124].

Conducting reactions under high temperature and low pressure can selectively
convert furfural into 2-methylfuran via the formation of an intermediate of furfuryl
alcohol [127,128]. The temperature degree of the reaction should be gradually

increased in order to avoid the coke deactivation over catalysts. [129]

2-Methyltetrahydrofuran (mTHF)

Like mFUR, 2-methyltetrahydrofuran (mTHF) is colorless mobile liquid with high
solvent power compared to furan and THF [69].

One feature of 2-methyltetrahydrofuran is that it is inversely soluble in water,
which means that its solubility decreases as the temperature increases [69]. mTHF
is used as a solvent due to its high boiling temperature. It can also be used in
electrolyte formulation for secondary lithium electrodes [65,84] and as a

component of alternative fuels [3,75,124-126].
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Regarding the production of mTHF, is produced most efficiently via two routes: i.e.
the hydrogenation of levulinic acid (LA) [136], or the hydrogenation of 2-

methylfuran over different catalysts. [133-138].
Levulinic Acid (LA)

CsHgOs is the chemical formula of the Levulinic Acid (LA), it is an organic acid derived
from biomass [130]. Due to its high reactivity in hydrogenation, oxidation and
esterification, it has been used in different industries like, the manufacture of

drugs, fungicides, pesticides and fuel additives [131,132].

In 2004, It was classified among the most promising five-carbon compounds by the

US Department of Energy and the US Department of Agriculture [132].

Although LA was synthesized for the first time by using fructose as feedstock and
HCl as acidic catalyst, but it is produced most efficiently via
the hydrogenation of furfural by forming furfuryl alcohol which further will be

converted into Levulinic Acid [109, 130, 132].

Furan (FUR)

Furan is synthesized by several methods. The first of these is the catalytic
decarbonylation of furfural at high temperature as a side reaction during furfural
hydrogenation, accompanied by a molecule of carbon monoxide (Figure 1.10.) [139,
141-144).

Another method is the Cannizzaro reaction, which produces the intermediate furoic
acid, followed by decarboxylation [140]. A third, a commercial method, that
produces furan at over 96% and is applied by heating furfural over Pd catalysts with

potassium carbonate to facilitate the reaction [61].
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Figure 1.10. Furfural decarbonylation into furan [139].

Tetrahydrofuran (THF)

Tetrahydrofuran is one of the most important solvents for chromatographic
techniques such as gel phase chromatography and certain specialty syntheses of
complex catalysts and Grignard reagents [2,3,14]. It is prepared via the
hydrogenation of furan, which is one of its most attractive uses, and may be
considered it as a promising alternative due to its renewable resources [61-63]. One
of the main issues for THF production from furan today is the large amount of coke

produced during the process, which diminishes catalytic activity and THF yield [69].

Another use of THF is as a precursor in anionic polymerization. For example, THF is
the monomer polymerized under strongly acidic conditions for producing
polytetramethylene ether glycol, which is involved in the manufacture of urethane
elastomers and fibers [62,145]. Other reported applications of THF are as

adhesives, PVC cement, vinyl films and cellophane [146,147].
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Also, THF can be produced by the catalytic hydrogenation of maleic anhydride, via

the cyclodehydration of 1,4-butanediol [148].

7. Catalysts

Like several other hydrogenation chemistries, using catalysts is imperative for
maintaining balanced reaction activity and selectivity [149]. Below, we explained

some of general definitions of catalysts.

7.1. Categories of Catalysts

The three main categories of catalysts are bio-catalysts, homogeneous catalysts
and heterogeneous catalysts. Biocatalysts are natural, sensitive and selective
catalysts that involve rapid reactions occurring under mild conditions [158,159].
Homogeneous catalysts exert their action in the same phase as the other reaction
components (typically a liquid phase), while heterogeneous catalysts exert their
action in a different phase to other components of the reaction mixture. Below, we

give further details on Heterogeneous catalysts.

Heterogeneous Catalysts

Heterogeneous catalysis comprises two physical phases. The catalyst must be in a
different phase from the reaction mixture, which limits the interaction between the
reactant and the catalyst. Interaction with the catalyst merely involves temporary
adsorption between the catalyst’s surface and the substrate at active sites, where
the desired transformation can be carried out. The products formed can then
desorb from the catalyst’s surface due to the weakness of the bond linkages

created. [158].

Most commercial products of heterogeneous catalysts are often made by

nanometer-sized particles supported on an inert material or metal oxide, such as
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TiO,, Al;0s3, active carbon, etc. The catalyst can be designed by various methods to
achieve high activity, good selectivity and long stability. These are crucial challenges
when developing this type of catalyst. The advantages of heterogeneous catalysts
are that they can be simple to handle, easy to recycle, and able to reuse their solid
part, which minimizes waste and matches the 12 principles of Green Chemistry
[164]. Additionally, heterogeneous catalysts have a broad commercial application
in the production of inorganic chemicals and petrochemically derived compounds,

as well as in novel green applications [165,166].

Heterogeneous catalysts can be classified according to principles such as the nature
of the active center, the method used during the catalytic reaction, the metal
content, etc. When classified by nature of their active center, they can

be divided into metallic, acidic, or basic heterogeneous catalysts [167].

When classified by the process used, they can be divided into catalysts suitable for

fixed-bed processes and slurry or fluidized-bed processes [168].

When classified by metallic content, they are known as monometallic, bimetallic,
and trimetallic catalysts [89,159,169,170]. Below we explain the difference
between the three types of metallic catalysts. Later, we list further details on noble

and non-noble metal catalysts.
Monometallic Catalysts

Monometallic catalysts are those that contain only a single metal species. They are
based, for example, on just one noble metal, such as platinum,
palladium, iridium, or just one transition metal, such as cobalt, nickel, copper,

chromium, etc.

Monometallic materials have catalyzed many organic synthesis reactions and

played an important role in producing numerous chemicals, for example,
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hydrogenation reactions [89,99], coupling reactions of alkyl halides [171,172],

ethanol steam reforming, and biogas reforming [170].
Bimetallic Catalysts

Bimetallic catalysts contain two separately active metals. They may be prepared at
the same or at different metal ratios, which may significantly influence the

synergistic effect that makes them superior to monometallic catalysts [170].

In the 1960s, commercial production began to pay attention to bimetallic catalysts
after new applications were found in the reformulation of hydrocarbon [173-175].
The surface of bimetallic catalysts typically demonstrates novel properties that are
not provided on the surfaces of their parent metals [176-179]. The higher
performance of bimetallic catalysts in comparison with monometallic catalysts can
provide exceptional characteristics, including greater stability owing to the addition
of the second metal, a longer catalyst life [169], a greater surface area, enhanced

dispersion, and greater stability against coking [170].

Bimetallic catalysts create these characteristics thanks to two critical factors that
affect the modification of the electronic and chemical properties of a metal on the
surface. The first factor is the formation of heteroatom bonds that change the
electronic nature and structure of the metal’s surface. The second is the geometry
of the bimetallic structure, which is different from that of the parent metals from
which the bimetallic catalyst is derived [180]. The proportion of metal on the

catalyst’s surface is relatively higher than its proportion in bulk [170].

Moreover, adding a second metal to a monometallic alloy may decrease the
reduction temperature, since the metal particles are more dispersed and can be
reduced more easily than those in bulk [86,181]. Bimetallic components can
catalyze and electro-catalyze numerous industrial applications, including
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hydrogenation, dehydrogenation, reformulation, and oxidation reactions

[182,185].
Trimetallic Catalysts

Trimetallic catalysts are bimetallic catalysts that can obtain higher performance by
adding a third metal onto their alloys [182]. Epron and colleagues, for example,
attributed the greater stability of the catalysts and the higher selectivity when
producing toluene from n-heptane to the addition of Sn onto the Pt-Ir bimetallic

alloy [186].

In some cases, Trimetallic catalysts have shown significantly higher catalytic

activities than the corresponding monometallic or bimetallic catalysts [187].

7.2. How Do Heterogeneous Catalysts Interact with
Furfural?

The heterogeneous catalysis process typically consists of a catalyst surface, which
represents the solid phase, the substrates in the gas or liquid phase, and the bonds
between them. The process may be regarded as a cycle involving the reactants’
molecular adsorption, the reaction, and the products’ molecular desorption, which
occur on the catalyst surface. Certain circumstances, such as thermodynamics,

mass transfer and heat transfer, can affect the reaction rate [159].

The hydrogenation of furan compounds derived from biomass was catalyzed by
heterogeneous catalysts. See Figure 1.11 for a potential energy diagram suggested

for the furfural hydrogenation at the catalyst surface.
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Figure 1.11. Potential energy diagram of the furfural hydrogenation over heterogeneous
catalysts [159].

7.3. Suitable Catalysts for the Hydrogenation of Furfural
and Its Derivatives

As aforementioned, furfural can be converted by hydrogenation into a wide range
of high-value products with advantages comprising the sustainable production of
fuel additives and the synthesis of chemicals. Chemicals such as furfuryl alcohol
(FA), tetrahydrofurfuryl alcohol (TFA), 1,2-pentanediol (12PD), 1,5-pentanediol
(15PD) and 2-methyl furan (mFUR) or tetrahydrofuran (THF) and furan (FUR) can be
obtained from furfural [61-63,75-77].

The hydrogenation process requires catalytic promoting in order to improve the
reaction activity and control the product’s selectivity. Numerous studies have

tested different metallic catalysts based on noble and non-noble metals. Below we
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summarize several studies that have investigated the hydrogenation of furfural

over a wide range of catalysts.

Hydrogenation Of Furfural and Its Derivatives by Transition
Metals Catalysts

Transition metals are the elements in the d-block of the periodic table, which
includes metals such as nickel, iron, cobalt, copper, chrome, zinc and others of

groups 3 to 12 in the periodic table (Figure 1.12) [24,25].

The high cost of noble metals has made catalysts based on transition metals
competitive and promising alternatives. Many studies have reported the
hydrogenation of furfural over transition metals with a high reaction rate and the
required selectivity towards the desired products. Copper, cobalt and nickel have

recently gained great value in the manufacture of furan-derived compounds.
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Figure 1.12. The position of transition and noble metals in the periodic table of elements
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Below we examine several noble metal-based catalytic systems that have been

used for the reductive transformation of furfural.

Cu-Based Catalysts

Due to the lower hydrogenation capability of copper in comparison to noble metals,
Cu-based catalysts have been used as selective catalysts to hydrogenate the C=0
bond and avoid the reduction of double bonds in the furan ring [128, 150]. Cu-based
catalysts were the first catalytic systems used for the hydrogenation of furfural to
produce chemicals and biofuels such as furfuryl alcohol, 2-metheylfuran,

cyclopentanone, and cyclopentanol [9].

Copper can have different numbers of valence (Cu*, Cu** and Cu%). It was also
demonstrated that the Cu*/Cu® species ratio on the catalyst surface can affect the
catalytic activity. One accepted opinion has since suggested that the presence of
both Cu® and Cu* is essential for the hydrogenation of furfural to furfuryl alcohol

[189, 128, 20, 22, 27, 30].

Similarly, it was also proposed that Cu® sites activate H,, while Cu* species act as
Lewis acidic or electrophilic sites to polarize the C=0 bond via the oxygen electron
lone pair [31,32]. The Cu*/Cu® ratio is significantly related to factors such as the
nature of support, the preparation procedure, the reduction, and the experimental
conditions [189]. The deactivation of Cu-based catalysts is therefore what has
largely limited their industrial use. Usual reasons for copper deactivation are loss of
the Cu* species by reduction, Cu particle sintering, and the poisoning of active Cu
sites caused by the adsorption of reaction intermediates and coke formation/

deposition [189].

Cu-based catalysts can adsorb the furfural molecule from the n-(0)-aldehyde

configuration by only one interaction between the aldehyde group of furfural and
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the copper surface (Figure 1.13). It is reported that there are no additional
interactions between the copper surface and the furan ring [189], which can be
explained by the strong repulsion of the furan ring with the copper surface due to
the partial overlap of the copper 3d band with the antibonding orbitals of the furan
ring [190,191].

Oxygen 0
Carbon ()
Hydrogen ()

Catalyst surface

Figure 1.13. The adsorption of furfural at catalyst surface by n' -(0)-Aldehyde
configuration [189].

The n'-(0)-aldehyde configuration did not show a flat adsorption position on the
metal surface; only a tilted and a perpendicular adsorption were observed.
However, this configuration over the Cu-based catalyst can only occur via the
perpendicular adsorption, which is less stable than the tilted one (Figure 1.14)

[189].
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Figure 1.14. The three adsorption positions of furfural n* -(0)-Aldehyde configuration
[189].

Practically speaking, in the vapor phase and using a continuous reactor, Cu/MgO
provides high activity to both furfural hydrogenation and the selective production
of furfuryl alcohol. Production reached 97% of the total conversion of furfural with
95% selectivity to furfuryl alcohol was reported. The ratio of hydrogen to furfural
was Hy/Furfural = 16, and the liquid hourly space velocity was set at 1 h%. The
reaction temperature was 453 K, the pressure was adjusted to 0.1 MPa, and the

reaction time was 4 h [160].

In another reaction, that was done over a catalyst of CuiNi1/MgAIO, furfuryl alcohol
was produced at a yield of over 99% through the complete conversion of furfural at
373 k and 4 Mpa. The reaction took 4 h and used methanol as a solvent [188].
Raising the reaction temperature from 373 k to 423 K and lowering the reaction
time from 4 h to 3 h favored the production of tetrahydrofurfuryl alcohol as a
dominant product rather than furfuryl alcohol. The synthesis took two
hydrogenation pathways in a row. The first of these was the hydrogenation of the
aldehyde group and the second was the hydrogenation of the furanic ring’s double
bonds. When Liu, H et al. used the same catalyst of Cu1Nii/MgAIO, they achieved a

selectivity of 95% to TFA at a near full conversion of furfural.
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In parallel with the production of TFA and FA (Table 1.3.), numerous studies have
reported the use of Cu-based catalysts to produce 2-methyl furan from furfural. The
Cu-Co/Al,03 catalyst prepared by impregnation formed 78% 2-methyl furan at a
complete conversion of furfural. The reaction was conducted in a liquid phase of 2-

propanol under 4 MPa, at 473 K, and after 4 h of reaction.

The production of cyclopentanone (CPO) and cyclopentanol (CPL) was also
investigated over a Cu-based catalyst. A hydrogenation reaction of furfural into
cyclopentanol was conducted in an aqueous solution using a catalyst of CuMgAl,
under 4 MPa and 413 K. In this reaction, 98% of furfural was converted, 93% of
which was to cyclopentanol [151]. Under similar conditions but using a different
catalyst of CuZnAl, the conversion reached 100% but the selectivity of
cyclopentanol fell to 84% [152]. Another study that used the same catalyst of
CuZnAl to transform furfural into cyclopentanone provided a selectivity of 60% to

cyclopentanone at 98% of total conversion [153].

Also reported is the synthesis of pentanediols from furfuryl alcohol and
tetrahydrofurfuryl alcohol using Cu-based catalysts. Yoshida et al. suggest that Cu-
Zn0 synthesized by co-precipitation could provide a 1,5-pentanediol yield of 52.5%
at 55.2% conversion of tetrahydrofurfuryl alcohol at 543 K and under 25 MPa after

5 hours of reaction [154].

Similarly, 10 wt % Cu-Mg3AlO4 s formed 1,2-pentanediol and 1,5-pentanediol at
amounts of 51.2% and 28.8%, respectively, at almost complete conversion of

furfuryl alcohol in ethanol under 413 K, 6 MPa, and a reaction time of 8 h [112].
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Table 1.3. Summary of relevant works on the conversion of furfural over different
catalysts of Cu.

Catalyst [C] Solvent Pu2 T t  Conversion Selectivity Ref
[MPa] [K] [h] [%] of the
main
product
(%)
Cu-Co/Al20; 2.2 mol/L 2-propanol 4 473 4 >99 mFUR (78) 235
CuZnAl 0.63 mol/L Water 4 423 10 100 CPL (84) 152
CuMgAl 0.63 mol/L Water 4 413 10 98 CPL (93) 151
CuZnAl 0.33 mol/L Water 4 423 6 98 CPO (60) 153
CuMgAIO alcohol 6.0 423 6 >84 12PD (46.4), 235
15PD (25.0)
CuiNi;/MgAIO 0.25 mol/L methanol 4.0 373 4 >99 FA (>99) 188
CuiNi;/MgAIO 0.25 mol/L ethanol 4.0 423 3 >99 TFA (95) 188
Cu/MgO 0.1 453 200 97% FA (95) 160
NiCu/y-Al,03 0.02 mol/L  2-propanol 4.5 473 4 95 FA (95) 40

Ni-Based Catalysts

The excellent ability of nickel to hydrogenate the furanic derivatives leads to the

production of a wide range of chemicals over Ni-based catalysts since not only are

FA, mFUR, CPO, CPL, and TFA formed (as with the other transition metals) but also

FUR, pentanediols, mTHF, and THF [87].

Nickel catalysts adsorb furfural not only via the aldehyde group, but also via the

interaction with the furan ring. This adsorption is called the n?(C,0)-aldehyde

configuration, which happens due to the strong interaction between the m bonds

in furfural and the surface sites, resulting from the rehybridization of sp?-to-sp?

[192,196-198]. Figure 1.15. illustrates the two bonded centers — the C atom of the

furan ring and the oxygen atom of the carbonyl group — which make it easy for

furfural to be adsorbed on the nickel surface [87,88,149,192-195].
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Figure 1.15. The adsorption of furfural at catalyst surface by n?-C,0)-Aldehyde
configuration [189].

This configuration also occurs on Pt and Pd surfaces [189], while the interaction

strength between furfural and metals follows this trend: Ni > Pd > Pt >> Cu [87,199].

However, due to the non-selectivity of nickel, tetrahydrofurfuryl alcohol is formed
in most furfural hydrogenation reactions [87, 88, 33]. To avoid this weak point and
enhance the selectivity on nickel, three solutions are suggested in the literature.
The first one is to precisely add and localize a specific amount of an oxophilic metal
such as Fe, Mg, or Co [34]. The second is to use oxide supports that interact strongly
with nickel, such as Al,03,TiO2 [51]. The third solution is to control the reaction

conditions in order to prevent furfural hydrogenation into undesired products [35].
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Ni-based catalysts have also been used to produce furfuryl alcohol. The first
research aimed at synthesizing furfuryl alcohol from furfural was conducted in
1906. The experiment was performed in the vapor phase under 463 K to facilitate
the formation of furfuryl alcohol as the dominant product [36]. In one of the first
studies published on the production of furfuryl alcohol in liquid phase from furfural,
the yield was 95% over a catalyst of Ni/MgO [35]. Another reaction that used a
catalyst of Ni-Sn/TiO2 (Ni/ Sn = 1.5) prepared by hydrothermal treatment of
solutions containing Ni and Sn species showed 99% furfuryl alcohol at 99%
conversion of furfural. The reaction was conducted at 383 K under 3 MPa for 1.25
h (Table 1.4.) [37]. The deposition of (NH4)6Mo07024 over Ni also achieved a high
performance for the formation of furfuryl alcohol in a reaction that used 2-propanol
as solvent at a temperature of 333 K. After 6 h this produced 98% furfuryl alcohol
when furfural conversion was close to 100% [38]. Finally, a trimetallic catalyst
prepared from nickel with cerium and boron led the whole furfural conversion of
96.8% into furfuryl alcohol at 353 K and 1.0 MPa after 3 h [39]. The high selectivity
may be attributed to the presence of Ce;03 in the catalyst, which favored the
adsorption and polarization of the C=0 bond on the acidic sites created on the
surface [39]. In the same context, incorporating aluminum led to smaller particle
sizes and a higher fraction of exposed surface sites that improved the
hydrogenation performance. In a liquid phase reaction, a catalyst of Ni-Cu/y-Al,03
transferred the whole amount of furfural converted (95%) into furfuryl alcohol after
4 h of reaction. The reaction temperature and pressure used were 473 K and 4.5

MPa [40].

To produce tetrahydrofurfuryl alcohol (TFA) from FA, industrial methods use a
supported Ni catalyst under mild reaction temperatures [189]. TFA can also be

directly synthesized from furfural in either vapor or liquid phase. In vapor phase,
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the hydrogenation of furfural to tetrahydrofurfuryl alcohol over Ni/SiO; yielded
94% TFA at 100% conversion at 413 K after 0.5 h [88]. Numerous studies have been
published on the synthesis of TFA in liquid phase using different solvents of water,
ethanol and 2-propanol. Normann, W. et al. detected a high selectivity to TFA (90%)
at full conversion of furfural when the reaction was conducted over a catalyst of
nickel chromate at 408 K, 4.5 MPa, and a reaction time of 4 h [41]. Similarly, Raney
nickel catalysts have been used to produce tetrahydrofurfuryl alcohol. Some
studies achieved a full transformation of furfural fed into tetrahydrofurfuryl
alcohol. For example, reactions conducted for 3 h over a Raney Ni/tainiolite or
Raney Ni/bentonite catalyst provided 100% furfural conversion and 100% TFA
selectivity. The solvent was used in 2-propanol, the temperature was 393 K, and

the pressure was 2 MPa [43].

2-methyl furan (mFUR) is also one of the main products formed over Ni-based
catalysts from furfural. Catalysts modified with other metals are able to form mFUR
in high amounts via the over-hydrogenation and decarbonylation of the furan ring
[194]. An example of bimetallic Ni-based catalysts was presented in a study by
Sitthisa et al., who used NiFe/SiO,. This catalyst afforded a mFUR yield of only 39%
at 96% conversion in vapor phase at 523 Kand 0.1 MPa [194], whereas furfural was
totally converted and mFUR achieved 82% selectivity in liquid phase, over the

NiCu/y-Al203 catalyst, at 473 K and 4 MPa [44].

Finally, furan was one of the desired products formed over Ni catalysts, when a
catalyst of platinum and nickel supported on silica was used to produce furan, it
provided 26% selectivity of furan at 43% of total furfural conversion after 1.5 h. The
reaction was conducted under a low pressure of 0.69 MPa and a reaction

temperature of 523 K [262].
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Table 1.4. Summary of relevant works on the conversion of furfural over different
catalysts of Ni.

Catalyst [C] Solvent Pn2 T t Conversion  Selectiv- Ref
[MP] [K] [h] [Yo] ity of the
main
product
(%)
PVP-NiCoB 0.80 mol/L  ethanol 1.8 353 - 74 FA (72) 52
NiSn/TiO2 (Ni/ Sn = 1.5) 0.36 mol/L  2-propanol 3 383 13 99 FA (99) 37
Raney Ni/ 0.0042 2-propanol 2.1 333 6 99.9 FA (98) 38
(NH4)6Mo7024 mol/L
NiCeB 4 mol/L ethanol 1 353 3 96.8 FA (96.8) 39
NiFe/SiO: -- - 0.1 523 - 96 mFUR (39) 194
NiCu/y-Al203 2.25mol/L  2-propanol 4 473 4 100 mFUR (82) 44
Ni/Si02-773 - - 0.1 413 0.5 100 TFA (94) 88
nickel chromate 520 mmol -- 4.5 408 2.25 100 TFA (90) 41
Raney Ni/tainiolite 0.36 mol/L  2-propanol 2 393 3 100 TFA (100) 43
Raney Ni/bentonite 0.36 mol/L  2-propanol 2 393 3 100 TFA (100) 43
Ni@Pt/silica 0.4mol/L  2-propanol  0.69 523 1.5 43 FUR (26) 262

Co-Based Catalysts

Co bimetallic and trimetallic catalysts demonstrated high selectivity for the
formation of furfuryl alcohol (FA) from furfural. One study that used PVP-CoNiB as
the catalyst, achieved an FA selectivity of 72% at 74% conversion of furfural at a
temperature of 353 K and a pressure of 1.8 MPa after 3 h [52]. In another study a
complete conversion and selectivity were achieved when the reaction was
catalyzed by a CoB catalyst. This reaction was carried out at 353 K and 1 Mpa, with

a feed concentration of 4 mol/L [53].

Chen et al. studied the role of Mo as an additive metal in Co-based catalysts. They

prepared a catalyst of CoMoB through chemical reduction in a solution of CoCl; and
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Na:MoOs by KBH4. The catalyst synthesized provided full conversion to furfuryl
alcohol at 373 K in ethanol under 1 MPa after a 3 h reaction time [232].
Similarly, a CoFeAl metal catalyst prepared by co-precipitation was used to
hydrogenate furfural into 2-methyl furan. Results showed that 90% of
furfural was converted with a mFUR vyield of 60% at 453 K and 0.1 MPa.
The Co/Fe/Al ratio was 3/0.25/0.75 [233].

1,5-pentanediol (15PD) was also synthesized using a Co-based catalyst (Table 1.5.).
For example, when Co/TiO; was used at 413 K, the reaction formed 30% 15PD as
well as a considerable amount of TFA (20%) at 99% furfural conversion [156]. When
this catalyst was replaced with CoAlO, selectivity decreased to 30% and 62% for
15PD and TFA, respectively [110]. Finally, CoMgAIO increased the formation of
15PD and achieved 50% selectivity at full furfural conversion [157].

Table 1.5. Summary of relevant works on the conversion of furfural over different
catalysts of Co.

Catalyst IC] Solvent P2 T t Conversion  Selectivity of  Ref
[MPa] [K] [h] [%] the main
product (%)
CoB 4 mol/L ethanol 1 353 -- 100 FA (100) 53
CoMoB 0.91 mol/L  ethanol 1 373 3 100 FA (100) 234
CoFeAl 0.0015 -- 0.1 453 0.67 90 mFUR (60%) 235
mmol/mL

Co/TiO, 2 wt.% water 2.34 413 5.8 99.0 15PD (30.3), TFA 156
(5 wt.% Co) (20.7)
CoAlO 10g/L 2-propanol 3.0 423 8 100 15PD (30), TFA 110

(62.2)
CoMgAIO 10g/L ethanol 5.0 443 4 100 15PD (49), TFA (14) 157
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Fe-Based Catalysts

Iron is abundant, cheap, eco-friendly, and easily recycled. It is usually used as an
oxophilic metal additive to improve the hydrogenation/ hydrogenolysis activity of
other metals [189]. Poor activity of monometallic Fe-based catalysts was exhibited

in the reduction of furfural [234,200].

One process proposed to enhance hydrogenation activity is the addition of carbon
or nitrogen promoters [189]. A study by Shi et al. presented FesC@rGO/CNT
prepared inside carbon nanotubes as a suitable catalyst for achieving full furfural
conversion to furfuryl alcohol at 372 K in ethanol solvent under 2 MPa for 12 h [58].
Another study that used nitrogen species to optimize the performance of Fe-based
catalysts reported a furfuryl alcohol amount of 83% at a furfural conversion of 92%
using 5 wt % of Fe-N/C-800 as the catalyst at a temperature of 433 K in 2-butanol
medium [59] (Table 1.6).

Mo-Based Catalysts

Mo-based catalysts are normally presented in the form of molybdenum carbides
(Mo2C), which are widely used for selectively removing oxygen from small
oxygenates (e.g., ethanol and propanol), vegetable oils, stearic acid, and guaiacol.

[189]

Few studies have reported that Mo,C may be a suitable catalyst for the
hydrogenation of furfural (Table 1.6). The main product resulting from this process
is 2-methyl furan (mFUR). Almost 60% selectivity to mFUR was obtained at 423 K
under atmospheric pressure after 36 h [45]. When Lee et al. also tested, in vapor
phase, furfural conversion over an Mo,C catalyst at a reaction temperature of 423

K and under ambient pressure, 60% 2-methylfuran selectivity was detected [201].
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Table 1.6. Summary of relevant works on the conversion of furfural over different
catalysts of Fe and Mo.

Catalyst [C] Solvent P2 T t Conversion Selectivity  Ref
[MPa] [K] [h] [%] of the main
product (%)
FesC@rGO/CNT | 0.12mol/L  ethanol 2 372 12 100 FA (100) 58
Fe-N/C-800 0.16 mol/L  2-butanol - 433 15 92 FA (95) 59
Mo.C - - latm 423 36 - mFUR(60) 45
Mo2C - - latm 423 6.1 75 mFUR(60) 201

Hydrogenation Of Furfural and Its Derivatives by Noble Metals
Catalysts

Noble metals are metallic chemical elements with outstanding oxidation resistance
even at high temperatures. For example, metals in groups Vlib, Vlllb, and Ib of the
second and third transition series of the periodic table (including rhenium,
ruthenium, rhodium, palladium, silver, osmium, iridium, platinum and gold) are
considered noble metals (Figure 1.12) [237]. These metals have excellent resistance
to corrosive attack by a wide range of liquid and gaseous substances thanks mainly

to their high thermodynamic stability [238].

Below we examine various noble metal-based catalytic systems that have been

used for the reductive transformation of furfural and its derivatives.

Pd-Based Catalysts

Palladium is widely known for its high activity in hydrogenation. Over Pd-based
catalysts, furfural is converted through hydrogenation, hydrogenolysis and
decarbonylation of the pendant aldehyde group into products such as furfuryl

alcohol, tetrahydrofurfuryl alcohol, pentanediols, 2-methyl furan, and furan.
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To produce other add-value chemicals, hydrogenation on the palladium surface can
be followed by various reactions, including the rearrangement of the furan ring,
etherification and esterification, as well as oligomerization reactions or their
combination, which may form 1-octanol, cyclopentanol, cyclopentanone, furfuryl

methyl ether, furanic ester, and liquid fuels [189, 239].

Furfural can be strongly bonded onto the Pd surface via two different
configurations, the first of which is the n2-(C,0)-aldehyde configuration and the
second is the n'-(C)-acyl configuration. As was explained in the section on nickel
catalysts, the n2-(C,0)-aldehyde configuration occurs because of the strong
interaction between the surface metal and the it bonds of the furan ring, while the

n'-(C)-acyl configuration occurs when the reaction temperature increases.

The high temperature favors the transformation of the n2-(C,0)-aldehyde
configuration into the n'-(C)-acyl configuration (Figure 1.16) [189]. The main
reaction with this configuration is the decarbonylation of furfural, which produces
compounds such as furan and THF. The validity of this adsorption theory has been

proven experimentally [189].

On the experimental side (Table 1.7.), the conversion of furfural into furfuryl
alcohol on monometallic Pd-based catalysts suffers low selectivity because other
reactions such as decarbonylation, hydrogenolysis and ring hydrogenation are
preferred and difficult to avoid [189]. However, a furfural transformation
experiment that used a palladium catalyst loaded over mesoporous silica converted

75% furfural and achieved 71% selectivity of furfuryl alcohol [240].
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Figure 1.16. The adsorption of furfural at catalyst surface by n'-(C)-acyl configuration
[189].

Pd-based catalysts have been used to form tetrahydrofurfuryl alcohol in an
aqueous medium (5 wt.% in water) form furfural. A bimetallic catalyst of palladium
and iridium was prepared by impregnating SiO, with a mixed aqueous solution of
1:1 Pd:Ir precursors. A 99% conversion of furfural into tetrahydrofurfuryl alcohol
(94%) was achieved with high selectivity at 8 MPa of H;, 275 K, and a reaction time
of 6 h [241]. In another study, a monometallic catalyst of palladium has also shown
high catalytic performance when supported on MFI, achieving 95%
tetrahydrofurfuryl alcohol selectivity at 100% furfural conversion at a temperature

of 493 K, a pressure of 3.4 MPa and a reaction time of 5 h [89].
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The use of Pd-based catalysts was extended to produce furfural-derived biofuel
chemicals such as 2-methyl furan. Numerous studies reported the production of 2-
methyl furan over palladium catalysts in the gas and liquid phases. For example, in
the gas phase, a 65% yield of 2-methyl furan was detected at 99% furfural
conversion when a Pd-Cu/SiO; catalyst was used at 0.1 MPa and 443 K [242].
In the liquid phase, on the other hand, 42% selectively to 2-methyl furan was
observed at 98% conversion when Pd/TiO; was used as the catalyst at ambient
temperature and 0.3 Mpa of H2[243]. In another study, the same catalyst (Pd/TiO>)
and conditions were used in a synthesis reaction of 2-methyl furan but with furfuryl
alcohol as the feed material rather than furfural. This reaction yielded 98% 2-methyl

furan and full conversion after 1.5 h [244].

As mentioned earlier, the decarbonylation of furfural takes place on palladium
catalysts at high temperature to produce furan (FUR) and tetrahydrofuran (THF) via
the favorable formation of acyl species of furfural [87]. A 5 wt % Pd/C catalyst
provided a furan yield of 98% at 100% conversion at 523 K [87]. In another research,
a Pd/SiO; catalyst achieved 70% furan selectivity at 96% furfural conversion [195].
THF was also produced in large amounts since the Pd/C catalysts converted all the
furfural to THF at 373 K, 5.5 MPa of H;, and a reaction time of one hour and 15 min

[245].
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Table 1.7. Summary of relevant works on the conversion of furfural over different
catalysts of Pd.

Catalyst [C] Solvent  Pm2 T t  Conversion Selectivity Ref
[MP] [K] [h] [%] of the
main
product

(%)
Pd-Cu/SiO, - - 0.1 443 - 99 mFUR (65) 242
Pd/Tio: 0.69mol/L  Toluene 0.3 298 2 98 mFUR (42) 243
Pd/MFI 0.4mol/L  2-propanol 3.4 493 5 100 TFA (95.0) 89
Pd/SiO: 5.0 mol/L Octane -- -- - 75 FA (71.0) 240
Pd/C - scCO, - 523 - 100 FUR (98) 87
Pd/SiO; - - 0.1 523 0.15 96 FUR (70) 195
Pd/C 1.36 mol - 5.5 373 115 100 THF (100) 245

Ru-Based Catalysts

Ru-based catalysts are widely known for their effectiveness not only in reducing
aromatics [246], nitriles [247], sugars [248], and polyols [248] but also in the
reductive transformation of furanic compounds such as furfural under mild
conditions [189]. These catalysts are also highly active for the hydrogenation of the
pendant aldehyde group of furfural under moderate reaction conditions. Higher
hydrogen pressures promote the formation of tetrahydrofurfuryl alcohol, while
higher temperatures promote the formation of 2-methylfuran [189]. Ru-based
catalysts were especially used to synthesize furfuryl alcohol from furfural (Table

1.8.) [189].

An Ru/C + AICIs catalyst achieved 53% furfuryl alcohol selectivity after a reaction
time of 3 hours at 433 K [250]. Ruthenium was also used to catalyze the production
of tetrahydrofurfuryl alcohol from furfural. For example, an Ru-Fe/TiO; catalyst

achieved 99.1% tetrahydrofurfuryl alcohol selectivity at 1 Mpa and 353 K [251]. An
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Ru/carbon foam catalyst was also able to form tetrahydrofurfuryl alcohol when the
reaction started from xylose at 2.5 Mpa and 423 K. Global conversion was 67%, with
a selectivity of 20% toward tetrahydrofurfuryl alcohol [252]. Another study
reported that Ru/MgAIO4 produced a tetrahydrofurfuryl alcohol yield of 84.3% at
99.9% conversion of furfuryl alcohol at 393 K and 6 MPa [253].
Also reported is the synthesis of 2-methylfuran from furfural using Ru-based
catalysts. A catalyst based on Ru/C converted furfural to 2-methylfuran in liquid-

phase with 61% selectivity and 95% conversion at 180 °C after 10 h [254].

Furthermore, the production of cyclopentanone from furfural was improved by
Fang et al. It was done by preparing Ru catalyst on acidic MOF material (3 wt %
Ru/MIL-101), it produced over 95% selectivity of cyclopentanone at full conversion
in an aqueous medium at 4 MPa, 433 K and a reaction time of two and a half hours
[255]. Finally, since pentanediol compounds are important in the chemical industry,
Ru-based catalysts were used to enhance their production. In a previous study, a
1,2-pentanediol yield of 42.1% at full conversion of furfuryl alcohol was achieved at

423 K and 1.5 MPa in the aqueous phase [253].

Table 1.8. Summary of relevant works on the conversion of furfural over different Ru

catalysts.
Catalyst IC] Solvent Pna T t  Conversion Selectivity
[MPa] [K] [h] [%o] of the Ref
main
product
(%)
Ru/C+AICl3 0.083mol/L 2-propanol 1.0(N2) 433 3 92 FA (53) 250
Ru-Fe/TiO2 - - 1.0 353 - 99.9 TFA (99.1) 251
Ru/C 0.083mol/L 2-propanol  2.04 (N2) 453 10 95 mFUR(61) 254
Ru/MIL-101 - H.0 4.0 433 25 >99 CPO (95) 255
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Pt-Based Catalysts

Platinum is one of the most common metal used in the hydrogenation of
a,B-unsaturated aldehydes for producing a wide range of add-value chemicals and
fuels from furfural [189,256]. Furfural can be hydrogenated over the Pt surface by
providing a closer interaction with the furan ring and the aldehyde group via the
n?-(C,0) adsorption mode. This leads to reactions such as the hydrogenation of the
aldehyde group, the hydrogenation of the furan ring, the opening-ring

rearrangement, and decarbonylation [189].

Numerous Pt-based catalysts have been studied for the production of furfuryl
alcohol from furfural in either the vapor phase or the liquid phase. In the vapor
phase, a high catalytic performance was achieved with the PtSn@mSiO; catalyst,
which provided 98% furfuryl alcohol at 100% conversion [257]. In the liquid phase,
95.7% furfuryl alcohol selectivity was achieved from furfural over a Pt/Re catalyst
at 403 K and 5 MPa [258]. Another platinum catalyst derived from layered double
hydroxide (LDH) enabled the whole amount of furfural to be converted into furfuryl
alcohol (97%) in an experiment conducted at room temperature, 0.1 Mpa of

hydrogenation, and a reaction time of 8 hours [259].

Another reaction that used platinum catalysts supported by hydrotalcite achieved
the ring-opening reaction of the furan ring and produced a large amount of
pentanediols (73% of 1,2-pentanediols and 8% of 1,5-pentanediols) at 423 K, 3 Mpa
of hydrogen pressure, and a reaction time of 4 h [119]. Moreover, important results
in the synthesis of pentanediols from furfural was achieved, 1,2-pentanediols
selectivity was 65%, 46% and 41%, while 1,5-pentanediol selectivity was 8%, 6% and
4.5% when the platinum catalyst was supported by CeO;, MgO and La-Al;0s3,
respectively [260].
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A platinum-based catalyst was also used to promote the decarbonylation of furfural
(Table 1.9.) when a Pt/Al,Os catalyst yielded 53% of furan from full furfural
conversion at 513 K and 2 MPa [261].

Table 1.9. Summary of relevant works on the conversion of furfural over Pt catalysts.

Catalyst [C] Solvent Pu T t  Conversion  Selectivity of
[MPa] [K] [h] [%o] the main Ref
product (%)
Pt-Re/TiO2- 2.1 mol/L ethanol 5 403 8 100 FA (95.7) 258
ZrOz
PtSn@mSio; - - 0.1 433 - 100 FA (98) 257
PtsNi/LDH 0.25mol/L  ethanol 0.1 298 8 97 FA (97) 259
Pt/LDH 0.33mol/L  2-propanol 3 423 4 >99 12PD (73) 119
15PD (8)
Pt/Ce0, 0.4 mol/L Water 1 443 15 100 12PD (65) 260
15PD (8)
Pt/MgO 0.4 mol/L Water 1 443 15 100 12PD (46) 260
15PD (6)
Pt/La-Al,05 0.4 mol/L Water 1 443 15 100 12PD (41) 260
15PD (4.5
Pt/ALO3 0.51mol/L  2-propanol 2.0 513 2 100 FUR (53) 261

Rh-Based Catalysts

Using Rh-based catalysts provided high yields of pentanediols obtained from the
hydrogenation of furfural. The M/Rh ratio played a key role, significantly impacting
the activity and selectivity of the reaction [189]. Also, solvents had an important
effect on pentanediol production, with water being reported in the literature as the
best solvent for increasing the amount of pentanediols produced [189]. A lower
reaction temperature and a longer reaction time can help to produce a larger

amount of 1,5-pentanediol [189]. One study that used Rh Ir-ReOx/SiO; catalyst to
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achieve the whole conversion of furfural and led to the formation of 72.4% of

1,5-pentanediol under mild conditions [108].

Similarly, Rh-based catalysts are known for their high productivity in the formation
of linear diols from tetrahydrofurfuryl alcohol [189]. In earlier studies (Table 1.10.),
an Rh Ir-Re0,/SiO; catalyst converted 96.2% of tetrahydrofurfuryl alcohol with 77%
selectivity of 1,5-pentanediol at 393 K and 8 MPa in the aqueous phase after a

reaction time of 24 h [96].

A DFT study focusing on the ring-opening of tetrahydrofurfuryl alcohol on the Rh
surface demonstrated that, due to lower steric hindrance, ring-opening via the
primary C-0 bond (Figure 1.17. (1)) required a lower activation barrier than that of
the secondary C-0 bond in Figure 1.17. (2) or that of the C-0 bond from the side
chain in Figure 1.17. (3) [263]. This led to a kinetic formation of 1,2-pentanediol

rather than 1,5-pentanediol and 2-methyltetrahydrofuran [189].
OH

A OH

1,2-pentanediol

~z‘
o
@  HOTNTN"0oH

1,5-pentanediol
Tetrahydrofurfuryl alcohol

L e

2-methyltetrahydrofuran

Figure 1.17. Pathways hydrogenlysis/deoxygenation of tetrahydrofurfuryl alcohol over Rh
catalyst [189].
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Ir-Based Catalysts

Ir-based catalysts were reported as suitable catalysts for the hydrogenation of
furanic derivatives. They can hydrogenate furfural into furfuryl alcohol at low
temperature or even at room temperature. In aqueous phase, furfural was totally
hydrogenated into furfuryl alcohol under a mild reaction using Ir-ReOx/SiO; [264].
Another reaction conducted for 18 hours at 373 K over an Ir@CN catalyst achieved
99% conversion of furfural into furfuryl alcohol via CTH reaction

with formic acid [265].

Similarly, the production of 1,5-pentanediol from tetrahydrofurfuryl alcohol (TFA)
may be considered one of the most valuable applications of Ir-based catalysts.
A hydrogenation reaction of TFA over an Ir-MoO,/SiO; catalyst at 373 K and a
hydrogen pressure of 8 MPa for 2 hours yielded 28% 1,5-pentanediol at a
conversion of 31%. Conversion and selectivity increased to 60% and 57%,
respectively, when the catalyst was replaced by Ir-ReOx/SiO2. On the other hand,
when an Ir-WO0y/SiO, catalyst was used, conversion fell to 5.1% with a slight

selectivity of 4.9% toward 1,5-pentanediol [101].

The production of 1,5-pentanediol from furfural was studied by Liu, S et al. using a
catalyst of Pd (0.66 wt.%) Ir-ReOy/SiO2 and controlling the hydrogenation by two-
step reaction conditions of 313 K for 8 h and 373 K for 72 h under a pressure of 6
MPa H;. Full conversion was acquired with high selectivity to 1,5-pentanediol
(71.4%). In the same study but in another experiment, the selectivity of 1,5-
pentanediol decreased to 63.6% when the reaction time was changed to 2 h for the

first step and 24 h for the second (Table 1.10.) [107].
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Au-Based Catalysts

Due to the less effective activation/dissociation of Au with Hz, Au has a lower
activity in Hy-mediated reactions than other noble metals [267]. Factors that can
influence the hydrogenation activity of Au-based catalysts include the particle size,
particle shape, and nature of the support [268]. However, it has been shown that
smaller Au nanoparticles display more low-coordinated Au sites, such as edge and
corner sites, and are more active for the dissociative adsorption of H, and the

adsorption of C=0 groups [269].

Another typical application of Au is in the selective hydrogenation to the aldehyde
group over the hydrogenation of C=C functions, which guides the reaction to
successful conversion of a,B-unsaturated aldehydes to alcohols without saturating
the furan ring double bonds. Au-based catalysts therefore have a strong ability to
selectively transform furfural into furfuryl alcohol. [189]. For example, a solution of
25% of furfural in water was totally converted into furfuryl alcohol at 4 Mpa and
363 K for 4 hours when Au catalyst was supported on Rutile TiO, (Table 1.10.) [270].
Au-based catalysts have also been used to produce cyclopentanone. For instance,
a 98% vyield of cyclopentanone at 99% conversion was achieved over Au/anatase

TiO; catalyst at 433 K, 4 MPa, and a reaction time of 1.2 h [271].
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Table 1.10. Summary of relevant works on the conversion of furfural over different
catalysts of Rh, Ir and Au.

Catalyst [C] Solvent P2 T t  Conversion  Selectivity  Ref
[MPa] K] [h] [%o] of the
main
product
(%)
Pd-Ir-ReOx/SiO. 10 wt % water 6 313/373 2/24 >99.9 15PD (63.3) 107
Pd-Ir-ReOx/SiO. 10 wt % water 6 313/373 8/72 >99.9 15PD (71.4) 107
Rh-Ir-ReOx/SiO: 10wt % water 6 313/373  8/24 >99.9 15PD (72.4) 108
Ir-ReOx/SiO: 1 mol/L Water 8 303 6 >99 FA (>99) 264
Ir@CN 0.3 mol/L Water -- 373 18 >99 FA (>99) 265
Au/rutile TiO: 0.13mol/L  Water  4(CO) 363 4 100 FA (100) 270
Au/anatase TiO: - Water 4 433 1.2 >99 >98 271

8. Layered Double Hydroxides (LDH)

Due to their features, LDH are considered versatile materials that can be used as
support structure to obtain highly dispersed metal catalysts. Their surface metal
species can cooperate with basic-acid sites on the surface of LDH to generate

multifunctional catalysts [211].

Suitable heterogeneous catalysts for the hydrogenation reactions can be also
obtained from LDH precursors by calcination at controlled conditions followed by
reduction. In our work, we prepared a group of catalysts derived from Layered
Double Hydroxides (LDH) for the hydrogenation of furfural, we therefore explained

structure and properties of LDH in this section.

49 | Page



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC HYDROGENATION/HYDROGENOLYSIS OF BIOMASS-DERIVED PLATFORM CHEMICALS
Abdulaziz Aldureid Kadi Amin

8.1. Definition of LDH

LDH is a hydrotalcite (HT), double hydroxide anionic-layered
(LDH; [ M%*1x M3*(OH)2 I** An~yn - mH20 (0 < x < 1)) clay [202-205]. It consists of a
positively charged Brucite-like layer and negatively charged organic and inorganic

anions.

Isomorphic divalent ions of Mg?* with similar ionic radii of trivalent ions of Al3*
constitute the Brucite-like layers ([Mg?*1.x AI¥*x (OH)2]**), while the anions (An7),
which represent the negative part, are located between layers along with water.
The typical HT, MgeAl2(OH)16C03-4H,0, contains CO3%~ within the interlayer space
(Figure 1.18).

The octahedra shape is formed by the coordination of six-fold coordinated Mg?*
with OH™ ions and shares edges with neighboring atoms to create two-dimensional
Brucite-like layers. The partial substitution degree of Mg?* by AlI** is between 0.1
and 0.5.

HT-like materials can be synthesized by partial or full replacement of the Al3* and
Mg?* of the Brucite-like layers by other metal ions or by changing the inorganic or

organic anions within the interlayer space [206-210].
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Figure 1.18. The structure of HT, MggAlz(OH)16C0O3-4H,0

8.2 HT Materials Properties

The characteristic crystalline, layered structure and compositional flexibility of HT
materials afford numerous attractive properties [211], including a cation-
exchangeable Brucite-like layer, an anion-exchangeable interlayer, memory effects,

tunable basicity, and adsorption capacity.

Cation-Exchangeable Brucite-Like Layer

Figure 1.19. illustrates the ability of Mg?* or AI** to be exchanged in the Brucite-like
layer with other divalent M?* (Ma) and trivalent M3* (Mb) ions with similar ionic
radii to Mg?* and AI?*, respectively. This creates the Brucite-like layer composition
expressed as [(MgMa)**1x (AIMb)**, (OH)2]** [211]. This substitution can be
made not only with divalent and trivalent ions but also with monovalent (M*) and
tetravalent (M**) ions such as Li* and Zr** [212-214], which facilitates the formation

of a wide range of HT-like compounds [211].
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Figure 1.19. Schematic overview of partial cation exchange in the LDH structure.

Anion-Exchangeable Interlayer

The negative charges of inorganic anions (e.g. CI-, F-, CO3 %, NO3, etc.), organic
anions (e.g. carboxylates, dicarboxylates, alkyl sulfates, alkane-sulfonates, etc.),
complex anions (e.g. Fe(CN)s*, Fe(CN)s3-, metal-porphyrins, metal
phthalocyanines, etc.), or polyoxometalates (e.g. M07024°%~, W7024 %", PM012040 %",
etc.) [204,215-217] can compensate for the positive charges of the Brucite-like
layers (Figure 1.20.) [206,207,218].

0 .0 0 Mo € o€ JU & wo & ns g
—> SRR TR

u,o. l upa a “p' nogf &€ u,oi wol wol
4 [Mg2(OH)e)* ‘ [AL(OH)* ‘ RO RSO
-

Figure 1.20. The anion exchange inside the Brucite-like layers.
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The Memory Effects

Memory effects occur when the mixed oxides generated by the thermal
decomposition of HT are rehydrated by the aqueous solution of anionic species to
obtain the new HT structure with the anions exchanged from the solution (Figure
1.21.) [211]. Large anions such as polyoxometalates can be introduced between the

original Brucite-like layers during this reconstruction process [219,220].

Figure 1.21. The memory effect via thermal and rehydration exposure.

Tunable basicity

There are three ways of controlling basicity: (a) changing the ratio of M?* to M3,
(b) exchanging the cations themselves within the Brucite layer, and (c) exchanging
anions within the interlayer and on the surface of the HT [211], which changes its

chemical composition [208].

The typical HT contains COs*> as an internal anionic species that is difficult to
exchange. However, the calcination process after the rehydration of HT has the role

of exchanging the CO3% anions for another anionic species [211].
Adsorption capacity

Due to the basicity of HT, inorganic and organic species such as arsenates [221],

chromates [222] and anionic surfactants [223] can be adsorbed with alkali
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adsorption centers. Adsorption can take place on the external surface and in the
interlayer space [224]. The features of HT and HT-like compounds make them highly
functionalized materials with numerous industrial applications, including as anti-
acid drugs [225] and flame-retardant additives in polymeric materials [226,227], in
the pharmaceutical and cosmetics industries [229,230], and as wastewater-

treatment materials [228].

8.3. HT Materials as Promising Catalysts

The use of HTs as catalysts makes them an up-and-coming field of research [218,
276, 277]. In the mid-1990s, the use of heterogeneous catalysis methods based on
HT and HT-like compounds increased on account of their compatibility with the
development of the “Green Chemistry” concept [164]. The characteristics of HTs
make them flexible for designing high-performance multifunctional heterogeneous
catalysts that act as catalytic bases or tailor-made metal catalysts with active
species of divalent M?* (Ma) and/or trivalent M3* (Mg) ions at the octahedral sites.
The active species are grafted by the high adsorption capacity of HTs and can be
substituted for a wide range of transition metals to create various HT-like
compounds. These compounds can be used as efficient heterogeneous catalysts in
a series of organic synthesis and produced successfully in a single pot reaction
[204,205,211,163]. Also, reduction of the grafted active species makes the HT

materials a suitable solid for supporting metal nanoparticles (MNPs) [211].

In the catalyst structure, the cations and anions are exchanged and the memory

effect can be used to modify the basicity of the HT surface.

Environmentally speaking, catalytic structures that use the HT method have

significant advantages for achieving green organic syntheses because they use
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nonpolluting reagents, have a high catalytic activity and selectivity, can be used

with a wide range of substrates, and are simple to recover and reuse [211].

Moreover, solid-base HT catalysts are suitable for environmentally benign organic
reactions [161,155] such as oxidation, epoxidation, esterification, and
hydrogenation, etc. [211]. Several recent studies have used different HT materials
to catalyze the hydrogenation reaction of furfural over Pt/HT [122], NiCoAl/HT
[201], NiCuAl/HT [86], etc.

9. Thesis Objective and Structure

The current worldwide political scenario and lack of energy sources highlight the

urgent need for sources of renewable energy.

The main aim of this thesis is to obtain a group of non-noble hydrogenation
catalysts that are suitable for producing commodity chemicals for use as fuel and

fuel additives from the biomass-derived platform chemical furfural.
To achieve this main aim, the following secondary objectives will be established:

e synthesize and characterize a group of catalysts suitable for the
hydrogenation of furfural using layered double hydroxides (LDHs),

e assess the performance of the synthesized catalysts under a wide range of
liquid-phase and gas-phase conditions, and

e select a small group of high-performance materials to conduct stability tests

with extended time-on-stream under constant conditions.
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This thesis is divided into six chapters:

Chapter 1 provides a general introduction to biomass materials and their structure;
furfural and its reactions and derivates; and catalysts used in furfural conversion,

including those based on layered double hydrotalcite (LDH).

Chapter 2 describes the materials used, the catalyst-preparation methods, the

experimental procedures, and the reaction setups.

Chapter 3 examines catalysts of Ni-Cu prepared from layered double hydroxides
supported on aluminum oxide (Al>O3) to hydrogenate furfural into alcohols. It also
characterizes the catalytical materials in order to thoroughly explain the physical
and chemical properties, assesses the performance of the catalysts in the
conversion of furfural and the selectivity of the target products, and examines the
effect of the Ni/Cu molar ratio on the range of products in two reactors, i.e. a high-

batch slurry reactor (SSR) and a continuous packed-bed reactor (PBR).

Chapter 4 describes the synthesis of mono and bimetallic catalysts of Ni and Co in
different molar ratios of Ni:Co, i.e. 2:0, 1.5:0.5, 1:1, and 0.5:1.5, and conducts a
comprehensive study of furfural’s pathways during the hydrogenation reaction. To
do so, an additional reductive catalytical reaction of either furfuryl alcohol and
tetrahydrofurfuryl alcohol was performed and the results were compared with
those obtained from furfural hydrogenation. A series of reactions over the Ni1CoAl
catalyst was also performed in order to explore the ideal reaction time. The strong
influence of the Co/Ni ratio was reported via the hydrogenation of furfural in the
liguid-phase using ethanol as a solvent in the batch reactor. As in Chapter 3, a broad
physical characterization of the catalysts is made and the chemical content is

analyzed.
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Chapter 5 makes a comparative study based on the reaction variables of the
furfural hydrogenation over Ni;Mg1Al as the catalyst. More specifically, three
groups of furfural hydrogenation reactions were conducted under different
conditions. Group one reactions were conducted in different time periods (1, 2, 4,
6 and 8 h), group two reactions were conducted under different pressures (1.0, 2.0,
3.0, 4.0 and 5.0 MPa.), and group three reactions were conducted at different
temperatures (433 K, 463 K and 483 K). The hydrogenation of furfural was also
performed over the three catalysts (Ni2MgiA, NitMgiA and NiA) in two types of
reactors: a high-batch slurry reactor (SSR) and a continuous packed-bed reactor
(PBR). Also in this chapter the chemical and physical proprieties of the catalytic

material were characterized.

Chapter 6 provides a general conclusion for the thesis and suggests ideas for future

work.
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Chapter 2: Materials and Methods

1. Introduction

As most catalysts are highly nonuniform materials combining multiple phases, with active
centers on the surface playing a significant role in controlling the mechanism of chemical
reactions. The catalyst design has become one of the challenges in the catalysis world. The
catalyst must involve an oxide as an active phase, promoter, or support. Bulk oxides are
usually vigorous and stable systems with crystallographic structures [1]. Supporting
catalysts is usually done with solid materials that can increase the surface area of the
catalyst. The typical supports are metals like alumina, silica and various kinds of carbon [2].
Different methods to prepare catalysts have been reported in the literature, for instance,
precipitation and coprecipitation methods, sol-gel technique, solvothermal synthesis,
solid-state reactions, aerosol flame, impregnation, chemical vapor deposition, physical
vapor deposition, spray pyrolysis, etc [1]. Some of the aforementioned methods have been
used to synthesize appropriate catalysts for the hydrogenation of furfural, such as liquid-
feed flame spray pyrolysis (L-F FSP) [3], the impregnation method [4], preparing a Metal-
Organic-Framework via the solvothermal synthesis method [5] and via co-precipitation

method [6].

Our reactions were catalyzed by materials that were synthesized through the co-
precipitation method, and then were calcined in order to construct a Layered Double
Hydroxide (LDHSs) structure to create a well-dispersed and porous mixed metal oxides,

which upon reduction displayed high activity to hydrogenate furfural [7].

2. Synthesis of the catalysts

Layered Double Hydroxide materials (LDHs) were prepared by co-precipitation at constant
pH. An aqueous solution with M(NOs), 6H,0, Ni(NOs),'6H,0 and Al(NOs);'9H,0, adjusted

to a total concentration of 0.6 mol L, was added dropwise to a 0.3 mol L' Na,COs solution
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in a flat-bottom flask under vigorous stirring at room temperature. A pH sensor was placed
in the solution to maintain a constant pH of 10 by the dropwise addition of 1.0 mol L' NaOH
(Figure 2.1). Upon completion, the mixture was heated to 333 K and it was aged under
vigorous stirring for 48 h. The solid was then filtered and washed with distilled water until
the wash solution reached a pH of 7. The LDHs were dried at 378 K and calcined in air at
673 K for 4 h to form the mixed oxides. The calcined materials were labeled according to
their nominal metal molar composition as NixM,Al;, where M= Cu, Co, or Mg. The active
forms of the catalysts were obtained by reduction of the calcined precursors at 773 K for 1
h with 40 mL min at STP of pure hydrogen for the high-pressure slurry batch reactor (SSR),
and 60 mL min™ at STP in the continuous packed bed reactor (PBR). The suffix R in the label

represents a reduced catalyst after calcination (NixM,Al:-R).

[] — [iv09:
| - | nF:0 (0.6M)
{
Y i
A [
‘ Na,CO;
(0.3M)

Figure 2.1. The synthesis of LDH materials by co-precipitation method.
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3. Catalyst characterization

The chemical composition of the calcined precursors was determined by two distinct
techniques, In chapter 3 the technique that was used is the Flame Atomic Absorption (FAA).
Samples of ca. 5.2 mg were added to 10 mL of 69 wt.% nitric acid and digested in an
ultrasonic shaker bath for 5 min. The digested solution was diluted with deionized water
and analyzed in a Perkin EImer PinAAcle 900 atomic adsorption spectrometer. While the
measured chemical composition of the solids in chapter 4 and 5 was calculated by ICP-OES
on a FHS16 spectrometer from Spectro Arcos. Samples of ca. 52 mg of calcined solids were
dissolved with 10 mL of 69% HNO3 in closed 50 mL vessels using an Ethos Easy microwave
digester from Milestone. Digestions conditions were 15 min at 120 °C followed by 40 min
at 220 °C and then a cooling period of 15 min, as in Table 2.1. The digested samples were

then diluted with milli-Q ultrapure water at a 1:10 ratio.

Table 2.1. The microwave digester conditions of the catalyst (model: Ethos Easy)

Step Number t (min) MW (W) T(°C)
10 700 120
2 5 700 120
3 25 1200 220
4 15 1000 220
5 15 Cooling

The surface composition of the calcined precursors was determined by field emission
scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM-EDX) in a
Scios 2 Dual Beam (ThermoFisher) at 5kV with a resolution of 512 by 340 pixels and a pixel
size of 0.01 pum. Surface composition was also analyzed by X-ray photoelectron
spectroscopy (XPS) in VG ESCALAB 250Xi under Mono Al Ka (hv = 1486.6 eV) X-ray source,

and the binding energies were corrected using C (1s) at 284.6 eV.

The structure of the mixed oxides and the reduced catalysts of chapter 3 was assessed by

X-ray diffraction on a Siemens D5000 diffractometer (Bragg-Brentano parafocusing
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geometry and vertical 6-8 goniometer) fitted with a curved graphite diffracted-beam
monochromator, incident and diffracted-beam Soller slits, a 0.06° receiving slit and
scintillation counter as a detector. The angular 2@ diffraction range was between 5 and 80°.
The data were collected with an angular step of 0.05° at 3 s per step and sample rotation.
CuKa radiation was obtained from a copper X-ray tube operated at 40 kV and 30 mA.
Diffraction data related to the oxides and metals was extracted from the Dffrac.Eva

database (Bruker).

X-ray diffraction measurements of Bruker-AXS D8-Advance diffractometer was utilized to
evaluate the mixed oxides and reduced catalysts resulted from chapter 4 and 5. The
measurement was done at a vertical theta-theta goniometer, and diffracted-beam Soller
slits of 2.5°, a fixed 0.5° receiving slit and an automatic Air-scattering knife on the sample
surface. The angular 26 range was between 5 and 80°. The data were collected with an
angular step of 0.02° at a step time of 0.5 s. CuKa radiation was obtained from a copper X-
ray tube operated at 40 kV and 40 mA. Diffracted X-rays were detected with a PSD detector
LynxEye-XE-T with an opening angle of 2.94°. The experimental diffractograms were fitted
with the crystal structure (Rietveld analysis) [8] for the phases identified with the aid of
TOPAS 6.0 software (Bruker AXS) [9]. With the same software, the cell parameters and the
mean crystallite size of detected phases were determined using the Double Voigt approach
[10]. We considered that the samples were free of micro strain as a secondary effect of the
peak broadening in order to simplify the refinement. The wt.% of the phases involved was
estimated by refining the Rietveld scale factor and applying the corresponding equations
[11]. The instrumental contribution was obtained from a sample of LaB6 (SRM 660a)
analyzed under the same conditions and was considered prior to establishing the crystallite

size effect in the peak width.

The textural properties of the mixed oxides were determined from nitrogen adsorption-
desorption isotherms at 77 K with a Quadrasorb S| Model 4.0 (Quantachrome Instruments).
Samples of the calcined precursors were outgassed at 423 K for 12 h under vacuum (6

mTorr) to eliminate chemisorbed volatiles before the adsorption isotherm was measured.
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Surface areas were calculated using the BET method, while the pore size distribution was
calculated from the desorption wing of the isotherm according to the DFT method in

chapter 4 and 5, and according the BJH in chapter 3.

Temperature programmed reduction (TPR) of the calcined oxides was conducted on an
AC2920 apparatus (Quantachrome Instruments) equipped with a TCD detector. Samples of
ca. 100 mg of calcined oxides were treated at 473 K for 2 h under a constant flow of 20 mL
mint of He (Airgas, UHP) to remove pre-adsorbed species. The samples were then cooled

to 323 K, and then heated to 1073 K at 5 K min™ under 20 mL min™? of 10 % H; in Ar.

The acidity of the catalysts was determined by temperature programed desorption of
ammonia (TPD- NH3) on an Autochem 11 2920 analyzer (Micromeritics) equipped with a TCD
detector. Samples of ca. 100 mg of the calcined oxides were reduced in situ by heating to
500 °C at 20 °C:min™* under 30 mL-min~* STP of 10% H, in Ar and kept at that temperature
for 1 h. The reduced samples were then cooled down to 40 °C at 90 °C-min~* and stabilized
for 10 min. Ammonia adsorption was performed with 30 mL-min™ STP of 2.5% NHs in
helium during 60 min. Next, the samples were maintained at 45 °C under 30 mL-min’t STP
of helium to remove the ammonia physically adsorbed. The TPD-NH; was then performed
in helium heating the sample at 10 °C-min™* to 800 °C. The total amount of acidic sites was
calculated from the area under the NH3 desorption curve. Deconvolution of the desorption
curve was used to estimate the amounts of weak (T4 < 220 °C), middle strength (220 °C <
Tq < 500 °C) and strong (T4 > 500 °C) acidity sites. Calibration of the instrument was done

using injections of a known volume of a calibration mixture (2.5% NHs; in helium).

4. Catalyst testing

First, a packed bed reactor (Figure 2.2.) operating at atmospheric pressure was used in
the gas-phase experiments [12]. The reactor was loaded with 500 mg of calcined oxides
sieved to 100 — 200 um, which were reduced in situ under 60 mLmin of H, (STP) at 773 K
for 1 h. After the catalyst was reduced, the bed temperature was lowered to 463 K and

the activity of the catalyst measured at that temperature for at least 4 h. Constant flow
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rates of 80 mL min of H, (STP) and 0.6 mL min of a solution of 0.05 g g* of furfural in
ethanol were used, equivalent to a WHSV of 2.85 gir geat* hL. During the experiment,
samples of the reaction products were collected every hour in vials placed in a cold trap
at 268 K installed at the exit of the reactor. The samples were stored in a freezer and
analyzed later by gas chromatography (GC) as described below. A schematic diagram of

the rector setup is in Figure 2.3.

Figure 2.2. The packed bed reactor used for the hydrogenation reaction of furfural.
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Figure 2.3. The scheme of the packed bed reactor which utilized for the hydrogenation
reaction of furfural.

Second, the hydrogenation in liquid-phase was investigated on a high-pressure slurry batch

reactor which appears in figures 2.4. and 2.5. (100 mL Mini Reactor, Autoclave Engineers).
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Figure 2.4. The slurry batch reactor which was used in the hydrogenation reaction of
furfural (100 mL Mini Reactor, Autoclave Engineers).

Experiments were conducted with 30 mL of a 0.05 g g* solution of furfural in ethanol at a
constant hydrogen pressure with 200 mg of catalyst sieved to 100-200 um, which gave a
furfural-to-catalyst mass ratio of 7.44 g/g. A stirrer velocity of 1000 rpm minimized mass
transfer resistances. Figure 2.4. shows the reactor from a vertical position, the capture was

taken from the top.
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Figure 2.5. A cross section of the slurry batch reactor from the top.

Prior to a reaction test, the required amount of catalyst was reduced at 773 Kfor 1 hiin a
tubular reactor under a flow of H, (40 mL min STP), and then cooled to room temperature
under H, (10 mLmintSTP). Once cold, the tube was isolated by means of two ball valves to
prevent the contact of the catalyst with air and detached from the setup. The catalyst was
then discharged directly into the furfural solution in the batch reactor preventing contact
with air as much as possible, the reactor was sealed and cold pressurized to the required
value of H,, and then heated. After the scheduled reaction time, the vessel was cooled to

room temperature, depressurized, and opened. The content of the reactor was filtered to

89| Page



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC HYDROGENATION/HYDROGENOLYSIS OF BIOMASS-DERIVED PLATFORM CHEMICALS
Abdulaziz Aldureid Kadi Amin

recover the catalyst, which was then washed with ethanol, air dried, and stored for further
testing. A sample of the liquid was collected in a sealed vial and stored in a freezer until
analyzed by GC. The performance of the catalysts was determined based on the fractional
conversion of furfural (X) and the molar selectivity (S;) of the products was calculated by
the equations (1) and (2). Neo and Nge were the initial and the final number of moles of
furfural in the batch reactor, N; was the number of moles of product j formed, and v; was
the stoichiometric number of moles of furfural required to form a molecule of j. In the

tubular reactor, Neeo, Nee and N; denote molar flows.

v Nero = Ner ()
FE IVFFﬁ
v;N;
§=—21_— (2)
! ]VFFZO _'IVFF

The products were identified by GC-MS (Shimadzu GCMS-QP2010) with a TRB-5 column
(Teknokroma, TR-120232; length: 30.0 m, film thickness: 0.25 um; inner diameter: 0.25
mm). Analysis was conducted using a 3-stage temperature programming (5 min at 323 K,
heating to 503 K at 5 K min-1 followed by 10 min at the latter temperature) with He as a
carrier gas (47 mL mint). Sample injection was 1.0 um and the split ratio 300. The retention
time and the mass spectra of the detected products were compared with those of pure
standards, when available, to confirm the assignments. Routine quantification of the
reaction products was conducted by GC-FID (Shimadzu GC-2010) using the same column
and analysis conditions after calibration with standard solutions. Calibration standards
were prepared with commercial samples dissolved in ethanol. Furfural (FF, 99%), furfuryl
alcohol (FA, 98 %), tetrahydrofuran (THF, 99.9 %), 1,5-pentanediol (15-PD, 97 %), 1,2-
pentanediol (12-PD, 96%), 1-pentanol (1PE, 99 %), furan (FUR, 99 %), and 1-butanol (1BU,
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99.8 %), cyclopentanone (CP, >99%) and cyclopentanol (CPO, 99%) were purchased from
Sigma Aldrich. Tetrahydrofurfuryl alcohol (TFA, 98 %), 2-methylfuran (mFUR, 99 %) and 2-
methyltetrahydrofuran (mTHF, 99.9 %) were acquired from Acros Organics. All chemicals
were used as received without any further treatment. Response factors in the FID detector
of the compounds that were not available commercially were estimated based on their
structure [13,14]. In all cases, the samples were filtered with a nylon filter (Nylon 25 mm,

0.22 um, Sharlab) before injection.
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Chapter 3: Ni-Cu/Al,O; from Layered
Double Hydroxides Hydrogenates Furfural
to Alcohols

1. Introduction

Furfural (FF) is one of the top value-added chemicals derived from biomass [1]. It is a
versatile molecule that is produced in lignocellulosic biorefineries from biomass rich in
xylan and other five-carbon polysaccharides [2, 3]. The activity of the aldehyde group and
the furan ring facilitates the conversion of furfural into several valuable products. The first
can be reduced to alcohol, decarbonylated, oxidized to carboxylic acid, reduced to
ammines, acetylated, and it gives aldol and Knoevenagel condensations and Grignard
reactions. The furan ring can be transformed by halogenation, alkylation, oxidation,
nitration, hydrogenation, and by ring-opening hydrogenolysis, which may involve the
C-0O-C bond or the C=C double bonds [4]. Hydrogenation produces several valuable
chemicals, but furfuryl alcohol (FA) and tetrahydrofurfuryl alcohol (TFA) are the most
common [5]. They find application as solvents and in the production of resins, fragrances,
polyesters, agrochemicals, biofuels and fuel additives [3, 5-9]. Ring-opening hydrogenolysis
of FF produces 1,2-pentanediol (12PD) and 1,5-pentanediol (15PD), which are monomers
for polyesters, polyurethanes and polyamides, and as solvents and fuel additives [4].
Reduction of FF to FA within situ rearrangement yields cyclopentanone (CPO), which is a
specialty chemical used in the synthesis of pharmaceuticals, fungicides, flavors and

fragrances, and polyamides [3].

Furfural adsorption to the catalyst surface determines the hydrogenation and
hydrogenolysis pathway. Copper surfaces adsorb FF molecules via the oxygen atom of the
aldehyde group (n*-(0)-aldehyde mode) [10, 11]. This directs the reaction towards the
formation of FA by the hydrogenation of the aldehyde group [4]. Nickel surfaces tend to

adsorb furfural via the n?-(C,0)-aldehyde mode, where FF attaches to the surface by the
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carbon and oxygen atoms of the aldehyde group leaving the furan ring parallel to the metal
surface [10, 12-15]. This type of adsorption is stronger than the n'-(0)-aldehyde due to the
additional interaction between nickel and the tbonds in FF [15-17]. It promotes saturation
of the furan ring and reduction of the aldehyde group, which mainly leads to TFA, but it
may also favor ring-opening reactions. Temperature shifts the adsorption mode on nickel
from n%(C,0)-aldehyde to n!-(C)-acyl. The latter promotes the decarbonylation of furfural
to furan (FUR) [4]. In general, the strength of the interaction of furfural with the surfaces
of Ni, Pd, Pt, and Cu follows the order of Ni > Pd > Pt > Cu [18, 19]. Therefore, copper
catalysts tend to be less active than those based on other metals are. Metal promoters such
as Fe, Zn, Mg, or Co improve the activity of copper-based catalysts and modifies their
selectivity to other products besides FA. Regardless of the metal, a high dispersion and a
strong interaction of the metal particles with the support matrix enhance the activity of the
catalyst and influence its selectivity [4]. Layered double hydroxides (LDHs) obtained by co-
precipitation at controlled pH of salts of the active metals, are versatile materials that upon
calcination and reduction yield catalysts with high metal dispersion and strong interaction
with the support, which makes them active and resistant to sintering. FF hydrogenation has
been reported on several catalysts based on LDHs. A CuMgAl catalyst converted 84 % of
furfural with a 71 % selectivity to pentanediols (46 % 12PD and 25% 15PD) [20]. A spinel-
based CoAlO catalyst gave complete conversion of FF and a selectivity to 15PD and TFA of
30 and 62 %, respectively [21], whereas a Cu-ZnO/Al,O; catalyst was highly selective to FA
in the gas-phase hydrogenation of FF [22]. A CuNi/MgAIO catalyst prepared from a
hydrotalcite precursor yielded FA with at an 89% selectivity and 93% conversion [23].
Copper-based bimetallic catalysts produced cyclopentanol (CuznAl [24] and CuMgAl [25])
and cyclopentanone (CuZnAl [26] and CuNiAl [27]). 5-hydroxymethylfurfural (HMF), the
furan analog to FF derived from six carbon monosaccharides, gave complete conversion
and a selectivity of 64% to 1,2,6-hexanetriol on NiCoAl mixed oxide catalysts [28].
Modifying the calcination conditions of NiAl gave catalyst tailored to convert HMF
selectively to 2,5-dimethylfuran (DMF), 2,5-dimethyltetrahydrofuran (DMTHF) or 2,5-
dihydroxymethyltetrahydrofuran (DHMTHF) [29]. In this work, we synthesized NixCuyAll
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catalysts from layered double hydroxides with Ni/Cu atomic ratios y/x of 1.5/0.5, 1/1 and
0.5/1.5. The catalysts were tested for furfural hydrogenation in vapor phase at atmospheric
pressure, and in liquid phase at 5.0 MPa of hydrogen. The influence of the Ni/Cu ratio and
the type of reactor on product selectivity is assessed, and the pathways leading to the

formation of the major products are discussed.

2. Results and discussion

2.1. Catalyst characterization

The adsorption isotherms corresponded to mesoporous materials with type 1V(a)
isotherms and H3 hysteresis loops according to the IUPAC classification (Figure 3.1) [30,
31]. The pore size tended to decrease when the Ni/Cu atomic ratio increased (Figure 3.2).
The average pore diameter increased from 7.0 nm in NiysCuosAl; to 7.4 nm in NigsCuisAly
(Table 3.1). Accordingly, surface area and pore volume were higher as lower was the
average pore size. BET surface area grew from 127 m? g in NigsCu1.sAl; to 201 m? gt in
Ni1sCuo.sAli. SEM imaging of the calcined LDHs confirmed that the surface morphology of
the three samples were similar (Figure 3.3), although NiysCuosAl; had a slightly denser

structure consisting of smaller particles
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Figure 3.1. N, physisorption isotherms of the LDHs precursors calcined at 673 K for 4h.
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Figure 3.2. Pore volume (left) and surface (right) distributions of the LDHs calcined at 673
K for 4h, determined with the DFT model.

Table 3.1. Composition and textural properties of the calcined catalyst precursors.

Calcined BET Surface Area Pore volume Average pore
material (m2g?) (mLg?) diameter (nm)
Ni15Cuo.sAlL 201 0.53 7.0
Ni1Cu1Alx 162 0.52 7.3
NiosCu1.sAlL 127 0.48 7.4
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Figure 3.3. SEM imaging of the calcined materials (20 000 x magnification): Ni1sCuosAl1
(top), Ni1Cu;Al; (center) and NigsCuy.sAl; (bottom)
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The Ni/Al and Cu/Al atomic ratios of the calcined LDHs measured by FAA were close to the
nominal values (Table 3.2), proving the suitability of the synthesis procedure. FESEM-EDX
imaging showed a gradual change in composition among the three materials (Figure 3.4).
The atomic ratios determined by this technique were higher than those measured by FAA,
especially in Ni1 sCug sAls. High-resolution XPS also gave values above the nominal, although
the Ni/Cu ratios were close to those determined by FAA. The higher Ni/Al and Cu/Al atomic
ratios measured by XPS and FESEM-EDX were attributed to the formation of Cu and Ni
oxides dispersed on top of aluminum oxides [32]. The oxides were identified and calculated

by XPS in Table 3.3 (Figure 3.5 based on the binding energies of Ni 2p3, Cu 2p3 and Al 2p).

Table 3.2. Metal atomic ratios in the materials calcined at 673 K for 4h, measured by FAA,
FESEM-EDX, and XPS.

FAA FESEM-EDX XPS
Calcined material Ni/Al Cu/Al Ni/Al Cu/Al Ni/Al Cu/Al
Ni1sCuo.sAlL 1.43 0.53 1.86 0.64 1.60 0.66
Ni1Cu1Alx 0.98 1.04 0.90 0.91 1.19 1.27
NiosCu1.sAlL 0.49 1.47 0.47 1.48 0.67 1.57
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Figure 3.4. Surface composition of the LDHs precursors calcined at 673 K for 4h measured
by EFSEM-EDX.
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Figure 3.5. XPS spectra of Ni 2p, Cu 2p, and O 1s of the LDHs precursors calcined at 673 K
for 4h.

Nickel formed NiO. Although, the binding energy at which Ni 2p was observed was higher
than that expected for NiO and closer to that expected for Ni(OH), [33], the shape of the
shake up (SU) satellite peak was consistent with NiO [34]. The multiple splitting expected
for NiO was not observed. This could be explained because the samples were under the
form of powder, which tends to broaden the peaks and reduce energy resolution.
Furthermore, the ratio of oxygen to nickel found was not consistent with nickel being
predominantly in the form of Ni(OH),. Copper formed CuO and Cu,0O. An asymmetry and
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slight shoulder on the low binding energy side of the Cu 2p3 and Cu 2p1 peaks indicated
the presence of Cu,0. The shape and size of the SU satellite peak was consistent with CuO
[34]. Nevertheless, only a weak SU was expected for Cu;0. The binding energy of the Cu 2p
components of CuO and Cu,0 was slightly higher than expected [33, 34]. As for nickel, the
presence of a large amount of Cu(OH), was ruled out because the ratio of oxygen to copper
content was not large enough. The same argument applied to CuAl,O,4. The binding energy
of Cu 2p in this compound should be around 934.5 eV [35], consistent with the largest
component observed here, but the oxygen to copper ratio was too low. Oxygen O 1s
components were assigned to NiO [33, 36], CuO and CuxO (internal reference) and Al,O3
[34] based on binding energy and intensity to yield the proper metal/oxygen ratios. The Al
2p curve fitting had a high level of uncertainty as it overlapped with Ni 3p and Cu 3p. In the
three materials, a single component of Al 2p was found at binding energies of 73.4 eV and
73.7 eV, which was consistent with the presence of Al,0s. The presence of CuAl,04 could
not be confirmed because the binding energy of Al 2p in this compound, ca. 74 eV [35], was

not significantly different from that of Al,0; when considering the overlap with Cu 3p.

Table 3.3. XPS analysis of the LDHs calcined at 673 K for 4h: binding energies of the metal
oxides.

Binding energy (eV)

o N N o e et I A
Ni15Cuo.sAlL 856.0; 854.4 861.1 865.8 932.9 934.6 940.8 943.4 73.4
Ni1CuiAlx 856.3; 854.6 861.1 865.8 932.7 934.4 940.7 943.3 73.4
Nio.sCu1.sAlL 856.6; 854.9 861.3 866.0 933.1 934.6 940.8 943.3 73.7

XRD of the calcined LDHs (Figure 3.6) gave three broad peaks at ca. 37°, 44° and 63° that
were consistent with CuO, Cu,0 and NiO. Overlapping of the signals of the three oxides
could be caused by the smaller crystallite sizes and large dispersion of the oxides derived
from LDH precursors [37, 38]. Noticeably, the signals attributable to NiO were more intense

in Niy.sCugsAl;, whereas those of CuO were dominant in NipsCuy sAls.
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Figure 3.6. XRD patterns: (a) LDHs precursors calcined at 673 K for 4h; (b) reduced catalysts.
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The reducibility of the calcined materials was studied by temperature-programmed
reduction under 10 % hydrogen in argon (H.>-TPR) from 375 to 1075 K (Figure 3.7). Two
well-differentiated peaks of hydrogen consumption were observed. The peak at the lowest
temperature corresponded to the reduction of highly dispersed particles of copper oxides
to Cu0 [39, 40], while the much broader peak at the highest temperature was attributed to
the reduction of nickel oxide having strong interaction with aluminum oxides [41-44]. The
Ni/Cu ratio influenced the temperature of each peak and their specific hydrogen
consumption (Table 3.4). The hydrogen intake in the first peak raised with the content of
copper in the sample, from 367 mL g* of H, (STP) in NiysCuosAl; to 113 mL g™ of H, (STP) in
NiosCuisAli. The consumption of the second peak showed the opposite trend and it
decreased from 85 mL gl of H, (STP) in Nir.sCuosAli to 19 mL g of H, (STP) in NiosCuy.sAls.
However, Ni;Cu;Al; had the highest total consumption and the lowest temperature of
nickel oxide reduction. This suggests that the nickel oxides had a slightly weaker interaction
with the alumina matrix in this material, thus resulting on a better reducibility.

Nickel and copper metal were present in the three catalysts after reduction at 773 K (Figure
3.6 b) and CuO and Cu,0 diminished. The three catalysts gave the signal of Cu® at 50.4° and
its intensity grew with the contents of copper. The main signal of Cu® at 43.3° overlapped
with that of NiO at the same angle, but the presence of NiO was confirmed by its secondary
band at 37.2°. Concerning Ni° its main signal at 44.5° was observed, especially in
Ni1sCuosAli-R, although it overlapped with the signals of NiO and Cu® at 43.3°. Overall, the
crystalline phases detected after reduction at 773 K agreed with the TPR. Most copper was
reduced to its metal form whereas nickel was only reduced partially and a significant

fraction remained as NiO.
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Table 3.4. Specific hydrogen consumptions during TPR of the calcined LDHs samples.

Peak 1 Peak 2 Total
Calcined T H; T H2 H;
material (K) (mL g*STP) (K) (mLg1STP) (mLgtSTP)
Ni1sCuo.sAlL 474 37 738 85 121
NiiCuiAly 484 84 714 70 155
Nio.sCu1.sAly 525 113 757 19 132
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Figure 3.7. H,-TPR of the LDHs precursors calcined at 673 K for 4h.

108 |Page



Chapter 3

Ni-Cu/Al203 from Layered Double Hydroxides
Hydrogenates Furfural to Alcohols

2.2. Catalytic activity tests

The activity of the catalysts was tested in gas phase on a continuous packed bed reactor at
atmospheric pressure (PBR), and in liquid-phase on a high-pressure stirred slurry reactor
(SSR. All catalysts gave complete conversion of furfural (FF) during the tests performed in
the SSR at 5.0 Mpa of H,. The Ni/Cu metal ratio of the catalyst influenced the distribution

of products significantly (Figure 3.8 and Table 3.5).
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Figure 3.8. Furfural conversion and product selectivity of the three catalysts in the
atmospheric PBR and the SSR at 5.0 MPa H,. All experiments at 463 K.

Tetrahydrofurfuryl alcohol (TFA) was the main product on Ni;Cu;Al;-R with a selectivity of
63%, together with furfuryl alcohol (FA 9.2%), furan (FUR 5.3%), 2-methylfuran (mFUR
4.3%), 2-methyltetrahydrofuran (MTHF 2.4%) and 1,2-pentanediol (12PD 3.4%). In
addition, two products that could not be formed by direct hydrogenation/hydrogenolysis
of furfural were present, ethyl tetrahydrofurfuryl ether (TFEE 5.2%) and difurfuryl ether
(DFE 3.0%). Shifting to a higher copper content (NiosCuisAl1-R) reduced the formation of
TFA to 32% and augmented the selectivity to FA (22%), FUR (14 %), mFUR (12%), 12PD
(4.3%) and mTHF (3.3%). However, on NiisCuosAli-R the selectivity to TFA diminished
(56%), that of FA augmented (24%) and the formation of FUR, mFUR, 12PD and mTHF was
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lower than that on Ni;Cu;Al;-R. Trace amounts of 1-butanol (1BU) and 1,5-pentaneanediol
(15PD) and significant amounts of TFEE and DFE were always formed with the Ni/Cu atomic

ratio shifting selectivity towards more TFEE and less DFE.

Table 3.5. Selectivity and conversion during furfural hydrogenation in the pressurized SSR
and atmospheric PBR reactors.

Stirred slurry reactor (SSR) Tubular reactor (PBR)
NiosCursAli-R  NiiCusAli-R  NizsCuosAli-R | NiosCuisAli-R  NisCusAb-R  NivsCuosAli-R
Conversion
(%) 100. 100. 100. 91 99 99
FA 2 9.2 24 57 61 58
FUR 13 53 1.4 9.9 11 7.4
mFUR 12 43 2.7 6.9 15 1.0
TFA 32 63 56 23 23 2.1
THE 03 0.9 1.0 26 2.1 0.2
mTHF 33 24 12 1.0 05 13
12PD 43 34 26 - - -
15pD 0.2 0.4 - - -
1PE 0.2 - - 0.2 03 0.6
18U 0.2 0.1 0.1 16 16 11
cp - 0.1 0.2 0.3
cpo 0.6 0.8 0.8
TFEE 23 5.2 4.8 1.9 - -
DFE 56 3.0 43 2.8 22 1.0
Other 46 26 17 14 17 16

Three competing pathways were involved in the conversion of FF on the SSR (Scheme 3.1).
The first route started with the hydrogenation of the carbonyl group of FF to form FA,,
followed by the hydrogenation of the alcohol group in FA to form mFUR (which can be
further hydrogenated to mTHF), or the direct hydrogenation of the double bonds (rt bonds)
in FA to form TFA. The second route was the decarbonylation of FF to FUR, which was
followed by the hydrogenation of the t bonds in the furan ring of FUR to produce THF, or
by the ring-opening hydrogenolysis of FUR to form 1BU. TFEE and DFE evolved through the

formation of acetals on acidic sites of the catalyst surface by reversible nucleophilic
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addition of FF with ethanol or FA, and were subsequently converted to TFA and mTHF by
hydrogenolysis. Even if the intermediate species involved in this pathway such as
ethoxy(furan-2-yl) methanol (EFM), 2-furaldehyde diethyl acetal (FDA) or 2-furaldehyde
ethyl furfuryl acetal (FEFA) were not detected in significant amounts, there is ample
evidence of this route. For instance, the formation of FDA from FF and ethanol on a Pd/C
catalyst under mild hydrogenation conditions was identified as the key intermediate step
in the production of furfuryl ethyl ether and tetrahydrofurfuryl ethyl ether [45]. Also, 2-
(diisopropoxymethyl)furan — the analogous to FDA resulting from acetylation of FF with 2-
propanol — was formed during the hydrogenation of FF on CuFeAl catalysts [46], the
catalytic transfer hydrogenation of FF with 2-propanol on NiO [47], NiO-Al,03 and ZnAl,0,-
Al,05 [48] and on Pd-exchanged B-zeolite catalysts [49].

o
Hy/cat Q Q/ Ha/cat
/ THF mTHF \

HO\/\/ glcat T Ho/cat HO™ """
1PE
0O
Ho/cat Q ] \ Ha/cat
FUR mFUR
Ha/cat 1 Halcat

HO Ry o OH o] OH
O O e O O

cat” J Halcat \_J Ha/cat Ho/cat
mTHF TFA HO-R FF FA cP cPO

‘ 2
Hzfcat H O> oat J \Hzfcat Hyloat

? HO. _~_~_-OH

ACETALS TFEE TFA
/\/k/OH

12PD

Scheme 3.1. Reaction pathways involved in the hydrogenolysis of furfural on the NiCuAl
catalysts (both HO-R; and HO-R; may be either ethanol or FA).

Furfural hydrogenation was studied in the PBR with a time-on-stream of 4 h. The activity
of the catalysts was stable (Figure 3.9) and after 4 h conversion in the PBR was 91%, 98%

and 99% for NiosCui.sAli-R, NiiCuiAl1-R and NiisCugsAli-R, respectively. FA was the main
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product with a selectivity of 61% in the NiiCu;Al;-R catalyst, followed by FUR (11%) and
lower amounts of TFA (2.3%), THF (2.1%) and mFUR (1.5%), 1BU (1.6%) and mTHF (0.5%).
In addition, selectivity to DFE was 2.2%, but TFEE was not formed. Pentanediols were not
detected among the reaction products but trace amounts of 1PE together with
cyclopentanone (CP) and cyclopentanol (CPO) were produced by the rearrangement of FA.
When the Ni/Cu ratio was lower (NipsCus sAl;-R), the selectivity of FA decreased to 57% and
that of mFUR raised to 6.9%. The other products were not affected substantially except for
TFEE, which was formed on this catalyst. On the other hand, when the Ni/Cu ratio was
augmented (Ni1sCugsAl1-R), selectivity to FA diminished to 57 % but now 1BU (11 %) was
the main secondary product. FUR was lower (7.4%) and TFEE was not formed. The
selectivity to DFE was lower than in the SSR and it tended to decrease with the Ni/Cu atomic
ratio in the catalyst. Overall, nickel favored the paths leading to FUR and 1BU, whereas Cu
favored the hydrogenation of the alcohol group in FA to mFUR and did not promote the
ring opening hydrogenolysis of FUR or mFUR to linear alcohols. The three catalysts
presented little activity on the hydrogenation of the m bonds of the furan ring, at least at
the short contact time of these experiments, which explains the low yields of TFA, THF and

mTHF.
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Figure 3.9. FF conversion in the atmospheric PBR at 463 K and a WHSV of 2.85 grr gear* h'L.
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Hydrogen availability was different in both reactor systems and this could influence
selectivity. The effective hydrogen-to-furfural molar ratio in the liquid phase of the SSR was
low because of the small solubility of hydrogen in ethanol, even with a high operation
pressure and optimized stirring to avoid mass transfer limitations. An estimation of the
equilibrium composition of the liquid and gas phases at the beginning of the reaction in the
SSR was obtained with ASPEN Plus using the Peng-Robinson equation of state. The model
was first validated by comparing equilibrium calculations of ethanol-hydrogen mixtures at
saturation at high pressure and temperature with published data [50]. The equilibrium
molar concentrations of hydrogen, furfural and ethanol in the liquid at 5.0 MPa and 463 K
were 0.190, 0.419 and 11.3 mol L%, respectively. This means that in the SSR, the initial molar
ratio between hydrogen and furfural in the bulk of the liquid was ca. 0.45 moluy/molg at
the most. In the initial stages of the reaction FF was converted to FA, which given the
extended contact time (4 h in these experiments), was subsequently transformed to TFA,
FUR and several hydrogenolysis products, including 1,2-pentanediol. The low availability of
hydrogen and the huge excess of ethanol made possible the nucleophilic addition between

FF and ethanol/FA that led to TFEE and DFE.

Given the feed flowrates of FF solution and hydrogen used in the PBR, the catalyst particles
at the beginning of reactor were exposed to concentrations of hydrogen, furfural and
ethanol of 9.35 1073, 7.36 10 and 2.92 102 mol L}, respectively (an absolute pressure of
0.15 MPa was assumed to compensate for pressure drop across the packed bed and
accessories downstream of the reactor). These conditions corresponded to a molar ratio of
12.7 molyz/molgr. Even with the large excess of hydrogen, the short contact time in the PBR
allowed FA to be the main product and reduced its subsequent hydrogenation to TFA and
other hydrogenolysis products. However, the large excess of hydrogen probably promoted
the conversion of FF and FA to FUR and 1BU on the Ni;sCugsAl; catalyst. The higher
availability of hydrogen also reduced the occurrence of the addition reactions, thus
lowering the selectivity towards TFEE and DFE. The inhibition of this pathway was
promoted by a higher Ni/Cu ratio. With further optimization of the reaction conditions, the

NixCuy,Al; catalysts could be used to produce furfuryl alcohol with high selectivity by the
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gas-phase hydrogenation of furfural, but also to explore the co-production of
tetrahydrofurfuryl alcohol and high-value products such as 1,2-pentanediol by the liquid-

phase hydrogenolysis in slurry or trickle-bed type reactors.

3. Conclusions

NiCuAl catalysts derived from layered double hydroxides showed high activity in the
hydrogenation and hydrogenolysis of furfural, both in the gas phase at atmospheric
pressure and in the liquid phase in a slurry batch reactor. Furfural was converted through
three competing paths: decarbonylation to furan, hydrogenation to furfuryl alcohol and
nucleophilic addition with alcohols (ethanol, the solvent, and furfuryl alcohol) to form
acetals, which were subsequently converted to DFE and TFEE. These primary products were
further converted by saturation of the furan ring and/or ring opening to alcohols. In all
cases, sequential hydrogenation to furfuryl alcohol and tetrahydrofurfuryl alcohol was the
main route, but the selectivity was influenced by the Ni/Cu ratio of the catalysts and by the

different hydrogen availability in both reactors
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Chapter 4: Furfural to diols over Ni-Co/Al
catalysts

1. Introduction

Furfural is produced from the C-5 carbohydrate fraction of lignocellulosic biomass and
constitutes one of the key platform chemicals in biorefinery [1-3]. Selective hydrogenation
and hydrogenolysis of furfural give a variety of building blocks for the chemical industry
and the synthesis of fuel additives [4, 5]. For instance, furfuryl alcohol (FA) is used in the
production of thermostatic resins, tetrahydrofurfuryl alcohol (TFA) is a solvent used
industrially [6], and pentanediols (PDs) are finding new applications. 1,2-pentanediol
(12PD) can be used to synthesize polyesters, polyurethanes and polyamides, with
applications in printing inks, cosmetics and pharmaceutical intermediates [7, 8]. 1,5-
pentanediol (15PD) is as a monomer for polyesters and polyurethanes [9-12] and it can be
esterified or etherified to produce liquid biofuels. For example, by combining 15PD with
valeric acid — also a renewable molecule obtained by hydrogenation of levulinic acid — to

form pentyl divalerate [3].

Numerous catalysts have been studied to produce diols from FF. Direct hydrogenolysis of
FF to PDs remains a challenge due to the large number of competitive reactions that FF can
suffer and, therefore, a two-step process is usually proposed. The first step involves the
selective hydrogenation of FF to FA or TFA, which are then converted to PDs in the second
reaction stage. To maximize the overall yield of the process, each stage should use tailored
catalysts and optimized process conditions. Relevant works on the production of PDs from

furfural are summarized in Table 4.1.
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Table 4.1. Summary of relevant works on the conversion of FF to PDs.

Catalyst Reactant and PH2 T Time R/C ratio Conversion Main product Ref.
solvent (MPa) (°c) (h) (8reactant/8cat) (%) and
(selectivity %)
Rh—ReO,/Si0: TFA (5 wt.% in 8.0 120 4 20.0 56.9 15PD (94.2) 9
(Re/Rh =0.5) water)
Rh—Mo00,/SiO- TFA (5 wt.% in 8.0 120 4 20.0 50.1 15PD (95.5) 10
(Mo/Rh =0.13) water)
Rh—Re0,/SiO, TFA (20 wt.% in 8.0 100 2 6.67 53.6 15PD (97.2) 12
(Re/Rh =0.5) water)
Ir-ReOx/SiO; (Re/Ir TFA (20 wt.% in 8.0 100 2 6.67 58.2 15PD (95.8) 12
=2) water)
Pd-Ir/SiO, (Pd/Ir = FF (5 wt.% in 8.0 2 6 3.20 >99 TFA (94.0) 13
1) water)
Pd (0.66 wt.%) Ir- FF (10 wt.% in 6.0 40/120 2/24 10.0 >99.9 15PD (63.2) 14
Re0,/SiO; water)
Rh (0.66 wt.%) Ir- FF (10 wt.% in 6.0 40/100 8/24 10.0 >99.9 15PD (72.4) 15
ReO,/SiO: water)
Pt/HT (1.9 wt.%) FF (0.33 mol/Lin 3.0 150 4 0.96 >99.9 12PD (73.0) 16
2-propanol)
CuiNii/MgAIO FF (0.25 mol/Lin 4.0 100 4 48.0 >99 FA (>99) 17
methanol)
CuiNii/MgAIO FF (0.25 mol/L in 4.0 150 3 9.61 >99 TFA (95) 17
ethanol)
CuMgAIO FF (unspecified, 6.0 150 6 n.a. >84 12PD (46.4), 18
alcohol) 15PD (25.0)
Co/SBA-15 (10 FF (50 wt.% in 2.0 150 2 2.0 90 FA (78) 19
wt.% Co) ethanol)
Co/TiO2 (5 wt.% FA (2 wt.% in 2.34 140 5.8 - 99.0 15PD (30.3), 20
Co) water) TFA (20.7)
CoAIO FF (10 g/Lin 2- 3.0 150 8 10.0 100 15PD (30), TFA 21
propanol) (62.2)
CoMgAIO FF(10g/Lin 5.0 170 4 1.92 100 15PD (49), TFA 22
ethanol) (14)

Catalysts based on noble metal catalysts are more active and require milder process

conditions than their non-noble metal counterparts. Nakagawa and coworkers [13]

reported on a Pd-Ir/SiO; catalyst that achieved complete conversion of aqueous FF with a
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94% selectivity to TFA. Rh-Re0,/SiO; [9, 12], Ir-Re0,/SiO; [12] and Rh-Mo0,/SiO; [10]
demonstrated excellent selectivity at moderate conditions in the hydrogenolysis of TFA to
15PD using water as solvent. The conversion of TFA, however, had to be limited to ca. 50-
60% to optimize the yield of 15PD and prevent its further hydrogenation to pentanol (PE),
or even pentane. Catalysts based on Ir-ReO,/SiO, with 0.66% of added Pd [14] or Rh [15]
achieved complete conversion of aqueous FF with a selectivity to 15PD of 63.2% and 72.4%,
respectively. However, the reaction process consisted of two consecutive steps performed
at low (40 °C) and high temperature (100 or 120 °C). In the first step, FF was hydrogenated
to TFA, which was then transformed to 15PD during the second step. The total reaction
time required to achieve those optimal values was close to 30 h. Concerning the production
of 12PD, the processing of FF in 2-propanol with a catalyst based on platinum supported
on hydrotalcite (Pt/HT) gave complete conversion with a selectivity of 73% in a single step

of only 4 h [16].

Catalysts based on transition metals such as Cu, Ni and Co have been investigated for FF
hydrogenation as well. A Cu-Ni/MgAIO catalyst with a Cu/Ni ratio of 1.0 was able to fully
convert FF with a selectivity to FA above 99% when methanol was used as solvent. The
same catalyst gave a selectivity of 95% to TFA when ethanol was used instead of methanol
[17]. Production of PDs from FF was achieved in a single step on a CuMgAIO catalyst with
an 84% conversion of FF and a total selectivity to PDs of 71.4% (46.4% 12PD and 25.0%
15PD) [18]. Similar results were reported with cobalt-based materials. A catalyst consisting
of 10 wt.% of cobalt supported on mesoporous silica (Co/SBA-15) produced a 90%
conversion of concentrated FF (50 wt.% in ethanol) and gave a 78% selectivity to FA with
only 2 h of reaction at 150 °C and 2 MPa of H, [19], which are suitable conditions for
industrial operation. On the contrary, 5% Co supported on TiO, provided complete
conversion of aqueous FA at a GHSV of 5.8 h™* on a continuous packed bed reactor and
gave 30.3% selectivity to 15PD and a 20.7% to TFA. Many unidentified byproducts were
formed as well, which comprised ca. 24% of the carbon contained in the FA [20]. A CoAIO

spinel achieved complete conversion of FF in 2-propanol with a selectivity to 15PD and TFA
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of 30 % and 62.2%, respectively [21]. Combination of Co and Mg in a CoMgAIO catalyst
improved the basicity of the surface and promoted a stronger adsorption of C-O-C and

C=C groups, which benefited the conversion of FA into diols [22].

Concerning Ni-Co bimetallic catalysts, Yao and coworkers [23] tested NixCo,Al mixed oxide
catalysts derived from a hydrotalcite precursors in the conversion of 5-
hydroxymethylfurfural (HMF) to 1,2,6-hexanetriol (126-HT). At optimal reaction conditions
NiosCo2sAl gave total conversion of HMF and a yield of 126-HT of 64.5%. Furthermore,
testing of CosAl or NisAl at the same conditions for 4 h did not produce significant amounts
of 126-HT; CosAl gave an 89.4% conversion and 83% selectivity to 2,5-
dihydroxymethylfuran (25-DHF), while NisAl achieved 95.4% conversion and an 80.1%
selectivity to 2,5-tetrahydrofuran-dimethanol (THFDM). Nickel-cobalt bimetallic catalysts
prepared from layered double hydroxides seem therefore to offer good potential for the
hydrogenolysis of furfural. In this work we synthesized and characterized NixCo;-Al
catalysts with different Co/Ni atomic ratios. The effect of the addition of cobalt on the
conversion of furfural and the selectivity to intermediate and final products has been

assessed, and the existence of competing reaction pathways has been established.

2. Results and discussion

2.1. Catalyst characterization

The surface and bulk composition of the oxides obtained by calcination of the LDHs
precursors was measured by FESEM-EDX and ICP-OES, respectively. The change in the
composition of the three materials was demonstrated by ESEM-EDX imaging in Figure 4.1.
The atomic Ni/Al ratio of Ni,Al was 2.05 on the surface (EDX) and 1.83 of the total content

of the catalyst (ICP), close to the intended value (Table 4.2).
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: f)"w

N

Figure 4.1. FESEM-EDX imaging of the LDH precursors calcined at 400 °C for 4h.

In the materials containing Co, the Ni/Al ratios measured by FESEM-EDX, were higher than
the nominal values, especially in the case of NigsCo1.5Al, whereas ICP-EOS gave values closer
to the nominal. In contrast, the Co/Al ratios determined by both techniques were always

close to those intended.

Table 4.2. Metal ratios in the calcined samples determined by FESEM-EDX and ICP-OES

ICP-OES FESEM-EDX
Calcined Material Ni/Al Co/Al Ni/Al Co/Al
NizAl 1.83 - 2.05 -
Ni1.5C0o.5Al 1.32 0.48 1.86 0.42
NiiCoiAl 1.05 1.06 1.33 1.09
Nio.sCo1.sAl 0.48 1.40 0.99 1.56
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SEM imaging of the calcined materials (Figure 4.2) show a change in morphology with the
amount of cobalt. Ni;Al had a granular structure that was also observed on Ni; sCoosAl, but
it changed to superficial flake-like aggregates in Ni;CoiAl and even more clearly in

Nio,5C01,5A|.

|

Figure 4.2. SEM imaging of the LDH precursors calcined at 400 °C for 4h (35 000 x
magnification).

The N, physisorption isotherms (Figure 4.3) corresponded to mesoporous materials with
type 1V(a) isotherms and H2(b) hysteresis loops, according to the IUPAC classification [24,
25]. Surface areas and pore volumes (Table 4.3) and the surface and pore size distributions

(Figure 4.4) were calculated with the BET and BJH models.
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Figure 4.3. N, physisorption isotherms of the LDHs precursors calcined at 400 °C for 4h
(Black line: adsorption branch; red line: desorption branch)

The presence of cobalt did not modify the surface area substantially in Ni;sCoosAl (201
m2-g!) when compared to Ni;Al (210 m?-g™?) but formed larger pores (8.5 nm vs. 6.2 nm in
Ni,Al) with a lower total pore volume. A higher Co/Ni ratio had more impact on the textural
properties. In Ni;Co;Al the surface area was lower (167 m?g™?) and the average pore

diameter and the pore volume were larger (28 nm and 0.86 mL-g™}, respectively) than in
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NiAl and Ni1 sCoosAl. Further increasing the Co/Ni ratio in NigsCo1sAl resulted on a smaller
average pore size (17 nm), no remarkable change was noticed on the surface area
(168 m%g?), the shapes of the surface and pore size distributions were similar

(Figure 4.3).

Table 4.3. Textural properties of the calcined samples determined from N; physisorption

Calcined Material BET Surface Area Pore volume Average pore diameter
(m2g™) (mL-g™) (nm)
NizAl 210 0.74 6.2
Ni1.5Coo5Al 201 0.57 8.5
Ni1Co:Al 167 0.86 28
Nio.sCo1.sAl 168 0.92 17
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Figure 4.4. Pore volume (left) and surface (right) distributions of LDHs calcined at 400 °C
for 4h, determined with the BJH model.

The X-ray diffractograms of the LDHs calcined at 400 °C for 4 h (Figure 4.5) presented very

broad peaks produced by small crystallites, which made the elucidation of the structure
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difficult. The phases detected were NiO, a spinel-type structure (A)[B].04 (Fd3m) with the
tetrahedral position (A) and the octahedral position [B] occupied by Ni, Co and Al, and a
small fraction of Ni(OH).NiOOH (Jamborite, ICSD entry 076650). The distribution of cations
inside the spinel structure was adjusted manually in such a way that the following rules
were fulfilled: i) minimum difference between the elemental composition of the sample
measured by SEM and that calculated from the Rietveld analysis; ii) minimum electrical
charge of the spinel structure-type calculated with the Bond Valence Theory [26]; iii)
minimum R_wp (conventional Rietveld agreement factor); and iv) complete occupation of
the tetrahedral position (A) and the octahedral position [B] by the cations. A detailed
guantification of the detected phases and their crystallite sizes is given in Table 4 of the
supplementary material. Calcined Ni;Al was formed by equivalent amounts of NiO and
spinel, and a small amount of Jamborite. Addition of Co promoted the formation of the
spinel structure, suppressed Jamborite and decreased the amount of NiO, which accounted
only for 3.4 wt.% in NiosCoisAl. The spinel peaks shifted to higher 20 angles (lower

interplanar spacing) with the amount of Co, and the crystallite sizes were larger.
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Figure 4.5. XRD patterns of the LDH precursors calcined at 400 °C for 4 h (left) and the
catalysts reduced at 500 °C for 1 h (right) (a: Ni>Al; b: Ni1sCoosAl; c: Ni;Co1Al; d: NigsCo1.sAl)
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The signals of the X-ray diffractograms of the catalysts reduced at 500 °C for 1 h (Figure 4.5)
were broader than those of the calcined samples, which made the interpretation of the
diffraction patterns even more difficult. Besides the (A)[B].O4 spinel structure present in
the calcined materials, NixCo(1— alloys (Fd3m) and NixCo-O mixed oxides (Fm-3m) were
formed. The composition of the NixCo1-«O oxides was estimated from the refined cell
parameter applying the empirical Vegard law [27], taking as extreme values the cell
parameters of NiO (a = 4.1771A, ICDD card 47-1049) and CoO (a = 4.26120A, ICDD card 48-
1719). We chose this method to estimate the composition because it was not possible to
refine the substitution Ni 5 Co in the structure by X-ray diffraction due to the similar X-ray
scattering power of these atoms. The samples with more Co displayed a shoulder at 26 =
34.5° that coincided with the most intense peak of the spinel. This shoulder was less
evident at lower Co contents but always the (111) peak of NiCou1-O presented an
asymmetry at lower angles that could only be explained by the presence of the spinel. The
Ni,Al-R catalyst had a 29 wt.% of reduced nickel and a 35 wt.% of NiO forming highly
dispersed crystallites of 3.4 and 1.8 nm, respectively (Table 4.4). The spinel-type phase was
35 wt.% and had a Ni/Al ratio significantly lower than that of the unreduced material.
Ni1.sCoosAI-R contained a 17 wt.% of metallic nickel, a 52 wt.% of Nig.66C00.440 and a 30 wt.%
of spinel, although the latter consisted only of Al and Ni. The Ni;Co;Al-R catalyst had a 29
wt.% of reduced NigCog s alloy forming 3.7 nm crystallites, together with a 34 wt.% of NiO
and a 33 wt.% of spinel. The latter also had lower Co/Al and Ni/Al ratios than the unreduced
material. In contrast, NipsCo1sAl-R had only a 3 wt.% of Nig;Coos alloy, a 46 wt.% of
NiosCo050 and a 42 wt.% of spinel phase that was enriched in Al as in the other catalysts

(Table 4.4).
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Table 4.4. Phase composition and average crystallite sizes of the calcined LDHs precursors
and the reduced catalysts.

Elemental Calculated Phases

composition composition

(SEM, wt.%) (DRX, wt.%)

Al Co Ni Al Co Ni Identified wt.% Crystal
lite
size
(nm)

NizAl 12.4 - 553|136 - 576 (Alo.ssNio.15)[Alo.ssNio.4s)204 46.1 1.32
NiO 48.6 2.24

Jamborite 5.3 2.2

NizsCoosAl 115 105 465 | 121 120 47.8 (C00.25A10.75) [CO0.25Al0.45Ni0.30] 204 51.2 1.35
NiO 47.4 2.34

Jamborite 1.4 6.0

NizCosAl 11.0 262 319 | 122 271 324 | (Coo2sAlosoNio.2s)[CO0.53Al037Ni0.10]204 72.3 3.07
NiO 27.6 3.3

NiosCousAl 107 366 232 | 105 366 23.2 | (Coo35Alo30Nio3s)[COo51Al0.28Nio.21)204 96.6 4.99
NiO 3.4 9.0

NizAl-R 12.4 - 553|183 - 590 (Alo.soNio.10)[Alo.ssNio.01]204 35 1.27
NiO 35 1.8

Ni 29 3.36

Ni1sCoosAl-R 115 105 465 | 104 149 53.1 (Alo.s0Nio.20)[Alo.soNio.20]204 30 1.27
Nio.66C00.440 52 1.9

Ni 17 3.6

Ni:CoiAl-R 113 262 319 | 139 240 40.0 (C00.10Al0.90)[Alo.soNio.20]204 33 1.27
NiO 34 1.4

Nio2Coo: 29 3.7

Jamborite 3.0 2.2

NiosCo1sAI-R 107 366 232|112 358 250 (C00.30Al0.70) [CO0.45Al0.55]204 42 1.27
Nio5C00.50 46 1.9

Nio.7Co0.3 3.0 3.7

Jamborite 7.5 2.2
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Figure 4.6. H>-TPR of LDH precursors calcined at 400 °C for 4h

The reducibility of the calcined materials was studied by temperature-programmed
reduction (H>-TPR) between 100 and 800 °C under 10% hydrogen in argon. Ni>Al had a small
shoulder at 380 °C and a larger peak at 554 °C (Figure 4.6). The first was consistent with the
reduction of a small fraction of NiO that had little interaction with the spinel, while the
second corresponded to nickel oxide that had stronger interaction and the transformation
of the spinel structure itself [28-30]. Addition of Co caused the formation of two broad
peaks that were displaced to higher temperature with the Co/Ni ratio of the sample. The
peak in the low temperature range (200 to 400 °C) resulted from the reduction of Co3* to
Co?* and the transformation of the spinel structure, while the peak in the high temperature

range (500 to 800 °C) corresponded to the reduction of mixed nickel and cobalt oxides to
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form NiCo alloys dispersed on the aluminum-enriched spinel. Specific hydrogen
consumption increased with the Co/Ni ratio, but reduction temperature shifted to higher

values (Table 4.5).

Table 4.5. TPR of the LDH precursors calcined at 400 °C for 4h. Peaks detected and
specific hydrogen consumption

Peak 1 Peak 2 Total

Calcined Material T(°C) Hz, mL-g™ (STP) T(°C) Hz, mL-g™* (STP) Hz, mL-g™* (STP)
Ni;Al 388 3.4 554 136 139
Ni1sCoo.5Al 254 35 643 168 203
Ni1Co:Al 276 17 762 219 236
Nio.sCo1.5Al 354 90 726 246 336

The acidity of the catalysts was determined by temperature programmed desorption of
ammonia (Figure 4.7). The desorption peaks of all the materials had broad temperature
ranges, implying wide distributions in the strength of the acid sites.
Multiple overlapped peaks were apparent in Ni;Al-R below 350 °C resulting from the
desorption of ammonia from weak and moderate strength sites, together with a peak of
strong acidic sites at ca. 600 °C. The presence of Co on Ni;sCogsAl-R increased the area of
the low temperature peaks pointing to an increase in weak acidity sites. Co on Ni;CoAl-R
promoted a new maximum at 120 °C associated to weak sites and increased the area of the
high temperature peak, pointing to an increase on the concentration of strong sites. Finally,
adding more Co on NigsCoisAl-R tended to reduce the acidity of the material since the area

of the peaks was lower, especially in strong acidity region.
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Figure 4.7. Temperature programmed desorption of ammonia (TPD-NHs): ammonia
concentration normalized to the amount of catalyst vs. the desorption temperature
(a: NizAl-R,‘ b: Ni1_5C00_5A|-R; C: Ni1CO1A|-R,' d: Ni0_5C01,5A|-R).

Signal deconvolution (Figure 4.8) was used to quantify the amounts of weak
(a, Ta < 220 °C), intermediate (B, 220 °C < T4 < 500 °C) and strong (y, T4 > 500°C) sites and
the total acidity of the catalysts (Table 4.6). Overall, the addition of cobalt increased the
amount of a sites from 0.34 mmol NHz g in Ni>Al-R to ca. 0.60 mmol NHz g in Ni15Coo5Al-
R and Ni;Co;Al-R, and decreased to 0.54 mmol NHs g in NigsCo1sAl-R. The amount of B
sites diminished with the content of Co in the catalyst, from 0.66 to 0.20 mmol NHs gt in
Ni>Al-R and NigsCo1sAl-R, respectively. Finally, the presence of y sites was close to 0.20
mmol NHs g* for all the materials except for Ni;Co;Al-R, which had 0.43 mmol NH3 g1. The
total acidity of the catalysts was high, from 0.96 mmol NHs; g in NigsCo1sAI-R to 1.3 in
Ni;Co;Al-R.
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Figure 4.8. Temperature programmed desorption of ammonia (TPD-NHs): deconvolution
of the ammonia concentration normalized to the amount of catalyst vs. the desorption
temperature (Blue peaks: a-weak sites; Green peaks: B-intermediate strength sites; Red
peaks: y-strong sites. Blue line: recorded signal; Cyan line: deconvoluted signal).

Table 4.6. total concentration of acidic sites and estimation of weak, intermediate, and
strong acidic sites based on signal deconvolution by TPD-NHs.

Concentration of acidic sites (mmol NHs g™)

Catalyst Weak (a) Intermediate (B) Strong (y)
Ty<220°C ~ 220°C< CTd <500 T4 >500°C Total
Ni,Al-R 0.34 0.66 0.23 1.2
Ni1.5Coo5AI-R 0.62 0.34 0.19 1.2
Ni1Co;Al-R 0.60 0.26 0.43 1.3
Nig.sCo15AI-R 0.54 0.20 0.22 0.96
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2.2. Catalytic activity tests

The effect of reaction time on the FF hydrogenation activity was evaluated on the Ni;Co;Al-
R catalyst at 190 °C and 5.0 MPa of H; for up to 8 h. Conversion of furfural was already
higher than 99.5% after only one hour of reaction and a wide variety of products were
formed (Figure 4.9). Three primary products that reached their maximum selectivity after
1 h of reaction were identified: furfuryl alcohol (FA, 25.7%), 2-furaldehyde diethyl acetal
(FDA, 31.0%) and di-furfuryl ether (DFE, 9.4%).

Selectivity / %

Time/h Time/h Time / h)

Figure 4.9. Product selectivity of furfural hydrogenolysis on the NiiCo:Al-R catalyst at at
190 °C, 5.0 MPa H,. Furfural conversion was >99.5% after 1 h.

FA was formed by the hydrogenation of the aldehyde group of FF, which was subsequently
converted to tetrahydrofurfuryl alcohol (TFA) by hydrogenation of the double bonds in the
furan ring. The selectivity to TFA was 17% after 1 h. Hydrogenolysis of FA, and eventually
of TFA, opened the furan rings to form pentanediols as schematized in the reaction
pathway shown in Scheme 4.1. A 4.5% selectivity to 1,5-pentanediol (15PD) and a 3.2% to
1,2-pentanediol (12PD) were obtained after 1 h, together with trace amounts of 1,4-
pentanediol (14PD). Extending the reaction time caused the selectivity to FA to decrease
and only trace amounts of this product could be detected after 6 h. Selectivity to TFA was

nearly constant at ca. 29% from 2 to 6 h but grew to 42% after 8 h. This was due to the
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formation of additional TFA by the hydrogenolysis of FDA, as explained below. Selectivity
to pentanediols increased steadily as reaction time was extended. After 8 h it reached 9.6%,
7.8% and 2.3% for 15PD, 12PD and 14PD, respectively, thus reaching a combined selectivity

to pentanediols of ca. 20%.

The reversible nucleophilic addition of ethanol or FA with FF on the acidic sites of the
catalyst produced FDA and DFE, a conversion pathway that has been reported during FF
hydrogenation. TPD-NH3; results showed that all catalysts have a significant amount of
acidic sites which is one of the factors causing this reversible nucleophilic addition, among
others. The formation of FDA from FF and ethanol on a Pd/C catalyst under mild
hydrogenation conditions was identified as the key intermediate step in the production of
furfuryl ethyl ether (FEE) and TFE [31]. The formation of 2-(diisopropoxymethyl) furan —the
analogous to FDA resulting from acetylation of FF with 2-propanol — was reported on
Pt/Al,0s [32], NiO [33], NiO-Al,O3 and ZnAl,0;-Al,03 [34], and on Pd-exchanged B-zeolite
catalysts [35] during the catalytic transfer hydrogenation of FF with 2-propanol. Recently,
FDA and DFE were also observed during the hydrogenation of FF in ethanol solution with
NiCuAl catalysts [36]. On the Ni;Co;Al-R catalyst, FDA reached its maximum selectivity at 1
h and decreased afterwards (Figure 4.9). Hydrogenolysis of FDA led to the formation of
tetrahydrofurfuryl ethyl ether (TFEE) which reached a maximum selectivity of 26% after 6
h and started to decrease afterwards due to its subsequent conversion to TFA. A similar
trend was observed for DFE, whose selectivity started to decrease after reaching a
maximum at 1 h. The intermediate compounds ethoxy(furan-2-yl)methanol (EFm) and
2((ethoxy(furan-2-yl)methoxy)methyl)furan (FEFA) could not be identified in the reaction
mixture, which suggest that they were rapidly converted to FDA and DFE. In addition,
hydrogenolysis of DBE should lead to the formation of furfuryl-tetrahydrofurfuryl ether and
ditetrahydrofurfuryl ether (not shown in Scheme 4.1), but those compounds could not be
identified in our samples. Subsequent hydrogenolysis of DBE should form 2-methyl

tetrahydrofurane (mTHF) and additional TFA, as shown in Scheme 4.1.
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Hydrogenation of the alcohol group in FA led to 2-methylfuran (mFUR) which was
subsequently converted to mTHF and PE. FA was completely consumed after 4 h thus
preventing the formation of additional mFUR by this route. From 4 to 8 h the selectivity of
mFUR decreased while that of PE increased in an equivalent extent, but the selectivity to
mTHF grew continuously until it doubled that of PE. This was consistent with mTHF being
also formed by the hydrogenolysis of DFE. Minor amounts of furan (FUR) where detected
up to 2 h of reaction, which could be formed by decarbonylation of furfural or the
hydrogenolysis of FA. FUR was further converted to BU as main product — 4.5% selectivity

at 8 h —and hydrogenated to tetrahydrofuran (THF) as byproduct (1.9% selectivity at 8 h).
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Figure 4.10. Conversion and product selectivity of furfural (FF), furfuryl alcohol (FA) and
tetrahydrofurfuryl alcohol (TFA) hydrogenolysis on the Ni;Co1AI-R catalyst at 190 °C, 5.0
MPa H; and 6 h.
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It was worth mentioning that the relatively fast grow in the selectivity to TFA after 6 h at
the expense of FDA consumption was not accompanied by a similar rise in the selectivity
towards pentanediols, which posed the question whether the Ni;Co1Al-R catalyst was able
to open the saturated ring in furans such as TFA, mTHF or THF. To address this issue,
additional experiments were conducted with the Ni;Co;Al-R catalyst at the same conditions
of temperature and pressure (190 °C and 5.0 MPa of H,) for 6 hours but using FA or TFA at
5 wt.% concentration in ethanol as reactant. Conversion barely reached 2.6% when TFA
was used (Figure 4.10). The only quantifiable products derived from TFA were
pentanediols, with a total selectivity of 62.3%, and a 36.7% of other alcohols (mainly
propanediol). This shows that the catalyst had little activity towards the opening of the
saturated furan rings. Concerning FA, conversion was higher than 99.5% and it produced
pentanediols (39.7%), TFA (23.2%), other alcohols (16.7%) — basically BU (7.5%) and PE
(4.9%) — and other furans, which were mFUR (2.5%), mTHF (7.5%) and trace amounts of
FUR and THF. With FA, the selectivity to pentanediols was almost twice the selectivity to
TFA, whereas it was the opposite when FF was used as feed. This supports the existence of
a competing path towards TFA formation through the DFE and FDA in the case of furfural.
In fact, FDA and DFE where not formed from FA or TFA, which confirms that they evolve
from FF through its nucleophilic addition with ethanol and FA. In addition, TFEE was not

detected in either case, which confirms that it evolves from the hydrogenolysis of FDA.
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Figure 4.11. Product selectivity during furfural hydrogenolysis on the four catalysts at 190
°C, 5.0 MPa H, and 4 h. Furfural conversion was always higher than 99.5%.

The Co/Ni ratio of the catalyst had a strong influence on selectivity (Figure 4.11). Furfural
conversion after 4 h at 190 °C and 5.0 MPa of H, was always higher than 99.5%. The Ni,Al-
R and NiisCoosAl-R catalysts had the lowest capacity to activate ring-opening
hydrogenolysis reactions when compared to the catalysts having a higher Co/Ni ratio but
exhibited good activity for the saturation of the furan ring. In Ni,AI-R, TFA was the main
product (53.5%), followed by a 32.3% of TFEE. Selectivity to pentanediols was only 3.1%.
Ni1sCoo.sAI-R gave similar results. TFA was again the main product with a selectivity of
57.2%, together with a 16.5% of TFEE, 14.2% of mTHF and 6.3% THF, while the combined
selectivity to pentanediols and to other alcohols were only 5.1% and 4.8%, respectively.
Small amounts of FDA (<0.3%) and DBE (<0.1%) were observed, thus supporting the
reaction pathway proposed for the formation of TFEE. The NipsCo1sAI-R catalyst had the
highest capacity for the formation of pentanediols (22.4% combined selectivity) and other
alcohols (12%), but TFA was still the most abundant product with a 28.3% selectivity,
virtually identical to that on Ni;Co;Al-R. Compared to the latter catalyst, the selectivity to

TFEE on NigsCo15AI-R was lower (16.5%), and that to the combined amounts of other furans
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(FUR, mFUR, THF and mTHF) was similar (14%). A closer analysis of the data revealed a few
trends concerning the effect of the cobalt content. A higher Co/Ni ratio not only improved
the overall selectivity to pentanediols, but it favored the formation of
the 15PD over 12PD and 14PD (Figure 4.11. The molar ratios (FUR+mFUR)/(THF+mTHF) and
(PE+BU)/(THF+mTHF)) also grew with the content of cobalt thus showing that Co favored
the opening of the unsaturated furan rings to non-cyclic alcohols over their hydrogenation
to saturated furans. This seems related to a higher hydrogenation activity of the NixCo(1-x
metal alloys formed on NipsCo1sAl-R and Ni;Co;Al-R (Table 4.4), over that of the metallic

nickel present on Ni15Coo.sAI-R and Ni,Al-R.
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Scheme 4.1. Reaction pathways involved in the hydrogenolysis of furfural on Ni-Co/Al
catalysts
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3. Conclusions

The effect of the Co/Ni atomic ratio on the selectivity of NixCop-gAl catalysts during the
liqguid-phase hydrogenolysis of furfural in ethanol has been studied at 190 °C and 5.0 MPa
of H,. Two competing pathways were inferred. The first involved the hydrogenation of FF
to FA and its subsequent conversion by hydrogenolysis to pentanediols and by
hydrogenation to TFA. The second pathway took place by nucleophilic addition on the
acidic sites of the catalyst surface; FF reacted with ethanol to form FDA, and with FA to
produce DFE. Hydrogenolysis of the addition products lead to TFEE and TFA in the first case,
and to TFA and mTHF in the second. Additional experiments with TFA and FA as feedstocks
instead of FF revealed that the primary products of nucleophilic addition were not formed
when FF was not present. Also, TFA was not converted substantially, thus showing that the
NixCop—xAl catalysts had little capacity to open the saturated furan rings in TFA, THF and
mTHF. The presence of NixCo, metal alloys on the reduced catalysts seems to promote ring-
opening reactions of the unsaturated furans over ring hydrogenation, thus favoring the

production of alcohols and diols.
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Chapter 5: Ni-Mg/Al prepared from double
layered hydroxides (LDHs) as catalysts for

the selective conversion of furfural to
tetrahydrofurfuryl alcohol (TFA).

1. Introduction

Furfural is produced by the acid-catalyzed dehydration of the C-5 carbohydrates forming
hemicellulose and it has been identified as a key biomass-derived platform chemical [1-3].
Furfural is a versatile chemical due to the presence of an aldehyde group and the a,B
unsaturation of the furan ring. These functionalities make furfural an excellent starting
molecule for the synthesis of many value-added chemicals since it can be converted by
dehydration, oxidation, hydrogenation, decarbonylation, decarboxylation, condensation or
ring opening reactions [4,5]. Furfural hydrogenation can produce several industrially useful
chemicals, such as furfuryl alcohol, tetrahydrofurfuryl alcohol, or tetrahydrofuran, among
others. Tetrahydrofurfuryl alcohol in particular is used as a high-boiling point solvent for
dyes, pesticides and herbicides, inks, specialty chemicals, and in the synthesis of some

pharmaceuticals [6].

The established industrial process to produce tetrahydrofurfuryl alcohol (TFA) uses
supported Ni catalysts to hydrogenate furfuryl alcohol (FA) at low temperature (typically
below 100 °C) in either vapor or liquid phase. The direct synthesis of TFA from furfural has
attracted considerable interest, but it is challenging since it requires catalysts that activate
both the furan ring and the carbonyl group. Heterogeneous catalysts based on noble metals
supported on a variety of materials have been studied in detail for this reaction, since they
have good C=C reduction activity. Palladium supported on a Si-MFI molecular sieve (3%
Pd/MFI) gave a 95% selectivity to TFA after 10 h at 220 °C and 35.5 bar H; using isopropanol
as solvent [7]. Milder conditions were required to reach similar selectivity with other

supports such as hydroxyapatite (100% TFA, Pd-HAP, isopropanol, 40 °C, 10 bar Hy, 3 h) [8]
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or metal organic frameworks (100% TFA, Pd/UiO-66, water, 60 °C, 10 bar H,, 4 h) [9].
Addition of platinum to palladium using titania as support (PdPt/TiO,) gave a 95%
selectivity to TFA at lower pressure and temperature (isopropanol, 30 °C, 3 bar H,, 4 h) [10].
A platinum-nickel alloy supported on activated carbon (PtNi/C) gave a 93% TFA vyield at
35 °C and 20 bar H, using water as solvent for 12 h, close to yield with Pd/C [11], and also
similar to the performance of a commercial Rh/C catalyst (93% TFA, water, 30 °C, 10 bar H,
and 12h) [12]. Due to the relatively high cost of noble metals, catalysts based on non-noble
metals such as nickel have been studied widely. Nakagawa et al. [13] reported a 94% vyield
of TFA in the gas phase hydrogenation of FF at 130 °C on Ni/SiO, prepared by impregnation.
TFA was formed through the sequential transformation of FF to FA to TFA. The presence of
FF inhibited the second step because FF adsorption on the surface was stronger than that
of FOL. This step was also very sensitive to the structure of the catalyst. The highest activity
was reached with small Ni crystallites (< 4 nm). Yang et al. [14] reached a 99% selectivity to
TFA at 140 °C, 40 bar H; and 4h using water as solvent with nickel supported on alumina
modified with barium (Ni/Ba-Al,0s). Barium enhanced the selectivity to TFA by giving more
basicity to the surface, thus inhibiting furfural polymerization and secondary reactions on
acidic sites. A bimetallic Ni-Co supported on mesoporous silica (SBA-15) gave catalysts with
highly dispersed Ni-CoOy sites (5-8 nm crystallites) that were responsible for the high
selectivity to TFA (90 %) during the hydrogenation of FF in isopropanol at 210 °C and 70 bar
H, for 6 h [15]. Mesoporous clays modified with MgO to reduce acidity were used as
support for Ni catalysts (Ni/MgO/montmorillonite MK-10) that achieved a complete
conversion of FF to TFA in aqueous-phase at 140 °C, 40 bar H, and 4h [16]. Kumar et al. [17]
reported a ca. 90% selectivity to TFA with 10% nickel supported on a CuFe spinel
(Ni/CuFe;04) at 150 °C and 10 bar H with ethanol as solvent. High metal dispersion, small
crystallite size and a strong interaction with the support increase the hydrogenation activity
of the catalysts. An efficient way to achieve a high dispersion is by introducing the metal
directly into the composition of the support. This is feasible when using precursors based

on layered double hydroxides [18].
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Layered double hydroxides (LDH) are clays consisting of hydroxide layers having positive
charge, balanced by mobile anions and water located in the interlayer region, according to
the general molecular formula [M?*1-x N3, (OH)2]** [A"/n-yH20]* (0 < x < 1) [19] (Figure 5.1).
This particular structure makes LDH versatile materials that can be used as heterogeneous
catalysis. The basicity of the LDH surface can be modified by varying the M2*/N3* ratio or by
changing the anionic species in the interlayer space. Therefore, surface metal species can
cooperate with basic-acid sites on the surface of LDH to generate multifunctional catalysts.
The anionic species in the interlayer region can be modified by ion-exchange or by
calcination and rehydration (memory effect), to introduce catalytically active species into
the structure. Furthermore, LDH can be used as support structure for highly dispersed
metal nanoparticles [19-21]. Heterogeneous catalysts can be also obtained from LDH
precursors by calcination at controlled conditions followed by partial reduction. This
produces mixed oxide structures containing small and highly dispersed metal crystallites
that have strong interaction with the oxides, which provides active catalysts with good
resistance to sintering [22-24]. Catalysts derived from LDHs have demonstrated good
performence in the hydrogenation of furfural. Sulmonetti et al. [25] tested various nickel
mixed metal oxides derived from Ni-Mg-Al and Ni-Co-Al LDHs in the gas-phase
hydrogenation of FF at 155 °C and atmospheric pressure. FA was the main product followed
by TFA, but variable amounts of FUR, mFUR, BU and 12PD were obtained. Selectivity to TFA
was only 21% with Ni;Al and 13.1% with NiisMg:Al. Improved selectivity to TFA was
achieved in liquid phase hydrogenation. Wu et al. [26] reported a 95% selectivity to TFA in
the hydrogenation of furfural in ethanol at 150 °C, 40 bar H; and 3 h using a supported CuNi
alloy catalyst (CuNi/MgAIO) obtained from a LDH precursor. The dispersion of the alloy
crystallites and the basicity of the surface was determined by the temperature of
calcination of the LDH. A 99% selectivity to TFA using Ni supported on mixed metal oxides
prepared from Ni-Al LDHs having carbonate as interlayer anion was attained in isopropanol
at 110 °C, 30 bar H; and 3 h [27]. Similarly, a 98% yield of TFA was achieved at 160 2C, 30
bar H; and 4 h using 2-butanol as solvent with an equimolar NiCu alloy supported on mixed

oxides (NiO, CuO, CuAl,04 and NiAl,0,4 spinel) derived from Ni(Cu)AI-LDH [28]. Recently,
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Stepanova [29] explored the Ni(Mg)AIOy catalysts obtained by calcination of Ni(Mg)AI-LDH.
Tests were conducted using water as solvent at 90 °C and 20 bar H,. FA tended to be the

main product, but Ni1sMgs sAl gave a 44% selectivity to TFA.

LDH Layer

Interlamellar layer

Basal Spacing
]

DA (oH)
Blive (oH),)-

Figure. 5.1. The LDH structure, color code for atoms in blocks representation: M*= Mg?*:
blue blocks, M3*= AI**: orange blocks.

In this work, we synthesized NixMgyAl catalyst from LDH precursors with Ni/Mg atomic
ratios x/y of 2/0, 2/1 and 1/1. The catalysts were characterized and tested for the total
hydrogenation of furfural to TFA, both in liquid phase under hydrogen pressure in a batch
slurry reactor, and in gas phase at atmospheric pressure on a continuous packed bed. The
influence on product selectivity of the process conditions, the Ni/Mg ratio of the catalysts
and the type of reactor was assessed, and the pathways leading to the formation of the

major products were discussed.
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2. Results and discussion

2.1. Catalyst characterization

The bulk chemical composition of the calcined oxides was measured by ICP-OES (Table
5.1). The Ni/Al atomic ratios obtained for Ni;Mg;Al and Ni;Mg;Al were 1.90 and 0.90,
respectively, closer to the intended values than the ratio of 1.83 in Ni;Al. Similarly, the
Mg/Al ratios were close to the nominal, with vales of 1.11 in Ni;Mg;Al and 0.98 in Ni;Mg-Al.
The surface compositions determined by FESEM-EDX (Table 5.1) gave values similar to
those of the bulk composition determined by ICP-OES, except on the case of Ni:Mg,Al,
where both the Ni/Al and Mg/Al were lower.

Table 5.1. Atomic ratios of the LDH precursors calcined at 400 °C for 4 h, measured by
ICP-EOS and FESEM-EDX.

ICP-EOS FESEM-EDX
Calcined material
Ni/Al Mg/Al Ni/Al Mg/Al
NizMg:Al 1.90 1.11 1.27 0.82
NiiMg:Al 0.90 0.98 0.96 1.02
NizAl 1.83 - 2.05

The change in the composition of the three materials was demonstrated by ESEM-EDX

imaging in Figure 5.2.
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am-mu

ool 0

Figure 5.2. FESEM-EDX imaging of the LDH precursors calcined at 400 °C for 4h. Green color
for Magnesium, blue color for Aluminum and red color for Nickel.

SEM imaging of the calcined materials (Figure 5.3) showed a slight change in morphology
with the addition of magnesium. The three calcined materials consisted of aggregates of

spherical granules, which were slightly larger in Ni;Mg;Al and Ni:Mg;Al.
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Figure 5.3. SEM imaging of the LDH precursors calcined at 400 °C for 4 h (10000 x
maghnification).

The N, physisorption isotherms of the calcined LDH precursors (Figure 5.4) were
characteristic of mesoporous materials with type Il isotherms and H3 hysteresis loops,

according to the IUPAC classification [30, 31].
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Figure 5.4. N, physisorption isotherms of the LDH precursors calcined at 400 °C for 4 h. The
red symbols are the adsorption branch, and the black symbols represent the desorption
branch of the isotherm.

The BET surface area of the three materials was similar. It was ca. 210 m? g in NiAl,
212 m? g in Ni;Mg:Al and 200 m? g* in Ni,Mg;Al. The pore size and surface distributions
(Figure 5.5) and the specific volume and average pore diameter (Table 5.2) calculated with
the DFT model followed a similar trend. The pore volume and surface area were ca. 0.49
mL gt and 5.4 nm in both Ni>Al and Ni;Mg:Al. Ni;Mg:Al had the same pore volume but a

larger pore size (7.1 nm).

Table 5.2. Textural properties of the LDH precursors calcined at 400 °C for 4 h.

Calcined material BET Surface Area DFT pore volume DFT pore diameter
(m*g™) (mLg™) (nm)
Ni2Al 210 0.49 5.4
Ni2Mg:Al 200 0.50 7.1
NizMg:Al 212 0.48 5.4

Overall, the textural properties and the surface composition changed with the (Ni+Mg)/Al

atomic ratio of the calcined material.
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Figure 5.5. Pore volume (left) and surface (right) distributions of the LDH precursors
calcined at 400 °C for 4 h, determined with the DFT model.

The XRD diffraction patterns of the calcined catalyst precursors (Figure 5.6) had wide
overlapping peaks characteristic of structures with small crystallites, which complicated the
elucidation of the phases present in the materials. The Rietveld analysis of the
diffractograms revealed combinations of several structures, with compositions and
proportions that depended on the Ni/Al and Mg/Al ratio. In general, these comprised a
spinel-type structure (A)[B].04 (Fd3m) with the tetrahedral position (A) and the octahedral
[B] position occupied by Ni, Mg and Al oxides, NiO or NixMg(1-xO oxides, and in some cases

minor amounts of Jamborite (Ni(OH),NiOOH, ICSD entry 076650).
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Figure 5.6. XRD patterns of the LDH precursors calcined at 400 °C for 4 h (left), and the
catalysts after reduction at 500 °C for 1h (right). a: NizAl; b: Ni;Mg;Al; c: Ni;Mg;Al

The distribution of cations in the spinel structure was adjusted manually to fulfill these

rules:

i) minimum difference between the elemental composition of the sample measured by
SEM and that calculated from the Rietveld analysis; ii) minimum electrical charge of the
spinel structure calculated with the Bond Valence Theory [32]; iii) minimum conventional
Rietveld agreement factor (Rwp); and iv) complete occupation of the tetrahedral position
(A) and the octahedral position [B] by the cations. The NixMg15O structure was estimated
from its refined cell parameter (Vegard’s law) [33]. Calcined Ni,Al consisted of 48.6 wt.% of
NiO and 46.1 wt.% of spinel (Table 5.3) together with a small amount of Jamborite. In
Ni-Mg;Al, the main structures were comprised of a ca. 58.1 wt.% of mixed nickel-
magnesium oxide (Nio.ssMgo.s10) with a 41.9 wt.% of the MgosNio3[Al].04 spinel. Similarly,
Ni1Mg1Al contained Nip31MgoesO and MgosNios[Al].0s by 53.5 wt.% and 46.5 wt.%,
respectively. Reduction with hydrogen at 500 °C for 1 h altered the diffraction patterns of
the three materials substantially (Figure 5.6). In Ni>Al-R, the amounts of spinel and NiO
phases decreased, the spinel was enriched in aluminum and contained little nickel, and a

29.0 wt.% of metallic nickel phase (Fd3m) having an average crystallite size of 3.4 nm was
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formed (Table 5.3). The reduction transformed the Ni;Mg;Al phases into additional
Mg[Al]>04 spinel (39.6 %), Nio.51Mgo.490 (47.9 %), and also a 12.6% of metallic nickel with an
average crystallite size of 2.8 nm. Likewise, reduction of Ni;Mg;Al led to form a mixture

spinel and mixed nickel-magnesium oxide and a 6.2 wt.% of metallic nickel (Table 5.3.).

Table 5.3. Crystalline phases detected and average crystallite sizes calculated from the
XRD diffraction patterns of the calcined and reduced samples.

Composition (XRD, wt.%) Phases
Samples Al Mg Ni Identified wt.% Crystallite size (nm)
NizAl 13.6 - 57.6  (AlogsNio1s)[AlossNioas]20a 46.1 1.3
NiO 48.6 2.2
Jamborite 53 2.2
Ni2Mg.Al 10.5 13.6 33.0 Mgo.7Nio3[Al]204 41.9 1.2
Nio.4sMgo.510 58.1 2.8
NizMgAl 7.7 13.0 18.8 Mgo.sNio.s[Al]204 46.5 0.7
Nio.31Mgo.6s0 53.5 2.1
Ni,Al-R 183 - 59.0  (AlogoNio.10)[Alo.99Nio01]204 35.0 1.3
NiO 35.0 1.8
Ni 29.0 3.4
Ni2Mg:Al-R 15.08 16.8 371 Mg[Al:0s 39.6 1.3
Nio51Mgo.4s0 47.9 2.8
Ni 12.3 2.8
Ni:Mg:Al-R 16.5 18.8 303 Mg[Al.0s 43.6 1.3
Nio.4aMgo.660 45.3 1.5
Ni 6.2 3.6
Jamborite 4.9 25

The reducibility of the calcined materials was studied by temperature-programmed

reduction (H,-TPR) between 100 and 800 °C under 10% hydrogen in argon (Figure 5.7). The
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three materials presented two peaks above 300 °C, which shifted to higher temperature
with the magnesium content (Table 5.4). In Ni,Al, the low temperature shoulder at 387 °C
was attributed to the reduction of small fraction of NiO that had little interaction with the
spinel, while the largest and broader peak at 554 °C comprised the transformation of the
spinel and the partial reduction of NiO [34-36]. Ni.Mg;Al and specially Ni;Mg;Al were less
reducible than Ni,Al. The high temperature peak was also very broad and was attributed
to the transformation of multiple structures of nickel with magnesium and aluminum [37].
The peak maxima shifted to higher temperature and the hydrogen consumption decreased
with the amount of magnesium, which was consistent with the formation of unreducible
Mg[Al].04 spinel, mixed NixMg(1O oxides and the lower formation of reduced nickel that

was inferred from XRD.

Table 5.4. Specific hydrogen consumption during the TPR of the LDH precursors calcined
at 400 °Cfor 4 h.

Calcined Peak 1 Peak 2 Total
Material T(°C) H, (mLg) T(°C) H: (mLg?) H2 (mLg™)
NizAl 387 3 554 136 139
NizMgaAl 392 7 630 127 134
NizMgaAl 420 13 705 96 109
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Figure 5.7. H,-TPR of the LDH precursors calcined at 400 °C for 4 h.

The acidity of the catalysts was determined by temperature programmed desorption of
ammonia (Figure 5.8). The desorption peaks of all the materials had broad temperature
peaks areas, indicating wide distributions in the strength of the acid sites.
Multiple overlapped peaks were observed in NiAl-R below 350 °C forming from the
desorption of ammonia from weak and moderate strength sites, together with a peak of
strong acidic sites at ca. 600 °C. A decrease in the area of the low temperature peaks was
found, pointing to the effect of Mg addition on Ni;Mg:Al-R and Ni;MgAI-R in reducing the
weak and intermediate acidity sites. This may be attributed to the role that magnesium can
play as an Alkaline earth metal. In addition to this, the high temperature peak area grew,

the samples of Ni:Mg;Al-R and Ni1MgAl-R have higher peaks than the peaks of NiAl-R.
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Figure 5.8. Temperature programmed desorption of ammonia (TPD-NHs): ammonia
concentration normalized to the mass of catalyst vs. the desorption temperature (a:
Ni,Al-R; b: Ni2Mg1Al-R; c: NiiMg1Al-R).

Signal deconvolution (Figure 5.9) was used to quantify the amounts of weak (a, Tq < 220
°C), intermediate (B, 220 °C < T4 < 500 °C) and strong (y, T4 > 500°C) sites and the total
acidity of the catalysts (Table 5.5). Overall, the addition of magnesium raised the amount
of a sites from 0.34 mmol NH; g?! in Ni;Al-R to ca. 0.36 mmol NHs; g! and 0.41
mmol NHs; g in Ni;Mg;AlI-R and Ni,Mg:AI-R, respectively. The amount of B sites was
reduced according to the influence of Mg content on the catalyst, from 0.66 in Ni,Al-R to
0.31 mmol NH; g-1 in Ni;Mg:Al-R and to 0.33 mmol NHs g-1 in Ni;MgiAl-R. Finally, the
presence of y sites increased from 0.23 mmol NHs g? in the sample without magnesium

(Ni,AI-R) to 0.32 mmol NH3 g* in both magnesium samples.

163 |Page



Chapter 5

Mg/Al prepared from double layered hydroxides (LDHSs) as catalysts the selective conversion of furfural to TFA

«

o
=]
|
T
B
T
A

Ni,MgA-R 1t Ni,Mg,A-R

- =y N N
o [s}] o w
T T T T

o
(%))
T

NH, concentration / % (v/v) g’

<
o
T

N4 - e X _Cd / e B
I T e e T T e e I N

0 100 200 300 400 500 600 700 800 O 100 200 300 400 500 600 700 800 O 100 200 300 400 500 600 700 800

Temperature / °C Temperature / °C Temperature / °C

Figure 5.9. Temperature programmed desorption of ammonia (TPD-NH3): deconvolution
of the ammonia concentration normalized to the mass of catalyst vs. the desorption
temperature (Blue peaks: a-weak sites; Green peaks: B-intermediate strength sites; Red
peaks: y-strong sites. Blue line: recorded signal; Cyan line: deconvoluted signal).

The total acidity of the catalysts was high, 1.2 mmol NHs g? in Ni;Al-R, decreased to 1.0
mmol NHsz g in Ni;Mg;Al-R and 1.1 mmol NHsz g! in Ni;Mg;AI-R (Table.5.X).

Table 5.5. Total concentration of acidic sites and estimation of the weak, intermediate,
and strong acidic sites based on signal deconvolution by (TPD-NHs).

Concentration of acidic sites (mmol NHs; g™%)

Catalyst Weak (a) Inte:medlate (B) Strong (Y) ot
Td < 220 oC 220 C <oc-rd < 500 Td > 500 C ota
NiAl-R 0.34 0.66 0.23 1.2
Ni.Mg:Al-R 0.36 0.31 0.32 1.0
NizMg1Al-R 0.41 0.33 0.32 11

2.2. Catalytic activity tests

The influence of process conditions on the conversion of furfural and the selectivity to its
main hydrogenation products was studied in detail with the Ni,MgiAl-R catalyst.

Experiments were performed in a stirred slurry reactor (SSR) considering
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temperature (160 °C, 190 °Cand 210 °C), time (1, 2, 4, 6 and 8 hours) and hydrogen pressure
(10, 20, 30, 40 and 50 bar). In all the experiments, 30 mL of a 5.0 wt% FF solution in ethanol

and 200 mg of reduced catalyst were used.

The effect of hydrogen pressure was studied at 190 °C and 4 h. Furfural conversion was
90.6% at 10 bar, 99.4% at 30 bar and complete above that (Figure 5.10). A variety of

products with selectivity that changed with hydrogen pressure were identified.

At 10 bar, furfural was hydrogenated to furfuryl alcohol (FA, 32%) as the main product and
2-methylfuran (mFUR, 21.6%), but it was also decarbonylated to furane (FUR, 22%). Minor
hydrogenation products included tetrahydrofurfuryl alcohol (TFA, 4.9%) from the
hydrogenation of FA, and n-butanol (BU, 5.1%) from the ring-opening hydrogenolysis of
FUR. Also, difurfuryl ether (DFE, 9.9%) and 2-(diethoxymethyl)furan (FDA, 0.9%) were
obtained. Both evolved through the formation of acetals on acidic sites of the catalyst
surface by reversible nucleophilic addition of FF with FA or ethanol (Scheme 5.1), a reaction
path that has been previously observed on different catalysts [42]. The formation of FDA
from FF and ethanol was reported under mild hydrogenation conditions on Pd/UiO-66 [9]
and on a Pd/C catalyst, where it was identified as the key intermediate in the production
of tetrahydrofurfuryl ethyl ether (TFEE) [38]. Similarly, 2-(diisopropoxymethyl)furan
resulting from acetylation of FF with isopropanol was reported on NiO [39], NiO-Al,03 and
ZnAl;,04-Al;,0; [40], and on Pd-exchanged B-zeolites [41] during the catalytic transfer
hydrogenation of FF with 2-propanol. During FF hydrogenation under mild conditions over
Pd/HPA, 2-(isopropoxymethyl)furan was formed as an intermediate compound in weak
acidic sites that was then converted to TFA on basic sites [8]. Increasing the hydrogen
pressure of the reaction over Ni;Mg;Al-R promoted the formation of FA and lowered the
selectivity to FUR and mFUR. FA selectivity was maximum at 20 bar (58%) but decreased at
higher pressure and it was not detected significantly at 50 bar. Pressure favored the
hydrogenation of FA to tetrahydrofurfuryl alcohol (TFA), which reached a selectivity of
78.5% at 50 bar. In addition, pressure shifted the selectivity of the addition reactions to the
formation of FDA instead of DFE, which was subsequently hydrogenated to TFEE

(Scheme 5.1). The selectivity to 1,2- and 1,5-pentanediol (12PD and 15PD), formed by the
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hydrogenolysis of FA and TFA, grew continuously with the hydrogen pressure and reached
a selectivity of 7.0% (12PD) and 4.5% (15PD), at 50 bar, respectively. Concerning FUR and
mFUR, hydrogen pressure promoted their hydrogenation to tetrahydrofuran (THF) and 2-
methyltetrahydrofuran (mTHF). The hydrogenation of FUR to THF was promoted over its
hydrogenolysis to BU as hydrogen pressure was increased. Overall, a pressure of 50 bar
was the most adequate to favor the selectivity to TFA and to lower the formation of

byproducts such DFE, TFEE and FDA, and it was selected to study the effect of the other

variables.
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Figure 5.10. FF conversion and product selectivity over NiMg;Al-R: effect of hydrogen
pressure at 4 h and 190 °C using 5 wt% FF in ethanol (the dashed lines only indicate trends).
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The effect of reaction time was investigated with the Ni.Mg;Al-R catalyst at 190 °C and 50
bar of hydrogen for up to 8 h. FF conversion was 93.4% after 1 h and the main products
were FA (50%) and TFA (36%), together with FUR (4.7%), 12PD (3.2%) and minor amounts
of the other products (Figure 5.11). FF conversion was complete after 2 h. After 4 h, FA was
not present and TFA reached a selectivity of 78.5%, with a 7.0% of 12PD, a 4.5% of 15PD
and 3.9% of THF. Extending the reaction time to 8 h had little impact on the composition
of the product mixture. Selectivity to TFA was constant at ca. 80% and 12PD and 15PD only
increased marginally reaching 9.0% and 4.8% after 8 h, respectively, showing that the
catalyst was not significantly active for the hydrogenolysis of TFA, and producing

pentanediol through the opening of the furan rings.
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Figure 5.11. Furfural conversion and product selectivity over Ni,Mg1Al-R: effect of reaction
time at 50 bar of H; and 190 °C using 5 wt% FF in ethanol (the dashed lines only indicate
trends).

The effect of temperature was tested at 160, 190 and 210 °C, with the Ni,Mg;Al-R catalyst
at 50 bar and 2 h. FF conversion was 92.7% at 160 °C, and it was complete at higher
temperature (Figure 5.12). Results show that temperature favored the decarbonylation of

FF to FUR, which grew from 1.5% at 160 °C to 7.4% at 210 °C, even if FA was always the
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main primary product (51.5% and 54.3% at 160 °C and 210 °C, respectively). Similarly, the
selectivity to mFUR and BU also grew with temperature. It is worth mentioning that the
effectivity of the catalyst to hydrogenate the double bonds (rmt bonds) in furan rings
decreased with temperature. The selectivity to TFA was actually lower at 210 °C (26.4%)
than at 190 °C (43.6%), while that of FA was higher. In addition, the selectivity to THF and
MTHF was virtually unchanged from 190 to 210 °C, even if the amount of FUR and mFUR
increased. Finally, rising the temperature from 190 to 210 °C had no impact on the

selectivity to 12PD and 15PD.
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Figure 5.12. Furfural conversion and product selectivity over Ni,MgiAl-R: effect of
temperature at 2 h of reaction and 50 bar of H; using 5 wt% FF in ethanol (the dashed lines
only indicate trends).

Based on the previous results, the effect of the Mg/Ni ratio in the catalyst was tested by
conducting the hydrogenation of furfural over three different catalysts, Ni,Al-R,
Ni;Mg;Al-R and Ni;Mg;Al-R, at 190 °C, 50 bar of H, and 4 h of reaction time (Figure 5.13).
The conversion of FF was complete in the three catalysts (Ni,Al-R, Ni-Mg;Al-R and
Ni1Mg1Al-R) and the selectivity to minor products such as FUR, mFUR, THF, mTHF and BU

was practically independent of the catalyst composition. TFA was the main product in all
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cases, but significant differences were observed. FA was not produced in Ni;Al-R, which
had the lowest selectivity to TFA (51%) and a 35% selectivity to TFEE thus showing a high
capacity to catalyze the formation of acetals through addition reactions. On the other hand,
TFEE in NizMg-Al-R was only 0.4% showing that addition of Mg inhibited this reaction route
by decreasing the acidity sites of the catalyst, as exhibited in TPD-NH; results.
This catalyst formed less TFA (62%) than Ni-Mg:AI-R (78.5%) while it still gave a 7.3% of
unconverted FA. Furthermore, it was the catalyst that gave the highest selectivity to 12PD

(12%) and 15PD (8.2%).
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Figure 5.13. Furfural conversion and product selectivity using 5 wt% FF in ethanol at 190
°C: influence of the catalyst composition and the reactor type. Left: batch reactor at 50 bar
of H, for 4 h. Right: tubular reactor at atmospheric pressure using a WHSV of 2.85 gir gcat™
h! and a hydrogen-to-furfural molar ratio of 12.7:1.0.

The three catalysts were also tested at 190 °C on a continuous packed bed reactor at
atmospheric pressure. Important differences on the behavior of the catalysts were
observed when the reaction was conducted in gas phase (Figure 5.13). Unlike the SSR, FA
was always the main product in the atmospheric PBR. FF conversion was complete on
Ni,Al-R and it gave a selectivity to FA and THF of 30% and 14%, respectively, accompanied

by smaller amounts of 15PD, FUR, mFUR, THF, BU and DFE. Overall, the selectivity of the
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products that were identified only accounted for 79% of the converted furfural. The
unidentified fraction consisted of a complex mixture of species with apparent high molar
masses that were observed in the gas chromatograms at high retention time but could not
be identified by GC/MS. The formation of these compounds by condensation reactions
involving FF and FA seems consistent with the capacity exhibited by this catalyst to promote
the formation of acetals in liquid phase at high H, pressure. In Ni;Mg;AI-R the selectivity to
FA was 43%, followed in decreasing order by FUR (26%), TFA (14%) and DFE (6.5%). In fact,
these values are qualitatively closer to those obtained with this catalyst in the SSR reactor
at 10 bar than to those measured at 50 bar. Finally, FF conversion was only 98.6% on
Ni1Mg;AI-R, although it gave more FA (50%) and less FUR and TFA than Ni:Mg;AI-R. It is
worth mentioning that pentanediols were not formed significantly in Ni.MgiAI-R and
Ni1Mg,Al-R at atmospheric pressure, in contrast with the situation in the slurry reactor at
50 bar of H,. Also, both catalysts produced significant amounts of condensation products
at atmospheric pressure, with a 6.5% of DFE in NiMg;Al-R and a 8.0% of
FDA in Ni:Mg:Al-R.
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Scheme 5.1. Reaction pathways involved in the hydrogenation of furfural on Ni-Mg/Al
catalysts. (FDA is the acetal compound when R1=R,=CH,CH3)

3. Conclusions

Ni-Mg/Al catalysts derived from layered double hydroxides were synthesized and tested in
the production of TFA from FF in liquid-phase hydrogenation. After calcination and
reduction, the catalysts contained small nickel crystallites (ca < 4 nm) dispersed on a solid
matrix consisting of nickel-magnesium mixed oxides and a Mg[Al],04 spinel. Furfural
conversion took place by a competing set of reactions. A low hydrogen pressure favored
FA as the main hydrogenation product together with FUR and mFUR, and also promoted
addition reactions that formed acetals that eventually led to DFE and TFEE as identified
final products. Higher hydrogen pressures promoted the hydrogenation of the furan rings

and reduced the extension of the condensation reactions, thus favoring TFA as the main
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product. Temperature reduced the selectivity to TFA and increased that to FA. Pentanediols
(12PD and 15PD) were formed as minor products, but their selectivity increased with the
Mg/Ni ratio of the catalyst. Testing of the catalysts in gas-phase hydrogenation conditions
at atmospheric pressure revealed a poorer performance with FA and FUR as the main
products. Even if the Ni;Mg;Al catalysts achieved complete conversion of FF and a
selectivity to TFA of 80% after 6 h at 190 °C and 50 bar H,, a large variety of coproducts
were present at low concertation. Further optimization of the catalysts (Mg/Ni ratio and
synthesis parameters) and reaction conditions is required to obtain a catalyst selective

enough for the total hydrogenation of FF to TFA at industrial level.
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Chapter 6: General Conclusions and Future
Work

1. General Conclusions

The main objective of this research was to obtain a group of suitable non-noble
hydrogenation catalysts for converting biomass-derived platform chemicals such as
furfural into commodity chemicals such as pentanediols, tetrahydrofurfuryl alcohol
and furfuryl alcohol. We designed a series of catalysts based on transition metal (Ni,
Cu, Co) and alkaline earth metal (Mg). We supported all catalysts with the layered
double hydroxide structure of aluminum. This research has helped to develop

certain conditions for controlling furfural conversion.

1.1. Conditions

Since hydrogen is a reactant in our process, hydrogen pressure is one of the main
parameters that affect the performance of the reaction. Also, since hydrogen
solubility is related to hydrogen pressure, this influences the amount of available
hydrogen capable of reacting with the other reactant (furfural) in the reaction
medium.

In our experiments we found that, to guide the reaction towards the preferred
products (TFA, FA, 12PD, 15PD) and avoid consumption of the substrate (furfural)
in the formation of by-products, the conversion reaction should be performed
at 5 MPa of hydrogen pressure. This enables a suitable amount of hydrogen to be

in contact with furfural in the reaction medium.

The by-products are probably formed because the reaction took the nucleophilic

addition route on acidic sites of the catalyst surface, in which furfural reacts with
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either ethanol or furfuryl alcohol to form some other undesired products whose

presence has been shown to decrease the reaction rates.

Conducting the furfural conversion at low hydrogen pressure led to form FA as the
main product and may produce other chemicals such as FUR through the
decarbonylation, or mFUR through the hydrogenation. Also, other reactions that

formed acetals which finally produced DFE and TFEE as final products may occur.

Furthermore, since activation energy is needed to carry out the hydrogenation of
furfural, suitable thermal conditions, among other factors, are crucial for directing
furfural conversion towards the desired compounds. In general, we found that a
temperature of 463 K led to a high conversion of furfural and the formation of the
desired products. Performing the reaction at lower temperatures would not

achieve the expected results and may synthesize undesired products.

With regard to reaction time, two hours was the minimum recorded time in which
the reaction completed 100% conversion with most catalysts. This short time
produced only simple alcohols such as furfuryl alcohol. The hydrogenolysis process
for forming liner C5 di-alcohols required a longer time (at least four hours). The
impact of the catalyst and the economic concerns of energy consumption
notwithstanding, reaction time played a highly significant role, with reactions

lasting four hours achieving the best results.

1.2. Catalysts

Our approach focused on heterogeneous catalysts that after the reaction are easily
separated from the mixture, easily prepared, available from abundant elements,

and cheaper than most other catalysts in the literature that use noble metals.
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All our catalysts contained nickel and aluminum and were derived from layered
double hydroxides (LDHs). Three catalysts contained cobalt, while copper was
added to another three, a pair of catalysts were modified by magnesium and a

catalyst that consisted only of aluminum and nickel as a reference for the activity.

Our catalysts can be divided into three groups based on their activity to
hydrogenate furfural. The first group comprises catalysts that promote the
hydrogenation of the aldehyde group into alcohols. The second group comprises
catalysts that are capable of opening the furan ring. The third group comprises
catalysts that support hydrogenation by other routes such as the cleavage of C=0

and/or the decarbonylation of furfural.

The first group comprises Cu-based and Mg-based catalysts due to their high
capacity to direct furfural hydrogenation into the reduction of the aldehyde group
and produce high yields of furfuryl alcohol and tetrahydrofurfuryl alcohol (cyclic

alcohol).

The second group contains Co-based catalysts because of the greater amount of
pentanediols it obtained compared to the other catalysts. This shows that cobalt is
necessary in the catalyst structure to drive furfural hydrogenation into a ring-

opening route and produce pentanediols in large amounts.

The third group consists of Cu-based catalysts, which led to the formation of valued
compounds such as 2-methyl furan, 2-methul Tetrahydrofuran, Furan, and THF.
These compounds were produced in all reactions but higher selectivities were
obtained in reactions done over catalysts based on copper than in those based on

cobalt and magnesium.
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In other words:

e Cu-based catalysts were suitable for forming furfuryl alcohol. Compared to
the other catalysts, a slight amount of furfuryl alcohol was produced when
Mg-based catalysts were used but no furfuryl alcohol was produced when
Co-based catalysts were used. The highest amount of furfuryl alcohol was

obtained with the copper catalysts.

e Mg-based catalysts were not very active in ring-opening. However, since
they were the most active catalysts in both the aldehyde group
hydrogenation and the furanic ring's double bond, they became the

catalysts of choice for producing tetrahydrofurfuryl alcohol.

e Co-based catalysts appear to be more active than the other catalysts when
it comes to opening the furan ring and generating two groups of alcohols to
form pentanediols. Since the production of pentanediols is not yet on a large
scale, this characteristic may make cobalt a promising candidate for
designing catalysts to produce 1,5-pentanediol and 1,2-pentanediol in up-
scale amounts by combining multiple stages of the synthesized catalyst,
where the reactant is exposed to different phases of hydrogenation in a

continuous packed-bed.
1.3. Reactors

By comparing the results from the continuous packed-bed reactor (PBR) with those
from the high-pressure slurry reactor (SSR), we can clearly determine the role of

the reactor.

Monitoring the formation of tetrahydrofurfuryl alcohol, furfuryl alcohol, and

pentanediols enabled us to determine how the reactor played a role in encouraging
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the reaction to take certain routes over others. Under the same thermal conditions,
reaction time and over the same catalyst, furfural reacted differently.
In PBR, the dominant product was furfuryl alcohol, while in SSR it was

tetrahydrofurfuryl alcohol.

The PBR reactor may make furfural suppressed as furfuryl alcohol and allow just a
small amount of it to be converted into other products of furan ring hydrogenation
and/or opening-ring rearrangement. However, in SSR the hydrogenation process
persisted towards the double bonds in the furan ring and produced
tetrahydrofurfuryl alcohol, which may be followed by the ring-opening and produce

pentanediols.

These results could therefore be attributed to the short contact time between
furfural and the catalyst surface, which enables furfural to remain adsorbed for a
short time and impede the attack of hydrogen. Products of only one hydrogenation
process were therefore formed in higher amounts in the PBR. Moreover, the small
amount of pentanediols formed in the PBR explained the high energy needed to

open the furan ring, which was not available in the reaction occurred PBR.

2. Future Work

Furfural hydrogenation products have demonstrated their importance in numerous
sectors of the chemical industry. Working to optimize their selectivity will therefore

be one of our future aims. This work could be conducted in the following ways.

First, by investigating the role catalyst support can play and replacing the support
of alumina in our catalysts to other dispersed metals such as titania [1], other metal

oxides, like SiO;, La203, CeO,, Mn0O;, and ZrO3[2] or with active carbon [2].
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Second, by altering the catalyst reduction conditions that take place before the
reaction, e.g. by selecting a different temperature, thermal ramp, and/or reduction
time, to obtain larger amounts of catalytically active phases such as the metallic

phase M rather than the oxides MOx.

Third, by conducting our reaction in different solvent mediums and studying their
influence. Suggested solvents include 2-propanol [3], toluene [4], octane [5], and 2-

butanol [6].

Fourth, by adding different promoter agents to the structure of our catalysts.
Catalytical promotion is one of the keys to increasing the selectivity of unsaturated
alcohols in the hydrogenation of unsaturated aldehydes [7]. This process can be
done by metallic doping on our catalysts using basic promoters for instant calcium

(Ca), strontium (Sr), barium (Ba), potassium (K), etc. [8].

Fifth, by preparing new catalysts based on other non-noble metals such as tin (Sn)

[9], zinc (Zn) [10], iron (Fe) [11], and molybdenum (Mo) [12, 13], etc.
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tetrahydrofurfuryl alcohol (TFA) hydrogenolysis on the Ni;Co;Al-R catalyst at 190 °C, 5.0
MPa H; and 6 h.

Figure 4.11. Product selectivity during furfural hydrogenolysis on the four catalysts at 190
°C, 5.0 MPa H; and 4 h. Furfural conversion was always higher than 99.5%.

Chapter 5

Figure. 5.1. The LDH structure.

Figure 5.2. FESEM-EDX imaging of the LDH precursors calcined at 400 °C for 4h. Green color
for Magnesium, blue color for Aluminum and red color for Nickel.

Figure 5.3. SEM imaging of the LDH precursors calcined at 400 °C for 4 h (10000 x
magnification).
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Figure 5.4. N, physisorption isotherms of the LDH precursors calcined at 400 °C for 4 h. The
red symbols are the adsorption branch, and the black symbols represent the desorption
branch of the isotherm.

Figure 5.5. Pore volume (left) and surface (right) distributions of the LDH precursors
calcined at 400 °C for 4 h, determined with the DFT model.

Figure 5.6. XRD patterns of the LDH precursors calcined at 400 °C for 4 h (left), and the
catalysts after reduction at 500 °C for 1h (right).

Figure 5.7. H,-TPR of the LDH precursors calcined at 400 °C for 4 h.

Figure 5.8. Ammonia concentration normalized to the mass of catalyst vs. the desorption
temperature (a: Ni,Al-R; b: Ni;Mg;AI-R; c: Ni;Mg:;Al-R) by TPD-NH.

Figure 5.9. Temperature programmed desorption of ammonia (TPD-NH3): deconvolution
of the ammonia concentration normalized to the mass of catalyst vs. the desorption
temperature.

Figure 5.10. Furfural conversion and product selectivity over Ni,Mg;Al-R: effect of
hydrogen pressure at 4 h and 190 °C using 5 wt% FF in ethanol (the dashed lines only
indicate trends).

Figure 5.11. Furfural conversion and product selectivity over Ni.Mg1Al-R: effect of reaction
time at 50 bar of H, and 190 °C using 5 wt% FF in ethanol (the dashed lines only indicate
trends).

Figure 5.12. Furfural conversion and product selectivity over Ni,Mg;Al-R: effect of
temperature at 2 h of reaction and 50 bar of H, using 5 wt% FF in ethanol (the dashed lines
only indicate trends).

Figure 5.13. Furfural conversion and product selectivity using 5 wt% FF in ethanol at 190
°C: influence of the catalyst composition and the reactor type. Left: batch reactor at 50 bar
of H; for 4 h. Right: tubular reactor at atmospheric pressure using a WHSV of 2.85 ger geat ™
h* and a hydrogen-to-furfural molar ratio of 12.7:1.0.

Index of Schemes:

Scheme 3.1. Reaction pathways involved in the hydrogenolysis of furfural on the NiCuAl
catalysts (both HO-R; and HO-R; may be either ethanol or FA).

Scheme 4.1. Reaction pathways involved in the hydrogenolysis of furfural on Ni-Co/Al
catalysts.
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Scheme 5.1. Reaction pathways involved in the hydrogenation of furfural on Ni-Mg/Al
catalysts.

Index of Equations:

Equation (1): the conversion of furfural (Xe).

Equation (2): the molar selectivity of the furfural hydrogenation products (S;).

Index of Tables:

Chapter 1

Table 1.1. Physical properties of furfural Properties.

Table 1.2. Applications of Furfuryl Alcohol (FA), Tetrahydrofurfuryl Alcohol (TFA), 1,2-
Pentanediol (12PD) and 1,5-Pentanediol (15PD) in the chemical industry.

Table 1.3. Summary of relevant works on the conversion of furfural over different
catalysts of Cu.

Table 1.4. Summary of relevant works on the conversion of furfural over different
catalysts of Ni.

Table 1.5. Summary of relevant works on the conversion of furfural over different
catalysts of Co.

Table 1.6. Summary of relevant works on the conversion of furfural over different
catalysts of Fe and Mo.

Table 1.7. Summary of relevant works on the conversion of furfural over different
catalysts of Pd.

Table 1.8. Summary of relevant works on the conversion of furfural over different
catalysts of Ru.

Table 1.9. Summary of relevant works on the conversion of furfural over different catalysts
of Pt
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Table 1.10. Summary of relevant works on the conversion of furfural over different
catalysts of Rh, Ir and Au.

Chapter 2

Table 2.1. The microwave digester conditions of the catalyst (model: Ethos Easy)

Chapter 3

Table 3.1. Composition and textural properties of the calcined catalyst precursors.

Table 3.2. Metal atomic ratios in the materials calcined at 673 K for 4h, measured by FAA,
FESEM-EDX, and XPS.

Table 3.3. XPS analysis of the LDHs calcined at 673 K for 4h: binding energies of the metal
oxides.

Table 3.4. Specific hydrogen consumptions during TPR of the calcined LDHs samples.

Table 3.5. Selectivity and conversion during furfural hydrogenation in the pressurized SSR
and atmospheric PBR reactors.

Chapter 4

Table 4.1. Summary of relevant works on the conversion of FF to PDs.
Table 4.2. Metal ratios in the calcined samples determined by FESEM-EDX and ICP-OES
Table 4.3. Textural properties of the calcined samples determined from N, physisorption

Table 4.4. Phase composition and average crystallite sizes of the calcined LDHs precursors
and the reduced catalysts.

Table 4.5. TPR of the LDH precursors calcined at 400 °C for 4h. Peaks detected and specific
hydrogen consumption.

Table 4.6. total concentration of acidic sites and estimation of weak, intermediate, and
strong acidic sites based on signal deconvolution by TPD-NHs.

Chapter 5

Table 5.1. Atomic ratios of the LDH precursors calcined at 400 °C for 4 h, measured by ICP-
EOS and FESEM-EDX.
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Table 5.2. Textural properties of the LDH precursors calcined at 400 °C for 4 h.

Table 5.3. Crystalline phases detected and average crystallite sizes calculated from the XRD
diffraction patterns of the calcined and reduced samples.

Table 5.4. Specific hydrogen consumption during the TPR of the LDH precursors calcined at
400 °C for 4 h.

Table 5.5. Temperature programmed desorption of ammonia (TPD-NHs): total
concentration of acidic sites and estimation of the weak, intermediate, and strong acidic
sites based on signal deconvolution.

Index of Catalysts:

Copper catalysts (Chapter 3)

NiosCu1sAls: A calcined catalyst with an atomic ratio of Ni-to-Cu of 0.5:1.5

Ni1CusAli: A calcined catalyst with an atomic ratio of Ni-to-Cu of 1.0:1.0

Ni1sCuosAli: A calcined catalyst with an atomic ratio of Ni-to-Cu of 1.5:0.5

NiosCu1sAl1-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Cu of 0.5:1.5
Ni1CusAl:-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Cu of 1.0:1.0

Ni1 sCuosAli-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Cu of 1.5:0.5

Cobalt catalysts (Chapter 4)

NiosCo1sAl: A calcined catalyst with an atomic ratio of Ni-to-Co of 0.5:1.5

Ni1Co,Al: A calcined catalyst with an atomic ratio of Ni-to- Co of 1.0:1.0

Ni1 sCoosAl: A calcined catalyst with an atomic ratio of Ni-to-Co of 1.5:0.5

NiosCo1.sAl-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Co of 0.5:1.5
Ni1Co1Al-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Co of 1.0:1.0

Ni1 sCoosAl-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Co of 1.5:0.5

Magnesium catalysts (Chapter 5)

NiiMgsAl: A calcined catalyst with an atomic ratio of Ni-to-Mg of 1.0:1.0
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Ni-Mg-Al: A calcined catalyst with an atomic ratio of Ni-to-Mg of 2.0:1.0
Ni1Mg1Al-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Mg of 1.0:1.0

Ni-Mg-1Al-R: A reduced and calcined catalyst with an atomic ratio of Ni-to-Mg of 2.0:1.0

Nickel catalysts (Chapter 3,4 & 5)

NiAl: A calcined catalyst of only one active metal of nickel, supported on aluminum.

Ni>Al-R: A reduced and calcined catalyst of only one active metal of nickel, supported on
aluminum

Index of abbreviation:

1. Compounds

FF: Furfural.

FA: Furfuryl alcohol.

TFA: Tetrahydrofurfuryl alcohol.
12PD: 1,2-Pentanediol.

15PD: 1,5-Pentanediol.

mTHF: 2-Methyltetrahydrofuran.
THF: Tetrahydrofuran.

FUR: Furan.

mFUR: 2-Methylfuran.

11DE: 1.1-Diethoxyethane.

FDA: 2-Furaldehyde diethyl acetal.
EFM: Ethoxy(furan-2-yl) methanol.
TFEE: Ethyl tetrahydrofurfuryl ether.
FEFA: 2-Furaldehyde ethyl furfuryl acetal.

DFE: Difurfuryl ether.
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1BU: 1-Butanol.
CP: Cyclopentanone.
CPO: Cyclopentanol.

LA: Levulinic acid.

2. Reactors
PBR: Continuous Packed-Bed Reactor.

SSR: High-Batch Slurry Reactor.

3. Techniques and Analysis Methods
GC: Gas Chromatography.

FID: Flame lonization Detector.

MS: Mass Spectrometry.

TPR: Temperature Programmed Reduction.

TCD: Thermal Conductivity Detector.

BET: Brunauer-Emmett-Teller.

DFT: Density Functional Theory.

BJH: Barrett-Joyner-Halenda.

FAA: Flame Atomic Absorption.

ICP: Inductively Coupled Plasma.

XRD: X-ray Diffraction.

XPS: X-ray Photoelectron Spectroscopy.

FESEM: Field Emission Scanning Electron Microscopy.
EDX: Energy Dispersive X-Ray Spectroscopy.

TPD: Temperature Programed Desorption of Ammonia (TPD- NHs)
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Title: Hydrogenolysis of Furfural Over Bimetallic Ni/Cu Catalysts Prepared from Layered
Double Hydroxides.

The 13™ European Congress of Chemical Engineering and 6th European Congress of
Applied Biotechnology. Frankfurt am Main, Germany, 20-23/09/2021.

Year: 2021

Place: Online event.
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Title: M/Al (M = Ni, Cu, Co) Catalysts Based on Layered Double Hydroxides (LDHs)
Precursors for Furfural Hydrogenolysis.
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List of thesis outcomes

Title: Ni-Cu/AI203 from Layered Double Hydroxides Hydrogenates Furfural to Alcohols.

Type: Article

Status: Published DOI:10.3390/catal12040390

Authors: Abdulaziz Aldureid, Francisco Medina, Gregory S. Patience, Daniel Montané
Journal: catalysts

Issue: Catalysts for Biofuel and Bioenergy Production

Area: Physical and Theoretical Chemistry. Chemical Engineering: Catalysis

Year: 2022

200 | Page



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC HYDROGENATION/HYDROGENOLYSIS OF BIOMASS-DERIVED PLATFORM CHEMICALS
Abdulaziz Aldureid Kadi Amin

Annexes

Title: Furfural to diols over Ni-Co/Al catalysts.

Type: Article

Status: Sent

Authors: Abdulaziz Aldureid, Francesc Medina, Francesc Gispert Guirado, Daniel Montané
Journal: Catalysis Letters

Area: Catalysis, heterogeneous catalysis, homogeneous catalysis, bio catalysis

Year: 2022

Title: Ni-Mg/Al prepared from double layered hydroxides (LDHs) as catalysts for the
selective conversion of furfural to tetrahydrofurfuryl alcohol.

Type: Article

Status: Sent

Authors: Abdulaziz Aldureid, Daniel Montané, Jordi Llorca, Francisco Medina

Journal: Chemistry

Issue: Heterogeneous Catalysis

Area: supramolecular and nanoscale chemistry, computational and modeling chemistry,
crystallography and physical methods, molecular chemistry, medicinal and bioinorganic
chemistry, catalysis and organometallic chemistry.

Year: 2022

201 |Page



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC HYDROGENATION/HYDROGENOLYSIS OF BIOMASS-DERIVED PLATFORM CHEMICALS
Abdulaziz Aldureid Kadi Amin

Annexes

UNIVERSITAT
ROVIRA i VIRGILI

202 | Page



	Table Of Contents
	Chapter 1: General introduction
	1. Fuel and The Need for a Green Alternative
	2. Biomass as a Sustainable Alternative
	3. Lignocellulose as Biomass Source
	4. Hemicellulose
	5. Xylose
	6. Furfural
	6.1. Physical and Chemical Properties of Furfural
	6.2. Reactions and Uses of Furfural
	6.3. Derivatives of Furfural Via Hydrogenation
	Furfuryl Alcohol (FA)
	Tetrahydrofurfuryl Alcohol (TFA)
	1,5-Pentanediol (15PD)
	1,2-Pentanediol (12PD)
	2-Methylfuran (mFUR)
	2-Methyltetrahydrofuran (mTHF)
	Levulinic Acid (LA)
	Furan (FUR)
	Tetrahydrofuran (THF)


	7. Catalysts
	7.1. Categories of Catalysts
	Heterogeneous Catalysts
	Monometallic Catalysts
	Bimetallic Catalysts
	Trimetallic Catalysts

	7.2. How Do Heterogeneous Catalysts Interact with Furfural?
	7.3. Suitable Catalysts for the Hydrogenation of Furfural and Its Derivatives
	Hydrogenation Of Furfural and Its Derivatives by Transition Metals Catalysts
	Hydrogenation Of Furfural and Its Derivatives by Noble Metals Catalysts


	8. Layered Double Hydroxides (LDH)
	8.1. Definition of LDH
	8.2 HT Materials Properties
	Cation-Exchangeable Brucite-Like Layer
	Anion-Exchangeable Interlayer
	The Memory Effects
	Tunable basicity
	Adsorption capacity

	8.3. HT Materials as Promising Catalysts

	9. Thesis Objective and Structure
	10. References
	Chapter 2: Materials and Methods
	1. Introduction
	2. Synthesis of the catalysts
	3. Catalyst characterization
	4. Catalyst testing
	5. References
	Chapter 3: Ni-Cu/Al2O3 from Layered Double Hydroxides Hydrogenates Furfural to Alcohols
	1. Introduction
	2. Results and discussion
	2.1. Catalyst characterization
	2.2. Catalytic activity tests

	3. Conclusions
	4. References
	Chapter 4: Furfural to diols over Ni-Co/Al catalysts
	1. Introduction
	2. Results and discussion
	2.1. Catalyst characterization
	2.2. Catalytic activity tests

	3. Conclusions
	4. References
	Chapter 5: Ni-Mg/Al prepared from double layered hydroxides (LDHs) as catalysts for the selective conversion of furfural to tetrahydrofurfuryl alcohol (TFA).
	1. Introduction
	2. Results and discussion
	2.1. Catalyst characterization
	2.2. Catalytic activity tests

	3. Conclusions
	4. References
	Chapter 6: General Conclusions and Future Work
	1. General Conclusions
	1.1. Conditions
	1.2. Catalysts
	1.3. Reactors

	2. Future Work
	3.References
	Indexes
	Index of Figures:
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Index of Schemes:
	Index of Equations:
	Index of Tables:
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Index of Catalysts:
	Index of abbreviation:
	1. Compounds
	2. Reactors
	3. Techniques and Analysis Methods

	List of events attended and contributions
	List of thesis outcomes



