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1. Introduction

1.1. State of the art

1.1.1. Biorefinery context

Since fossil fuels are showing their limits as a source of energy and chemicals, strong
alternatives are required. Global oil demand for transport sector is expected to reach 116
million barrels a day by 2030 (Cherubini, 2010). A new way of production for fuels and
chemicals must therefore be developed. Since a few years, the emerging concept of
biorefinery is the most promising solution to replace the actual petroleum refineries-based

system.

A biorefinery is a network of facilities that integrates biomass conversion processes
and equipment to produce biofuels, energy and chemicals from biomass (Moncada B. et al.,
2016). It involves assessing and using a wide range of technologies to separate biomass into
its principal components that can be further converted into high value products, biofuels and

chemicals (Cherubini, 2010).

The goal of a biorefinery is to reduce environmental impact and consume less fossil
energy compared to current oil refineries. To do so, integrating multiple processes is a key
concept. However, some biochemicals and biofuels are currently produced in single
production chains which do not follow the biorefinery concept. Furthermore, they generally

require the same raw materials as the food industry (Cherubini, 2010).

Currently biorefinery raw materials can be divided into three distinct categories
identified as 1%, 2" and 3" generation feedstocks. The 15t generation which derived mainly
from food crops faces many challenges such as pressure on land use, greenhouse gas emission
or increase in food prices (Menon and Rao, 2012). The 2" generation feedstocks can
overcome these problems because they are non-edible, biodegradable an can grow on
marginal land (Moncada B. et al., 2016). The 3™ generation feedstocks are based on
microalgae growth and present remarkable advantages such as being cultured at low-cost,
featuring high energy density, and being both eco-friendly and entirely renewable (Moncada

B. et al., 2016). The 2" and 3™ generation are thus expected to be “greener” alternatives but



are still under development due to technical and economic challenges (Palmeros Parada et al.,

2017).

Feedstocks for 2™ generation biorefinery are provided from sectors like agriculture,
forestry, aquaculture, industry and households. These raw materials can be further divided
into 3 broad categories in terms of their composition: (i) triglycerides; (ii) mixed organic
residues; (iii) carbohydrates and lignin (Cherubini, 2010). The last category represent the

lignocellulosic biomass which has a huge potential as a feedstock for biorefinery.

1.1.2. Lignocellulosic biomass and lignin

Lignocellulosic biomass is a composite based on intertwined biopolymers that on a dry
basis consists of 35-45% cellulose, 25-30% hemicellulose and 25-30% lignin (De Wild et al.,
2014; Gallezot, 2007). Cellulose, which is the main component of lignocellulosic biomass, is a
linear polymer of glucose linked together by B-1 and -4 glycosidic bonds. Hemicellulose is a
branched heteropolymer of D-xylose, L-arabinose, D-mannose, D-glucose, D-galactose and D-

glucuronic acid (Menon and Rao, 2012).

Lignins are complex natural polymers resulting from combinatorial oxidative coupling
(Figure 1) of the hydroxycinnamyl alcohols (also called monolignols) which are the p-coumaryl,
coniferyl and sinapyl alcohols (Erdocia et al., 2016; Liu, 2012; Vanholme et al., 2010). These
three monolignols give rise to the p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units in
the polymer (Figure 3).
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Figure 1: Polymeric structure of lignin obtained by oxidative coupling of the monolignols (Weng

and Chapple, 2010).

In nature, softwood lignins mainly contain G-units while hardwood lignins contain both
G and S-units. H-units are found in herbaceous plants wherein the three monolignols occur in
significant amounts (De Wild et al., 2014; Vanholme et al., 2010). These different units are
linked to each other in no set order and by different types of linkages (B-0-4, B-5, B-B, 5-5, 5-
0-4 and also minor B-1 linkages (Figure 2). Furthermore, the proportion of each type of bonds
is highly species dependant (Table 1). (De Wild et al., 2014; Ralph, 2010; Weng and Chapple,

2010).
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Figure 2: Major linkages present in lignin (Weng and Chapple, 2010).



Table 1: Distribution of different linkages in softwood and hardwood lignin (Pandey and Kim,
2011)

Linkage type Softwood (spruce) (%) Hardwood (birch) (%)
B-0-4-Aryl ether 46 60
a-0O-4-Aryl ether 6-8 6-8

4-0-5-Diaryl ether 3.5-4 6.5
B-5-Phenylcoumaran 9-12 6

5-5-Biphenyl 9.5-11 4.5
B-1-(1,2-Diarylpropane) 7 7
6-8-(Resinol) 2 3
Others 13 5

Other molecules can also act as lignin monomers but the degree to which lignin
incorporates a variety of phenolics other than the three traditional monolignols remains
underappreciated (Ralph, 2010). However, a couple of studies have demonstrated that lignin
polymers also incorporate three hydroxycinnamates in their structure (Figure 3) which are p-

coumarate, ferulate and sinapate (Ralph, 2010).
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Figure 3: Primary molecules from which lignin originated (a,c) and the corresponding units

generated (b) (Ralph, 2010).

1.1.3. Lignin in the biorefinery context

To reach the goals of biorefinery, which combine production of energy and chemicals,
development of new techniques for lignin recovery is critical (Parsell et al., 2015). However,
until recently, lignin has received little attention compared to cellulose. For example, in 2004,
only approximately 2% of the lignin available from the pulp and paper industry was used for
commercial applications (Zakzeski et al., 2010). Nowadays, only small amounts of lignin are
used for commercial purposes although the current production of lignin from pulp and paper

industry easily exceeds 50 million tons per year (De Wild et al., 2014; Narani et al., 2015).

The challenge in lignin valorisation comes from the heterogeneity and the recalcitrance
of the polymeric structure. Despite a large range of potential applications and years of

research, lignin is still a difficult substrate to process on a commercial scale.

However this complexity is also an advantage. Due to its unique structure and chemical
properties, lignin is a potential source of aromatics (De Wild et al., 2014; Zakzeski et al., 2010).
There are numerous potential applications for lignin with different range of added-value: bio-

polymers, bio-bitumen, cement, carbon fibres, phenolic resins and adhesives, additives to



flooring materials, specialty chemicals for food, fragrance and pharmaceuticals, etc. (De Wild

et al,, 2014).

In spite of this, almost all lignin is presently used in energy applications (De Wild et al.,
2014; Narani et al., 2015). Furthermore, during lignocellulose fractionation typically used in
paper industry, ether bonds of lignin are cleaved and new stable C-C linkages are created
which results in more condensed and unreactive lignin (Van den Bosch et al., 2017). The
obtained ‘technical lignin” streams are therefore difficult to valorise in the form of useful
chemicals. Agriculture residues, which is an interesting source of lignin, are in the same case
than lignin from Kraft process as they are produced in large amounts around the world but
hardly used so far to produce chemicals and for which most of it is burnt as a method of waste

disposal (Menon and Rao, 2012).

In contrast, the lignin-first biorefinery approach promotes the conversion of lignin into
useful chemicals during the fractionation step before processing carbohydrates pulp which is

used for further processing (Van den Bosch et al., 2015b).

To be able to set up a bio-based economy with biorefinery as a foundation, new
biomass-based products and materials with functionalities not provided by existing petroleum
industry must be developed (Graichen et al., 2017). Several potential strategies can be used
for lignin valorisation and catalysis is considered as the most important technological

challenge to benefit from these strategies (Gallezot, 2007).

1.1.4. Model compounds for lignin studies

The complexity and variability of lignin has prompted the use of simpler, low molecular
weight lignin model compounds in the study of lignin valorisation (Jongerius et al., 2012;

Zakzeski et al., 2010).

The use of lignin model compounds serves several purposes. First, these model
compounds contain linkages that are similar to those found in the lignin polymer.
Investigations on lignin model compounds thus enhance the knowledge on C-C and C-O bond
cleavage chemistry and indicate directions for lignin deconstruction (Yang et al., 2017).
Secondly, the model compounds used are often found in lignin degradation streams after

depolymerisation of the lignin polymer. This enables development of valorisation methods



leading to the production of final products. Third, the model compounds present less
analytical challenges compare to the complex lignin polymer and the variety of products
obtained, facilitating optimisation of the analytical methods. Because they often contain only
one type of linkage, analysis of the reaction paths, and thus catalytic performance, is readily

simplified (Pandey and Kim, 2011; Zakzeski et al., 2010).

Model compounds such has dimers with common linkages found in lignin are widely
used to study lignin valorisation (Tsujino et al., 2003; Yang et al., 2017). Because they often
contain only one type of linkage, analysis of the reaction paths, and thus catalytic

performance, is readily simplified.

Currently, most of the studies using model compounds focus on the depolymerisation
of lignin. However, lignin monomers released during depolymerisation are highly reactive and
tend to repolymerise into unreactive molecules with C-C bonds during processes currently
used in the industry. Although this step seems critical for the development of biorefineries,
very few studies actually rely on the stabilisation of lignin monomers for further valorisation

(Glvenatam et al., 2014; Hu et al., 1997).

In this context, it is especially interesting to investigate the stabilisation of phenolic
monomers produced after depolymerisation of lignin such as coumaryl alcohol, coniferyl
alcohol or sinapyl alcohol. For example, the stabilisation of coniferyl alcohol into
dihydroconiferyl alcohol was explored with or without Ni-Al;Os catalyst at 250°C, with an

initial H2 pressure of 3 bar and in methanol as solvent (Van den Bosch et al., 2017).

1.1.5. Reductive catalytic fractionation

To reach the goals of biorefinery concept, several catalytic processes have been
recently developed to valorise lignin. However, most of these processes follow an inefficient
sequence of depolymerisation (cleavage of weak C-O bonds), repolymerisation (formation of
strong C-C bonds), and depolymerisation (through cracking of C-C bonds formed in the
previous step) which is the case for lignin from Kraft process (Galkin and Samec, 2014; Jiang

and Hu, 2016; Rinaldi et al., 2016).
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Figure 4: Comparison between conventional fractionation processes to value lignin and the

reductive catalytic fractionation process (Rinaldi et al., 2016).

In this context, the lignin-first biorefinery concept was applied to develop processes
able to circumvent the repolymerisation into technical lignins (Figure 4). This led, a few years
ago, to the development of the reductive catalytic fractionation (Figure 5), also called early-
stage catalytic conversion, which enables delignification of biomass to produce phenolic
monomers while carbohydrates remains unaltered in the solid pulp (Rinaldi et al., 2016; Van
den Bosch et al., 2015b). The lignin is depolymerised and isolated as an oil as opposed to the

organosolv process that isolates lignin as a recalcitrant solid polymer (Ferrini and Rinaldi,

2014).
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Figure 5: Reductive catalytic fractionation for the recovery of lignin (Van den Bosch et al.,

2015b).



1.1.5.1. H> as the hydrogen donor

Typical conditions for this reaction performed in the presence of Ru/C catalyst are:
reaction temperature of 250°C, initial H, pressure of 30 bar and 40 ml of methanol as a solvent
(Van den Bosch et al., 2015b). In the best case, the lignin oil obtained contains phenolic
monomers (50 %), phenolic dimers (20 %) and short oligomers (percentage compare to the
original lignin content) with a total degree of delignification around 90 %. 4-n-propylsyringol
and 4-n-propylguaiacol were the main monomers produced during the reaction (Van den

Bosch et al., 2015b).

In this study, hardwood feedstocks resulted in the highest monomer and dimer yields
with a very high degree of delignification. Since lignin from hardwood is typically composed of
S and G-units, both 4-n-propylsyringol and 4-n-propylguaiacol were the main compounds
found in the lignin oil. Softwood lignin is mainly composed of G-units and was depolymerised
with a moderate degree of delignification (56 %) leading to a lower monomer yield (21 %).
Herbaceous plants (e.g. grass) which contains S, G and H-units resulted in an intermediate
degree of delignification (63 %) and an intermediate monomer yield (27%) (Van den Bosch et

al., 2015b).

When the catalyst was changed from Ru/C to Pd/C, the OH-content of the lignin-
derived products drastically increased leading to a production of dihydrosinapyl alcohol and
dihydroconiferyl alcohol as main components. This is due to fact that the hydrogenolysis of C-
O bonds in lignin is dependent on the metal used as a catalyst. The OH-content of dimers and
oligomers seems less dependent on the type of catalyst though a slightly higher OH-content

was found when Pd/C catalyst was used (Van den Bosch et al., 2015a).

Concerning the choice of solvent, a high polarity favours delignification but a too polar
solvent like water causes significant solubilisation of carbohydrates. The most suitable solvent
tested for both solubilisation of lignin and retention of solid carbohydrates pulp were reported

to be methanol and ethylene glycol (W. Schutyser et al., 2015).

In another study, a less expensive Ni/Al,03 catalyst was used. Main products generated
included dihydroconiferyl and dihydrosinapyl alcohol. The depolymerisation degree (87 %),
monomer (44%) and dimer (9%) yield were slightly lower than with Ru/C or Pd/C catalyst (Van

den Bosch et al., 2017). This study also revealed that a redox catalyst is only responsible for



monomer stabilisation via hydrogenation while thermal and solvolytic conditions induce the
solubilisation and depolymerisation of lignin (Figure 6). A positive correlation between

monomer yield and H; pressure was also observed (Van den Bosch et al., 2017).
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Figure 6: Mechanisms for the valorisation of lignin into phenolic monomers via reductive

catalytic fractionation (Van den Bosch et al., 2017).

Reductive catalytic fractionation was also performed with bimetallic catalytic system
composed of Zn(ll) sites and metallic Pd nanoparticles (3—4 nm) dispersed on a carbon
support. Genetically modified poplar wood, presenting an higher S-units content, was
processed with a Zn/Pd/C catalyst in methanol at 225 °C and 35 bar of H; which resulted in
40-54% of the available lignin being converted to two products (4-n-propylsyringol and 4-n-
propylguaiacol) while 95% of the carbohydrate fraction was retained in the solid pulp (Parsell

et al.,, 2015).

In another study, a series of active carbon supported catalysts (Ru/C, Pd/C, Rh/C and
Pt/C) were tested under 40 bar of H, with near-critical water as a solvent yielding four main
monomers (4-n-propylsyringol, 4-n-propylguaiacol, sinapyl alcohol and coniferyl alcohol).
Particularly good monomer yield was obtained with Pt/C in dioxane/H.0 (46.4 %) and with

Rh/C in dioxane/H0 (45.5 %) when using white birch wood as raw material. With the help of
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model compounds, this study also showed a positive role of an acidic pH on the reaction by

the addition of phosphoric acid (Yan et al., 2008).

Until now, most reductive catalytic fractionation studies have been conducted in batch
but this reaction can be ran in a continuous mode. In a recent study, 15 wt% Ni/C catalyst has
been used in a flowthrough reactor (Anderson et al., 2017). This type of reactor eliminates
some limitations of a batch reactor: it does not hinder the characterisation of lignin
intermediates and facilitates the analysis of the kinetics of lignin extraction and
depolymerisation. It also enables to study the catalyst stability and recyclability more easily
than in a batch mode. Furthermore, solvolysis and depolymerisation steps are subjected to
the same reaction conditions in batch and cannot be controlled and optimized separately

while it is possible with flowthrough reactor (Anderson et al., 2017).

1.1.5.2. Solvent as the hydrogen donor

Although molecular hydrogen is the cheapest source of hydrogen reducing equivalent,
employing gaseous molecular hydrogen for hydrogenation places constraints on the process
(e.g., reactor wall materials, solid feed systems, safety protocols). Furthermore, the use of
molecular hydrogen poses an environmental issue since Hz is currently mainly produced from

fossil fuel (Rinaldi et al., 2016).

These limitations are circumvented by using an hydrogen-donor solvent, for example
secondary alcohols or formic acid (Rinaldi et al., 2016). A recent study has shown that, for a
reductive catalytic fractionation process, alcohol molecules act as nucleophilic reagent for C—
O—C cleavage in alcoholysis reaction, and function as the source of active hydrogen in the
hydrogenolysis reaction. These results were obtained by replacing CHsOH with CDsOD and

measuring the hydrogen exchange using NMR (Song et al., 2013).

In recent studies, Ni-Raney catalyst was used in the presence of a solution of 2-
propanol in water at 220°C to valorise lignin (Ferrini and Rinaldi, 2014; Kennema et al., 2017).
The conditions used were less severe than those used with H; as hydrogen donor while the
results were similar to those obtained with an organosolv process (Ferrini and Rinaldi, 2014).
Another group has shown that pine lignin can be valorised in organosolv conditions (195°C for

1h) in a 1:1 (v/v) ethanol/water mixture in the presence of Pd/C catalyst. The hydrogen was
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provided by formic acid liberated from organosolv pulp during the process (Galkin and Samec,

2014).

1.1.5.3. Other reaction pathways

Reductive catalytic fractionation concept which allows the conversion of native lignin
in phenolic products to one step can be achieved via reactions different from hydrogenation
and hydrogenolysis. For example, a sulfided CoMo/Al,O3 catalyst were used to performed
hydrodeoxygenation of lignin model compounds at 50 bar H; and 300°C in dodecane

(Jongerius et al., 2012).

1.1.6. Ni/TiO; catalyst

As it was shown in the previous section, several catalysts such as Ru/C, Pd/C, Pt/C or
Ni-Raney were used to study the reductive catalytic fractionation process. However, there is
currently no research that describes Ni/TiO, as a catalyst for the reductive catalytic
fractionation of lignin. This catalyst has been used for other kinds of reaction such as steam
reforming of hydrocarbons, hydrogenation of oils or methanation of coal synthesis gas,
proving the ability of this catalyst to perform hydrogenation reactions (Hoang-Van et al., 1989;
Yan et al., 2003). Furthermore, catalysts supported on acidic TiO, were barely reported in
literature for the reductive catalytic fractionation process, which make of Ni/TiO; an
interesting candidate to study the stabilisation of the phenolic monomers produced during

this process.

1.1.6.1. Characterisation studies

Ni/TiO, catalysts were characterised on many occasions in literature through

physisorption, chemisorption, X-ray diffraction (XRD) and microscopy techniques.

The study of Ni/TiO2 catalyst by TEM is complicated due to the poor contrast between
pure TiO2 and Ni particles on TiO; support (Figure 7). In this context, the distinction of Ni
particles can only be done on the relatively transparent areas of titania such as regions near

the edges of the particles (Figure 7) (Smith, 1981).
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Figure 7: TEM analysis of TiO, support (left) and Ni/TiO2 catalyst (right). Scale = 10 nm (Smith,
1981).

XRD enables the distinction between metallic Ni and oxidised NiO particles besides
getting insights on the average Ni particle size (Figure 8). The XRD analysis of Ni/TiO; is
characterised, in addition to the Ni peaks, by the peaks due to crystalline phase of the TiO;
that can be rutile, anatase or brookite (Chen et al., 2006; Yao et al., 2008). Concerning Ni/TiO2,
it was demonstrated that the dispersion of Ni on the surface of rutile is better than that on

the surface of anatase (Chen et al., 2006).
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Figure 8: XRD diffractograms of Ni/TiO; for calcined catalyst (left) and for reduced catalyst
(right) (Youn et al., 2008)

1.1.6.2. Strong metal support interaction effect

In several studies, it was shown that the catalytic hydrogenation activity of Ni/TiO>
catalysts was poor while textural properties were good (high surface area and small Ni
particles) (Chen et al., 2006). This contradiction can be explained by the strong metal support
interaction (SMSI) effect that occurs between the metal and the support for Ni/TiO2 catalyst
as a result of the preparation conditions, the calcination temperature or the reduction
temperature (Hoang-Van et al.,, 1989; Shinde and Madras, 2014; Yao et al.,, 2008). This
interaction, which is characterised by a loss of chemisorption capacity and a drop in catalytic
activity, is due to the migration of reduced TiOx (x<2) species from the support that end up
covering the metal particles (Mustard, 1981; Ruckenstein and Wang, 1999; Turlier et al.,
1985). With raising the reduction temperature, the catalyst performance declines due to the
enhanced interaction between the nickel species and TiOx but also the serious sintering of

metallic nickel crystallites (Chen et al., 2009).

More generally, the SMSI effect is related to a high-temperature reduction in the
presence of a metal capable of dissociating H, (Dandekar and Vannice, 1999). It has also been
shown that the reduction temperature at which SMSI occurs depends on of the support used
but also on the metal loading of the catalyst and on the size of the metal nanoparticle (Figure

9) (van de Loosdrecht et al., 1997).
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Figure 9: Migration of reduced TiOx species on the surface of Ni particles of catalyst with

different Ni loadings (van de Loosdrecht et al., 1997).

SMSI effect can also be affected by the crystalline structure of the support of Ni/TiO,.
As rutile is more thermodynamically and structurally stable than anatase, reduced TiO, moves
easier from anatase than rutile to the surface of Ni particles (Yao et al., 2008). However,
another study has demonstrated that the catalytic activity of Ni/TiO, with anatase is higher
than that of Ni/TiO2 with rutile because the reduction of nickel oxide to metallic nickel is easier

with anatase titania support at similar reaction conditions (Chen et al., 2006).
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1.2. Objective

The lignin-first biorefinery concept, especially the reductive catalytic fractionation
process, is currently receiving a lot of attention. Recent studies have shown that the role of
the catalyst in such process, which is the stabilisation of the reactive monomers, is known.
While several catalysts have been tested and proposed as suitable candidates, there is
currently very few information available on the key properties of the catalysts that influence
their performance during the hydrogenation reaction. Yet the efficiency of the catalyst is

crucial as it must act quickly in order to avoid repolymerisation of the reactive monomers.

In this context, the general objective of this master thesis is to evaluate the
performance of different Ni/TiO, catalysts for the stabilisation of lignin monomers through
hydrogenation, and to correlate them with the physico-chemical properties of the catalyst.
Ultimately, the purpose of this study is to propose pertinent directions of development

towards more active catalysts to be used in the lignin-first biorefinery approach.

More precisely, the performance of the catalyst were evaluated through the impact of
the metal loading of the catalyst and the support properties (crystallinity, texture and surface
acidity). Finally, investigations were also done on the possibility to carry out hydrogenation
reactions without gaseous hydrogen and assessments on the performance of the catalysts

were done in presence of raw biomass.

1.3. Experimental approach

1.3.1. Preparation and characterisation of Ni/TiO>

Ni/TiO2 was chosen primarily because this catalyst was not yet used for the reductive
catalytic fractionation process. Even the use of Ni metal than acidic TiO; support were barely
reported in literature for this kind of process. Ni metal was also chosen because it is a cheaper
analogue to other metal (Pd, Pt, Ru etc.) currently employed for the preparation of catalysts

used to carry out hydrogenation reactions.

Concerning the preparation of the Ni/TiO; catalysts, an incipient wetness impregnation
method was chosen mainly because of its simplicity. In order to test different support
properties, P25, Pcios and Pcsgo TiO2 supports, which differ by their surface area, average pore

diameter and crystalline composition, were chosen. P2s was also selected as a reference
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because of its common use in literature while Pcigs and Pcsoo Wwere rather chosen because they
are not frequently used in scientific researches. Three distinct Ni loadings (2, 5 and 10 wt%)
were then chosen to increase the variety of the catalysts. A reaction was also carried out in
presence of a Ru/C catalyst, which was reported to be a good catalyst for the reductive
catalytic fractionation of raw biomass, in order to evaluate the performance obtained with

the Ni/TiO; catalysts

Several characterisation studies were performed in order to identify the key physico-
chemical properties of the catalysts. N2 physisorption was applied on the catalyst to evaluate
the textural properties such as surface area and average pore diameter. XRD was performed
to determine the crystalline structure of the catalyst, the size of the Ni particles and to detect
an eventual sintering of Ni or TiO; particles. In order to measure the Ni particle size and their
dispersion, TEM and CO chemisorption analysis were also performed. Finally, NHs

physisorption was realised to get a better insight on the acidic properties of the catalysts

1.3.2. Hydrogenation reaction

Because of the complexity of lignin, a simplified way to study the stabilisation of
phenolic monomers is the use of a model compound. In this work, raw biomass was thus

replaced by coniferyl alcohol to study its stabilisation into dihydroconiferyl alcohol.

As coniferyl alcohol is an expensive molecule, conditions of reaction were adapted
compare with what is found in literature by reducing the amount of coniferyl alcohol and

catalyst used.

Concerning the solvent selected, methanol was chosen because it was proved to be
the most effective solvent for solubilisation and delignification of lignin during the reductive
catalytic fractionation process. This reaction is however run in presence of large amount of H;
which is currently produced by pollutant processes (Haryanto et al., 2005). In order to reduce
the reliance on H; of the reductive catalytic fractionation process, reactions were thus carried
out with lower H; pressures. Furthermore, some studies showed that secondary alcohol were
able to be the hydrogen donor for the reductive catalytic fractionation process. Methanol was
thus replaced by isopropanol to carry out reactions without external source of hydrogen. In
order to combine the advantages of both solvents, tests were also done by using a mixture of

methanol and isopropanol.
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To evaluate the catalytic performance of the catalysts during hydrogenation reaction,
HPLC was chosen in order to quantify the amount of coniferyl alcohol remaining and the
amount of dihydroconiferyl alcohol produced after a reaction. Then, to identify and quantify

other molecules potentially produced during the reaction, GC-MS analysis was performed

Finally, the catalyst showing the best performance was chosen to run a reaction in
presence of raw biomass in order to observe its efficacy in non-simplified conditions and see

if the observations made with coniferyl alcohol can be applied with raw biomass.
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2. Materials and methods

2.1. Catalyst preparation

For the experiments performed in the frame of this work, Ni-based catalysts supported
on titanium dioxide (TiO;) have been prepared by an incipient wetness impregnation method.
Nine different catalysts were synthetized using three types of TiO, supports (P2s (Degussa
>99.5 wt%), Pcios (CrystalActiv 95 wt%) and Pcsoo (CrystalActiv 85 wt%)) and with three
different Ni loadings (2, 5 and 10 wt%). After impregnation of a Ni salt on the titania supports,

the catalysts are thermally reduced in flowing H».

2.1.1. Impregnation and drying

The incipient wetness impregnation method consists of filling the porous volume of
support with a solution of the Ni precursor followed by evaporation of the solvent. This
method was chosen because of its simplicity. However, the metal dispersion at the surface of
the support is a complex phenomenon and, because drying takes place at the external surface,
it is possible to get catalysts with a poor distribution of the active sites (van Dillen et al., 2003).

Complete characterisation studies of the catalysts are thus needed.

Before applying the impregnation with the metal solution, some preliminary tests have
been carried out with water on each support to measure the volume of liquid necessary to

obtain soft paste (Figure 10) with all the porous volume filled with liquid (Table 4).

Solutions of Ni were prepared with Ni(NO3),.6H,0 salt (Sigma Aldrich) and water to
obtain a catalyst with the desired loading following preliminary tests with water. The mass of
Ni salt required to prepare the catalyst with the desired loading is given by Equation 1. In this
equation, L is the mass ratio of Ni in the desired catalyst. Mg is the molar mass of
Ni(NO3)2.6H20 (g/mol), Mni is the molar mass of nickel (g/mol) and ms,p is the mass of support
(g) to impregnate.

L X msup Msalt
1—L My

Mgair =

Equation 1: Formula to calculate the mass of Ni(NO3),.6H20 needed to prepare the catalyst

with the desired loading.
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From Equation 1 and the preliminary tests results, the concentration of the
Ni(NO3)..6H20 solutions that have been prepared (Equation 2) and the volume of the solution
to be added to the support (Equation 3) can be calculated. In these equations, Csolution is the
mass of Ni(NO3),.6H,0 salt to add in one ml of water (g/ml), Viiq is the volume of liquid (ml)
found in preliminary tests to fill the porous volume of the support used, Vsolution is the volume
of Ni(NO3)2.6H20 solution (ml) to add to perform the impregnation on the support and msupport

is the mass of the support (g) used during the impregnation.
Csotution = qu

Equation 2: Concentration of Ni(NOs),.6H,0 solutions (g/ml) that has to be prepared to

generate the different catalysts with desired loading.

Vsotution = Vliq X Msypport

Equation 3: Volume of Ni(NO3),.6H,0 solution (ml) to add to the support to prepare catalyst

with desired loading

Once prepared, the Ni(NO3s),.H,0 solution was added to the support drop by drop. The
powder and the solution were mixed together until obtaining a homogenous and soft green

paste (Figure 10). Next, it was dried in an oven at 60°C for 24h to evaporate water (Schutyser

et al.,, 2015).
Ni(NO3)2.6H20
. Drying - Reduction .
solution :
‘\\ 7\\\.\ ‘\\ S
= — T -~

Figure 10: Preparation of Ni/TiO; catalyst by incipient wetness impregnation method

2.1.2. Catalyst reduction

Once the green paste was dry, approximately 1 to 1.3 grams were placed in a fixed bed
reactor for the reduction step. It was performed at 300°C for 90 min under a H, and He flow
of 15 ml/min and 35 ml/min respectively (Figure 10). After the reduction, contact with air can

cause oxidation of Ni at the surface of the solid.

20



2.2. Catalytic hydrogenation in pressurised reactor

2.2.1. Reaction studied

The reductive catalytic fractionation process can be described by three steps occurring
simultaneously (Figure 6). The first step is the solubilisation of lignin from lignocellulosic
biomass into methanol. In the second step, lignin is depolymerised into phenolic monomers,
dimers and oligomers. These species are finally stabilised in the presence of H;, under the

action of a catalyst in a third step which is the reaction studies in the frame of this work (Figure

11) (Van den Bosch et al., 2017).
Carbohydrate pulp
ﬁ and catalyst
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Figure 11: Reductive catalytic fractionation process.

2.2.2. Parameter optimisation

As the purpose of this work is to compare the efficacy of different catalysts, the
reactions carried out in the reactor (Parr 4561 300ml) (Figure 12) must be incomplete. So,
before comparing catalysts performance, the conditions of reactions needed to be adapted to
the dimensions of the reactor and the mass of coniferyl alcohol available. First conditions used

were thus inspired from literature (Van den Bosch et al., 2017): reaction temperature of 200°C,
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initial H, pressure of 30 bar, 100 ml of methanol as solvent, 20 mg of coniferyl alcohol (Alfa

Aesar 98%), 50 mg of catalyst (P2s 10%) and reaction time of 1h. Then, a series of tests were

performed to reach suitable conditions (Table 2).

Table 2: Optimisation of the conditions of reaction for the catalytic hydrogenation of coniferyl

alcohol.
Time of  Temperature Initial H2  MeOH Mass of Mass of
reaction of reaction pressure (ml) coniferyl  catalyst (g)
(min) (°C) (bar) alcohol (g)
Optimisation 1 60 200 30 100 0.020 0.051
Optimisation 2 30 200 30 100 0.020 0.051
Optimisation 3 15 200 30 100 0.020 0.051
Optimisation 4 15 200 30 100 0.020 0.032
Optimisation 5 15 200 30 100 0.020 0.016
Comparison of 15 200 30 100 0.020 0.014

the catalysts

Figure 12: Parr reactor used to carry out the catalytic reduction of coniferyl alcohol.
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2.2.3. Comparison of the catalyst efficacy

Following the results of the parameters optimisation, the conditions that were
selected to compare the efficacy of the catalysts were as follows: a reaction temperature of
200°C, an initial H2 pressure of 30 bar, 100 ml of methanol as solvent, 20 mg of coniferyl

alcohol, 14 mg of the catalyst and a reaction time of 15 min (Table 2, entry 6)

As a blank, a reaction without catalyst was performed. Three reactions with the bare

TiO2 supports instead of the catalyst were carried out additionally.

The efficacy of the catalysts was compared using three quantitative indicators. The

conversion (Equation 4), the selectivity (Equation 5) and the yield (Equation 6).

Coniferyl alcohol converted (mol)

C lon =
onversion Coniferyl alcohol introduced (mol)

Equation 4: Formula for the calculation of the coniferyl alcohol conversion.

Dihydroconiferyl alcohol produced (mol)

Selectivity =
etectivity Coniferyl alcohol converted (mol)

Equation 5: Formula for the calculation of the dihydroconiferyl alcohol selectivity.

) Dihydroconiferyl alcohol produced (mol)
Yield =

Coniferyl alcohol introduced (mol)
Equation 6: Formula for the calculation of the dihydroconiferyl alcohol yield

In order to compare the catalytic performance of the catalysts with what is found on
literature, an experiment was carried out with commercial Ru/C catalyst (Sigma Aldrich 5%)
that was reported to be a good catalyst for the reductive catalytic fractionation of raw biomass

(Van den Bosch et al., 2017).

2.2.4. Optimisation of the H> pressure

In order to decrease the amount of H; used during the reductive catalytic fractionation
process, several reactions were carried out by decreasing the initial pressure of hydrogen used

or by changing the solvent selected (methanol or isopropanol) (Table 3).
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The reaction mixture collected after a reaction in the presence of isopropanol was
dried under N; flow before being solubilised in pure methanol in order to be compatible with

the HPLC column.

Table 3: Conditions of reaction used for the optimisation of the H, pressure

Time of  Temperature Initial H>  Initial N Solvent Mass of  Mass of
reaction of reaction pressure  pressure coniferyl  catalyst
(min) (°C) (bar) (bar) alcohol (9)
(9)
1 15 200 30 0 100 ml 0.020 0.014
MeOH
2 15 200 20 10 100 ml 0.020 0.014
MeOH
3 15 200 10 20 100 ml 0.020 0.014
MeOH
4 15 200 0 30 100 ml 0.020 0.014
MeOH
5 15 200 0 30 50 ml MeOH 0.020 0.014
+ 50 ml
isopropanol
6 15 200 0 30 100 ml 0.020 0.014
isopropanol

2.2.5. Preparation of reaction mixture for analytical measurements

At the end of the reaction, the reaction mixture is centrifuged at 10000 rpm for 90 s to

eliminate the catalyst and the supernatant is directly injected in HPLC.

2.2.6. Test with raw biomass

2.2.6.1. Catalytic test

In order to get a better insight of the Ni/TiO; catalyst performance in a more complex
situation, coniferyl alcohol was replaced by crushed wheat straw as a feedstock. The
conditions chosen for the reaction were different than before as the purpose of this
experiment is to maximise the yield of delignification and the production of phenolic

monomers. Parameters were thus chosen as follows: a reaction temperature of 250°C, an
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initial H, pressure of 30 bar, a reaction time of 3h, an impeller speed of 850 rpm, 120 ml of

methanol, 3 g of wheat straw and 0.3 g of Ni/TiO; P25 10%.

After the reaction, carbohydrate pulp and catalyst were separate from liquid fraction
using filtration. Lignin oil was then obtained from the liquid fraction by drying the sample with
gaseous Na. After that, the lignin oil was subjected to threefold liquid-liquid extraction using
dichloromethane and water to recover the soluble lignin fraction. Finally, identification and
guantification of the different monomers were done using GC-MS with 2-isopropylphenol

(Sigma Aldrich 98%) as an internal standard.

To measure the overall efficacy of the process, two indictors were calculated: the

degree of delignification (Equation 7) and the monomer yield (Equation 8).

Deliomification d %) = Total lignin oil (g) % 100
elignif ication degree (%) = Acid insoluble lignin of the initial biomass (g)

Equation 7: Formula for the calculation of the delignification degree

The delignification degree is the ratio of the mass of lignin oil obtained after filtration

and drying on the mass of Klason lignin.

Iy old (%) = Mass of monomers (g) % 100
onomer yield (%) = Mass of lignin oil (g)

Equation 8: Formula for the calculation of the monomer yield

The monomer vyield is the total mass of monomers that are found in the lignin oil

reported on the mass of lignin oil obtained after filtration and drying.

2.2.6.2. Determination of the Klason lignin content

The amount of acid insoluble lignin, also called Klason lignin, was determined based on

a procedure from the literature (Dence, 1992) in order to calculate the delignification degree.

First of all 72% w/w H,SOa solution was prepared with 1226 g of H,S04 96% and 408 g
of water in a cooling bath. Then sugar standard solution was prepared by mixing 3 g of glucose,

xylose and arabinose standards in a 100 ml measuring flask.

Second, two consecutives acid hydrolyses (strong and then weak) were performed on

biomass extracted with water and ethanol. 3 ml of 72% H,S04 was added on 0.3 g of dried
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extracted biomass in pressure tubes while vortexing. The mixture obtained was then
incubated during 1 hour in a water bath set at 30°C. Strong acid hydrolysis was stopped by 84
ml water. At this point, the acid concentration reached 4% in the tubes that were placed 60

min in an autoclave at 121°C for the weak acid hydrolysis.

After the hydrolysis, the solid fraction (Klason lignin) was separated by vacuum
filtration in a glass filtering funnel with a porosity of 10-20 um. Finally, the funnels were dried
in an oven set at 105°C for 12h to determine the acid insoluble residue mass. Ash content was
measured by ignition at 550°C and subtracted from the acid insoluble residue value to correct

the mineral content.

2.3. Catalysts characterisation studies

2.3.1. X-ray diffraction (XRD)

The crystalline structure of the catalysts has been studied by XRD. This technique is
based on the diffraction of a monochromatic X-ray by the crystal lattice of the catalysts. The
diffracted beams result from constructive and destructive interferences. Directions in which
interferences are constructive follow the Bragg’s law. Intensity of the diffracted beams is
reported on a diffractogram as a function of the diffraction angles (28). Identification of the
different structures is done based on the position of the peaks on the diffractogram, by

comparison with the Crystallography Open Database.

XRD was also used to identify a potential sintering of the Ni or TiO2 particles. To the so,
the particle size was calculated using the Debye-Scherrer equation on the diffractograms of

the pure supports on of the catalysts.

For this work, a Bruker D8 Advance instrument with Cu-Ka radiation (A = 1.541 A) as X-
ray source has been used. The diffraction angle (28) was scanned between 5° and 80°. Data

acquisition was made with the EVA software.

2.3.2. N, physisorption

The different textural properties (surface area, total pore volumes and mean pore

diameter) of the catalysts were measured by nitrogen physisorption.
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In this method, the sample was first degassed at 150°C under vacuum in order to get
rid of potential water or impurities in the pores of the catalyst. This step was performed using

a Micrometrics Vac Prep 061 device.

Analysis of the sample was then performed in a Micrometrics Tristar instrument at the
liquid nitrogen temperature (-196.15°C) and data acquisition was performed using Tristar
3000 V6.01 software. Specific surface area was calculated from Brunauer-Emmett-Teller
model (BET) in the p/po = 0.05—0.30 pressure range. Total pore volumes were estimated from
the volume of adsorbed N; at a relative pressure ~ 0.98. The Barrett-Joyner-Halenda (BJH)

method was applied over the desorption isotherm to determine the mean pore diameter.

2.3.3. Ammonia temperature programmed desorption (TPD)

The total acidity of the catalyst was examined by ammonia TPD in a tubular quartz
reactor into which the catalyst was loaded so as to form a 1cm high catalyst bed (as the
different have different densities, 1 cm corresponds to approximately 35 mg for Pcsgo, 50 mg
for Pcios and 90 mg for Pys) . The experiments were performed using a CATLAB-PCS device
connected to a mass spectrometer QGA which analyses the composition of the exiting gas as

a function of time. The temperature profile used for these experiments is show in Figure 13.
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Figure 13: Temperature profile for TPD analysis

First, the sample was degased under an argon flow of 30 ml/min until 200°C. These

conditions were maintained for 2 h. Second, the sample was cooled down to 100°C before
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being saturated with ammonia (5% of NHs in He). Third, the sample is flushed in argon at 100°C
and ammonia desorption is measured during a temperature programmed stage (10°C/min
until 600°C) in argon. The mass/charge ratios followed during the analysis were 44 (CO;), 40
(Ar), 28 (N2), 18 (H20), 17 (NHs3) and 4 (He). For the calculation, the NH3 flow is normalised

relative to the Ar signal.

2.3.4. Transmission Electron Microscopy (TEM)

TEM study was carried out in a LEO 22 Omega Energy Filter instrument operating at an
accelerating voltage of 120 kV. The morphology of catalyst with different supports but same
loading were analysed (P25 10%, Pcios 10% and Pcsoo 10%) on different scales (50, 100 and 200
nm). The samples were prepared by dispersing the catalyst powder in ethanol under ultrasonic
for 5-10 min and a droplet of the resulted solution was then added on a carbon-coated copper

grid which was dry for 24h before being used in TEM.

2.3.5. CO chemisorption

The different Ni/TiO2 catalysts were analysed by CO-chemisorption at 25°C, using a
Micromeritics Pulses Chemisorb 2705 apparatus. The samples were pretreated under a gas
flow of hydrogen. The sample was heated of 10°C/min and reduced at 120°C for 30 min. It was

then heated at 10°C/min up to 300°C and reduced under H; flow for 120 min.

For the analysis, CO pulses of known volume (185 pl or 58 ul) of a Co/He mixture (20/80
vol%) are consecutively injected into the He stream flowing through the Ni/TiO; catalyst. At
the analysis conditions, metallic nickel at the surface adsorbs CO molecules with a
stoichiometric ratio of 1:1 (Ruckenstein and Hang Hu, 1996). After each injection, the
apparatus gives a peak area (Ap) corresponding to the non-adsorbed CO. When the metallic
surface is saturated, the peak area is maximum (Amax) and corresponds to the volume of the
CO injected (Vco). To correlate the moles of non-adsorbed CO with the peak area, a calibration

factor is calculated as follows:

. 1 (PVCO>
¢ Anmax \RT

The moles of adsorbed CO per catalyst gram (nads) and the nickel dispersion (D) are

obtained as:
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F,
Nadas = ac X Z(Amax - Api)

Nads

D =
L

X 100%

Where Vo is the volume of CO injected (ml), P is the analysis pressure (1 atm), T is the
analysis temperature (308 K), R is the ideal gas constant (82.06 ml atm/K.mol), m is the sample
mass (g), M is the atomic weight of nickel (58.69 g/mol) and L is the mass fraction of nickel in

the catalyst.

The Ni particle size (d) is estimated by the following equation, considering cubic

supported particles:

d_SOOM
" poD

where p is the Ni bulk density (8,902 g/cm), o is the surface occupied by one mole of

Ni (3,91x108 cm?/mol) (Smith, 1981) and D is the Ni dispersion (%).

2.4. Analytic measurements

2.4.1. HPLC

In order to quantify the amount of coniferyl alcohol and dihydroconiferyl alcohol
present in the samples after the reaction in the Parr reactor, HPLC was used. A ZORBAX Eclipse
XDB-C8 apolar column is used at 50°C and a flow rate of 0.6 ml/min of a binary solvent system
(90% of H,0 + 5% ACN and 10% of ACN) was applied. The samples were injected in the column
without any preliminary dilution. The HPLC system was equipped with a UV detector operating
at a wavelength of 280 nm. It is important to note that for the dihydroconiferyl alcohol, the
UV absorption at 280 nm is relatively low which could potentially lead to a reduction in the

accuracy of the quantification (Kotake et al., 2014).

For the quantification, a calibration curve was prepared using standard solutions of
coniferyl alcohol and standard solutions of dihydroconiferyl alcohol (Sigma Aldrich >95%) at
different dilutions. For the identification of the peaks, a preliminary run has been done with a

standard solution of coniferyl alcohol and dihydroconiferyl alcohol (Figure 14).
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Figure 14: Position of coniferyl alcohol and dihydroconiferyl alcohol peaks in a HPLC

chromatogram.
2.4.2. GC-MS

GC-MS analyses were performed in order to identify and quantify potential molecules
(monomers and dimers) produced during reactions in the reaction other than coniferyl alcohol

and dihydroconiferyl alcohol.

For the analysis of monomers, a weighed amount of 2-isopropylphenol (Sigma Aldrich
98%) was added to the sample as an internal standard. Samples were then analysed on a GC
(Thermo scientific TRACE 1310) equipped with Rxi-5sil apolar column (Restek 30m x 0.25 mm
x 1 um) and a FID. The following conditions were used: injection temperature of 280°C, column
temperature program starting 2 min at 40°C, then an increasing temperature of 10°C/min until

300°C which was kept constant for 12 min before cooling.

The dimers were analysed in the same way as monomers except that a derivatisation
step was added to increase their volatility. To do so, 2 ml of product obtained after reaction
with the internal standard (2-isopropylphenol) were first dried under N, flow before being
mixed with 0.5 ml of pyridine (Acros Organics >99%) and 0.5 ml of N-methyl-N-

(trimethylsilyl)trifluoroacetamide (Sigma Aldrich >98.5%). The vial containing the solution was
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then sealed and put in an oven at 80°C for 30 min. After that, the samples were quantified

with GC following the same protocol as before.

For the identification of monomers and dimers signals on the chromatograms, MS

(Thermo Scientific ISQ QD) was coupled with the GC.
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3. Results

3.1. Catalyst preparation

Before preparing the catalysts, the volume of liquid needed in order to fill the porous

volume of the different support (Table 4) was determined with the help of water.

Table 4: Preliminary test on different supports to know the volume of liquid needed for an

impregnation

Support Mass of support (g) Water volume to fill ~ Volumejiq/Masssupport
the support (ml) (ml/g)
Pas ‘ 2.0917 1.5 0.72
Pcio0s ‘ 1.0014 0.8 0.80

Pcsoo ‘ 1.1533 0.9 0.78

From these results, the catalysts were prepared with Ni(NO3s)..6H,0 solutions of
different concentration in order to generate three catalysts for each support with a Ni loading

of 2,5 or 10% (Table 5).

Table 5: Preparation of the different catalysts.

Catalyst  Mass of Concentration of Volume of Mass of  Loading

TiO2 (g)  Ni(NO3),.6H,0 solution solution added Ni(g) (Wt%)
used (g/ml) (ml)

P2s 10% | 4.0054 0.7998 2.87 0.4633 10.37
P25 5% 4.0017 0.3787 2.87 0.2194 5.20
P25 2% 4.0002 0.1469 2.87 0.0851 2.08
Pci0s 10 % | 4.0016 0.7180 3.2 0.4637 10.39
Pcios 5% | 4.0041 0.3398 3.2 0.2195 5.20
Pcios 2 % | 3.9993 0.1318 3.2 0.0581 2.08
Pcsoo 10 % | 4.0063 0.7351 3.12 0.4629 10.36
Pcsoo5 % | 4.0016 0.3480 3.12 0.2191 5.19
Pcsoo2 % | 4.007 0.1351 3.12 0.0851 2.08
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3.2. Catalytic tests

3.2.1. Parameter optimisation

In order to compare the efficacy of the different catalysts, several conditions of
reaction were tested on the P2s 10% catalyst while the amount of coniferyl alcohol and
dihydroconiferyl alcohol were analysed by HPLC. As long as the conditions resulted in a
complete conversion of coniferyl alcohol, the conditions were changed and a new reaction

was carried out.

First, lower reaction times were tested (Figure 15) but the conversion was complete

for each run, even with a reaction time as low as 15 min.

100%

75%

50%

25%

Relative mass after reaction (wt%)

0%
60 30 15

Time of reaction (min)

H Coniferyl alcohol ~ m Dihydroconiferyl alcohol

Figure 15: Optimisation of the reaction conditions when decreasing the reaction time. For the

conditions used, see Table 2, entries 1, 2 and 3.

A reaction time of 15 min was maintained and several reactions were carried out with
different masses of the catalysts (Figure 16). The last run with 16 mg of catalyst showed an
incomplete conversion of coniferyl alcohol to dihydroconiferyl alcohol. These conditions were

thus applied for the next experiments with a lower mass of catalyst (Table 2, entry 6).
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Figure 16: Optimisation of the conditions of reaction when decreasing the mass of catalyst (P25

10%). For the conditions used, see Table 2, entries 3, 4 and 5.

3.2.2. Comparison among the different catalysts

The different catalysts were tested under identical conditions and the results were
compared together based on conversion (Figure 17), yield (Figure 18) and selectivity (Figure
19). A blank reaction without a catalyst was performed showing little conversion of coniferyl
alcohol (0.16) and very poor yield of dihydroconiferyl alcohol (0.09) which means that the
reaction can occurs without a catalyst, but is characterised by very slow kinetics. Other
reactions with catalyst replaced by the corresponding pure support were carried out. It was
found that the bare supports converted coniferyl alcohol but without any selectivity to DHCA.
As expected, this confirms the role of the metal in the catalyst, as the active phase for the

hydrogenation.
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Figure 17: Conversion of coniferyl alcohol into dihydroconiferyl alcohol as a function of the

loading and the type of catalyst support.

For the conversion of coniferyl alcohol into dihydroconiferyl alcohol, it is clear that
increasing the loading of the catalyst enhances the conversion regardless of the support.
Another tendency observed is the good conversion values obtained with the catalysts
supported on P25 compared to the catalyst supported on Pcios or Pcsoo which showed medium

to poor conversion.
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Figure 18: Yield of dihydroconiferyl alcohol as function of the loading and the support of the

catalyst.

35



The yield of dihydroconiferyl alcohol showed the same tendency as the conversion
when the Ni loading increased. The yield was higher when the Ni loading increases and the
fact that Pcsoo 5% present a higher yield than Pcsgo 10% can be due to experimental variability.
Figure 18 indicates that the yield was high for the P,s catalyst, especially for P25 10% catalyst,

while it was very low for the catalyst supported on Pcios and Pcsoo.
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Figure 19: Selectivity of dihydroconiferyl alcohol as a function of the loading and the support

of the catalyst.

It is interesting to notice that selectivity tends to increase with Ni loading (Figure 19).
This could indicate that the reaction is structure sensitive, for example if higher Ni loading
leads to slightly larger Ni particles which would exhibit higher intrinsic activity for the targeted

reaction.

It was also observed that all the consumed coniferyl alcohol was not fully converted
into dihydroconiferyl alcohol as selectivity calculated from HPLC results never reached 1
(Figure 19). While almost all coniferyl alcohol was converted into dihydroconiferyl alcohol with
P2s 10 % catalyst, the Pcios and Pcsgo catalyst converted most of the consumed coniferyl
alcohol into other unidentified molecules. Another way to visualise that is to represent the
mass balance of the reaction (Figure 20). It is clear that the mass balance isincomplete. Several
assumptions can be made in order to complete the mass balance. First, other phenolic
monomers and dimers than coniferyl alcohol could be produced during the reaction. GC-MS

was thus performed to identify and quantify these molecules, yet without success (cfr. section
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3.2.5.). Secondly, the incomplete mass balance could be due to a loss of volatile coniferyl
alcohol or dihydroconiferyl alcohol during degassing of the reactor. Finally, coniferyl alcohol
and dihydroconiferyl alcohol could adsorb on the catalyst after the reaction leading to a

decrease of the concentration of the solution analysed in HPLC.

However, from the GC-MS results and because the two last assumptions could not be

tested in this work, the mass balance could not completed.
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B Coniferyl alcohol  ® Dihydroconiferyl alcohol ~ ® Other

Figure 20: Mass balance of the samples obtained after reaction as a function of the catalyst

used.

From these results, it can be inferred that the Pys 10% catalyst present the best
catalytic performance. The efficacy of this catalyst was thus compared with those of a
commercial Ru/C catalyst (Figure 21). The global performance of both catalysts are very similar
but it is important to note that Ru is much more expensive than Ni, which suggests that Ni

based catalyst is a pertinent option.
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Figure 21: Comparison between catalytic performance of commercial Ru/C (5% loading) an P25

10% Ni/TiO; catalyst

3.2.3. H, pressure optimisation

The efficacy of the P25 10% catalyst was studied when decreasing the initial H; pressure in the

m 30 bar H2
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reactor.
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Figure 22: Conversion, selectivity and yield values as a function of the initial H; pressure when

using P25 10% as catalyst.

As it is shown on Figure 22, decreasing the H; pressure from 30 bar to 10 bar slightly

reduced the conversion, the yield and the selectivity. However, when the initial H, pressure
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was set to 0 bar, the conversion was low and the selectivity to dihydroconiferyl alcohol was

nil.

Interestingly, in the absence of H;, replacing methanol by isopropanol resulted in a
slightly better conversion of coniferyl alcohol and led to a yield of dihydroconiferyl alcohol of
29% (Figure 23). However, when using a mixture of isopropanol and methanol (50/50 vol%),
there was no production of dihydroconiferyl alcohol and the conversion remained smaller

than with pure methanol.

0,8
0,6
MeOH 100%
Isopropanol/MeOH (50/50)
04 isopropanol 100%
0,2
0

Conversion Selectivity Yield

Figure 23: Comparison of catalytic performance of P,s 10% catalyst in different solvents

(primary or secondary alcohol) and without H».

3.2.4. Repeatability tests

In order to confirm the repeatability of the method, several runs were performed
under the same reaction conditions with the same catalyst (conditions used in Table 2, entry
6). Five trials were performed with Pys 5% catalyst (Figure 24) while three trials were done
with P2s 10% catalyst (Figure 25). For all other catalysts, the repeatability was not assessed to
the low availability and high price of coniferyl alcohol. The relative standard deviation of the

three indicators was calculated for P25 10% and P25 5% catalysts (Table 6).
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Figure 24: Repeatability tests for P25 5% catalyst.
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Figure 25: Repeatability tests for P25 10% catalyst.

These results indicated that the repeatability of all indicators is good for P2s 10%
catalyst as the relative standard deviation is always lower than 10% (Table 6). For P25 5%
catalyst, conversion value is stable as well, but the repeatability of the yield and selectivity
appears lower, mainly due to “Test 1”7, which resulted in surprisingly low selectivity. While we
do suspect that “Test 1” suffered from a possible error from the experimenter, we are not in
the position to eliminate this value, and we have to keep in mind the error on selectivity and
yield is possibly relatively high (Table 6). Nevertheless, when comparing the different catalysts

in terms of catalytic performance, the general trends can be discussed.
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Table 6: Means and standard errors calculated from the repetition performed on P25 10% and

P25 5% catalysts.
Conversion Selectivity Yield
P25 10% Mean 0.95 0.88 0.84
Standard deviation 0.05 0.04 0.08
Relative standard 53 4.5 9.5

deviation (%)
P25 5% Mean 0.87 0.79 0.69
Standard deviation 0.09 0.18 0.19
Relative standard 10.3 22.8 28.5

deviation (%)

As the statistical values obtained for P»s 5% catalyst are highly impacted by the first
test, especially in the case of the selectivity and the yield (Figure 24), a new statistical analysis
was done without taking into account the Test 1 (Table 7). In this case, the repeatability

becomes intermediate for all three indicators.

Table 7: Means and standard errors calculated from the repetition performed on Ps 5%

catalyst without taking into account the first trial.

Conversion Selectivity Yield
P25 5% Mean 0.88 0.87 0.77
Standard deviation 0.10 0.04 0.12
Relative standard 11.2 4.8 15.3
deviation (%)

3.2.5. GC/MS analysis

The GC-MS analysis of the monomers generated unexpected results. There was no
peaks identified as coniferyl alcohol on the different chromatograms obtained while other
kinds of monomers were detected. To be sure that coniferyl alcohol is not identified as

another molecule, a standard solution of C8 to C30 alkanes was injected in GC-MS. As a
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function of the position of the alkane peaks, the expected position of the coniferyl alcohol
peak can thereby be determined knowing the Kovats index of coniferyl alcohol. No peak was

detected at this position, even when using a standard solution of coniferyl alcohol.

This result is surprising because coniferyl alcohol seems to be successfully analysed in

GC-MS by other authors (Van den Bosch et al., 2017).

In order to identify the problem and detect coniferyl alcohol, different parameters
were changed one by one without success. First, the injector temperature was decreased to
160°C to know if the injector temperature triggers a reaction between coniferyl alcohol and
methanol leading to the production of another phenolic monomer. The coniferyl alcohol peak
was still not observed while performing this experiment. Secondly, methanol was replaced by
ether or dichloromethane in order to know if methanol reacts with coniferyl alcohol during
the analysis but still no different result was observed. Finally, a comparison with GC analysis
conditions of coniferyl alcohol by the supplier (Alfa Aesar) was done in order to know if the
issue comes from the column used. However, both columns presented the same properties

which lead to the conclusion that the GC column is not responsible.

For the analysis with derivatisation, the same issue was faced as derivatised-coniferyl
alcohol remained undetected. Identification and quantification were thus concluded not
reliable using the GC-MS and the by-products of the reaction could not be determined using

this technique.

3.2.6. Tests with raw biomass

Results from the reductive catalytic fractionation of wheat straw in the presence of
Ni/TiO, P25 10% catalyst are presented in Table 8. A delignification yield of 82.35 % was

obtained which is a good value according to the literature (Van den Bosch et al., 2015b).
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Table 8: Delignification degree and monomer yield for wheat straw in the presence of Ni/TiO;

catalyst.

Yield (%) Standard deviation (%)

Yield of delignification 82.35 3.89

G-units yield 8.50 0.89

S-units yield 2.10 0.20

H-units yield 1.13 0.12

Saturated C6 ring units yield 0.18 0.04

Monomer yield 13.29 1.05

Concerning the monomer yield, the value obtained is small compared to results
reported in literature with other catalysts where values as high as ~50% were reported (Parsell
et al., 2015; Van den Bosch et al., 2015b; Yan et al., 2008). When looking more precisely at the
composition of the monomers, results indicate that most of them are G-units while there is a
small amount of S and H-units produced. Then, the sum of the different units should be equal
to the monomer yield but is only equal to 11.73 %. This can be explained by the fact that there
are some phenolic monomers identified and quantified in GC/MS that cannot be classified as
one of these units. Finally, the G/S/H-units ratio (72/18/10) obtained after the reductive
catalytic fractionation of wheat straw is different from the ratio (49/46/5) found in wheat
straw before reaction (Buranov and Mazza, 2008) which indicates a preferential
depolymerisation/stabilisation off G-units when performing reductive catalytic fractionation

with P25 10% catalyst on wheat straw.

3.3. Characterisation studies

3.3.1. N, physisorption

The textural properties of the different Ni/TiO, catalysts were determined by N
physisorption. Figure 26 and figure 27 respectively present the surface area and the average

pore size of each catalyst.
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Figure 26: Surface area of each catalyst and different pure supports.

Figure 26 shows that the specific surface area of P2s and Pcios is barely affected after
impregnation of Ni followed by calcination and reduction. However, the specific surface area
of Pcsoo was strongly affected, decreasing from 372 m?/g to around 165 m?/g. For all catalysts,

the specific surface area remains relatively stable whatever the Ni loading.
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Figure 27: Average pore size of each catalyst and different pure supports.

Figure 27 shows that the catalysts tend to have higher average pore diameter than the
pure support. This can be due to the fact that the smallest interstices between TiO; particles

could be clogged by the Ni particles leading to a selection of the larger interstices. This could
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also be due to a sintering which could generate larger interstices as a result of the increase of

TiO; particle diameter.

Adsorption and desorption isotherms are shown on Figure 28. For the sake of clarity,
only the catalysts loaded with 10% Ni are plotted (at lower loading, the shape of the isotherm

was preserved).

According to the theory, all the catalysts present a type IV isotherm (Khokhlov et al.,
2008; Thommes et al., 2015) because of the presence of a hysteresis. This profile corresponds
to mesoporous solids that are composed of pores with a size comprised between 2 and 50 nm
(Leofanti et al., 1998). This result is in agreement with the fact that the solids consist of non-
porous TiO; particles (decorated with Ni on the surface) partially aggregated together, and

that the pores are formed by the interparticle voids.

Next to that, the hysteresis loops (Figure 28) also brings complementary information.
All the catalysts present a H3 type hysteresis which is typical for solids consisting of aggregates
or agglomerates of particles forming interstices with nonuniform size and/or shape (Leofanti

et al., 1998; Thommes et al., 2015).
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Figure 28: Adsorption and desorption isotherms of catalysts with 10% loading.

In order to know if the BET method was valid to calculate the surface area, the BET

surface area plots were used. As the regression curve generated from the points included in a
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relative pressure between 0.05 and 0.3 was linear (Figure 29), the BET method could be
applied (Leofanti et al., 1998).
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Figure 29: BET surface area plots of catalysts with 10% loading.

To know if micropores are present in the different catalysts, the t-plot method was
applied to the data. A linear regression curve was drawn from the points measured between
a thickness of 2.5 and 5. If the linear regression curve passes through the origin of the axis, it
means that there are no micropores in the catalyst (Hudec et al., 2002). Thus, Figure 30
indicates that P2s, Pcios and Pcsoo catalysts are not microporous because all the regression

curves cross the origin of the axis.

In this case, the global shape of the t-plots follows a typical profile that indicate the
presence of mesopores in all the catalysts. Indeed, after the first points between 2.5 and 5 A,
an upward deviation corresponding to the capillary condensation is observed. After complete
filling of the mesopores, a new straight line with a slower slope is obtained. This typical t-plot

profile correspond to a mesoporous solid (Leofanti et al., 1998).
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Figure 30: t-plot of catalysts with 10% loading.

Results from BJH desorption are presented in Figure 31 for the pure supports and in

Figure 32 for the catalysts.

In terms of textural properties, Pcsoo support is composed of the smallest particles
while P2s support is composed of the largest. It is thus logical that Pcsoo support presents the
lowest average pore diameter while P35 support presents the highest (Figure 31). The flat
profile for P25 support can be explain by the fact that the TiO; particles have the tendency to
be isolated in pure support. After the preparation of the catalyst, particles are more
agglomerated because of the drying step that “stick” them together which lead to the

formation of more interstices.

When comparing Figure 31 and 32, it seems that the addition of Ni had no impact on
the average pore size in the case of P2s and Pcigs catalysts. However, an increase of the average
pore size in the case of Pcsoo catalysts was noticed after the preparation. This indicates that a
sintering of the TiO; particles was occurring for these catalysts. Moreover, this result explains
the important decrease of the surface area for Pcsoo catalysts previously presented in this work

(Figure 26).
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Figure 31: Pore diameter of TiO, supports determined by BJH desorption (dV/dD) method.

Figure 32 also indicates that Ni loading had no impact on the BJH desorption profile as
the catalysts prepared on the same support presented the same curve. For Pcsgo catalysts,
majority of the pores had a diameter around 5 nm. In the case of Pcigs catalysts, the
distribution of the pores was wider although most of the pores had a diameter around 10 nm.
Finally, the distribution for P,s catalysts was broad indicating the presence of interstices with
irregular sizes and shapes. These results confirmed that the catalysts synthesised by an
incipient impregnation method are mesoporous materials composed of agglomerates

particles leading to the formation of interstices with non-uniform size and/or shape.
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Figure 32: Pore diameter of Ni/TiO; catalysts determined by BJH desorption (dV/dD) method.
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3.3.2. XRD

The presence of Ni particles on the surface of the TiO, support was checked with the
help of XRD analysis. The different diffractogram profiles obtained for catalysts support on Ps,

Pcios and Pcsoo are respectively presented in figure 33, figure 34 and figure 35.
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Figure 33: Diffractogram of catalysts supported on P,s support. Anatase = ¢; Rutile = O

As Pys is composed of TiO; presenting both anatase and rutile phases, the
diffractograms of P35 catalysts show the characteristic peaks of anatase (25°, 38°, 48°, 54°, 55°,

63°, 69°, 71° and 75°) and rutile (28°, 36°, 41°, 54° and 56°) (Thamaphat et al., 2008).
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Figure 34: Diffractogram of catalysts supported on Pcios support.
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Pcios and Pcsoo catalysts only showed the characteristic peaks of anatase. The

characteristic peaks of metallic nickel are located at diffraction angles of 45°, 52° and 76°

although those at 52° and 76° are not well seen on the diffractogram of the different catalysts.

It is also important to note that a peak between 43° and 44° can appear if the Ni is oxidised in

NiO and can easily confused with the Ni peak at 45°.
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Figure 35: Diffractogram of catalysts supported on Pcspp support.

From these diffractograms, it is interesting to see that the Ni peak was small and
showed a small signal-to-noise ratio for 5% and 10% catalysts while Ni peak was not observed
for catalysts with a 2% Ni loading. Thus, the Debye-Scherrer equation cannot be used in this
case to calculate the diameter of the Ni particles. However, because of the small size of the Ni

peak, it can be conclude that Ni particles have a diameter near the nanometer size range.

Finally, sintering of the TiO; particles can potentially be observed from the general
aspect of the peaks. In addition to the observation of these peaks, the Debye-Scherrer
equation was used in order to calculate the TiO; particle size. The full width at half maximum
(FWHM) of the anatase peak at 25° was taken as a reference for the calculation because of its
high intensity. The results obtained for pure support and 2% catalysts are presented in Table

9.
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Table 9: TiO; particle size calculated using the Debye-Scherrer equation.

Support 2% Niloading catalyst
FWHM of TiO; TiO; particle FWHM of TiO; TiO; particle

peak at 25° size (nm) peak at 25° size (nm)
P2s ‘ 0.343 26.4 0.350 25.8
Pcios ‘ 0.402 22.5 0.422 21.4

Pcsoo ‘ 0.847 10.7 0.678 13.3

For P2s and Pcios catalysts, there are no differences between the TiO; particle size
compare to the pure support showing that sintering does not occur. However, for Pcsoo 2%
catalyst, there is an increase of the particle size compared to the pure support indicating
sintering of the TiO; particles. The thinning of the peak can be observed when comparing
respective chromatograms (Figure 35). This, together with the BJH desorption results,

confirms that a TiO; sintering is occurring on Pcsgp catalyst.

3.3.3. NHs physisorption

The NHs physisorption results are presented in Table 10. P25 10% is the catalyst that

presents the less acid sites while Pcsoo 10% catalyst present the higher acidity.

The amount of acid sites per gram of catalyst can be correlated to support used.
However, the difference observed are mainly governed by the surface area of the catalyst.
The results show that the acid surface site density (umol/m?) is always in the same range when

the amount of acid sites is normalised by the surface area.

Table 10: Amount of acid sites on the 10 % loading catalysts

Catalyst Acid sites (umol/g catalyst) Acid sites (umol/m?)
P25 10% 58.85 1.28
Pcios 10% 109.71 1.45

Pcsoo 10% 262.16 1.56
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Concerning the acid strength, molecular flow of ammonia as a function of the
temperature for 10% loading catalysts is represented in Figure 36. In this plot, NH3 is desorbed
at slightly lower temperature for P25 10% than in the case of Pcios 10% and Pcsgo 10% catalysts
that present similar curves but with a different intensity. This means that the acidity of the

acid sites of P25 10% catalyst is slightly smaller.

The saw tooth profile of the Pcios 10% curve is due to a smaller pressure generated by
the pump during the analysis compare to usual situation. As the pressure is lower, there are
less molecules that arrived to the MS and thus there is a decrease of the accuracy during the

measurement.
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Figure 36: Molecular flow of ammonia as a function of the temperature for 10% loading

catalysts during stage 2 of measurements.
3.3.4. TEM

The pictures of Ni/TiO; catalysts taken by TEM are presented in Figure 37 for a 200 nm

scale and in Figure 38 for a 50 nm scale.

As it was found in literature, there is a poor contrast between TiO; support and Ni
particles. In the picture of Pys 10% catalyst at 200 nm scale (Figure 37), it is possible to
distinguish Ni particles (outlined in red) but the contrast between TiO2 support and Ni particles
is in general too low to clearly identified Ni particles with these pictures. Ni particle size is thus

not available from the TEM images.
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C

200 nm

Figure 37: TEM image of Ni/TiO; catalysts at 200 nm scale. A) P25 10%. B) Pci1os 10%. C) Pcsoo
10%.

Although Ni particles cannot be observed on the TEM pictures, the textural properties
of the catalysts measured using N2 physisorption are confirmed by the pictures. When looking
at the pictures with 50 nm scale (Figure 38), it is clear that the TiO; particles of Pcsoo 10%
catalyst are smaller than those of Ps 10% catalyst. Consequently, surface area for Pcsoo
catalysts is higher than with P3s catalyst and average pore size is smaller in the case of Pcsoo
catalyst. Pcios 10% catalyst present intermediates textural properties between those of Pys

10% and Pcsgo 10% catalysts.
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TEM pictures also confirm the BJH desorption results (Figure 31). Indeed, when looking
at the Figure 37, the disorganisation and the irregular size of the TiO; particles explain why P2s
catalysts present interstices with a wide distribution of pore diameter. On the other hand, the

organisation and the small size of the TiO; particles of Pcsoo catalysts can be associated with

interstices presenting a smaller diameter and a narrower distribution of the pore diameter.

Figure 38: TEM image of Ni/TiO; catalysts at 200 nm scale. A) P25 10%. B) Pcios 10%. C) Pcsoo
10%.
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3.3.5. CO chemisorption

In order to know if the CO chemisorption (Table 11) results provide expected values,

the Ni particle diameter was interpreted relative to the aspect of the Ni peak obtained by XRD.

For the P25 catalysts, Ni particles with a diameter around 10 nm were measured by CO
chemisorption. In XRD, such a result should lead to a small and broad Ni peak, which is actually
the shape of the peak obtained in this work (Figure 33). Furthermore, a Ni particle diameter
of 10 nm is in agreement with what is found in the literature for Ni/TiO. prepared with

incipient wetness impregnation method (Lin et al., 2012; Mustard, 1981; Yan et al., 2003).

For Pcios and Pcsgo catalysts, Ni particles with a diameter higher than 10 nm were
measured by CO chemisorption. This should lead to an intense and narrow Ni peak in XRD.
However, the Ni peak of Pcios (Figure 34) and Pcsgo (Figure 35) catalysts is small and broad

which indicate an incoherence in the CO chemisorption results for these catalysts.
Table 11: Dispersion and Ni particle size results from CO chemisorption analysis.

Catalyst Dispersion (mol Ni in Ni particle diameter (nm)
surface/mol Ni total)

P25 10% 9.6 8.7
P25 5% 8 10.6
P25 2% 8.6 9.8

Pcios 10% 5.9 14.3
Pcios 5% 1.5 54.4
Pcios 2% 2.5 33.7

Pcsoo 10% 13 63.2
Pcsoo 5% 0.6 136.3
Pcsoo 2% 13 63.2
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4. Discussion

4.1. Correlation between catalytic performance and characterisation studies

The catalysts tested in the frame of this work showed different performance, which
are surprisingly low in the case of Pcios and Pcsgo catalysts. In order to explain these results,
the support is suspected to impact the way Ni is stabilised on the surface and thus how the

catalyst acts during the reaction.

4.1.1. Niparticle size

From XRD, it was shown that the aspect of the Ni peak was similar for catalysts
prepared with a different support but with the same Ni loading. It was also shown that the Ni
loading has a small influence on the aspect of the Ni peak since a small increase of the peak
intensity was observed when increasing the loading. This means that the catalysts present Ni
particles in the same size range and that the size of the Ni particles cannot be used to explain

the different catalytic performance when using different supports.

XRD studies also revealed that sintering was occurring on TiO2 particles of Pcsoo
catalysts but not with the particles of both other supports. This can be explained by the fact
that TiO, particles of Pcsoo are smaller than in other support. Because of the sintering, Pcsoo
particles form bigger particles leading to the formation of larger pores and to a drop in surface

area.

4.1.2. Surface area of the catalyst

The catalysts used in this work were prepared with supports presenting different
surface area. It was put forward that using supports with higher surface area could enhance
the dispersion of Ni particles. As discussed in the previous paragraph, this was not verified in

this study.

Next to that, it was shown that the specific area was impacted during the preparation
of the catalyst, particularly in the case of the Pcsgp catalysts. It was proven that the decrease
of the surface area for these catalysts was related to the sintering of the TiO; particles of Pcsoo

support.
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Finally, the catalysts supported on P35, Pcios and Pcsoo present different average pore
sizes. As Pcios and Pcsgp catalysts have smaller average pore diameter than Pas catalysts, it
could lead to difficulty for the coniferyl alcohol to diffuse in the interstices. However, such
poor results for catalysts on Pcios and Pcsgo supports cannot just be explained by this
assumption as the hydrogenation reaction should at least occur at the surface of the catalyst
particles (i.e. aggregates of elementary particles) even if coniferyl alcohol did not enter in the

inner part of these aggregates.

4.1.3. Strong metal support interaction effect

From CO chemisorption, it was shown that incoherent Ni particle sizes were measured
for Pcios and Pcsgo catalysts. According to the Ni peak profile obtained by XRD, all the catalysts

should have Ni particles with a diameter around 10 nm, which is only the case for P35 catalysts.

The simultaneous drop in chemisorption capacity and in catalytic activity can be
explained by the SMSI effect. It means that the catalysts prepared on the Pcigs and Pcsoo
supports are impacted by this effect when prepared through a reduction temperature of
300°C, which is not the case for catalysts prepared on the P2s support. The decrease of
dispersion and the apparent increase of Ni particle size in CO chemisorption is thus due to the
reduction of TiO; species that migrate and cover the Ni particles leading to a loss of the

catalytic activity.

A reason why Pys is not affected by SMSI may be due to the crystalline phase of the
TiOz support. As it is indicated by the XRD results, Pcios and Pcsoo supports are only constituted
of anatase while P25 support is composed of anatase and rutile. Furthermore, it was shown in
the literature that reduced TiO; from anatase diffuses easily on the surface of metal particles
than reduce TiO2 from rutile (Yao et al., 2008). This difference of properties may explain why

P2s catalysts are not affected by SMSI.
4.1.4. Acidity

Following the efficacy of the catalysts and the NHs; physisorption results, better
performance were obtained when the amount of acid sites was lower (Figure 39) and when
acid sites present weaker acidity. It is thus tempting to conclude that a lower acidity is

beneficial for the stabilisation of coniferyl alcohol. However, because of the SMSI effect and
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the other parameters that were varied in the frame of this work (surface area, crystalline
phase, elementary particle size, etc.), it is difficult to determine the real impact of acidity on
catalytic performance. Thus, it is not possible to make any conclusion on the role of catalyst

acidity on the performance of the reaction.
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Figure 39: Comparison between the Conversion, yield and selectivity of 10% loading

catalysts as a function of the amount of acid sites.

4.2. Effect of the pressure

Currently, most research on the reductive catalytic fractionation using gaseous
hydrogen as a hydrogen donor uses substantial quantities of hydrogen (~ 30 bar) to carry out
the reaction. In this work, it was proven that decreasing hydrogen pressure to 10 bar does not
have a large impact on the catalytic performance. Indeed, when decreasing the H; pressure to
10 bar while using P25 10% Ni/TiO; catalyst, the loss in conversion, selectivity and yield were -
16.3%, -8.2% and -23%, respectively. However, if gaseous hydrogen is completely removed
from a reaction, conversion drops and there is no production of dihydroconiferyl alcohol. This

means that methanol does not possess a sufficient reducing capacity for the reaction to occur.

Although gaseous hydrogen is necessary to run a reaction when using methanol,
results obtained with isopropanol as solvent showed that the reaction can be carried out
without external source of hydrogen. Indeed, dihydroconiferyl alcohol was produced during

the reaction with pure isopropanol.
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However, as isopropanol is able to provide hydrogen for the hydrogenation reaction,
dihydroconiferyl alcohol should have been produced, even in small amount, during the
reaction with a mixture of isopropanol and methanol. No further experiments were carried

out to solve this issue and this results remain thus unexplained.

In conclusion, these results indicate that the reductive catalytic fractionation can be
performed with good performance with reduced amount of hydrogen but also without

external source of hydrogen if an appropriate solvent is used.

4.3. Understanding the repeatability

The variability of the results observed for the catalytic tests can be explained by various

steps of the method that were not controlled well.

The first parameter that can influence the result of a reaction is the small amount of
catalyst (14 mg) and coniferyl alcohol (20 mg) engaged in the reaction. As the error of the scale
used was 0.1 mg, a variation of the mass in the range of 0.1 to 0.5 mg is likely to lead to an

important error.

Other steps that are variable in the method are the heating and cooling time before
and after the reaction. The temperature at which the hydrogenation reaction start is currently
not known. In this context, it is complicated to set a temperature programme to heat and cool
the reactor. In order to minimise the impact of the heating and the cooling time on the
reaction, these two steps were performed as fast as possible. Heating was thus conducted at
maximum instrument power and cooling accelerated by removing the thermal jacket as soon
as the time of reaction had expired in addition to passing cold water through a cooling coil
inside the reactor once the temperature was under 200°C. Furthermore, the stabilisation of
the temperature around 200°C once the reaction has started is not always the same. This leads
to different maximum temperature actually reached from one reaction to the other. The
temperature at which the cooling started was thus not always the same and the cooling time
had an impact too. Finally, the time of reaction (15 min) is really short and the effect of heating

and cooling time may be important on the repeatability.
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4.4. Differences between the reaction using the model compound and using

the biomass in the presence of P>s 10% catalyst

As it was seen with the optimisation of the parameters, the reaction of stabilisation of
coniferyl alcohol was fast and reached almost full conversion in the presence of small amount
of P2s 10% catalyst. So, it was justified to expect good performance of this catalyst in more
realistic conditions when using biomass as the substrate. However, the results obtained with
wheat straw showed good delignification but a poor monomer yield (13.29 %). This result is
far from the theoretical maximum monomer vyield (between 45 and 58 %) which
mathematically correspond to the square of the fraction of ether bonds in the lignin structure

(Van den Bosch et al., 2017).

Although the catalytic performance are lower than what was expected, definite
conclusions cannot be drawn with these results. Indeed, the reaction conditions are not the

same in both cases and optimisation of the parameters has to be done using the biomass.

Experiments performed with coniferyl alcohol indicated some interesting properties of
the catalysts that were taken into account to carry out a reaction with biomass in the best
conditions. Although the reductive catalytic fraction of wheat straw was performed with
success, results were under expectation. This could be explain by the variability of the
measurement during the experiments but it also highlights the fact that other parameters
than those followed during the hydrogenation of coniferyl alcohol have to be studied for a
better understanding of the global mechanisms of the reductive catalytic fractionation

process.
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5. Outlook

5.1. Preparation method

5.1.1. Reduction temperature for the preparation of Ni/TiO»

As it was shown, SMSI effect is dependent on the preparation conditions of the
catalyst, particularly on the reduction temperature. Therefore, it could be interesting to
prepare the catalysts on Pa2s, Pcios and Pcsoo supports. Higher reduction temperature could be
tested for Pys catalysts in order to see if SMSI effect occurs and lower temperature for Pcigs

and Pcsoo catalysts to see if they are not affected by SMSI.

5.1.2. Anatase/rutile ratio

From the results obtained in this work, it is not possible to say if the crystalline
structure of the support has an effect on the performance of the catalysts by promoting or
not SMSI effect. To get a better insight on the role of the ratio anatase/rutile, it would be
interesting to carry out reactions in the same conditions with catalysts prepared with supports
composed of different anatase/rutile ratios. As it is suggested in this work, rutile do not
promote the SMSI effect and it would be particularly interesting to test supports composed of

more rutile.

5.2. Other analysis during catalytic reaction

5.2.1. Gas phase composition

Although the results from GC-MS were not conclusive, it would be interesting to
complete the mass balance by analysing the gas phase after the reaction. It is possible that
volatile compounds were lost in the vapour phase when opening the reactor. Furthermore, it
is also possible that small organic molecules like methane were generated during the reaction.
Therefore, an optimised GC analysis of the gas phase could be informative to explain

composition of the incomplete mass balance part.

5.2.2. Optimisation of the solvent without external source of H>

First, all the experiments without hydrogen were carried out with an initial N2 pressure

of 30 bar. It would be interesting to remove any initial pressure and confront results obtained
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in this case with those obtained in presence of N, in particular to see if dihydroconiferyl

alcohol is produced when using the mixture of isopropanol and methanol.

Then, as dihydroconiferyl alcohol was produced in presence of isopropanol, it would
be interesting to performed reactions with other solvent such as other secondary alcohols or
formic acid as suggested in literature but also with tertiary alcohols that were not used yet for

the reductive catalytic fractionation process.
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6. Conclusion

In this work, the reductive catalytic fractionation process was studied using coniferyl
alcohol as model compound to get a better insight on the catalytic stabilisation step of the
process. To do so, heterogeneous Ni/TiO; catalysts were synthesised by incipient wetness
impregnation method. Nine catalysts differentiated by their Ni loading (2, 5 or 10%) and their

textural properties (P2s, Pcios or Pcsgo as support) were generated.

All these catalysts were characterised by several techniques: N2 physisorption, XRD,
TEM, NH3s physisorption and CO chemisorption. From these results, it was shown that all the

catalysts were mesoporous, acidic and covered by nanoparticles of Ni (~ 10 nm).

The performance of these catalysts for the stabilisation of coniferyl alcohol under H;
pressure were then compared. It was shown that only the catalysts prepared on the Pys
support presented good performance and that the P25 10% was the catalyst showing the best
results. Catalysts prepared on the Pcios and Pcsoo supports — showing smaller elementary

particles and higher specific surface — performed relatively poorly

In order to explain these differences of performance, it was shown through CO
chemisorption measures that SMSI effect occurred on Pcios and Pcsoo catalysts. This effect
which is associated with the preparation method, particularly the reduction temperature used
to reduce the catalyst, causes the reduction of TiO; particles that moves to the surface of the

catalyst and cover Ni particles.

In order to know if the results obtained with coniferyl alcohol as model compound can
be extrapolated to the case of a reaction with more complex biomass as reactant, a reaction
was carried out with P25 10% catalyst in presence of wheat straw. An important gap was found
as the monomer yield obtained with wheat straw was lower than expected. This result shows
that the catalytic mechanisms that govern the reductive catalytic fractionation of biomass

cannot be fully understand by modelling just one reaction and that further studies are needed.

Then, investigations were done on possibility to decrease the amount of H; use to run
a reaction in presence of methanol. It was shown that decreasing the initial pressure of H;

slightly reduces the catalytic performance but also that a source of H; is absolutely necessary
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to carry out the reduction of coniferyl alcohol because methanol is enabled to provide

hydrogen.

At the same time, experiments were carried out without external source of H, and with
isopropanol, a secondary alcohol, as solvent. It was noticed that isopropanol was acting as a
hydrogen donor-solvent which led to the production of small amounts of dihydroconiferyl
alcohol. This suggests that optimisation studies could be conducted to determine which
secondary alcohol or other solvent is the best hydrogen-donor for the reductive catalytic

fractionation process.

As the mass balance is incomplete for most of the reaction, GC/MS analyses were
carried out in order to identify and quantify potential monomers and dimers different than
coniferyl alcohol and dihydroconiferyl alcohol. Unfortunately, no valid results were generated

and the mass balance was thus not completed.

Finally, in order to improve the understanding of the catalytic stabilisation of coniferyl
alcohol, several additional experiments were considered for the future: change the reduction
temperature or the anatase/rutile ratio of the support during the preparation of Ni/TiO..
Analysing the gas phase of a reaction could lead to completing the mass balance. Optimising
the use of a secondary alcohol in the absence of gaseous Ha by testing other solvents or mix
of solvents could be beneficial for reducing or eliminating the need for the gaseous hydrogen

use.
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Catalytic hydrogenation of coniferyl alcohol as a stabilisation process for -
lignin monomers: correlation between the catalytic performance and the UCL
physico-chemical properties of Ni/TiO2 catalysts

Présenté par Emile Jeanmart Université
catholique
Abstract Nowadays, with the depletion of fossil fuels as main source of energy and de Louvain

chemicals, strong alternatives are more than ever required. Among them,
the biorefinery concept has emerged since a few years. A biorefinery is a
network of facilities that process the different components of biomass to
produce biofuels, energy and chemicals. Currently, few industries (paper,
1%t generation biofuels, etc.) that use lignocellulosic biomass as feedstock
valorise the carbohydrate fraction while the lignin fraction is burned for
energy leaving aside the potential of lignin for high-value applications.

In order to valorise the carbohydrate and the lignin fractions, a new
process, the reductive catalytic fractionation, was imagined a few years
ago. This process, which mainly focuses on lignin valorisation, allows the
separation of both fractions without generating intermediate technical
lignin and is divided in three distinct parts occurring simultaneously. The
solubilisation of lignin, the depolymerisation of lignin into unstable
phenolic monomers and finally the stabilisation of these monomers.

In order to study the stabilisation step, which takes place in the presence of
a heterogeneous catalyst, Ni/TiO, catalysts with different loadings and
different TiO, supports were synthesised by incipient wetness
impregnation method. As lignin polymer is a complex matrix, a model
compound (coniferyl alcohol) was used rather than biomass to investigate
the catalytic hydrogenation.

A series of characterisation studies were done on these catalysts: N»
physisorption, XRD, TEM, NHs3 physisorption and CO chemisorption. The
efficiency of the catalysts was investigated by comparing the conversion,
the selectivity and the yield values of the lignin monomer stabilisation
reaction. Then, the role of H, during the reaction was also studied by
changing the initial pressure of hydrogen or testing other solvents.

The catalysts supported on P,s stand out high performance as compared to
other supports. The latter were affected by the strong metal support
interaction effect that decreases the surface of available Ni on the catalyst.

It was also shown that the hydrogenation of coniferyl alcohol can be
performed with good performance with reduced amount of hydrogen but
also without external source of hydrogen if a hydrogen-donor solvent such
as isopropanol is used
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