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Abstract

The aim of this PhD thesis was to elaborate a bifunctional catalyst
that would allow biomass valorization, namely converting cellulose into

sorbitol.

The first part of this work was devoted to the study of glucose
hydrogenation into sorbitol. Catalysts composed of Ru nanoparticles
deposited on carbon supports have been synthesized. Different sizes of Ru
nanoparticles were prepared and the optimal size for this reaction has been
established between 1 and 2 nm. Moreover, doping of carbon materials with
nitrogen atoms has also been investigated. Efficient functionalization was
confirmed by X-ray photoelectron spectroscopy and Boehm titration.
Enhancement of the Ru activity by the presence of nitrogen in the support
has been demonstrated for the direct transformation of cellobiose (two

glucose units bound together) into sorbitol.

The second part of this thesis was dedicated to the study of
cellobiose hydrolysis into glucose. Several carbon materials have been
successfully covalently functionalized with sulfonic functions by a diazonium
coupling method. Functionalized carbons displayed excellent acidity
(confirmed by Boehm titration) and showed great selectivity in glucose as

main hydrolysis product.

The last part of this manuscript dealt with the synthesis of
bifunctional catalysts composed of Ru nanoparticles deposited on carbon
supports functionalized by sulfonic functions. Despite cross-poisoning
between the two active sites, optimization of the ratio between Ru and sulfur
led to a bifunctional catalyst that outperformed non-acidic Ru/C catalysts.
Sorbitol has been produced from cellobiose and more importantly from
cellulose, in significant amounts compared to literature standards, with this

bifunctional catalyst.
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I.1 General context: Energy and chemicals sources

Since the industrial revolution, the energy demand has increased
tremendously with the fast population growth. If we look at the last 25 years,
growth in energy demand is still increasing!™. Fossil resources such as coal,
natural gas and oil have been mainly used to meet the increasing energy and
chemicals demand. Nowadays these fossil resources still contribute for about
80 % of the global energy demand (Figure I-1). The use of green energy as
hydroelectricity or renewables sources is increasing but still represents a
small part of the global energy consumption. In the current context, the costs
of fossil resources tend to rise while stocks shrink, which is expected to lead

to a major crisis!?.

World consumption
Exajoules

600
B Renewables

W Hydroelectricity
B Nuclear energy
W Coal

B Natural gas

u Oil

95 00 05 10 15 20 0

Figure I-1: World consumption of resources in exajoules since 1995 to 202001,

To avoid this scenario, alternatives resources have been studied.
Biomass appears to be a promising solution to produce energy and chemicals
as it is a renewable resourcel®. Moreover the utilization of biomass will limit
the emission of greenhouse gases (GHG) such as CO,. Biomass is using

atmospheric CO; to grow and this CO; will be technically converted into fuels
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and chemicals. This should lead to CO,-neutral technologies®. However,
separation and processing of the raw biomass to produce fuels and chemicals
requires energy inputs and use of solvents or other reactants. Thus, CO;
emissions must be taken into account for this energy and chemicals
production. This is represented by the CO;, emission that is not included in
the loop (Figure I-2). Therefore CO; neutrality has not yet been reached and
enhancing this type of process is one of the most important current challenge

in order to replace fossil resources by biomass.

Fuel and
0. HO Recycle o Energy
2 Hyf o .e.mlc.as —_— output
utilization
Recycle
CO,, H,0
Nutz;ie;ts Fuel and
chemicals |« Energy
Non-edible production input and chemicals
biomass
co, —» o,
e Biomass _— Separation
Light —+ growth P A _
Air —— Chemicals production
I I Nutrients Edible biomass
for food
recycle .
Energy  Nutrients production

Figure I-2: Complete cycle from biomass growth to fuel production and utilization (adapted
fromb))

1.2 Biomass classification

Biomass is classified in different generations depending on the origin
of the feedstock used. The first generation is composed of food sources
(corn, wheat, sugarcane, etc.). Ethical issues regarding their usage have been
raised. Indeed, biofuels industries using first generation biomass will reduce
the food availability and increase the price of these resources. It has been
observed in the US, as the corn and wheat prices reached their highest point
at the same time biofuels were produced!®. Food security should not be

threatened by the production of energies. This issue can be resolved by using
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the second generation biomass, also known as lignocellulosic biomass which
is non-edible. This biomass comes from by-products (sugarcane bagasse,
wood residues, etc.), dedicated feedstocks (vegetative grasses grown on
purpose, short rotation forests) and wastes (municipal cellulosic wastes) ],
Therefore this biomass will not compete with the food production and can
be harvested without any ethical problem. It is composed mainly of cellulose
(50-70 %), a polymer of glucose, hemi-cellulose (10-40 %), a polymer of
pentoses and hexoses, and lignin (10-30 %), a polymer mainly composed of
aromatics!¥. The exact proportion of each component depends on the type
and origin of the feedstock®’. Algae represents the third generation biomass.
It is not in competition with food production or other crops and can be
cultivated in shallow lagoons or closed ponds. Its production is easier and
faster than conventional biomass and the oil yields obtained from it can
exceed the ones from oilseed crops OU12I3I The fourth generation
biomass deviates from the others as it requires metabolic engineering of the
algae. It is using DNA recombination and modifications of the algae
properties in order to enhance biofuel production from it 4. Table I-1 sums
up the differences between each generation in terms of feedstock and

processing technology to obtain biofuels or chemicals.

Table I-1: Biomass classification: feedstocks and process (adapted from [8l)

Generation Feedstocks Processing technology

First Edible sources: corn, wheat, Esterification of oils; fermentation of
sugarcane, animal fats sugars
Lignocellulosic biomass: Physico-chemical pretreatment and

Second sugarcane bagasse, cereal fermentation; catalytic and/or
straw, forest residues enzymatic transformation
. Algae harvesting and fermentation; oil
Third Algae & g

extraction; thermochemical process

Enhancement of algae properties by
metabolic engineering; harvesting and
fermentation; oil extraction;
thermochemical process

Fourth Bio-engineered algae
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1.3 Lignocellulosic biomass: Structure and pretreatments

As said above, lignocellulosic biomass is composed of cellulose,
hemi-cellulose and lignin. Cellulose is a linear polysaccharide of glucose with
a B-1,4 glycosidic bound between each unit and possesses high
polymerization degree (over 10000)™**. The structure of cellulose allows the
formation of a lot of intra- and intermolecular hydrogen bonds that make it
crystalline (Scheme I-1). Therefore cellulose polymers chains will stack on top
of each other and form microfibrils. Several allomorphs of cellulose exist
(cellulose type |, I, lll and IV) depending on its crystallographic structure.
Chemical and heat treatment can change the native cellulose (type 1) into

other types [16117],

H
OH--. OH
L o-HO b o-HO
o) 0 o
HO 0 %o 0 1
o MTTw - B
H ! _H ! H
O i OH “O H O
o—HO o-HO
o) o o
HO Q.o e
OH-----Q OH---""

Scheme I-1: Representation of the cellulose structure (adapted from [18])

s &
u

Hemi-cellulose is a heterogeneous branched polysaccharide
composed of mainly pentoses (xylose and arabinose), hexoses (glucose,
mannose, galactose) and sugar acids (glucuronic acid)*®. Its composition
varies depending on the type of biomass. Unlike cellulose, it is not crystalline
and its polymerization degree is lower (around 200)?°). Hemi-cellulose will
form hydrogen bonds with cellulose and covalent bonds with lignin to create
what is called lignin-carbohydrate complexes (LCC)?Y.

Lignin is a polyphenolic polymer composed of three main units:

p-coumaryl, coniferyl and sinapyl alcohols (Scheme 1-2). The ratio between
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these three units is varying depending on the type of biomass??. Lignin is
hydrophobic and will give impermeability and protection to the plant.

o

HO.

HO HO
\OD\/\/OH \©\/\/OH N / OH

(0)

Coniferyl alcohol p-Coumaryl alcohol Sinapyl alcohol

Scheme I-2: Representation of coniferyl alcohol, p-coumaryl alcohol and sinapyl alcohol

In most cases, microfibrils of cellulose are embedded in a matrix of
hemi-cellulose and/or lignin. These microfibrils will arrange themselves into
bundles or macrofibrils!?l. It is the combination of cellulose, hemi-cellulose
and lignin that gives its high robustness to the plants (Figure I-3). Therefore
the lignocellulosic biomass is very resistant to biological or chemical
treatment. Lignocellulose is meant to give rigidity and strength to the plants,
which means that its constituents are by essence resistant and cannot be
easily transformed into other compounds. Therefore, producing biofuel and

chemicals from it is highly challenging.

Cell wall structural Distribution of cellulose, hemicellulose
organization & lignin in Cell wall —>> Cellulose

Plasma | Secondary

—

membrane | wall

Secondary T Rosett

wall (&)
» s L A1) .
Lignocellulosic | Nt Y UL ey | Hemiicellulose

gne Secondary S E> —{Cellulose
biomass / wall - .

Prumary

wall =t— Protein

bty O Middle lamella

= Primary wall

Nawwm

Figure I-3: lllustration of the lignocelullosic biomass framework (adapted from [23])

In order to valorize the lignocellulosic biomass, separation of the
three components from each other is primordial to transform them

individually into chemicals and fuels. Pretreatments of many types have been
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imagined to break lignocellulosic biomass and making cellulose,
hemi-cellulose and lignin more disposed to be transformed. As cellulose is
the biomass part we are interested in in this work, we will focus on the
impact of the pretreatments on the cellulose component.

Two main factors define the cellulose reactivity: its accessibility and
its purity. Cellulose accessibility can be separated into micro-accessibility and
macro-accessibility. Micro-accessibility refers to the accessibility of the inner
structure of the cellulose like the B-1,4 glycosidic bonds. Macro-accessibility
refers to the accessibility of the cellulose outer surface?¥.

Micro-accessibility depends on two major factors: cellulose
crystallinity and degree of polymerization. As said above, cellulose polymers
are held together thanks to inter and intra-molecular hydrogen bonds, but
also van der Waals forces or hydrophobic interactions. These arrangements
will form crystals and reduce the accessibility and reactivity of the cellulose
chains®!. On the contrary, amorphous cellulose will be more easily
transformed. It is important to mention that recrystallization of amorphous
cellulose can occur in water due to high surface tension and the possibility of
making hydrogen bonds?®. Degree of polymerization (DP) is the average
amount of B-1,4 linked anhydroglucose units. It is the key factor for the
cellulose solubility. Indeed cellulose oligomers with DP of 2-6 are soluble in
water while cellulose oligomers with DP of 7-13 are moderately soluble in
hot water. When the DP is over 30, cellulose oligomers will have high
similarity with ‘bulk’ cellulose and will be insoluble in water?”). Obviously,
solubility of the cellulose will enhance its reactivity. That is why
pretreatments of cellulose that is decreasing both crystallinity and DP will
help cellulose to be more reactive.

Macro-accessibility depends on external specific surface area which

is determined by particle size, shape, and surface texture. In general, small
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particles will display higher specific surface area which increases their
reactivity’?®!. Moreover the center of small particles will be more easily
accessible to solvents and catalysts. Therefore reduction of the particle size
by pretreatments will increase the cellulose reactivity!?®.. Macro-accessibility
of cellulose is dramatically decreased by the presence of a protective matrix
composed of hemi-cellulose and lignin. These impurities will cause physical
hindrance that will lower the cellulose reactivity. Moreover they can
neutralize the catalysts. For example wood can neutralize mineral acid
catalysts by ion-exchange between the inorganic cation in the wood and the
protons in the reaction mixture®”. This neutralization ability depends on the
nature of the feedstock. Catalysts can also be inhibited by the impurities, as
cellulases can be poisoned by lignin derivatives?*.

In summary, increasing the cellulose purity and the
macro-accessibility while decreasing the degree of polymerization and the
crystallinity of cellulose can boost the cellulose valorization in chemicals and
fuels. Pretreatments will have a key role in the industrial processes of
biomass valorization. Therefore it is a widely studied topic and several

pretreatments processes will be developed in the following sections.

1.3.1 Physical milling

The main purpose of milling is to reduce the particle size, the degree
of polymerization and the crystallinity of the lignocellulose in order to
enhance its reactivity. There are several milling pretreatments possibilities:
ball, two-roll, knife, hammer, vibro energy and freeze-milling®®?. Ball-milling
is the most common pretreatment in research before carrying out catalytic
or enzymatic reactions®3. The improvement of cellulose reactivity with these
types of pretreatments is considerable. However, the main drawback of

milling is the huge energy consumption. Because of that its application to
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industrial process is very limited. To overcome that problem, wet milling has
been investigated as a less energy-consuming method. Unfortunately, the
performances of wet milling have not yet reached the ones of dry milling®.

Improvement of ball-milling with the addition of acids has been tried.
Ball-milling of microcrystalline cellulose after impregnation with mineral
acids decreases drastically its degree of polymerization. Cellulose powder
obtained after that treatment is even soluble in water®. This pretreated
cellulose can react more easily with catalysts to produce chemicals®!.

Reactions between solid cellulose and solid catalysts have been
usually restricted by the weak interactions by collision between the two. Mix
ball-milling of both cellulose and catalyst together has been studied to
improve the interactions between both solids and increase their reactivity.
Higher rate constant for cellulose conversion has been observed when
implementing the mix ball-milling”..

Physical milling and especially ball-milling is improving the reactivity
of cellulose. The use of mineral acids or the mix ball-milling are interesting
new concepts that can further enhance the cellulose reactivity. However this
pretreatment technique remains costly. Moreover milling is limited to the
activation of microcrystalline cellulose. Indeed milled lignocellulosic biomass
can less easily be valorized because of the presence of the other
components. Physical milling of lignocellulose must be combined with

another method of pretreatment to purify cellulose.

1.3.2 Irradiation
There are several possible irradiation pretreatments that can be
considered: microwave, ultrasound, electron beam and gamma ray. They can

be applied either alone or combined with other pretreatment methods.

10
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Microwaves are radio waves with frequencies between 300 MHz and
300 GHz. When these interact with organic matter, they are absorbed and
their energy is transferred to organic molecules generating huge amounts of
heat. Therefore this pretreatment method relies on the in situ generation of
heat within the lignocellulosic substrate and reaction media. This method can
generate higher reaction rates compared to common heating from external
sources. It also leads to high lignin removal and increased sugar yields®®,

Although microwave irradiation has many advantages, the main
drawbacks are the energy consumption and the cost of this method
compared to conventional energy sources. Moreover for large-scale
pretreatments of biomass, a large microwave irradiator is required, which is
very costly and limits its use in large-scale operations®®. Another
disadvantage is the generation of high temperature and non-uniform heating
of the biomass which leads to the formation of inhibitors that can lower
yields! 9,

Gamma rays and electron beams are ionizing radiations. It means
that they will ionize atoms by removing electrons which will induce chemical
changes. These two methods are reported to depolymerize and decompose
lignocellulosic biomass!*!. Increase of the enzymatic digestibility of cellulose
after irradiation with gamma rays has been shown?,

Ultrasound irradiation is based on the creation of pressure
differences within the reaction media (cavitation bubbles) and can cause
erosion, cell wall collapse and enhancement of mass transfer which is
improving the accessibility to lignocellulosic biomass!*. It is also reported as

a good method for delignification of the biomass!*4.

11
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1.3.3 Steam explosion

Steam explosion is a method where biomass is first treated with high
pressure saturated steam. The pressure is then released quickly to
atmospheric pressure which creates explosive decompression within the
biomass structure. This method is usually initiated at a temperature between
160 °C and 260 °C and a corresponding pressure between 20 bar and 50 bar
for several seconds to a few minutes!**!. During the process, hemi-cellulose
is hydrolyzed by acetic acid coming from the hydrolysis of acetyl groups
associated with it. Lignin is also decomposed due to the high temperature
applied during the pretreatment. These two effects are making the cellulose
more accessible and an increase of the catalytic/enzymatic activity has been
shown after this type of process!*®.

Addition of H,SO, or CO, can improve the hydrolysis and remove
completely the hemi-cellulose, using lower temperature and shorter process
time. However, this can lead to the formation of degradation products that
will inhibit enzymatic hydrolysis and fermentation. Therefore, the pretreated
biomass needs to be washed with water to remove these side-products. This
washing step will also decrease the global saccharification yield by removing
all the soluble sugars produced during the process!®’.

The main advantage of this pretreatment technique is the low energy
requirement compared to other processes which implies lower cost. It is

making this method one of the most adapted to industrial applications?®.

1.3.4 Ammonia fiber explosion (AFEX)

Ammonia fiber explosion (AFEX) is based on the same concept than
steam explosion, except that liquid ammonia is used instead of steam. The
process is using high pressure (15-20 bar) and moderate temperature

(60-120 °C) for several minutes (under 30 minutes) and is followed by a
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sudden pressure releasel*®. Four parameters can be adjusted: ammonia
loading, water loading, residence time and temperature. The optimization of
these conditions can vary in function of the type of biomass that is
pretreated. Ammonia gas quick expansion will cause huge physical disruption
within the biomass structure and will lead to increased digestibility and
accessibility!,

The advantage of AFEX compared to steam explosion is that, because
of the low boiling point of the ammonia, only solid materials are produced
during the pretreatment. No mass loss is observed during the process.
However, AFEX process is not altering the cellulose crystallinity because of
the high concentration of water in the employed ammonia that will prevent
the ammonia from entering within the cellulose structure!®,

AFEX is a promising method to activate biomass and especially
cellulose for further chemical processing. The higher cost of ammonia and
the environmental issues caused by its disposal are forcing the application of
an efficient recovery and recycling of ammonia to be sustainable in an

industrial application®®.

1.3.5 Acid pretreatment

Acid pretreatment is the most common method employed in the
industry for transforming the lignocellulosic biomass. Sulfite pulping was
already conducted in the 19" century to remove lignin by cleaving and
sulfonating it to water-soluble products®. Nowadays acid pretreatment is
using mainly HCl and H,SO, but a lot a different acids have been tried out
such as HF, HNOs, HsPO, and organic acids®®.

Depending on the severity of the pretreatment, we can have either
the removal of hemi-cellulose or the hydrolysis of both cellulose and

hemi-cellulose into monomers. Two main conditions are utilized: low acid
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concentration with high temperature or high acid concentration with low
temperature®®. The use of concentrated acids with low temperature is more
interesting because of the economic cost of high temperatures. However,
concentrated acids will provoke degradation of the installation because of
their corrosiveness. Recovery and disposal of the acids is also a major
problem. Concentrated acids are giving a lot of lignocellulosic degradation
products such as furfural and HMF that are well known inhibitors for
microorganisms. Diluted acids are giving less degradation products but are
less effective for hemi-cellulose solubilization. However higher temperatures
and longer retention time can be applied to increase their activity®*.

Acid pretreatment of biomass can also be performed in alcohol
media instead of water. The alcohol media will lead to alkylglucosides,
xylosides and alkyl levulinate as products. Increase of reaction rate and yields
have been observed as well as less production of inhibitors. For example,
production of alkyl levulinates in alcohol from the cellulose has given higher
yields than the production of levulinic acid in water. Brgnsted acid sites are
promoting the formation of alkyl levulinates, while Lewis acid sites are
leading to levulinic acids in water®,

Utilization of bifunctional catalysts is another approach to avoid
unwanted products during the treatment. Hydrolytic hydrogenation will
immediately hydrogenate the produced monomeric sugars to more stable
sugar alcohols (especially sorbitol)®”. Further acid-catalyzed dehydration of
sugar alcohols can produce polyols such as sorbitan and isosorbidel®®. Sugar
alcohols and their dehydration products are useful to produce fuels,

chemicals and polymers®?.
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1.3.6 Alkaline pretreatment

Alkaline pretreatment is employed since the 1940s, especially the
Kraft pulping process that is providing high-quality cellulose fibers from wood
by using NaOH and Na,S for delignification?. This process is mainly used in
the paper industry to produce wood pulp, which is the main component of
paper, from sawdust and wood chips. Alkaline processes are efficient to
remove lignin through the cleavage of lignin ether bonds and can solubilize
hemi-cellulose by the saponification of intermolecular ester bonds between
hemi-cellulose and lignin. Cellulose is more resistant to alkaline pretreatment
than hemi-cellulose. However, depolymerization of cellulose can occur.
Therefore, alkaline pretreatment is very useful to increase the cellulose
accessibility and reactivity*>0,

NaOH, KOH, Ca(OH), and ammonia are the most common bases used
for alkaline pretreatment. Compared to the acid pretreatment, alkaline
process is working at lower temperature but with higher residence timef®,
The major drawback is the need for neutralization of the slurry that has been
formed!®?.

Combination of two bases together has been studied to increase
process performance. For example, NaOH and Ca(OH), have been used for
pretreatment of switchgrass at ambient condition®3l. Addition of an oxidant
agent such as O, or H,0; can improve the performances of the pretreatment

by enhancing the lignin removal'®.

1.3.7 Oxidative pretreatment

Oxidizing agents such as H,0,, O,, air, peracids and hypochlorite can
be used for enhancing the cellulose accessibility by removing lignin from the
biomass!®'% H,0, and O, are reacting as free radicals in alkaline solutions

and are improving this type of treatment®”,
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Ozone is also utilized as oxidative agent in what is called ozonolysis
pretreatment. This method is degrading lignin and a part of hemi-cellulose.
It is usually conducted at room temperature and avoids the formation of
inhibitory compounds that would impede downstream processes like
enzymatic hydrolysis or fermentation®®. Huge quantities of ozone are
required for this process and that makes it an expensive method**.

Wet oxidation is a pretreatment that is using oxygen or air in aqueous
media. The biomass is treated at temperatures between 150 °C and 200 °C
and 10 to 20 bar of O, or air for short periods of time (below 30 minutes). At
these temperatures, the process is exothermic and becomes self-supporting
in term of energy as the reaction is proceeding!®. Therefore, a careful
control of the temperature during the pretreatment is needed to avoid too
high temperatures. Hydrolytic processes and oxidative reactions are
happening during the wet oxidation and are leading to the formation of acids.
These acids are participating in the biomass treatment. All three parts of
lignocellulosic biomass are affected. Lignin is cleaved and oxidated, while
hemi-cellulose is depolymerized into monomers. Cellulose is partially

degraded and becomes more accessible with an enhanced reactivity”.

1.3.8 Organosolv fractionation

Organosolv pretreatment is based on the degradation and
solubilization of hemi-cellulose and lignin in aqueous or non-aqueous
solvents. This process is improving the cellulose purity as well as its
accessibility and reactivity’!. Several organic solvents have been
investigated: alcohols, esters, glycols, ketones, organic acids, esters and
phenols’?. The process can be carried out auto-catalytically at high
temperature (between 185-210 °C) or with the addition of a catalyst, usually

acids catalysts such as HCl, H,SO, or oxalic acid!’3.
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Organosolv process has been studied for paper manufacturing where
high cellulose purity, high fiber strength and high crystallinity are required. It
also has been investigated as a pretreatment prior to enzymatic hydrolysis

(74 Organosolv process is

for which a high cellulose reactivity is needed
interesting for its fractionation ability. Indeed, at the end of the process,
three separate, high quality streams can be obtained: a solid pulp enriched
in cellulose, a high purity lignin precipitate and an agueous mixture of
hemi-cellulose products and extractive products (minerals and proteins)!”%.,
This process is very useful to further valorize lignin for a wide variety of
applications!”®. The precipitated lignin can be redissolved in an adequate
solvent and valorized.

The main drawbacks of this method are the low boiling point of
organic solvents as well as their flammability and volatility. Moreover, the
use of such organic solvents can be costly and it has been established that
organic solvents can have inhibitory effects on enzymatic hydrolysis and
microorganisms. That is why the removal of organic solvents is important and

the recyclability of these solvents is even better to decrease the operation

costl7eh3],

1.3.9 Cellulose solvents

Cellulose low solubility in water is caused by both hydrogen bonding
and hydrophobic interactions within cellulose structure. Other solvents that
could overcome these interactions and solubilize cellulose have been
investigated. These solvents can be divided in two categories:
non-derivatizing and derivatizing solvents!”’). Non-derivatizing solvents will
apply a physical dissolution of the cellulose by intermolecular interactions.
These solvents include inorganic complexes (copper (ll) ethylenediamine),

molten salt hydrates (ZnCl,.4H,0), DMSO-based solvents, tertiary amine
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oxide and ionic liquids”®7®!. On the other hand, derivatizing solvents will
alter cellulose by the formation of unstable ether, ester or acetal derivatives.
They include trifluoroacetic acid, formic acid and DMF/N,0,8!.

lonic liquids in particular are very interesting as solvents to dissolve
cellulose. lonic liquids are organic salts composed generally of large organic
cations and small inorganic anions. Hydrogen bonds can be formed between
the ions of the ionic liquids and the protons of hydroxyl groups in the
cellulose. These interactions lead to the disruption of the internal network in
the lignocellulose®™!. During the process with ionic liquids, cellulose is usually
recovered, after its dissolution, through precipitation by the addition of
solvent such as water or alcohol®®. Cellulose obtained by this way displays a
decreased or modified crystallinity (sometimes cellulose of type Il is formed),
which is making it more accessible and more reactive to further
treatments!®!

The main drawbacks of the ionic liquids pretreatment is the very high
cost of ionic liquids and their ability of deactivate catalysts and enzymes in
downstream processes!®?. Their recovery and recyclability are therefore
needed to be applicable at industrial level. Studies are very intensive in this
subject and a concept where ionic liquids are synthesized from lignin and
hemi-cellulose has been imagined. This could lead to a closed loop

biorefinery process®,

1.3.10 Biological pretreatment

Biological pretreatment is using microorganisms, mainly white,
brown and soft-rot fungi, to convert lignocellulosic biomass into more
accessible compounds for hydrolysis and subsequent transformation!®.
These microorganisms produce a battery of enzymes with different

specificities (cellulolytic enzymes or cellulases) that act together with
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synergy!®>. White-rot fungi appears to be the most effective to remove lignin
from the biomass. Parameters such as particle size, moisture content,
pretreatment time and temperature can affect the efficiency of the biomass
degradation and hydrolysis yield®®!.

This type of process is not costly in comparison with other
pretreatments. It takes advantage of the enzymes of the fungi to delignify
and enhance lignocellulosic biomass reactivity®”). Moreover this
pretreatment does not require chemicals and high amount of energy.
However main drawbacks of this method are long process time, large space
requirement and the need to monitor microorganisms growth during the
process. These disadvantages are limiting the use of biological pretreatment
as a commercial method!®®.

Another way to perform biological conversion of cellulose is to use
isolated cellulosic enzymes such as cellulases®®!. However, microcrystalline
cellulose is resistant to enzymatic hydrolysis. Therefore, increasing
efficiency, stability and recovery of these enzymes is crucial, as well as
eliminating inhibitors such as cellobiose (simplest glucose oligomer,
composed of two glucose units). However, the production and purifications
of such enzymes are very costly®,

Finally, fermentation of the products coming from cellulose
hydrolysis is an interesting possibility to produce fuels, especially ethanol.
Microorganisms such as S. cerevisiae, Zymomonas mobilis, and
Kluyveromyces marxianus can be used for the fermentation. In most
processes, cellulose hydrolysis is performed prior to the fermentation step.
It is called the SHF (separate hydrolysis and fermentation) process®. It
allows to perform both steps in optimal conditions. Once the hydrolysis has
been performed, the medium is centrifugated (non-hydrolyzed solid is

discarded) and the fermentative microorganism is inoculated to the liquid
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medium. The main drawback of this method is the partial inhibition of
enzymes during the hydrolysis because of the accumulation of glucose and
cellobiose. To overcome this problem, SSF (simultaneous saccharification
and fermentation) process has been imagined. Cellulases and
microorganisms are inoculated in the medium at the same time. The glucose
produced by the cellulose hydrolysis will be directly used by the yeast,
preventing the inhibition of the enzymes®!. Several studies have shown

better results with the SSF process compared with the SHF process!®?..

1.3.11 Lignin first biorefinery

Several pretreatments have shown excellent abilities to remove
lignin from the lignocellulosic biomass, which can then be valorized
separately into chemicals and fuels. Since a few years, a new method to
achieve both delignification and valorization of the lignin has been developed
and is called lignin first biorefinery. In this method, the lignin from the
lignocellulosic biomass is depolymerized to high yield of monomers and
oligomers by chemocatalytic processes while the cellulose and hemi-
cellulose are left as a solid. Hemi-cellulose can be solubilized more easily than
cellulose and its presence in the solid pulp is depending on the conditions of
the treatment. This pretreatment can overcome the usual problems
encountered with the isolated lignin valorization which are lignin
recondensation and degradation during the pretreatment®3. Therefore the
cellulose obtained after this pretreatment will display higher purity than with
other methods and would be valorized more easily.

Reductive catalytic fractionation, which is the most promising
method, is using hydrogenation and hydrogenolysis with catalysts to
depolymerize lignin and stabilize reactive intermediates to prevent

degradation®. Removal of the lignin with good yield in monomers by this
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method has been demonstrated®. The remaining cellulose and
hemi-cellulose can be further valorized. Indeed by removing the lignin, the
cellulose reactivity and accessibility are increased.

Other processes have been investigated to valorize the lignin. One of
them is the oxidative catalytic fractionation which is carried out under milder
conditions than the reductive fractionation and is based on lignin oxidation
in aldehydes®®. Photocatalysis has also been considered to remove lignin

and transform it into ketones®”.

1.3.12 Summary of pretreatment methods

A wide variety of pretreatment methods have been described in the
previous sections. A table that sums up all the techniques with their
advantages/drawbacks is displayed below (Table I-2). All these techniques
will impact differently the lignocellulosic biomass, with consequences for
further uses. Moreover, the effect of each pretreatment can vary depending
on the biomass source. The choice of the pretreatment will depend on the
intended downstream valorization. If cellulose is the main target,
pretreatments that remove hemi-cellulose and lignin will be preferred, such
as AFEX or oxidative treatment. However, if lignin valorization is the main
purpose, lignin first biorefinery or organosolv fractionation will be chosen.

Lignocellulosic biomass pretreatments are still widely studied and no
perfect industrial process exists for now. Almost all pretreatment methods
are costly and difficult to apply at industrial level. However, methods such as
physical milling or irradiation can be used in research labs for more

fundamental studies.
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Pretreatment Sugar yield Equipment cost Advantages Drawbacks Ref.
Physical milling Low High Decreases cellulose crystallinity High energy cons.um.ption; no 32]
and DP hemi-cellulose or lignin removal
L. . . High lignin removal; increase of Batch process; enzyme’s
Irradiation High High enzymatic digestibility inhibitors production [39]
. . Hemi-cellulose hydrolysis; .
Steam explosion High Moderate I, u . yarolysi Incomplete destruction of LCC [45]
alteration in lignin structure
AFEX High High Hemi-cellulose and lignin Low efficiency for high lignin [50]
removal; no mass loss content biomass
Hydrolysis of cellulose and Installation corrosion; waste
Acid treatment High Moderate hemi-cellulose; alteration in disposal; enzyme’s inhibitors [54]
lignin structure formation
Hemi-cellul ligni L i ime; sl
Alkaline treatment High Low emi-cellulose and lignin ong re5|denc§ tlme, slurry (63]
removal neutralization
Lignin removal; hemi-cellulose Utilization of large amount of
Oxidative treatment Moderate High dissolution; decrease of g. [70]
- ozone or oxidants
cellulose crystallinity
H lysis of hemi-cellul R li f
Organosolv fractionation High High ydrolysis o .enlwl cefiulose ecovery and recycling o [76]
and lignin solvents
. ul issolution; i R f sol ioni
Cellulose solvents Moderate High Cellulose dissolution .ln‘c.rease . ec.overy o] sc? vents or ionic [83]
of cellulose accessibility liquids; alteration of cellulose
Lignin removal; decrease of Large space requirement; low
Biological treatment High High J ! . hydrolysis rate; need to be [90]
cellulose crystallinity .
monitored
L . " . - . Catalyst ;d -st
Lignin first biorefinery Low High Lignin removal and valorization atalyst recovery; down-stream [93]

product purification

1 DP = Degree of polymerization; LCC = lignin-carbohydrate complexes; AFEX = ammonia fiber explosion
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1.4 Cellulose valorization into high-value products by

heterogeneous catalysts

Once it has been isolated from the lignocellulosic biomass, cellulose
can be valorized into interesting chemicals. The most important molecule
that can be obtained from cellulose is glucose, the monomer. Glucose is a
chemical platform that can lead to the formation of 5-hydroxymethylfurfural,
gluconic acid, sorbitol, adipic acid (monomer for nylon production)®® and

many other interesting chemicals!® (Scheme I-3).
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Scheme I-3: Glucose as a chemical platform

Therefore cellulose hydrolysis is an intensively investigated topic
since many years. Hydrolysis processes to produce biofuel from cellulose
were already studied since the 1920s. These were using dilute H,SO,,
concentrated HCl or HF solutions to perform the hydrolysis. These processes
have not been enough cost-effective to be applied in industries and have
been eclipsed by the emergence of the cracking method in petroleum
refining to produce fuels. Drawbacks such as the acid recovery, corrosion of

the reactors, neutralization of the acid and chemical waste disposal are
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making these technologies not very suitable for industrial applications!*®,
That is why new methods for hydrolyzing the cellulose into glucose have
been studied in recent years.

The pretreatment methods explained in the previous section that are
hydrolyzing or solubilizing the cellulose can be applied as well on cellulose
alone. For example, ionic liquids are thoroughly studied as solvents and
catalysts for the hydrolysis reaction*°Y,

Enzymatic catalysis is one of the most promising alternative as
explained in the previous section. However, even if it is performed on
cellulose alone, the main drawback of this method is that glucose and
cellobiose are inhibitors for cellulases!®.

Since homogeneous catalysis is accompanied by the drawbacks of
reactor corrosion and waste disposal, heterogeneous catalysis has become a
huge field of interest to overcome these problems. Numerous heterogenous
catalysts for cellulose depolymerization have been developed such as
metallic oxides, zeolites, acidic resins, functionalized silica and functionalized

carbon materials. These will be detailed in the next sections.

1.4.1 Metal oxides

Metal oxides are composed of cations displaying Lewis acid sites and
anions with Brgnsted base sites. Two classes are existing: single metal oxides
and mixed metal oxides. Metal oxides have activity in the hydrolysis of
cellulose and can be used as solid acid catalysts. These solids contain
mesopores which allow the reactants to access the active acid sites within
the pores. Metal oxides such as Nb,Os, WOs3, TiO; and Ta,0s-WOs3 have been
studied as heterogeneous acid catalysts!*®-1%!, However the catalytic activity
reached by these metal oxides is not striking, therefore mixed metal oxides

such as HNbMoOs have been studied®. This is a layered transition-metal
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oxide, composed of several layers which allow a higher acidity,
water-tolerance and an easy intercalation of saccharides in the strongly
acidic interlayer galleries of the catalyst. Catalytic activity for cellobiose and
starch hydrolysis by HNbMoOs has outperformed well-known acidic solids
such as Amberlyst-15 and Nafion NR50. However, cellulose hydrolysis has
only given low amount of glucose. Cellobiose has been preferentially
produced probably because of the difference of intercalation behavior
between glucose and cellobiose. This lack of performance can be attributed
to the fact that protons of the solid acid sites are not easily accessible to the
glycosidic linkage of the substrate.

Mixed metal oxides such as nanostructured Zn-Ca-Fe oxides have
displayed good activity for hydrolyzing crystalline cellulose. Nanoscale
diameter of the Zn-Ca-Fe oxide particles suspension can provide high amount
of active sites per gram and has some characteristics similar to fluid
solutions!*?”). Moreover the presence of Fe is making the catalyst separable
by magnetic filtration methods.

Mesoporous metal oxides with their high specific area, adjustable
pore sizes and their enhanced thermal stability are also very interesting as
catalysts for cellulose hydrolysis and will become an important research field

in the futurel'°8l,

1.4.2 lon-exchange resins

lon-exchange resins are reticulated polymeric structure displaying
high acidity. They have been used since many years as solid acid catalysts in
organic reactions such as esterification, alkylation or condensation
reactions!'®11% |n the 1960s they have been studied for cellulose hydrolysis
but have displayed poor activity and degradation during the reaction*,

More recently, acidic resins have been enhanced and the NKC-9 resin has
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produced a yield of 26.9 % of glucose from cellulose hydrolysis (heated under
microwave irradiation at 240 W during 3 minutes)!**?,

One of the most well-known acidic resins is the Amberlyst-15. It is a
macroreticulated styrene-divinylbenzene resin which is functionalized with
sulfonic groups. Alone, Amberlyst-15 resin has difficulties to depolymerize
cellulose but when it is combined with ionic liquids, the depolymerization is
very effective. lonic liquids solubilize cellulose and make it more accessible
for the resin to perform its hydrolysis activity!**3!.

However, resins in general have poor hydrothermal stability and
begin to degrade at around 120 °C. In order to overcome this issue, Nafion
NR50 resin has been synthesized with higher hydrothermal stability. Nafion
NR50 resin displays acidity similar to Amberlyst-15 but can be utilized at
higher temperature. In combination with ionic liquids, a glucose yield of 35 %

has been obtained from cellulose (at 160 °C during 4 h)™*4,

1.4.3 Zeolites

Zeolites are microporous aluminosilicate minerals widely used as
catalysts. In the zeolite structure, silicon is tetracoordinated while aluminum
is tricoordinated. Therefore a cation is needed to maintain the
electroneutrality. When this cation is a proton, the zeolite is called H-form
zeolite and it displays Brgnsted acidity. The number of Brgnsted acid sites
depends on the Al/Si atomic ratio; high ratios are giving high acidity™*”..
Zeolites have shape-selective properties due to their micropores and can be
extensively tunable to adjust acidic and textural properties. All these
characteristics combined with their hydrothermal stability make them good
candidates as catalysts for biomass valorization.

The main drawback of the zeolites for cellulose hydrolysis are their

micropores. Indeed cellulose has large particle sizes and difficulties to
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disperse into the inner core of the zeolites. For example no depolymerization
of cellulose has been noticed using H-ZSM-5 or zeolite Y as catalysts*'3,
Therefore combination of zeolites catalysts with pretreatment of cellulose is
required to increase the activity. lonic liquids or microwave assistance can
depolymerize the cellulose and allow it to access the active sites of the
zeolites!116117],

Another way to improve the zeolites activity is to modify their
properties. Increasing the pore size of the zeolites would enhance their
activity. Mesoporous zeolites have been studied for hemi-cellulose
hydrolysis and have shown promising results**¢],

Loading of superacids on the zeolites would overcome the poor
activity of the zeolites alone for cellulose hydrolysis. Heteropoly acids (HPA)
for example can be incorporated into the zeolites by direct impregnation of
the zeolite with an HPA solution as it has been done for SBA-15*°1. However
the HPA will mostly go inside the zeolite and will not be accessible for the
catalysis. Mixing HPA during zeolites synthesis can give a strong acid catalyst.
HPA intrinsic acidity is maintained and HPA are also stabilized, reducing their
leaching during the catalytic tests. With this preparation method, HPA will be
localized both at the surface and inside the zeolite support as it has been
shown for SBA-1511, Such bifunctional catalysts, prepared on SBA-15, have
been tested on the hydroisomerization of n-decane into smaller alkanes but
could be applied for the cellulose hydrolysis. Similar catalyst with zeolite can
be imagined, where surface HPA catalysts could hydrolyze the cellulose into
oligosaccharides and these oligomers could go inside the zeolites porosity

and be further hydrolyzed into glucose!*?%,
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1.4.4 Functionalized carbons

Carbon materials are usually synthesized by calcination of natural
organic matter such as raw vegetable waste mainly (coconut shells, rise husks
or fruit cores)*?!! but also carbohydrates, starch, cellulose, glucose, etc.!*??.,
Sulfonic functions can be added onto the carbon materials to increase their
acidity. Sulfonation of the carbon materials is usually achieved by using
concentrated sulfuric acid*®®!, fuming sulfuric acid®?* or chlorosulfonic
acid*?,

Acidic carbon materials have a tremendous potential for conversion
of cellulose into glucose. Carbon materials usually possess phenolic functions
(-OH) and carboxylic functions (-COOH) at their surface. These functions will
manage to adsorb cellulose at the carbon surface and will increase the
proximity between cellulose and the sulfonic functions. The activation
energy of the reaction will therefore decrease and the global activity will be
boosted™4. Higher production of glucose and glucose oligomers from
microcrystalline cellulose have been reported with sulfonated carbon
materials in comparison with homogeneous sulfuric acid (at 100 °C during
3 h)!12¢], These results bring out the outperformance of the acidic carbon
materials in comparison with homogeneous acidic catalysts like H,SO4
concentrated solutions.

One of the main drawbacks of heterogenous catalysts in the
conversion of cellulose is their recyclability. At the end of the reaction,
separating the catalysts from the unreacted cellulose is tough. Introducing
paramagnetic nanoparticles, such as Fe304, in the carbon materials seems to
be an option. The catalyst would be separable by using a magnetic field. Such
studies have already been carried out on functionalized silica (SBA)*?”! and

could be tried out on carbon materials.
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Preparation of acidic carbon materials generates huge amount of
waste and uses dangerous chemicals that are corrosive for the installations.
Other methods of synthesis must be investigated to be more respectful of
the environment and safer. For example, sucralose and p-toluenesulfonic
acid have been used to directly synthesize an acidic carbon material, avoiding
functionalization with sulfuric acid!*?®l, Moreover this synthesis is bringing
chloride functions (-Cl) to the carbon surface that are helping to adsorb
cellulose. A method developed by Bitter et al. is using an in situ diazonium
coupling procedure to functionalize carbon materials with aryl sulfonic acid
functions (Scheme 1-4)12?!, The reaction is made by mixing sulfanilic acid and
isoamyl nitrite at 30 °C. This catalyst synthesis is carried out under mild
conditions and is avoiding potential hazards (sulfuric acids or unstable pre-

formed diazonium salts).

Carbon
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Scheme I-4: Functionalization of carbon materials with sulfonic functions (adapted
from(129])

1.4.5 Summary
In the previous sections, many heterogenous catalysts have been
presented for cellulose valorization. A summary of each catalyst with their

composition and their activity can be found in Table I-3.
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Table 1-3: Comparison between several heterogeneous catalysts used for the hydrolysis of

cellulose/cellobiose/starch
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H lysi
Catalyst ydr.o.y5|s Substrate Yields Ref.
conditions
HNbMoOg (mixed 100 °C, 200 mg of PO
metal oxides) catalyst, 15 h Starch (0.1 g) Glucose =21 % [106]
. 160 °C, 900 mg of  Microcrystalline Chao
Zn-Ca-Fe oxides catalyst, 20 h cellulose (2 g) Glucose =29 % [107]
NKC-9 Microwave
. (240 W), 10 mg of  Cellulose (0.1 g) Glucose =27 % [112]
(sulfonated resin) -
catalyst, 3 min
150 °C, 25 mg of Cellobiose
Al lyst-1 ' | =609 1
mberlyst-15 catalyst, 2 h (0.3g) Glucose =60 % [130]
NafionNRs0  L00 G 100mgof L o ctalline
. catalyst, 4 h, ionic Glucose =35% [114]
(sulfonated resin) - cellulose (0.2 g)
liquid
. 150 °C, 50 mg of Milled cellulose
H-ZSM- | | =129 131
SM-5 zeolite catalyst, 24 h (0.045 g) Glucose % [131]
AC-SO3H
(activated carbon 150 °C, 50 mg of Milled cellulose e
sulfonated by catalyst, 24 h (0.045 g) Glucose =40 % (131]
H,S04)
If Mi Ili
Sulfonated 100 °C, 300 mg of icrocrystalline Glucose = 2 %
carbon-based catalvst 3 h cellulose Cellobiose = 15 % [126]
solid st (0.025 g) T

Production of glucose from cellulose or simpler substrate such as
starch or cellobiose require heterogenous catalysts that combine both high
acidity and optimal solid properties. Indeed, microporous solid such as
zeolite or resins are not adequate for large substrate like cellulose. That is
why sulfonated carbon-based solids seem to be one of the most promising
materials for cellulose valorization.

Glucose itself is not the main target of cellulose valorization. As it has
been shown in Scheme I-3, many high value products can be obtained from
glucose. In particular, sorbitol is a highly demanded molecule that can be
produced by hydrogenating glucose and it will be the main target of this
project. The next section will give some background information about this

platform molecule.

30



Chapter I. Introduction

1.5 Sorbitol

From all the molecules that can be produced from glucose, sorbitol
is one of the most interesting. Sorbitol is a white crystalline powder that
possesses around 60% relative sweetness compared with sucrose. Therefore
it can be used as moisturizer, sweetener or softener in food industries,
especially in diabetic food. Sorbitol has also applications in pharmaceutical
field and is a chemical platform that can give biofuels. It is one of the top 12

(1321 - According to the

important target molecules coming from biomass
IMARC group report, global sorbitol market reached a volume of 2.62 Million

Tons in 2020 and the forecast predicts that it will still grow!*33],

1.5.1 Sorbitol as a chemical platform

As said above, sorbitol is a chemical platform that can lead to many
interesting chemicals. Isosorbide can be obtained by double dehydration of
sorbitol over strong acid catalysts. First the cyclodehydration of sorbitol is
giving two intermediates: 3,6-sorbitan and 1,4-sorbitan. These two
intermediates are further dehydrated into isosorbide (Scheme I-5). Initially,
isosorbide was produced by using homogeneous acidic catalysts such as
H,S0,4, HF or HCl at 20-140 °C. However a lot of heterogenous acidic catalysts
have been studied to improve the process: zeolites, functionalized silica,
zirconium phosphate catalysts are some of the promising alternatives!*3+13],
Isosorbide can be used in pharmaceutical field®® or as plastic monomer to
produce poly-(ethylene-co-isosorbide), a bio-based alternative to
polyethylene terephthalate!**®. It can also replace bisphenol A in the

fabrication of polycarbonate and epoxy resins*3’),
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Scheme I-5: Double dehydration of sorbitol into isosorbide (adapted from [135])

Sorbitol can be transformed into glycols, such as ethylene glycol or
1,2-propylene glycol. Glycols are very important chemicals as they are
extensively used to produce polymers such as polyethers, polyurethanes or
polyester resins!**®. The conversion of sorbitol into glycols is carried out by a
metal catalyzed dehydrogenation of sorbitol at more than 200 °C. This
reaction can be accelerated by the addition of a basic promoter such as NaOH
or Ca(OH),***!, Most common catalysts for this transformation are Ru and Ni
based catalysts with alkaline medium™9., Ni is obviously less active than Ru
but its use for the cleavage of C-C bonds can be interesting!**!. Several
supports have been tested to support Ru and Ni active sites, such as metal
oxides (Si0,;, Al,Os, ZrO, and Ti0;)**? and carbon materials (carbon
nanotubes and activated coal). Carbon nanotubes functionalization has
shown an improvement of the catalytic activity of Ru nanoparticles for this
reaction. Best results have been obtained with Ru supported on carbon

nanotubes functionalized with -NH, moieties!**3!.

1.5.2 Food and pharmaceutical applications of sorbitol
Sorbitol has a low calorific value and is widely used as substitute of
sugars in food applications. It is replacing sugars in diabetic foods, in

sugar-free items like chocolate or chewing gum. Sorbitol liquid and syrup can
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be used as softener and moisture stabilizers for all kinds of food such as
cakes, dressings or ice cream*#4,

Sorbitol is an excellent medicinal excipient. It will help to protect
drug from degradation or inactivation and will prevent undesirable
pharmacological orimmunological effects. Sorbitol can also be introduced in
the drug formulation as it can absorbs humidity, by changing its crystalline
phase, to protect the active ingredients and keep the hardness of the
medicine tablet!®!. Because of its poor absorption in small intestine and its
water absorption properties, sorbitol can be used as laxative!*®!. Sorbitol is
also used as a key intermediate for the production of ascorbic acid

(vitamin C) (Scheme [-7)[24711148],

CH,0OH CH,OH CH,0H

HO——H HO—1—H =0
Catalytic Oxydation at C5
HO——H hydrogenation =~ HO—F—H G. oxydans HO——H
—_— —_—

H——OH H——OH H——OH
HO——H HO——H HO——H
O=—CH CH,OH CH,OH
D-glucose D-sorbitol L-sorbose

(upside down) (upside down)
l Acetone
HO——0 HsC, /CH3
CH,OH o H c-O

H OB o Oxdyation, O\l

Lactonization HO— H deprotection [0)
RO N o = -~ H,C CH,0H
H——OH
HO OH 0
HO——H \
N
CH,OH H3C CHg
Ascorbic acid 2KGA Diacetone-L-sorbose

Scheme I-6: Ascorbic acid synthesis from D-glucose/D-sorbitol (G. oxydans stands for
Gluconobacter oxydans and 2KGA stands for 2-keto-L-gulonic acid) (adapted from [148])
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1.5.3 Sorbitol production

e Production from glucose

Sorbitol is produced industrially by catalytic hydrogenation of
glucose. The most common industrial process is using batch-wise
hydrogenation on Raney nickel catalysts promoted by electropositive metal
atoms!**l, The utilization of supports in the catalysts preparation has been
highly studied in order to increase the metal dispersion. Ni nanoparticles
supported on supports such as SiO,, TiO,, Al,Os or carbon have shown good
results despite all catalysts were leaching®*®". The type of nickel precursors
can have an impact on the catalyst activity. For example, Ni ethylenediamine
complexes has led to small nanoparticles (between 2 and 3 nm) and a
decrease of the Ni leaching has been demonstrated in comparison with
bigger nanoparticles!*>Y), Modified Raney Ni has also been investigated. A
skeletal Ni-P amorphous alloy has been synthesized by alkali Al leaching of
amorphous Ni-Al-P precursor. This new catalyst has shown better activity
than the simple Raney-Ni, apparently because of the promotion of Ni active
sites by the P. The hypothesis given by the authors was that the disorder
degree of the catalyst has been increased by adding P, resulting in a
facilitated hydrogen flowing during the reaction!*>?,

To overcome the problem of Ni or metal promoter leaching and to
further increase sorbitol selectivity, more stable and active catalysts have
been investigated. Ruthenium catalysts have been widely studied for sorbitol
production in recent years because of high stability and higher activity*>3,
Selectivity in sorbitol of nearly 100 % can be obtained by using Ru/C catalyst
under 40 bar of H,. Moreover the Ru activity is proportional to its dispersion
on the support*>#,

Kinetic studies on the glucose transformation into sorbitol have been

conducted. A first-order dependency with respect to hydrogen has been
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observed for low concentrations of glucose, while at higher concentrations
the reaction rate changed to zero-order behavior*>?,

Ru is obviously more active than Ni for the transformation of glucose
into sorbitol. However, studies to find the optimal carrier for Ru active sites
as well as improving the recyclability of these catalysts are primordial given

the high price of Ru.

e Production from cellulose

Production of sorbitol directly from cellulose is a very wide field of
search in recent years. This transformation is requiring two steps: a
hydrolysis and a hydrogenation. Therefore, combination of several catalysts
or fabrication of bifunctional catalysts have been studied in order to conduct
one-pot conversion of cellulose into sorbitol.

Transformation of cellulose into sorbitol is more challenging because
of the cellulose insolubility in water media. As Ru is known to be very
effective for the hydrogenation step, the main problem is to manage to
hydrolyze cellulose into water-soluble oligomers. Ru/C catalysts have been
used with the addition of small quantities of inorganic acid to enhance the
hydrolysis step. Hexitols (mainly sorbitol and mannitol) yield of 66 % has
been obtained at 463 K after 24h of reaction with 106 ppm of HCI>®!,

As explained in the section 1.4.4, functionalization of carbon
materials with acidic functions such as -COOH or -SOsH can increase the
hydrolysis activity of the carbon catalyst. Sulfonic function is the most
interesting one because it is a very strong acidic function. The most common
method to functionalize carbon materials is the sulfonation-impregnation
process, which consists in treating the carbon material in concentrated
sulfonic acid under reflux (200 °C) during several hours!**”). Bifunctional

catalyst using this type of functionalized support with Ru nanoparticles on it
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has been investigated but only 8.6 % of sorbitol selectivity has been obtained
with 19.6 % of cellulose conversion!**’), In order to improve the yields of this
transformation, pretreatment of the cellulose, like the ones described in the
section 1.3, can be applied before the reaction. For example, when
ball-milling is applied on microcrystalline cellulose before the reaction, the
cellulose conversion is reaching 81 % with a selectivity into sorbitol of
58.7 %), Wei et al. have developed catalysts using sulfonated cassava
dregs (which is a side-product from the cassava starch extraction) as support
with Ru nanoparticles on it and have obtained 85 % of sorbitol yield with
100 % of conversion on ball-milled microcrystalline cellulose. As they have
reached 100 % of conversion, they managed to reuse their catalysts 5 times
with a slight decrease of the activity!*®.

As presented in the section 1.3.9, ionic liquids are very interesting as
solvents because of their ability to dissolve cellulose which can increase the
hydrolytic depolymerization. A lot of studies about their use in combination
with Ru catalysts have been done**. For example, combination between
heterogeneous Ru catalyst with a homogenous Ru complex in
1-butyl-3-methylimidazolium under H; has given cellulose conversion of 50 %
with a sorbitol selectivity of 74 %. It has been shown that the Ru complex is
acting as a H; carrier by creating hydride compounds that are increasing H,
solubility™). It has also been demonstrated that when metal nanoparticles
are used with ionic liquids as solvents, these ILs have a positive impact on the
stabilization of nanoparticles to avoid aggregation and maintain high surface
areal'®, However separation of the targeted products from ionic liquids can
be very difficult to perform. Biphasic systems have been studied in order to
extract the products from the ionic liquids but extraction solvents usually
display low separation coefficients regarding ionic liquids. There are also

concerns about the corrosion of commonly used stainless steel equipment
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by the ionic liquids. All these drawbacks need to be tackled to be able to use
combination of ionic liquids with catalysts at an industrial level!*6],

In order to simplify the study of cellulose transformation into
sorbitol, cellobiose conversion has been investigated. Indeed cellobiose is
the simplest model for cellulose as it contains only two glucose units bond
together. The most important advantage of cellobiose is that it is soluble in
water. Deng et al. have shown that Ru over carbon nanotubes (CNT) can
achieve 87 % of sorbitol yield for the transformation of cellobiose*®?. In this
work, the production of 3-B-D-glucopyranosyl-D-glucitol (cellobitol) from
cellobiose has been highlighted when small Ru nanoparticles were used. This
has been confirmed by the study of Palkovits et al. where it has been shown
that two possible pathways can occur for the transformation of cellobiose
into sorbitol (Scheme 1-8)*%%, Cellobiose can be either hydrolyzed in glucose
and then hydrogenated in sorbitol or hydrogenated in cellobitol before being

hydrolyzed into glucose and sorbitol.

OH OH
O \w\OH _> HO /\/'\‘/'\/oH
OH

Cellobiose Glucose Sorbitol

Om

H+
kq =0.319.10°2 min-

1
kp = 0.717.102 min™!
k3 = 0.551.10"2 min™!
ks = 1.911.102 min™!

Cellobitol

Scheme I-7: Two pathways for the transformation of cellobiose into sorbitol (adapted
from [163])

The rate constants of each step have been estimated with a
commercial Ru (5 wt. %)/C catalyst from Sigma. Hydrogenation rate
constants (k; and ks) are higher than hydrolysis rate constants (k; and ks),
meaning that hydrolysis is the rate-determining step. The pathway passing

by the cellobitol intermediate is more favorable because the hydrolysis of
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cellobitol (ks) is higher than the hydrolysis of cellobiose (ki). This explains why
very low amount of glucose is detected at the end of the reaction!*®3,

Other noble metals such as platinum have been investigated to
produce sorbitol from cellobiose. Excellent results with 91.5 % of sorbitol
yield have been obtained with Pt/RGO (Reduced Graphene Oxide support).
Other supports have been tested in the same work and their activities have
been listed in the following order: Pt/RGO > Pt/CNT > Pt/AC > Pt/SiO; >
Pt/G!*®* where AC stands for Activated Carbon and G for Single layer
Graphene.

As the transformation of cellobiose into sorbitol requires two
different steps, bifunctional catalysts to improve both reactions at the same
time have been studied. Polyoxometalates have been used as acidic supports
for Ru active sites: Keggin-type Ru/Cs;PW1,040 catalyst has shown excellent
stability and activity*®®. Bifunctional catalysts using acidic supports such as
Amberlyst-15 or functionalized silica (SBA-15) have shown good results with
81 % of sorbitol yield after 5h of reaction at 150 °C. Comparison with
mechanical mixture of acidic support and standard Ru/C catalyst has given
only 53 % of sorbitol yield, highlighting the benefits of having both active
sites on the same catalyst*3?,

As it has been demonstrated in sections I.4 and |.5, carbon materials
are adequate for bearing acidic functions and for supporting metallic
nanoparticles. Therefore they are the perfect materials to design bifunctional
catalysts that can transform cellobiose or cellulose into sorbitol. The next
section will review and describe all types of carbon materials that will be

envisaged in this work.
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1.6 Carbon materials

As said above, many types of catalysts are used for the
transformation of cellulose into sorbitol. Heterogeneous catalysts are the
most studied ones and especially supported on carbon materials which will
be the supports of choice that will be used in the present work. Therefore,
this last section of the Introduction will give the background knowledge
about this particular class of solids.

Pure carbon structure can occur in a wide variety of configurations
ranging from the ideal single-crystal hexagonal structure to the most
disordered material, amorphous carbon. Natural carbon structures already
display this variety, ranging from crystalline diamond to amorphous coal.
Since many years, studies have unveiled many different carbon nanoscopic
morphologies such as fullerenes, nanotubes (CNT), nanofibers (CNF), carbon
black and finally graphene (Figure I-4) [*%¢]. Graphene is a single sheet of fused

aromatic rings forming a honeycomb lattice that is one atom thick.
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Figure 1-4 : Carbon allotropes built from a single graphene sheet (adapted from [167])
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1.6.1 Activated coal

Activated carbons or activated coals (AC) are an assembly of
defective graphene layers linked together by weak attraction forces such as
Van der Waals interactions (Figure I-5). Activated carbons are mainly
amorphous with some crystalline zones and possess high specific surface
area which make them very interesting for applications such as water or air

filters or catalyst supports/*¢®.

Figure I-5: Activated coal representation (adapted from [168])

Activated coal production is divided in two steps: carbonization and
activation. Carbonization consists in pyrolysis under inert atmosphere at high
temperature to remove the heteroatoms from the starting materials (organic
compounds, biomass, ...) and increase the carbon content. Carbon atoms
rearrange to have a greater stability within the material structure and form
an aromatic network. The removal of heteroatoms, the migration of carbon
atoms and their rearrangement are creating spaces within the structure that
constitute the carbon material porosity(*¢8,

Activation can be carried out either physically or chemically. Physical
activation is applied after the carbonization. Carbon material is submitted to
a heat treatment with an activating compound such as CO; or water vapor.

This treatment generates further porosity in the structure by removing
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blocking residues and carbon atoms rearrangement. Chemical activation is
performed at the same time as the carbonization step. In this process,
carbonization is done with an activating agent such as phosphoric acid, zinc
chloride or potassium hydroxide. These molecules dehydrate the structure
and lead to an increased texture of the final materialt*®,
1.6.2 Carbon black

Carbon black is a particular carbon structure where graphene layers
are overlapped and wrapped around an amorphous carbon core to lead to a
spherical structure. These graphene domains are concentrically oriented
around the core and are forming onion-like nanostructures which are called
primary particles. These primary particles are assembling to constitute
aggregates. Aggregates are very solid structures and only harsh conditions
can separate primary particles from each other. These aggregates can bond
together by weak Van der Waals forces to form agglomerates (Figure 1-6).
Unlike aggregates, agglomerates can be easily destroyed by mechanical

constraints(t70171],

(a) Primary particle (b) Aggregate (c) Agglomerate

Figure 1-6: Carbon black structure (adapted from(172])

Carbon black synthesis methods are numerous. The main processes

51174 §l175]

are carbonization’3, pyrolysi hydrolysi or thermal plasma

decomposition!*”®. Yields of production are depending on the method, the

41



Chapter I. Introduction

temperature and the carbon sources. Fossil resources such as fuel or
acetylene have been widely used for carbon black production but new
syntheses based on biomass waste or lignin have been developed in recent
years!*3l, Carbon black can be used as a reinforcing agent in rubber-based
objects like tires, as a pigment in printing inks or in coatings and paints. It can

also be used as a support for metallic nanoparticles to produce catalysts.

1.6.3 Carbon nanofibers and carbon nanotubes

Carbon nanofibers (CNF) and carbon nanotubes (CNT) are commonly
made from the decomposition of carbonaceous gases (acetylene, ethylene,
natural gas, etc.) by a process called chemical vapor deposition (CVD)*7), If
this reaction is non-catalyzed, it occurs at high temperature (>1300 °C for
methane). Otherwise, a transition metal such as iron, nickel or cobalt, can
catalyze the reaction and lower this temperature to a more energetically
favorable onel*®.

The mechanism of CNF or CNT synthesis is the following:
hydrocarbon molecules adsorb on the surface of the metal catalyst and
decompose to carbon species that can dissolve in the bulk of the metal. This
decomposition is exothermic, leading to a hot metal surface. Then, those
species diffuse to the other side of the nanoparticles and precipitate
(endothermic), leading to a cooler nanoparticle face. In what is called the
tip-growth model, the metal nanoparticle is lifted and remains at the tip of
the CNF or CNT, leaving behind a hollow cylinder, which inner diameter is
approximately the size of the nanoparticle. Excess carbon accumulates at the
surface of the catalyst which migrates around the outer surface of the NP to
form the graphitic layer of the nanofiber. This growth stops when the warm
surface is encapsulated in this excess of carbon which subsequently prevents

further carbonaceous gases decomposition. Then, it is possible to increase
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the diameter of the formed CNF without elongating it by allowing
pyrolysis*’”!. Another growth mechanism exists: the base growth model. This
mechanism occurs when particle adherence to the surface is strong. In this
case, the carbon precipitates from the top surface of the particle and the CNT
or CNF continues to grow upwards with the particle anchored on the
substratel'’®!. The final step consists in a mild acid treatment to remove the
metal catalyst from the tip of the CNF or CNT™%, Tarry residues can also be
washed off by using a solvent to cleanse the carbon surface(*8,

The difference between CNF and CNT is the angle (a) between the
graphene sheets and the axis of the fiber!*8?), If this angle equals to zero then
it is called a nanotube. However, as soon as there is angle it is called a

nanofiber (Figure I-7). Nanotubes diameter is generally narrower than the

10

Nanotube Nanofiber

nanofibers diameter.

Figure I-7: Difference between a nanotube and a nanofiber (adapted from [182])

Depending on the value of the a angle, several nanofiber structures
can be obtained (Figure I-8). When a = 0°, the nanofiber is called ribbon type,
between 0° and 90°, it is the fishbone type and when a = 90°, it is the platelet
typel*®l. Moreover, these morphologies can exist in various shapes: coiled,

helical, flat, braided, etc.
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Figure 1-8: Different nanofiber structures depending on the a angle (adapted from [183])

Two types of CNT exist: single walled carbon nanotubes (SWCNT) or

multi walled carbon nanotubes (MWCNT)

—_

Figure 1-9). The SWCNT consists in
a single graphene layer that is rolled up into a cylinder. The MWCNT is
defined by two or more concentric shells of graphene layers*®. In both
cases, the diameter is a few nanometers while the length can be um or even

centimeters.

>100nm

Figure I-9: Representation of a single walled carbon nanotube (on the left) and a multi-
walled carbon nanotube (on the right) (adapted from [184])

1.6.4 Graphene nanoplatelets

Synthesis of single layer graphene has been widely studied in recent
years!!8l, After the first experimental isolation using scotch tape graphite
exfoliation, the two main processes that have stood out are CVD 2D growth
(usually on copper surfaces) and liquid phase exfoliation of graphite.

However, the large scale manufacturing of pure graphene is still difficult
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because of the low fabrication rate and high selling price. However, graphene
nanoplatelets (GNP), which are carbon structures composed of few graphene
layers stacked upon one another, with small lateral dimensions in the nano
range, are combining large-scale production possibilities and low costs with
outstanding physical properties!*&!,

GNPs are generally synthesized by liquid phase exfoliation procedure
of graphite without further centrifugations steps that allow the separation of
graphene single layers. The exfoliation procedure consists in sonication of
graphite immersed into solvents with low surface tension or water with
surfactants. Other fabrication processes are ball-milling!*®”), exposure of
acid-intercalated graphite to microwave radiation!*®”! and wet-jet milling!*%®.,
Depending on the synthesis procedure, a variety of powders can be obtained
with differences in term of thickness, lateral size or defect concentrations.
GNP are usually composed of 10 layers of graphene or more and the
thickness of the nanoplatelet can vary from 1 to 3 nm. However, commercial
GNP are a mix of monolayer and few layers graphene and graphite
(Figure 1-10). Therefore, GNP structure should be considered as an
intermediate between graphene and graphite.

Graphite Graphene

Liquid Phase Nanoplatelets

Exfoliation

Microscopical Composition

Monolayer Graphene

Nanostructured Graphite

Figure 1-10: Composition of graphene nanoplatelets (adapted from [18¢])
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1.6.5 Intrinsic defects

Usually, defects within a carbon structure are considered as
something that must be avoided because it can alter the electrical
conductivity or its mechanical strength!*®l, Nevertheless, defects have
shown some interests in adsorption®®® or catalysis field. Indeed, defects can
adsorb and form covalent bonds with a transition metal that lead to a better
tethering of metal nanoparticles and decrease particles migration and
sintering!*Y, Intrinsic defects can be identified as single vacancies, multiple
vacancies or dislocation-like defects.

The single vacancy results from one missing atom in the lattice
whereas multiple vacancies can occur when several atoms are missing and
single vacancies coalesce as a result of defects migration. When a vacancy is
created, three dangling bonds are left behind that can rearrange in
non-hexagonal rings like pentagons (Figure I-11). This results in a lowered
amount of dangling bonds and thus a higher stability!**?. Hexagonal rings can
also rearrange without any loss or win of atoms. The simplest of these
rearrangements is called the Stone-Wales defect: four hexagons are
transformed in two pentagons and two heptagons by a simple C-C

rotation*%3,

(3) Stone-Wales effect

Figure I-11: Representation of (1) mono-vacancy, (2) di-vacancies and (3) Stone-Wales
defect in an aromatic carbon structure (adapted from [190])
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Dislocation-like defects are existing when two graphene layers from
different orientations are interacting with each other. There are two
possibilities to explain this boundary between two graphene sheets: either a
direct bonding is occurring at the interface of the two graphene sheets
(Figure 1-12 a and b) or one sheet is overlapping another to form a bilayer
area with no covalent bond but held together by interlayer van der Waals

forces (Figure 1-12 c and d)*%4,

Figure I-12: Representation of two ways of graphene sheets connection; a) Atomic bonding
at the interface; b) Side view of the bonding at the interface; c) Overlapping of two
graphene sheets; d) Side view of the overlapping (adapted from [194])

Finally, carbon atoms at the edges of the graphene sheets are not
coordinated as carbons in the inner structure. Therefore they possess high
electronic density and can be free or passivated by hydrogen or oxygen
atoms in an arm-chair or zigzag orientation**®. The zigzag sites are carbene-

like and the arm-chair sites are carbyne-like (Figure 1-13).
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Figure I-13: Schematic of a) zigzag (carbene-like) and b) arm-chair (carbyne-like) edge
configurations at the graphene edge (adapted from [1%5])

1.6.6 Extrinsic defects: Functionalization

Extrinsic defects are defined as surface functional groups and can
usually be generated by functionalization of carbon materials, at the
positions where there are defects in the structure (most of the time at the
edges of the material). They can be introduced post-synthetically or arise
from the production method (for example during activation of AC, during
liquid-phase exfoliation for graphene and purification of CNT/CNF). In
addition, some hetero-atoms might remain as impurities from the raw
material used as carbon source.

Introduction of heteroatoms and functions can influence the carbon
material properties®®®. For carbon materials used as catalytic support,
functional groups can enhance the dispersion of metallic nanoparticles and
improve their activity. Moreover it can also change the hydrophilicity of the
carbon material: hydrophilic functions will improve the dispersion of carbon
materials in protic solvents such as water. Most of the functional groups with
heteroatoms that can be encountered in carbon materials are containing
oxygen, nitrogen or sulfur.

Oxygen functions are the most common functions that can be

present in carbon materials (Scheme [-9). They can be obtained after
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oxidation of carbon materials. A lot of oxidants with different conditions can
be applied and will impact the type of oxygen functions that can be formed.
The most common ones are 0, O3, HNO3, H>0,, H,504 and KMnO4*°®. The
type of oxygen functions will also depend on the type of carbon materials.
Defectuous carbon materials will be easier to functionalize than clean carbon
materials with low amount of defects. Oxygen functions are usually acidic
functions and their introduction on a carbon material will increase its

Brgnsted acidity.

Scheme I-8: Oxygen functions within carbon materials: 1) ether, 2) quinone, 3) aldehyde,
4) lactone, 5) chromene, 6) pyrone, 7) carbonyl, 8) lactol, 9) carboxylic acid, 10) phenol,
11) carboxylic anhydride (adapted from [195])

Nitrogen functions can be incorporated within carbon materials by
using gas like ammonia or in liquid phase by impregnation of nitrogen

compounds such as urea or melamine (Scheme 1-10)*%),
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Scheme I-9: Nitrogen functions within carbon materials: 1) nitro group, 2) pyridone,
3) nitrosyl group, 4) amide, 5) quaternary amine, 6) pyrroline, 7) primary amine,
8) tertiary amine, 9) pyridine, 10) nitrile, 11) imine, 12) secondary amine, 13) lactam
(adapted from [195])

After the functionalization, the type of nitrogen functions can be
tuned by heat treatment under inert atmosphere. As the support is heated,
imide, lactams and amide structures are transformed into pyrrole and
pyridine. In addition, amines tend to be more substituted from primary to
tertiary and quaternary. In short, nitrogen atoms enter within the carbon
material structure and start to replace carbon atoms. This replacement of
carbon by nitrogen changes the total number of electrons in the system
without disturbing the inner structure as nitrogen and carbon atoms have
similar radius!*®*.. Therefore, spin density and charge distribution of the
neighboring carbon atoms are affected®’.. This effect can be valuable in
improving metal nanoparticles tethering and have electronic influence on
them. Moreover, nitrogen functions, which are mostly basic functions, can

also increase the Brgnsted basicity of the carbon material.
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1.6.7 Carbon materials characterization

Characterization tools are primordial when carbon solids are
involved as materials. As the nanocarbons syntheses techniques are still not
efficient enough to produce perfectly defined and pure samples,
characterization of pristine materials must be carried out. Moreover, after
any functionalization step of carbon materials or deposition of metal
nanoparticles onto them, identification and quantification of functions or
nanoparticles require characterization techniques to get the full picture of
the hybrid materials obtained. The most often used characterization
methods are gathered in Table I-4 together with the main information they

can deliver 1981,

Table 1-4: Most common methods used for carbon materials characterization (adapted
from [198])

Analytical technique Information

Fourier transformed infrared (FTIR) Nature of functional groups

UV-Vis-near infrared Degree of functionalization

Spectroscopy
X-ray photoelectron spectroscopy .
Surface elemental composition
(XPS)
Raman spectrosco Amount of carbon impurities,
P Py diameter and number of layers
. . . Purity, thermal stability and
Thermogravimetric analysis (TGA ! . -
Thermal gravimetric analysis ( ) degree of functionalization
analysis Differential scanning calorimetry Purity, thermal stability and
(DSC) degree of functionalization
Transmission electron microscopy Diameter, length, purity and
(TEM) size of metallic nanoparticles
Microscopy Scanning electron microscopy (SEM) Purity
Scanning tunneling microscopy (STM) Degree of functionalization
. . Crystallinity and f
X-ray diffraction (XRD) rysta |n|. yan pres_ence °
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1.7 Objectives and methodology

1.7.1 Objectives

As it has been demonstrated in the previous sections, non-edible
biomass valorization into chemicals and fuels is a very important and crucial
research field for the future. One of the most useful molecule that can be
obtained by biomass transformation is sorbitol. It is a chemical platform and
can also be used itself for many applications. Sorbitol can be produced from
the hydrogenolysis of cellulose. This whole transformation requires two
types of catalysts: an acidic catalyst to improve the hydrolysis and a noble
metal site for enhancing the hydrogenation. Usually, the two reactions are
carried out consecutively or the two catalysts are used together in a one-pot
reaction. Since many years, bifunctional catalysts with both active sites on
the same support have been studied in order to improve the sorbitol
production. This work is following a three points strategy: studying both
hydrogenation and hydrolysis steps separately before trying to make a
bifunctional catalyst that is producing sorbitol directly from cellulose.

The first goal is to study the hydrogenation of glucose into sorbitol.
This reaction is catalyzed by noble metal catalysts and especially by
ruthenium. Therefore, Ru nanoparticles supported on carbon materials will
be synthesized as catalysts for the hydrogenation. The objective is to find
conditions that favor sorbitol selectivity but with the possibility to compare
results between them and observe the effect of different materials
characteristics, to establish fundamental structure-activity relationships.
Thus, optimization of Ru nanoparticles size in this reaction is required as well
as finding reaction conditions that are not giving total conversion and
complete selectivity in sorbitol.

Nitrogen doping of the carbon materials will be studied because of

the ability of nitrogen to promote Ru activity and enhance nanoparticles
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distribution. This secondary aspect within the first goal will be studied on the
hydrogenolysis of cellobiose into sorbitol to assess the impact of the support
modification at a bigger picture level. Moreover, nitrogen functions are
known to be basic functions and their possible impact on cellobiose
hydrolysis must be taken into account and studied.

The second objective of this thesis is to study the hydrolysis of
cellobiose into glucose. Cellobiose is used as the simplest model of cellulose.
As depicted in the previous sections, hydrolysis of cellulose is one of the
biggest challenge for its transformation because of its high crystallinity and
its huge degree of polymerization. Moreover cellulose is insoluble in water
making its hydrolysis very difficult to realize. Therefore, efficient acidic
catalysts are required to improve the hydrolysis. Homogeneous acids are
used in industrial processes to perform the hydrolysis but numerous
drawbacks are accompanying them. The use of heterogeneous solid acids,
especially modified carbon materials, is very interesting to overcome these
problems. Generally, acidic carbon materials are obtained by using
concentrated H,SO, in harsh conditions to incorporate sulfonic functions.
However, these conditions can structurally damage carbon supports and the
incorporated sulfonic functions are not stable and can easily leach.
Therefore, functionalization of carbon materials with covalently bonded
sulfonic functions that will be stable during hydrolysis reaction is primordial.
Synthesis of such catalysts and assessment of their activity in cellobiose
hydrolysis is the second goal of this work.

The third and final goal of this work is the synthesis of efficient
bifunctional catalysts, that will surpass mere Ru/C catalyst, to produce
sorbitol from cellulose. Indeed, having both active sites on the same support
is always more interesting for industrial applications and fundamental

studies as well. Synthesis of bifunctional catalysts with both sulfonic
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functions and Ru nanoparticles is a huge challenge because of the known
cross-poisoning between these two active sites. Optimization of the ratio
between the two active sites will be decisive in order to limit cross-poisoning
and hopefully show a synergetic effect between sulfonic functions and Ru
nanoparticles. The bifunctional catalysts will be first assessed for cellobiose
hydrogenolysis into sorbitol before moving step by step to more complicated

substrates such as starch and insoluble cellulose.

1.7.2 Strategy

The methodology used for this work is following the same structure
than the objectives. The two first Chapters (Il and lll) dedicated to the results
will tackle the first goal of the project: the study of the hydrogenation
reaction. Chapter IV will target the second goal of this work and discuss the
hydrolysis of cellobiose into glucose. Finally, the final objective that is the
synthesis of bifunctional catalyst will be covered in Chapter V. The thesis
structure is schematized in Figure I-5.

The Chapter Il of this manuscript deals with synthesizing Ru/C
catalysts for the hydrogenation of glucose into sorbitol. Carbon nanofibers
will be chosen first as a model support because of their stabilization effect
that manage to keep nanoparticles small even after high temperature
treatment. Two others carbon supports will also be studied: AC and GNP. By
adapting synthesis methods and heat treatments, several sizes of Ru
nanoparticles will be obtained selectively and the optimal size for the
hydrogenation of glucose into sorbitol will be determined. Reaction
conditions such as temperature, H; pressure, reaction time or Ru loading will
be varied in order to find adequate conditions window to be able to compare
our results efficiently. These preliminary results will be the starting point of

the Chapter V where bifunctional catalysts will be elaborated.
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The doping of carbon materials with nitrogen atoms will be studied
in Chapter lll. Two methods will be used to incorporate nitrogen atoms
within the carbon materials lattice: one using urea adsorption and the other
with ethylenediamine that will react covalently on the carbon surface. For
both methods, a thermal treatment is needed to allow nitrogen atoms to
insert within the carbon structure. Incorporated nitrogen sites are basic
functions and can be analyzed by several methods. Boehm titration and
CO,-TPD will determine the amount and the strength of those basic functions
on the carbon materials. XPS analyses will allow us to know which type of
nitrogen functions are present on the carbon materials, by analyzing the
position (binding energy) of the nitrogen peak. Several carbon materials
(AC, CNF, CB and GNP) will be doped with nitrogen and compared. Ru
nanoparticles will be deposited on the N-doped carbon supports with the
same method than presented in Chapter Il and considering the optimal size
determined previously. These catalysts will be tested in the hydrogenolysis
of cellobiose into sorbitol. As hydrogenation of glucose into sorbitol has been
studied in Chapter Il, the purpose here is to zoom out to a more challenging
substrate. The reaction pathway will be determined by kinetic studies and
the impact of nitrogen on Ru activity will be assessed.

Chapter IV will treat the use of acidic catalysts for the hydrolysis of
cellobiose into glucose. In order to have acidic catalysts, carbon materials will
be functionalized thanks to a diazonium coupling reaction. This reaction will
graft benzyl sulfonic functions, which are acidic functions, on the surface of
the carbon materials. These sulfonic functions should be more stable than
the ones added with concentrated H,SO4 as it is done generally in the
literature. Boehm titration and NHs-TPD will give information about the
number and the strength of these acidic groups. XPS analyses will confirm

the presence of sulfonic moieties. These new acidic carbon materials will be
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tested in the hydrolysis of cellobiose into sorbitol and the stability of the
catalysts will be assessed by recyclability tests.

Eventually, the Chapter V will be focused on the synthesis of
bifunctional catalysts for the direct production of sorbitol from
cellulose/cellobiose. The methodology to obtain bifunctional catalysts is to
deposit Ru nanoparticles on functionalized carbon supports. The main
challenge of this synthesis is to preserve the integrity of both active sites.
Bifunctional catalysts using the deposition method developed in Chapter Il
will be studied in the first part of Chapter V. However, these methods
employed for depositing Ru nanoparticles involved basic media that could
deactivate sulfonic functions on the functionalized carbons. In consequence,
to overcome this deactivation problem, later in this Chapter, preformed RuO;
will be synthesized and deposited on the functionalized supports. Synthesis
of these RuO; nanoparticles will be adjusted to target the optimal size as
determined in Chapter Il. As cross-poisoning between sulfonic functions and
Ru can occur, optimization of the ratio between the two active sites will be
realized in order to have the most efficient catalyst. These bifunctional
catalysts will be characterized by XPS (oxidation state of Ru and presence of
sulfonic functions), XRD (presence of Ru and nanoparticles size), TEM
(nanoparticles distribution and size) and EDX (elements mapping on the
carbon support). These so-obtained bifunctional catalysts will be first tested
in the hydrogenolysis of cellobiose into sorbitol to highlight possible
synergetic effect between sulfonic functions and Ru. Bifunctional catalysts
that surpass the performance of monofunctional catalyst (Ru/C) will be
evaluated in the hydrogenolysis of more sophisticated substrates: starch and
microcrystalline cellulose. Starch is more challenging than cellobiose but is
still soluble in water. However, microcrystalline cellulose in not soluble in

water making the consecutive reactions more difficult to occur, as it will
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involve a solid/solid catalyst/substrate contact. As mentioned in the previous
sections, pretreatment of cellulose is often required to make it more
accessible and reactive. Catalytic reactions will be performed with and
without ball-milling of the cellulose to point out the impact of this
pretreatment. Ball-milling of both cellulose and catalyst together before the
reaction will be also evaluated as it has been proven that it can enhance the
catalytic performances. As the ultimate goal of this thesis is to have an
efficient bifunctional catalyst that produces sorbitol from cellulose, reaction
conditions with this catalyst will be varied to increase sorbitol yield. Finally,
comparisons with literature will situate our results among other bifunctional
catalysts and allow benchmarking.

This manuscript will end with a general conclusion and some
suggestions for future work (Chapter VI), followed by an experimental part

(Chapter VII) and supplementary data.
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Chapter Il

Hydrogenation of glucose into
sorbitol: preliminary study with

Ru/CNF catalysts



As mentioned in the introduction, the transformation of cellulose into
sorbitol is composed of two different steps: a hydrolysis and a hydrogenation
reactions. The first part of this project deals with the second step, namely the
hydrogenation of glucose into sorbitol. Catalysts composed of Ru
nanoparticles supported on carbon materials are investigated for the
production of sorbitol from glucose. The purpose of this chapter is not to
maximize sorbitol yield. Indeed, selectivity is more important than yield. In
addition, reactions conditions are studied in order to find an operational
window that allows comparison between different catalysts. In a second part,
optimal Ru nanoparticles size is determined for this reaction, which will be

useful for the next chapters.
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1.1 Ru nanoparticles supported on CNF: first samples

In order to find the optimal features needed for the hydrogenation
of glucose into sorbitol, several catalysts have been prepared on carbon
nanofibers (LHT and LHT-OX types). The ‘OX’ type corresponds to nanofibers
that have been oxidized by the manufacturer (Applied Sciences Inc., USA).
Two deposition-precipitation methods have been used as described in the
Experimental section (Chap. VII).

The method that was used for preparing catalysts with 1 and 3 wt. %
of Ru on LHT and LHT-OX is the following: the RuCl; precursor is rapidly
precipitated into Ru(OH)s by sodium carbonate before being reduced by
NaBH.. This method will be called “NaBHs method” for the rest of this work.
As these two synthesis steps are very fast, the Ru nanoparticles are not well
dispersed on the carbon support. Moreover the nanoparticles have a wide
range of sizes (from 1 nm to 10 nm). This has been confirmed by the TEM
images on both samples (Figure 1I-1), with no notable differences between
LHT and LHT-OX supports. Indeed some of the nanofibers are decorated by a
lot of nanoparticles while others have just a small number of nanoparticles

on their surfaces.

Figure lI-1: TEM images of Ru / LHT (on the left) and Ru / LHT-OX (on the right) samples
synthesized by the NaBH; method
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11.2 Catalytic tests experimental conditions study

These first unoptimized catalytic materials have been used to study
the catalytic conditions by modifying each factor one at a time, in order to
determine their influence on selectivity and yield, the former being more
important to us than the latter. It should be noted that all the parameters
are interconnected so a full statistical analysis using Design-of-Experiment
(DoE) methods would be necessary for global optimization. However, the
goal here is to find reactions conditions that permit comparison between
several catalysts and not to maximize the yield. As substrate and catalysts
will change further in this work, a full optimization of the reactions conditions
at this point is not necessary. Firstly, duration of the catalytic reaction has
been studied (Table II-1). Confidence intervals have been calculated when
the same catalytic test has been carried out at least two times, a table with

the repeatability is shown in the supporting information (S1 in SI).

Table 1I-1: Hydrogenation of glucose (1 g) into sorbitol at 160°C and 50 bar of H, with
Ru (3 wt. %) / LHT-OX (20 mg of catalyst); (Ru / glucose molar ratio = 1 / 935); The estimated
confidence interval on glucose conversion and sorbitol selectivity is 7 %

Time (h) Conversion (%) Sorbitol(;a)lectivity Yield i? (yj)orbitol
2 84 71 60
4.5 98 72 71
6.5 100 65 65
24 100 51 51

Obviously, as the time of the reaction increases, the conversion of
glucose is getting higher and reaches 100 % after 6.5h. However, the
selectivity in sorbitol is decreasing with time. Indeed it is known that catalysts
with Ru as active phase can further transform sorbitol into side products,
such as sorbitan, isosorbide™ or glycols!?. A too long reaction time will

favorize the side reactions at this temperature. A list of molecules that have
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been injected in HPLC and that can be ruled out from possible side products
can be found in supporting information (S2 in SI).
Secondly, the influence of the temperature was studied, and results

obtained can be found in Table II-2.

Table 11-2: Hydrogenation of glucose (1 g) into sorbitol at 50 bar of H, during 2h with
Ru (3 wt. %) / LHT-OX (20 mg of catalyst); (Ru / glucose molar ratio = 1 / 935); The estimated
confidence interval on glucose conversion and sorbitol selectivity is 7 %

o Conversion  Sorbitol selectivity Yield in sorbitol
Temperature (°C)

(%) (%) (%)
130 30 98 29
140 55 95 52
150 78 87 68
160 84 71 60

A double effect of the temperature influence can be observed. When
the temperature is higher the conversion is increasing because glucose can
react faster. But this enhancement of the reaction rate is also happening for
the side reactions and a decrease of the selectivity in sorbitol is the direct
consequence of this effect. Therefore a compromise will need to be found.
The third important factor for this hydrogenation reaction is the H, pressure

(Table 11-3).

Table 11-3: Hydrogenation of glucose (1 g) into sorbitol at 160°C during 2h with
Ru (3 wt. %) / LHT-OX (20 mg of catalyst); (Ru / glucose molar ratio = 1 / 935); The estimated
confidence interval on glucose conversion and sorbitol selectivity is 7 %

H; pressure Conversion Sorbitol selectivity Yield in sorbitol
(bar) (%) (%) (%)
20 62 57 35
30 77 67 52
40 78 72 56
50 84 71 60

The impact of the H, pressure on the reaction is less important than

for the temperature but an increase in both conversion and selectivity in
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sorbitol can be noticed with higher H, pressure. With higher pressure, more
H, will be solubilized in water® and then more H, available for the
hydrogenation. However, due to the experimental error, results obtained for
30, 40 and 50 bars of H, can be considered similar. Therefore, 30 bar of H,
has been chosen for the following experiments as it will consume less H; for
the same result.

The last parameter that has been investigated is the quantity of Ru
on the support. Four catalysts have been tested: 1 wt. % of Ru and 3 wt. % of

Ru on both LHT and LHT-OX supports (Table 1I-4).

Table 1I-4: Hydrogenation of glucose (1 g) into sorbitol at 160°C and 50 bar of H, during 2h
with Ru on CNF catalysts presenting different mass loadings (20 mg of catalyst); (Ru / glucose
molar ratio = 1 / 935 for 3 wt. % and 1 / 2805 for 1 wt. % catalysts, respectively); The
estimated confidence interval on glucose conversion and sorbitol selectivity is 7 %

Catalyst Conversion Sor_bitol Yigld in
(%) selectivity (%) sorbitol (%)
Ru (1 wt. %) / LHT 58 48 28
Ru (1 wt. %) / LHT-OX 69 66 46
Ru (3 wt. %) / LHT 84 71 60
Ru (3 wt. %) / LHT-OX 85 77 65

Both conversion and selectivity in sorbitol are positively impacted by
the increase in Ru amount on the carbon support. Indeed it is obvious that
when there is more Ru available, the reaction will be done faster. It is also
important to highlight the better results for the catalysts supported on
LHT-OX instead of LHT. The comparison between these two supports will be
done in more depth in the next section.

In conclusion, the first synthesized catalysts have allowed us to study
the catalytic testing experimental conditions of this catalytic reaction. The
following conditions have been chosen for the next part of this study: 140 °C,

30 bar of H, and 2 hours of reaction time, as a compromise between the
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influences of these various parameters. These conditions will limit side-
products formation and will give lower conversion making comparison

between catalysts easier.

1.3 Nanoparticles size optimization

After exploring the catalytic testing conditions, optimization of the
synthesis of the catalysts is still needed as it has been shown that a poor
dispersion with various particle sizes had been obtained with the NaBH,4
method. A ‘softer’ synthesis has been chosen where first the RuCls is
precipitated on the carbon support by urea degradation at 120 °C . This
urea degradation is occurring slowly and allows a good dispersion of the
Ru(OH)s species on all the support surface. Then, sodium formate is added
to reduce the Ru. This second method, that will be called “urea method” in
the rest of this chapter, has been applied on both LHT and LHT-OX supports.
In both cases, an excellent dispersion is obtained and very small
nanoparticles size, around 1 nm, are visualized by TEM (see Figures II-2 (a)
and 1I-3 (a)). Several TEM images have been taken for each sample and the
images shown in Figures II-2 and II-3 are representative of each catalyst.

A post-treatment at different temperatures under Hy/Ar (5/95) mix
was carried out to promote controlled coalescence and obtain nanoparticles
of different sizes. This treatment has been conducted at 600 °C, 900 °C and
1200 °C. The four catalysts supported on LHT have been observed by TEM
(Figure 11-2). Without any heating, the nanoparticles have an average size of
less than 1 nm (standard deviation of 0.4 nm) (Fig. 1I-2 (a)). After thermal
treatment at 600 °C, the size is growing to 1-2 nm (standard deviation of 0.6
nm) (Fig. 1I-2(b)). At 900 °C, nanoparticles between 2 and 5 nm have been
obtained (standard deviation of 1.0 nm) (Fig. II-2(c)). Finally at 1200 °C, the

75



Chapter Il. Ru/CNF: Hydrogenation of glucose into sorbitol

nanoparticles size ranges from 5 nm to 10 nm (standard deviation of 1.8 nm)

(Fig. 11-2(d)).

Figure 11-2: TEM images of Ru (3 wt. %) / LHT samples synthesized by the urea method: a)
without post-treatment; b) heat-treatment at 600 °C; c) heat-treatment at 900 °C;
d) heat-treatment at 1200 °C

The same methodology has been conducted on LHT-OX and the four
catalysts obtained are presented in Figure 1I-3. Without any heating, the
nanoparticles also have an average size of less than 1 nm (standard deviation
of 0.3 nm) (Fig. 1I-3 (a)). After thermal treatment at 600 °C, the nanoparticles
size is included between 1 and 2 nm (standard deviation of 0.5 nm)
(Fig. 11-3 (b)). At 900 °C nanoparticles between 2 and 5 nm (standard
deviation of 1.1 nm) have been observed (Fig. Il-3 (c)). Finally at 1200 °C,
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nanoparticles from 5 nm to 10 nm (standard deviation of 1.6 nm) have been

obtained (Fig. 11-3 (d)).

Figure 11-3: TEM images of Ru (3 wt. %) / LHT-OX samples synthesized by the urea method:
a) without post-treatment; b) heat-treatment at 600 °C; c) heat-treatment at 900 °C;
d) heat-treatment at 1200 °C

It is interesting to note that these carbon nanofibers stabilize very
well the nanoparticles. Indeed, even at high temperature, sintering is low and
relatively small nanoparticles are kept and, more importantly, remain nicely
distributed over the entire carbon surface. It is known that Ru has not a
strong tendency of growing into large particles. But in the literature, Ru
nanoparticles of over 10 nm are obtained after a heat-treatment at only
500 °C can be found®. The fact that the same size is obtained after a

treatment at 1200 °C shows that the CNFs are decreasing the sintering
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phenomena. This is probably due to the effect of the edges of carbon planes
present on their surfaces, which can act as ‘pincers’ for metal
nanoparticles!®. The path taken by the big nanoparticles during their
coalescence can be tracked on the TEM images (Figure 1I-3(d)).

All these catalysts have been characterized by XPS (Table II-5). For
catalysts supported on both LHT and LHT-OX the same decrease of Ru/C
atomic ratio, when comparing samples with increasing heat-treatment, is
observed. Indeed, as the Ru nanoparticles size increases, not all the Ru is
analyzed by XPS anymore, because the analysis depth is around 6 nm.
Indeed, in the case of carbon support it can be calculated that 95 % of the
signal is coming from the first 6 nm of the sample!” (more details can be
found in the Experimental section, Chap. VII). Moreover, the Ru/C ratio is
systematically higher when considering samples prepared at the same
temperature, for the catalysts supported on LHT-OX, which confirms that
LHT-OX seems to stabilize small nanoparticles more than LHT. Finally, the
position of the Ru peak is shifted from 463.5 eV to 461.5 eV after heating
under the Hy/Ar (5/95) mix. It means that there is an effective reduction of
the Ru during the heat-treatment and that the sodium formate used during
the synthesis is not strong enough because Ru is still oxidized at the end (at

least on the surface).
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Table 11-5: Ru/C atomic ratios measured by XPS and results from the hydrogenation of
glucose into sorbitol at 140 °C under 30 bar of H, during 2 h with 20 mg of catalyst
(Ru3wt. %) and 1 g of glucose; (Ru / glucose molar ratio = 1 / 935); The estimated
confidence interval on glucose conversion and sorbitol selectivity is 7 %

Thermal Ru/Cat. Glucose Selectivity Yieldin

Catalyst treatment ratio conversion in sorbitol sorbitol
(XPS) (%) (%) (%)
Blank / / 9 41 4
LHT / / 10 15 2
Ru/LHT / 0.0086 40 80 32
Ru /LHT 600 °C 0.0043 33 38 13
Ru/LHT 900 °C 0.0021 12 81 10
Ru/LHT 1200 °C 0.0034 4 80 3
LHT-OX / / 14 23 3
Ru /LHT-OX / 0.0213 57 78 a4
Ru /LHT-OX 600 °C 0.0078 74 84 62
Ru /LHT-OX 900 °C 0.0060 62 83 51
Ru/LHT-OX 1200 °C 0.0038 14 41 6

These catalysts have been tested in the hydrogenation of glucose
into sorbitol. The results are presented in Table II-5. First, it can be observed
that Ru is improving both conversion and selectivity towards sorbitol even
when it is not reduced before the reaction; indeed Ru can be reduced in situ
during the catalytic test by the H, atmosphere. This is concluded based on
comparisons with blank test (without any catalyst) and tests involving the
bare supports. Second, it can be noticed that the oxidized nanofibers are
better supports than the non-oxidized ones. For all nanoparticles sizes, Ru is
more active when it is deposited on oxidized nanofibers (LHT-OX). Finally, the
conversion is different depending on the nanoparticles size and the
maximum of sorbitol yield is obtained with Ru/LHT-OX reduced at 600 °C. It

means that small nanoparticles are more active for the hydrogenation of
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glucose into sorbitol and that the optimal nanoparticles size is around
1-2 nm. It can be observed that there is no link between the activity and the
O amount measured by XPS within the samples (Figure 1l-4). Moreover, it is
surprising to see that the oxygen atomic percentage is not always decreasing
when temperature of the treatment is increasing. Experimental error seems
to be consequent for these XPS analyses, at least for several samples.
Nevertheless, the differences of yield can be attributed solely to the different
nanoparticles sizes and not to the removal of some oxygenated functions

during heat-treatment.
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Figure 11-4: Yield in sorbitol as a function of oxygen atomic percentage determined by XPS
for each catalyst supported on LHT and LHT-OX

The same methodology was applied to the two other carbonaceous
supports considered later in this work, namely activated coal (AC) and
graphene nanoplatelets (GNP-C750). Ru was deposited on the solid surface

and then heat-treated at different temperatures (TEM images are presented
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in Figure 1I-5). The Ru nanoparticles are less visible due to the nature of those
supports and the low contrast given by their thickness. It can nevertheless be
observed that sintering is higher on GNP-C750 than on AC and CNF. The
optimal nanoparticles size of 1-2 nm has been obtained at 600 °C on AC and
at 400 °C on GNP (against 600 °C on CNF). Larger nanoparticles can be
noticed on GNP after heat-treatment at 600 °C (between 5 and 10 nm). These
results have been corroborated by catalytic tests performed at 160 °C under
H, during 2h. Sorbitol yields of 28 %, 27 % and 0 % have been respectively
obtained for Ru/AC heat-treated at 600 °C, Ru/GNP heat-treated at 400 °C
and at 600 °C. Comparison with results displayed in Table II-5 is not ideal
because the reaction temperature is not the same. Nevertheless, this
highlights once more the stabilizing effect of AC and CNFs on the Ru

nanoparticles, and the optimal nanoparticles sizes for this reaction.
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Figure II-5: TEM images of Ru nanoparticles deposited by the urea method on (a) AC and
heated at 600 °C; on (b) GNP (C750) and heated at 400 °C and on (c) GNP (C750) and
heated at 600 °C
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Comparison of the best result obtained for sorbitol production from glucose
with our Ru (3 wt. %) / LHT-OX catalyst with literature data can be found in
Table II-6. Globally, all catalysts found in literature are displaying excellent
glucose conversion and excellent sorbitol selectivity with reaction conditions
that are quite similar to ours. However, a huge difference can be found when
looking at the catalyst / glucose mass ratio. The quantity of catalyst
introduced in our work is very low compared to glucose mass. This can
explain the lower sorbitol yield in our work. However, when sorbitol
production is normalized per gram of catalyst, it is observed that our catalyst
is displaying one of the highest sorbitol production rate. Nevertheless, as said
before, the reaction conditions in this chapter have been chosen to be able

to compare our catalysts and not to maximize the sorbitol yield.
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Table 11-6: Comparison of hydrogenation of glucose into sorbitol from literature reports and our work (last line)

Catalyst / H2 . Glucose Selectivity Yield in MOI.Of
Catalyst Glucose Pressure Tem;(:oegture T;:;e conversion in sorbitol sorbitol sc;r:::?I Ref.
mass ratio (bar) (%) (%) (%) catalyst
Ru (1 wt. %) / ZSM-5 1/25 40 120 2 99 99 99 0.1374 [8]
Ni (40 wt. %) / ZSM-5 1/2 40 240 4 99 77 76 0.0084 [9]
Ru (4 wt. %) / SiO2 1/1.68 25 120 0.42 90 100 90 0.0084 [10]
Ru (4 wt. %) / TiO2 1/1.68 25 120 0.33 91 100 91 0.0085 [10]
Ru (5 wt. %) / AC 1/21 25 120 0.17 95 100 95 0.0111 [10]
Ru (3 wt. %) / AC 1/233 16 180 3 100 89 89 0.0115 [11]
Pt (3 wt. %) / AC 1/233 16 180 3 97 91 88 0.0114 [11]
Ru (1 wt. %) / HY zeolite 1/40 55 120 2 100 99 99 0.2198 [12]
Ru (5 wt. %) / SiO2 1/10 30 120 2 99 84 83 0.0461  [13]
Ru (5 wt. %) / polymer 1/20 55 100 1 69 98 68 0.0755  [14]
Ru (5 wt. %) / C (cassava dregs) 1/10 30 120 2 100 98 98 0.0544  [15]
Ru (3 wt. %) / CNF 1/50 30 140 2 74 84 62 01721 \A(/);rrk
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11.4 Conclusion

Two methods of Ru/CNF catalyst preparation have been studied in
this chapter. The NaBH4, method has given poor dispersion with very variable
nanoparticles sizes while the urea method has given very good dispersion of
small nanoparticles, around 1 nm in diameter. Parameters for the catalytic
reaction have been studied one by one in order to observe which factor
influences sorbitol selectivity and in which direction. High temperature and
long reaction time must be avoided to keep a high selectivity in sorbitol.
Moreover, reaction conditions suitable for comparisons between catalysts
have been chosen: 140 °C under 30 bar of H, during 2 h. These conditions are
not giving full glucose conversion with complete sorbitol selectivity and
permit to see differences between catalysts. Optimization of reaction
conditions to maximize sorbitol productivity will be performed later in this
work when final substrates and catalysts will be studied in detail.

The optimal nanoparticles size has been also investigated and it was
shown that small nanoparticles between 1 and 2 nm are the most efficient
for the hydrogenation of glucose into sorbitol. The CNF supports and
especially the LHT-OX have shown high stabilization of the nanoparticles.
Indeed, even at 1200 °C, the Ru nanoparticles have grown to only 10 nm in
diameter. Finally, the urea method has been applied to two other carbon
supports, namely AC and GNP. The GNP has stabilized the nanoparticles less
than the LHT-OX and a temperature of 400 °C was sufficient to obtain
nanoparticles between 1 and 2 nm on this support. Higher temperature led
to larger and less active Ru nanoparticles. However AC seems to stabilize
nanoparticles the same way as LHT-OX does: a heat-treatment at 600 °C has
also given nanoparticles of 1-2 nm. This first study about Ru nanoparticles

supported on carbon supports will be the starting point of the next chapter
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dedicated to the N-doping of carbon materials and its effect on catalyst

preparation and performance.
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Chapter Il

N-doped carbon materials as

supports for Ru nanoparticles



In this Chapter, nitrogen doping of carbon materials is studied. This
incorporation is carried out by using nitrogen-rich precursors such as urea or
ethylenediamine that are impregnated onto carbonaceous solids followed by
heat treatment. The newly formed nitrogen functions are mainly
characterized by Boehm titration and XPS in order to assess their nature and
their number. The purpose of this nitrogen doping is to enhance the Ru/C
catalysts by improving Ru nanoparticles dispersion and promoting the Ru
activity. The activity of these catalysts on N-doped carbon materials are

investigated in this Chapter by transforming cellobiose directly into sorbitol.



Chapter lll. N-doping of carbon materials for supporting and enhancement of Ru nanopatrticles

1.1 N-doped carbon materials synthesis

Carbon materials modification by nitrogen doping has been widely
studied in recent years. Nitrogen doping can induce n-type electronic
modifications of the carbon structure!!, Therefore, it can enhance Ru activity
for hydrogenation reactions. Moreover, nitrogen incorporation can increase
basicity of the carbon materials and could have a positive effect on cellobiose
or cellulose hydrolysis. The main goal of this Chapter is to study the influence
of N-doping on hydrogenation activity of Ru nanoparticles.

The incorporation of nitrogen atoms within the carbon lattice of
different carbon materials has been carried out with two methods. The first
one has been called “urea impregnation”. The idea was to mix urea and the
carbon material in same quantities (1 g of each for example) in a solvent.
After solvent evaporation, the urea molecules adsorb preferentially on the
surface of the solid forming weaker (electrostatic or van der Waals)
interactions or stronger covalent bonds with the oxygenated functions.
Finally a heat treatment was applied to decompose the adsorbed urea and
introduce nitrogen atom within the carbon structure.

This method has been applied onto three different supports:
activated coal (AC), carbon nanofibers (LHT-OX) and carbon black (CB).
Results for the N-functionalization of those carbon materials are displayed in
Table IlI-1. XPS analyses have been carried out to confirm whether nitrogen
atoms are indeed incorporated in the carbon materials. The N/C atomic
ratios for the samples that have not been submitted to heat-treatment is
high, indicating that urea had been deposited as expected. As soon as the
heat treatment has been applied, the N/C ratio drops drastically to a value
close to the pristine material. This indicates that all the urea is decomposed
even at low temperature, highlighting the weak interactions between urea

and the carbon material. Boehm titrations for the basic functions have been
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also conducted on the different carbon materials. Indeed as nitrogen should
be introduced within the carbon lattice, basic functions such as pyridine,
pyrrole or amines would appear (see Scheme I-10 in General Introduction,
Chap. 1) and the basicity of the carbon material would increase. This basic
character can be determined by such back-titration method. The
quantification of the basic sites can inform us on the amount of nitrogen
incorporated in the carbon materials, and give a hint on the type of
functionalities, as aromatic N-heterocycles are stronger bases than dangling

aliphatic amines for example.

Table IllI-1: Basicity from Boehm titration and atomic ratios determined by XPS for the
pristine and the N-functionalized supports; The estimated confidence interval on basicity is
10%

o/c N/C
Thermal atomic atomic Basicity
Carbon o . .
treatment (°C) ratio ratio (mmol/100g)
(XPS) (XPS)
AC / 0.041 0.003 24
AC + adsorbed urea / 0.080 0.040 /
AC + adsorbed urea 500 0.030 0.008 46
AC + adsorbed urea 900 0.014 0.008 43
Oxidized AC / 0.135 0.006 5
Oxidized AC + adsorbed 500 0.073 0.042 30
urea
LHT-OX / 0.035 0.002 9
LHT-OX+ adsorbed urea 500 0.004 n.d. 10
CB / 0.043 0.005 3
CB + adsorbed urea 500 0.016 n.d. 0

n.d. = non detected

The support that has not endured the heat treatment has not been
titrated as the urea that was physisorbed on the surface of the carbon would
simply desorb in the titrating aqueous medium. Basicity has doubled for the

AC samples heat-treated at 500 °C and 900 °C compared to the starting
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material. It indicates that the functionalization is successful even if the
nitrogen at. % measured by XPS is really low. As the urea molecules could
also react specifically with surface oxygenated functions (Scheme IlI-1),
resulting in an increased incorporation, AC sample has been oxidized as well
prior to urea impregnation (see Experimental Section). However, direct
reaction between urea and the oxygenated functions is difficult and most
urea will be mainly adsorbed on the carbon surface. In the case of oxidized
AC, a drop of basicity can be witnessed after oxidation which is carried out
with HNOs. After urea adsorption, an increase of basicity can be observed
and this increase is similar to the increase observed for non-oxidized AC.
Moreover, the N/C ratio measured by XPS on oxidized AC is higher after the
urea impregnation, indicating that the functionalization is also effective on

oxidized AC (same increase of 20 mmol / 100 g of basicity).

% O NH,*

o o o] o]
H
OH HN*NH )k N NH;
HO 2 2
AN W N N T
-H,0
2 0o

Scheme IlI-1: Possible reactions between urea and carbon oxygenated surface groups

Results for the functionalization of LHT-OX and CB have been
disappointed as the basicity did not increase and no nitrogen was detected
by XPS.

As the “urea impregnation” method did not show good results, it was
not investigated further. However, a second functionalization method has
been studied, using ethylenediamine (EDA). The first step is a nitric acid
oxidation to promote carboxylic acid groups formation on the surface of the

carbon support. These carboxylic acid groups are subsequently transformed
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into acyl chlorides. Then, the chlorine is replaced by EDA (Scheme llII-2).
Finally, the heat treatment will decompose EDA and incorporate the nitrogen
atoms within the carbon supports lattice. The final samples after the heat-
treatment will be named “N-doped” followed by the type of carbons for the

rest of this chapter.

(o] o] o
/\/NH/
HNO, OH  socl, Cl EDA N
. —_—t —_—
H,0 Toluene Toluene
110°C, 5h 110°C, 24h

105°C, 24h

Scheme IlI-2: Functionalization of carbon materials with ethylenediamine

Three types of carbon supports were treated this way: carbon

nanofibers (LHT-OX), activated coal (AC) and graphene nanoplatelets
(GNP-C750 which will be named GNP in this chapter).
These functionalized materials have been characterized by Boehm titration
and XPS (O/C and N/C ratios) at each step of their preparation (Table I1I-2).
LHT-OX could not be oxidized further with HNOs, as it is already the oxidized
form of LHT nanofibers. It can be seen (Table Ill-2) that the O/C ratio
measured by XPS was not increased after the oxidation of LHT-OX whereas it
has been highly improved after oxidation of AC and GNP.

Obviously, nitric acid treatment causes a decrease in basicity
measured by titration. It can be noticed that, in the next step, the
incorporation of EDA is increasing nitrogen content and basicity of the
carbons. After the heat-treatment, these dangling amine functions will
mainly be destroyed and a small portion of the nitrogen will be inserted in
the structure of the carbon support and form nitrogenated heterocycles. This
is witnessed by the decrease of N/C ratio. The increase of basicity after heat-
treatment for AC can be explained also by the decomposition of oxygenated
functions that creates active sites at the edges of carbon material which will

attract oxygen, when exposed to air, to form basic functions such as

94



Chapter lll. N-doping of carbon materials for supporting and enhancement of Ru nanopatrticles

chromene and pyrone 2. Moreover, heat-treatment can also create more
defects on AC surface and increase its basicity by producing dangling bonds
at the edges of carbon surface, as explained in section 1.6.5 in the

Introduction®.

Table I1I-2: Basicity from Boehm titration and atomic ratios determined by XPS for the
pristine materials and the supports functionalized by the EDA method; The estimated
confidence interval on basicity is 10 %

o/c N/C
Carbon Thermalo atorrﬁc ator:nic Basicity
treatment (°C) ratio ratio (mmol/100g)
(XPS) (XPS)
LHT-OX / 0.035 0.002 0
Oxidized LHT-OX / 0.020 0.002 0
EDA-LHT-OX / 0.026 0.017 10
N-doped LHT-OX 700 0.018 0.008 0
AC / 0.041 0.003 24
Oxidized AC / 0.135 0.006 5
EDA-oxidized AC / 0.160 0.111 46
N-doped oxidized AC 900 0.055 0.035 91
GNP / 0.063 0.000 31
EDA-GNP / 0.051 0.043 102
N-doped GNP 900 0.025 0.008 61
Oxidized GNP / 0.258 0.004 0
EDA-oxidized GNP / 0.095 0.077 167
N-doped oxidized GNP 900 0.018 0.014 81

It is also pointed out that pre-oxidized GNP are more
N-functionalized than the pristine GNP even though GNP display more
O-group than the other supports at the start (Boehm acidity for
pristine GNP: 228 mmol/100g). The final basicity and the amount of nitrogen
are both higher for the pre-oxidized material. This is explained by the need

for carboxylic acid functions to attach the EDA on the support (Scheme IlI-2).
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The amount of nitrogen on the surface of the functionalized carbons
determined by XPS analyses is varying the same way than the basicity
determined by Boehm titration (Figure lll-1), confirming the link between
these two factors and the incorporation of nitrogen. Strikingly, the final
sample of CNF has incorporated very low levels of N and displayed no

basicity. This carbon support was therefore discarded for the following steps.

180
& CNF

160 BAC
= 140 ® GNP
& .
S 120 Oxidized GNP
=
<)
£ 100 - o
IS
— 80
=
S 60 [
©
D 4 [ |

o
20 (M
*
0 & &
0 0,02 0,04 0,06 0,08 0,1 0,12

N/C ratio

Figure llI-1: Basicity determined by Boehm titration as a function of N/C ratio obtained by
XPS

Depending on the type of nitrogen functions present on the support,
nitrogen peaks (N1s) obtained by XPS analyses will appear at different
binding energies. After grafting EDA but before heat-treatment, a majority of
terminal amine functions (NH, peak at 400 eV) are present, as expected.
After the heat treatment, nitrogen enters within the carbon structure and
functions such as pyridine or pyrrole appear, as confirmed by increase of the
peak at 398.6 eV in the XPS spectrum of N-doped GNP and N-doped AC
(Figure 111-2). This peak arises from a family of functions (pyridine/pyrrole)
because of the impossibility to decompose more the nitrogen peak to

separate finely all types of nitrogen functions. It is therefore possible to
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quantify the amount of pyridine/pyrrole functions versus amine functions.
Before heat-treatment, almost 80 % of amines functions are present. After
heat treatment, less total amount of nitrogen can be observed but the ratio
between amine functions and pyridine/pyrrole functions is around 50/50
(in at. %). This indicates that the heat-treatment is promoting formation of
pyridine/pyrrole functions which is interesting because these functions are

more stable and stronger basic sites than amine functions.
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Figure llI-2: N1s peaks (in blue: amine; in orange: pyridine/pyrrole) from XPS analyses of

(a) N-doped GNP before heat-treatment (b) N-doped GNP after heat treatment at 900 °C

(c) N-doped AC (non-oxidized) before heat-treatment (d) N-doped AC (non-oxidized) after
heat-treatment at 900 °C

CO,-TPD analyses have been carried out on the N-doped supports to

confirm the presence of basic sites. The TPD analyses for the N-doped AC are
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presented in Figure 11l-3. TPD analyses for the N-doped GNPs can be found in
the supporting information (S3 in Sl). For the N-doped activated coal, the
basicity amounts to 63 mmol/100g if the first CO, desorption peak is
considered (starting at 200 °C) together with the main contribution at 750 °C.
It is interesting to link this measure to the result obtained by Boehm titration
on the same sample (Table Ill-2). Both results are in the same order of
magnitude but slightly different (63 vs 91). For GNPs, the difference is more
pronounced (21 vs 81) with also a higher figure for basicity measured by
Boehm titration. It is important to point out that the amount of CO, desorbed

variates with the temperature at which the saturation is carried out .
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Figure IlI-3: Molecular flow of CO; as a function of the temperature for activated coal and
N-doped activated coal

At 50 °C, even the weakest sites adsorb the probe molecule that will
then be quantified during the desorption. This slight difference could also
come from the hypothesis that one CO, molecule was adsorbed on each basic
site whereas the reality might be that two close basic sites adsorb only one
molecule, underestimating the number of basic sites determined by TPD. In
addition, the main peak seems to extend above 800 °C, which could not be
measured with our instrument. This difference in basicity can also be the

result of the short pre-treatment of samples required for TPD analyses. As a
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decrease of basicity by XPS and Boehm titration has already been noticed
after the heat treatment of EDA-AC or EDA-GNP, this pre-treatment at 850°C
could also have the same impact but the type of functions should not be
much different. Nevertheless, it can be firmly concluded that the sample
contains basic sites that are stable at temperatures up to 200 °C. A higher
stability is not needed as biomass transformation is carried out in water and

thus never exceeds this limit.

I11.2 Ru nanoparticles deposition on N-doped carbon supports

N-doped carbon materials were then used as supports for Ru
nanoparticles. The nitrogen within the structure should help to reach good
dispersion and a better tethering of the metal nanoparticles. The Ru
nanoparticles were deposited on the supports with the
deposition/precipitation method, as described in the experimental section
and implemented on supports at each step of the N-functionalization. The
optimal Ru nanoparticles size of 1-2 nm, as determined in Chapter Il, has
been targeted for these catalysts. ICP analyses have confirmed that between
2.6 and 2.9 wt. % of Ru were deposited on the supports (Table 11I-3). As 3 wt.
% of Ru was targeted, these analyses have confirmed that this deposition
method is effective and that only small quantities of Ru are lost during the

process.
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Table 111-3: Amount of deposited Ru on AC catalysts measured by ICP analyses

Catalyst Ru (wt. %)
Ru/AC 2.6
Ru/EDA-AC 2.9
Ru/N-doped AC 2.6

It is shown that the heat treatment used for reducing Ru
nanoparticles has a slight influence on the nitrogen content and the types of
nitrogen functions present in the final activated materials. It can be seen that
the ratio of pyridine/pyrrole functions over amine functions is getting a bit
higher after Ru deposition (Figure 1lI-4). Indeed, the change in the type of
nitrogen functions present is also depending on the duration of the heat
treatment. As the N-doped carbon supports had already been heated
beforehand up to 900 °C, the further treatment at 600 °C for Ru reduction
will influence the nitrogen functions less dramatically than if it was the sole
heat-treatment. This change in the composition of nitrogen functions would
have been more substantial if the second heat treatment was done at a

higher temperature than the first one.
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Figure llI-4: N1s peaks (in blue: amine; in orange: pyridine/pyrrole) from XPS analyses of
(a) N-doped GNP after heat treatment at 900°C (b) N-doped GNP after heat treatment at
900°C with deposited Ru nanoparticles reduced at 600°C

Heat treatment for the reduction of Ru nanoparticles has been
optimized for each support in order to obtain a Ru nanoparticle size of
1-2 nm. The catalysts on N-doped activated coal have been heated at 600 °C
under Ar/H, (95/5) whereas the catalysts on N-doped GNP have been heated
at 400 °C under Ar/H; (95/5). TEM images of these catalysts are presented in
Figure IlI-5. It can be noticed here that the Ru nanoparticles are better
dispersed on the N-doped materials than on the pristine support
(see Chapter Il) showing the positive impact of the nitrogen presence within
the lattice. All catalysts were analyzed by XPS (S4 in Sl) and the position of
the Rusps/; peak indicated that metallic Ru is always obtained after the heat

treatment under Ar/H,.
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Figure IlI-5: TEM images of Ru nanoparticles on a) pristine AC; b) N-doped AC; c) pristine
GNP; d) N-doped GNP

The catalysts composed of Ru deposited on AC and GNP without and
with nitrogen doping were also characterized by XRD (Figure Ill-6). The peaks
around 26° and 43° correspond to the graphitic domains (002 and 100
reflections, respectively) of the AC and the GNP carbonaceous
materials ¥ ¥ 7 The peak at 44° matches with metallic Ru ®. There is no
meaningful difference between the Ru/pristine AC and the Ru/N-doped AC.
However, the Ru peak is more visible in the case of Ru/N-doped GNP
compared to the Ru/pristine GNP, even if the Ru loading (as measured by ICP
for the AC, see above) is similar in all cases, indicating that the Ru

nanoparticles are more crystalline when they are supported on N-doped
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GNP. Indeed the presence of the nitrogen functions seem to play a role in the
structuration of the nanoparticles, probably acting as a nucleation point.
Scherrer equation has been used to determine Ru nanoparticles size from
XRD data: 9 nm, 22 nm and 18 nm of diameter have been obtained
respectively for Ru/N-doped GNP, Ru/N-doped AC and Ru/pristine AC
materials. This is not what has been visualized on TEM images and this
difference can be explained by the fact that the small Ru nanoparticles are
not crystalline and do not contribute to the signals in XRD,

*

d
. # Ru / pristine AC
% #
Ru / N-doped AC
*
Pristine AC
15 25 35 45
20 (°)
b . \
U——— . N " . - Ru / pristine GNP
#
*
. . _%A " Ru/ N-doped GNP
*
Pristine GNP
15 25 20 (0)35 45

Figure IlI-6: XRD pattern for (a) pristine AC, Ru nanoparticles on AC and Ru nanoparticles
on N-doped AC and for (b) pristine GNP, Ru nanoparticles on GNP and Ru nanoparticles on
N-doped GNP. Asterisks denote peaks attributed to carbon phases and ‘#’ denote Ru metal

phase

Basicity of the Ru/N-doped GNP has been measured by Boehm
titrations. The results can be found in Table lll-4. The drop of basicity

observed after the addition of Ru nanoparticles can be explained either by
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the fact that Ru nanoparticles will block the access to some of the nitrogen
functions or by the heat treatment implemented to reduce the Ru. Indeed, a
decrease of basicity has also been observed after a heat treatment on

EDA-GNP or EDA-oxidized GNP.

Table IlI-4: Basicity of the GNP before and after deposition of Ru nanoparticles; The
estimated confidence interval on basicity is 10 %

Catalysts Basicity (mmol/100g)
GNP 31
N-doped GNP 61
Ru / N-doped GNP 28
Oxidized GNP 0
N-doped oxidized GNP 81
Ru / N-doped oxidized GNP 35

111.3 Hydrogenation of cellobiose into sorbitol

In this section the goal was to assess the impact of nitrogen functions
on the activity of Ru nanoparticles for the direct transformation of cellobiose
into sorbitol. For this part of the work, the most promising catalysts among
the materials synthesized in the previous sections are selected to assess their
activity in this 2-step transformation. Kinetic curves have been built over 6
hours period for four representative catalysts (Figure Ill-7). As mentioned in
the introduction (section 1.5.1), two pathways are possible to obtain sorbitol
from cellobiose. The same reaction pattern is observable in all cases. Indeed
the preferential pathway is going through the hydrogenation of cellobiose
into cellobitol before breaking this hydrogenated disaccharide into
sorbitol/glucose (see Scheme I-8 in Introduction, Chap. ). After 1-2 hours,
cellobitol production is reaching a peak before decreasing. Concomitantly,
sorbitol production rises. A very peculiar observation is that nearly no

glucose accumulation has been observed during the course of the reaction.
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This means that as soon as the glucose is formed by cellobitol hydrolysis, it is
hydrogenated into sorbitol. It is confirming, as mentioned in literature®?,
that both hydrogenation reactions are faster than the two hydrolysis steps.
Confidence intervals have been calculated when the same catalytic test has
been carried out at least two times, a table with the repeatability is shown in

the supporting information (S1 in SI).
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Figure IlI-7: Kinetic curves for the transformation of 1 g of cellobiose into sorbitol (testing conditions: 160°C; 30 bar H,; 1700 rpm; 20 mg of catalyst); the
lines connecting experimental points are only a visual aid and do not correspond to any mathematical model; The estimated confidence interval on each
value is 5%
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As there are four transformations in total with consecutive and
parallel reactions, the kinetic mathematical relationships are complicated to
establish. Therefore, it is unfortunately too difficult to calculate the kinetic
constants for each reaction in this complex network with the experimental
data at hand here.

It can be noticed that both catalysts prepared on N-doped supports
display better activity than the catalysts on non-functionalized supports
(Table I1I-5). This is the proof that the nitrogen atoms incorporated in the

lattice enhance the Ru nanoparticles activity.

Table I11-5: Hydrogenation of cellobiose into sorbitol with pristine and N-doped AC and GNP:
conversion of 1 g of cellobiose and selectivity into glucose, cellobitol and sorbitol and yield
in sorbitol after 6 hours (160 °C; 1700 rpm; 30 bar H,; 20 mg of catalyst); The estimated
confidence interval on each value is 5 %

Selectivity Selectivity Selectivity  Yield in

Catalyst Con\(/;r)swn in glucose in cellobitol in sorbitol sorbitol
) (%) (%) (%) (%)
Ru / pristine AC 99 0 36 51 51
Ru / pristine GNP 100 0 35 40 40
Ru / N-doped AC 100 1 31 66 66
Ru / N-doped
GNP 100 0 13 61 61

This can be explained first by the fact that the nitrogen atoms
improved the dispersion of the Ru nanoparticles (see TEM images and
discussion above). Second, they can also influence the spin density and the
charge distribution, which have an impact on the Ru reactivity as already
shown in the literature ¥, Unfortunately, any by-product apart from some
traces of fructose (produced by isomerization of glucose) could be detected.
It is known that isosorbide or levulinic acid could be obtained as products
from degradation of sorbitol but their presence could not be confirmed with
our HPLC system. A list of molecules that have been injected in HPLC and that

can be ruled out from possible side products can be found in supporting
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information (S2 in Sl). Therefore, total organic content (TOC) analyses were
performed and it was confirmed that the carbon balance at the end of the

reaction in solution was respected (Table III-6).

Table 111-6: TOC analyses of Ru / pristine GNP and Ru / N-doped GNP catalytic test filtrates

Concentration of carbon

Catalyst
Y (mg/L)
Reference value (1 g of cellobiose into 120 mL) 1683
Ru / pristine GNP 1602
Ru / N-doped GNP 1640

Some catalytic tests have been performed with Ru nanoparticles on
EDA GNP as support (Table Ill-7). In this case the nitrogen has not been
incorporated into the carbon lattice and mainly ethylenediamine NH,

dangling functions are present.

Table llI-7: Hydrogenation of cellobiose into sorbitol without catalyst (blank), with N-doped
GNP, EDA GNP and with a mixture of Ru/GNP and N-doped GNP: conversion of 1 g of
cellobiose, selectivity into glucose, cellobitol and sorbitol and yield in sorbitol after 2 hours
(160 °C; 1700 rpm; 30 bar H;; 20 mg of catalyst); The estimated confidence interval on each
value is 5%

Conversion Selectivity  Selectivity Selectivity Yield in

Catalyst (%) in glucose in cellobitol in sorbitol sorbitol
’ (%) (%) (%) (%)
Blank 21 52 0 0 0
Ru / EDA GNP 70 0 57 11 8
Ru / N-doped
GNP 95 6 50 29 28
Ru /GNP +
N-doped GNP 100 0 64 22 22

(mechanical mix)

These results show that this catalyst is less active than the
bifunctional catalyst Ru / N-doped GNP. A mechanical mixture between
Ru / GNP and N-doped GNP has also been tested. As this mixture is less active

than the bifunctional catalyst, it proves that the Ru nanoparticles have to be
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on the N-doped support to be promoted by the nitrogen functions. A simple
proximity between the two type of solids is not enough to enhance the Ru
activity.

Recyclability tests have been performed with the Ru/N-doped GNP
catalyst to assess the stability of the catalyst over several runs. After each
catalytic test, the catalyst was recovered and dried. It has then been reused
for the next reaction. The results are shown in Table I1I-8 for a total of three
consecutive catalytic tests. It can be observed that the conversion remains
the same in all the different runs. The selectivity is slightly lower for the 2"
and the 3™ run. Despite this slight decrease of selectivity after the first

reaction, the catalyst can be re-used for three runs without losing its activity.

Table 111-8: Recyclability tests of the Ru/N-doped GNP; conversion of 1 g of cellobiose,
selectivity and yield in sorbitol after 2 hours (160 °C; 1700 rpm; 30 bar H,; 20 mg of catalyst);
The estimated confidence interval on each value is 5 %

. Selectivity in Yield in sorbitol
I 0,

Catalyst Conversion (%) sorbitol (%) (%)
Ru/N-doped GNP 15t run 95 29 28
Ru/N-doped GNP 2" run 95 23 22
Ru/N-doped GNP 3" run 96 23 22

XPS analyses and TEM images have been carried out on the used
catalyst (S5 and S6 in SlI). These analyses have confirmed that the used
catalyst has quite the same composition and morphology than the starting
catalyst. XPS analyses have indicated that the nitrogen functions have the
same nature than before the catalytic tests. TEM images have shown that Ru
nanoparticles have the same size and the same dispersion on the support,
confirming the stability of our bifunctional material.

Results for the transformation of cellobiose into sorbitol from the
literature are gathered in Table I11-9. Several catalysts from the literature are

only giving high yield of cellobitol and low amounts of sorbitol, indicating that
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the hydrolysis step is the limiting factor for sorbitol production. Only the
catalysts in entries 3 and 5 are producing high yields of sorbitol. This can be
explained by the fact that these catalysts are based on an acidic support that
will catalyze the hydrolysis of cellobitol into sorbitol and glucose. The results
obtained in our work are excellent if compared directly with these results
from the literature. Indeed, with similar reaction conditions but lower
catalyst / cellobiose mass ratio in our case, sorbitol yield is one of the most
elevated in the Table. An industrial catalyst provided by Evonik has also been
tested in our conditions as a reference from industries and the sorbitol yield
obtained with it is lower that with our catalysts. Moreover, when sorbitol
production is normalized by calculating sorbitol mol produced per gram of
catalyst, it is striking that our catalysts are simply the best and giving
excellent results for direct cellobiose transformation into sorbitol.

By improving the Ru hydrogenation ability, sorbitol formation from
cellobiose has been promoted without requiring hydrolysis secondary active
sites or the addition of inorganic acids in the solution. This opens the door to
many applications for biomass valorization reactions that currently still

depend on environmentally harmful substances.
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Table 111-9: Results for hydrogenolysis of cellobiose into cellobitol and sorbitol reported in the literature in comparison with our work (last two lines)

. . L Mol of
Catalyst / H2 . Cellobiose  Yield in Yield in .
. Temp. Time . . . sorbitol
Entry Catalyst Cellobiose Pressure Q) (h) conversion cellobitol sorbitol /g of Ref.
mass ratio bar % % %
(bar) (%) (%) ) st
1 Ru (5wt. %)/ C 1/12 40 150 5 100 80 7 0.0049 12
2 Ru (1 wt. %) / CNT 1/2 20 140 6 100 90 7 0.0008 13
3 Ru (1 wt. %) / Cs3PW1,040 1/2 20 140 6 100 12 85 0.0099 (13]
4 Ru (1 wt. %) / HZSM-5 1/2 20 140 6 100 68 25 0.0029 (13]
Ru (3.2 wt. %) — PTA 14l
5 (16.7 wt. %) / MIL-100(Cr) » 1/1.7 20 160 10 100 n.a. 81 0.0080
6 Ru (5 wt. %) / RGO 1/34 50 190 3 100 n.a. 65 0.0129 (15]
7 Ru (5 Wt'( (f)zé)zbr'SBA'ls 1/5 50 140 0.25 98 80 15 0.0044 e
8 Ru (5 wt. %) / C (industrial) 1/50 30 160 2 100 n.a. 25 0.0730 \S:rrk
9 Ru (3wt %)/ N-doped GNP 1/50 30 160 6 100 13 61 0.1782 M?;rrk
10 Ru (3 wt. %) / N-doped AC 1/50 30 160 6 100 31 66 0.1928 \S:rrk

3 PTA = phosphotungstic acid
b(0.25) = Zr / Si molar ratio

111



Chapter lll. N-doping of carbon materials for supporting and enhancement of Ru nanoparticles

111.4 Conclusion

Two different methods to incorporate nitrogen atoms within the
lattice of the carbon sheets of different carbonaceous materials have been
investigated. The urea method has been carried out on CNF, AC and CB
carbons but it has not increased enough the surface N/C ratio and the basicity
for the intended application. Therefore the functionalized materials obtained
by this method have not been used for supporting Ru nanoparticles. The
second method, the EDA method, has been conducted on CNF, AC and GNP.
Only the AC and GNP have given good results because of the impossibility to
further oxidize the CNF. These N-doped carbon materials have been analyzed
by XPS, TPD and Boehm titration, which demonstrated successful
modification, thereby increasing surface basicity and number of
pyridine/pyrrole sites. These new supports were used to deposit Ru
nanoparticles. TEM and XRD analyses have shown improvement of the
deposition of Ru nanoparticles on N-doped carbon supports compared with
the pristine ones. The nanoparticles are better dispersed and more
crystalline.

These Ru/N-doped carbon catalysts have been tested for the direct
2-steps transformation of cellobiose into sorbitol. Kinetic curves for the full
transformation have demonstrated that the first step is the hydrogenation
of cellobiose into cellobitol and the second step is cellobitol hydrolysis into
one molecule of sorbitol and one molecule of glucose that is directly
transformed into sorbitol. This study clearly highlighted the better activity of
the catalysts supported on N-doped carbon materials compared to pristine
ones. Nitrogen within the structure of the support is improving the Ru
nanoparticles activity. A more detailed kinetic study to understand better the
whole mechanism of the reaction and to determine kinetic constants for

each individual reaction step would be interesting to establish in the future.
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Moreover, one of our best catalysts has been tested several times to assess
its recyclability. It displayed high activity over several runs showing that
neither the introduced nitrogen functions nor the Ru nanoparticles suffer
from deactivation, as confirmed by XPS and TEM analyses. Finally, results
obtained with our Ru/ N-doped catalysts have been compared with the
literature. Considering reaction conditions that have been used, excellent

sorbitol productivity from cellobiose has been pointed outin our case.
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Chapter IV

Sulfonated carbon materials for
cellobiose hydrolysis into

glucose



As the previous two Chapters have shown that sorbitol can be
obtained by hydrogenation of glucose or cellobiose, studying hydrolysis of
cellobiose into glucose is the next logical step. Hydrolysis is usually catalyzed
by homogenous or heterogenous acids. The aim of this Chapter is to study the
acidic functionalization of several carbon materials and to assess their acidity
by Boehm titration. The activity of these catalysts for the hydrolysis of
cellobiose into glucose, as well as their recyclability will be investigated. Bases
are also known to catalyze the hydrolysis of organic molecules. That is why a
section of this Chapter is dedicated to the catalytic performance of N-doped

carbon materials depicted in Chapter lll in the same transformation.
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IV.1 Carbon materials functionalization

Several carbon materials (LHT-OX, RGO, AC, MWCNT, CB, GNP-M15
and GNP-C750) have been functionalized by a diazonium coupling strategy in
order to introduce sulfonic acid groups at their surfaces. First sulfanilic acid
and isoamyl nitrite react together to form in situ a diazonium cation. After
that step, a de-diazoniation reaction will couple the aryl sulfonic acid
fragment on the carbon surface, via a strong covalent C-C bond with C atoms
in the polyaromatic structure of the carbon material backbone
(Scheme IV-1). This functionalization method is safer than common methods
(involving sulfuric acid) for producing sulfonic functions on carbon materials
and can easily be scaled up. Moreover, this method is gentle on the

carbonaceous (nano-)material that keeps its mechanical strength.

Carbon

SOzH

N
)\/\o/ o SOsH
+ + Carbon
+ — > N=N SOH ——>
.N2

Scheme IV-1: Diazonium coupling on carbon materials for sulfonic acid grafting

A first observation is that the functionalized carbons become more
hydrophilic and give better suspensions in aqueous medium than the starting
carbons, which is an advantage for catalytic applications. Functionalized
materials have been characterized by XPS and the spectra displayed a single
S peak, at 168.3 eV, which can be assigned to sulfonic functions ™. All the
selected carbon materials have been successfully functionalized and the XPS
spectra of each sample, before and after functionalization, are presented in
the Supporting Information (S7 in Sl, Figures 4-10). Most carbon materials do
not display any S, peak before functionalization except GNP M15 that has a

S2p peak around 164 eV which could be identified as thiol functions 2. These
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thiols functions might arise during synthesis of GNP M15. After
functionalization, all carbon materials present a clear peak at 168.3 eV
corresponding to sulfonic functions, as expected. The obtained S/C and N/C
surface atomic ratios are presented in Table IV-1. It is observed that the S/C
ratio is increasing strongly after functionalization, confirming the grafting of
sulfonic functions. In addition, the N/C ratio is also rising after the reaction.
This is due to some isoamyl nitrite that would have not reacted completely
during the functionalization procedure and is still adsorbed on the carbon
surface. This is confirmed by XPS analyses. Indeed, a nitrogen peak is
appearing after the functionalization but it is not present anymore after
catalytic test (S8 in Sl, Figure 11). Moreover, the XPS results have shown that
the carbon peak has not been altered (S8 Sl, Figure 12). The integrity of the
carbon support is intact after functionalization, as was expected from the
choice of functionalization procedure.

The acidity of each catalyst was determined by Boehm titration
(Table 1V-1). For each different carbon, the acidity after functionalization is
more important than before. The non-functionalized materials are
presenting a low acidity, except the GNP that already possesses acidic
functionsPl. Indeed, graphene nanoplatelets are produced by graphite
exfoliation in acidic medium and are therefore heavily functionalized. The
increase is more or less important depending on the type of carbon
considered. It should be noted that the diazonium coupling reaction is
grafting the sulfonic functions directly on the carbon aromatic rings. The
amount of defects on the carbon should not influence the yield of this
grafting reaction.

There is one exception: the GNP that keeps almost the same acidity
after the sulfonic functions grafting. This can be explained by the huge

amount of acidic groups already present on the surface at the start. This does
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not mean that the functionalization is not occurring. Indeed, some of the
starting acidic functions have been replaced by the sulfonic functions and this
is confirmed by the XPS results showing an increase in the sulfur amount.
Therefore, the acidity displayed by the GNPs is not coming only from the

sulfonic functions but also from weaker O-only acidic functions.

Table IV-1: Catalysts acidity determined via Boehm titration; Atomic ratios determined by
XPS analyses and specific surface areas measured by N, physisorption; The estimated
confidence interval on acidity is 10 %

Sample Specific area Acidity s/c N/C
(Seer, m?/g) (mmol/100 g) (%at. ratio) (%at. ratio)

LHT-OX 26 10 0.001 0.002
SOsH/LHT-0OX 50 0.019 0.015
RGO 600 73 0.002 0

SO3H/RGO 126 0.021 0.004
AC 922 42 0 0.002
SOsH/AC 145 0.042 0.058
MWCNT 257 14 0 0

SOsH/MWCNT 189 0.018 0.004
CB 63 74 0 0.004
SOsH/CB 121 0.025 0.041
GNP-M15 116 136 0.005 0

SO3H/GNP-M15 125 0.014 0.024
GNP-C750 799 228 0 0

SOsH/GNP-C750 211 0.030 0.044

The grafting disparities between some of the carbon solids may be
linked to their specific surface areas, especially for CNF (LHT-OX) that displays
a low surface area (26 m?/g). By opposition, activated coal (AC), which has a
high specific surface area (922 m?/g), is showing a much higher acidity
increase. Nevertheless, a perfectly linear relationship between BET surface
area and the obtained acidity (or the S amount) was not observed
(Figure IV-1). Indeed, there are other factors that can impact the
effectiveness of the functionalization. The type of carbon surface is

important, i.e. the amount of defects, the presence of an amorphous layer,
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the number of sp2 carbon atoms etc., but also the amount of acid functions
already present at the beginning. Moreover, the diazonium produced in situ
might have some difficulties to access the internal surface due to
microporosity in some materials. A peculiar point can be observed in the case
of functionalized MWCNT, which displays high acidity with low specific
surface area. As MWCNT surface is quite exempt of defects, it explains why
this functionalization method is working well on it. This could indicate as well,
by contrast, that CNF surface is not exempt of defects. This makes sense,
considering that more graphene layers edges will be exposed on CNF than on

CNT surfaces, the latter being considered as Russian dolls perfect cylindrical

structures.
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Figure IV-1: Acidity increase as a function of BET surface area (on the left); S amount
increase measured by XPS as a function of BET surface area (on the right)
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By looking at other catalysts synthesized by the same method in the
literature, it can be seen that the acidity reported for nanofibers (52 or
63 mmol/100 g) ¥ is similar to the SOsH/LHT-OX catalyst synthesized in this
work, which is the lowest value obtained here after functionalization.
Moreover our best catalysts, especially the functionalized MWCNT that
reaches 189 mmol/100 g starting from a mere 14 mmol/100 g acidity,
possess higher acidity than reported sulfonated carbons (108 mmol/100 g)
or acidic aluminosilicates (105 mmol/100 g) but not as much of course as
commercial resin Amberlyst-15 (470 mmol/100 g) *BME However, the
sulfonic functions on our catalysts are more accessible and should display a
better hydrolysis activity. A more detailed overview compiling acidic catalysts

from the literature and their acidity values can be found in Table IV-2.

Table IV-2: Comparison of acidic catalysts found in the literature

Sample Synthesis Acidity
P method (mmol/100 g)
Diazonium
H/MWCNT ) 1

SOsH/MWCNT (our catalyst) coupling method 89
Diazonium

SOsH/LHT-OX (our catalyst) coupling method 50

Sulfonated carbon nanofibers ¥ H,S0, at reflux 63

Sulfonated activated carbon €] H,S0, at reflux 190

BC (bamboo carbonized) - SOzH € H2S0;4 at reflux 198

Sulfonated carbon - SO3H 6] H,S0, at reflux 215

CMK-3 (mesoporous carbon) - SO3H (€] H,S0, at reflux 239

Sulfonated cellulose based amorphous carbon %] Dla.lzonlum 108

coupling method

HY zeolite 6] lon-exchange 136

Aluminosilicates (H-beta; Si/Al = 13) 15] Commercial 105

HNbMoOs '®) Layered Nb oxide 190

Amberlyst-15 5] Commerecial 470
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TPD-NH3; analyses have been performed to assess the strength of the
acidic sites. Data are all presented in the Supporting Information (S9 in Sl). It
can be observed in the representative examples of Figure V-2 that the
functionalized LHT-OX presents the same curve than without
functionalization (Fig. IV-2 (a)). It confirms the very low acidity of the
functionalized material due to poor grafting of the sulfonic sites. The
presence of two types of acidic functions can also be determined on the
functionalized GNP-C750 (Fig. IV-2(b)). Indeed a peak around 180 °C (weak
acids) can be noticed for the starting GNP-C750. After functionalization, this
peak is still visible but a more intense peak appears at 300 °C. The first peak
corresponds to the weak O-acidic functions already present on the starting
carbon surface while the second peak can be identified as the sulfonic
functions and can also be found on all the other functionalized materials. This
peak from the sulfonic functions confirms the hypothesis that weak acids are

replaced by the sulfonic acids in the case of M15 and C750 GNPs.
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Figure IV-2: Ammonia desorption flux as a function of the temperature (a, b) and SO, flux
followed by MS during the TPD analysis (c, d)

However, TPD analyses do not seem to be ideal for sulfonic acids
characterization because of the sulfonic functions thermal degradation, as
mentioned in the literature "), Indeed the SO, peak has been followed by MS
during the TPD analyses and for each functionalized material a peak at 300 °C
is observed (Figure IV-2 (c, d) and S10 in Sl). This indicates that the sulfonic
functions are degraded at this temperature. It means that the ammonia
measured at 300 °C comes from the sulfonic functions degradation, rather
than desorption from intact sites. If the sulfonic functions were stable at

higher temperature, the ammonia desorption could possibly occur at higher
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temperature. Therefore, the strength of these functions is certainly
underestimated if concluding solely on the basis of the peak observed in TPD
analyses and corresponding temperature. The sulfonic functions cannot
reliably be characterized with this method, and Boehm titrations are found

more pertinent.

IV.2 Hydrolysis of cellobiose into glucose

The sulfonated catalysts have been tested for the hydrolysis of
cellobiose into glucose under mild conditions, namely under N, autogenic
pressure, at 150 °C and 1700 rpm for 2h (Table IV-3). Confidence intervals
have been calculated when the same catalytic test has been carried out at
least two times, a table with the repeatability is shown in the supporting
information (S1 in SI). Blank was carried out using the same testing
conditions, as described in the experimental part, but without any catalyst.
Globally, non-functionalized starting carbon materials are giving the same
conversion than the blank, around 25 %. It confirms that the acidity
determined by Boehm titration is due to weak acids, even with GNPs, that
cannot catalyze the hydrolysis reaction. Indeed the observed conversion
arises from the thermal cleavage of the glycosidic bond at this temperature.
Functionalized catalysts are dramatically increasing the conversion up to a
maximum of 94 % with the SOsH/GNP-C750 graphene material. Sulfonic
functions are controlling the hydrolysis pathway ® and are improving the
selectivity towards glucose to 95 % (vs. 57% in the ‘blank’ case). It is
noteworthy that these figures (>90 % conversion and selectivity) were
obtained in only 2 hours at 150 °C. Common side-products usually obtained
from glucose such as levulinic acid or formic acid have not been observed
here. Other products such as isosorbide cannot be completely ruled out as

they are not identified with the HPLC column used in this work. A list of
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molecules that have been injected in HPLC and that can be ruled out from
possible side products can be found in supporting information (S2 in SI). Only
some traces of fructose arising from isomerization of glucose have been
identified. However, a total organic content (TOC) analysis has been carried
out for each catalytic test and 100 mol. % of engaged carbon is always
accounted for. It means that no other gaseous products are being formed.
Best results have been obtained with RGO, AC, MWCNT and
GNP-C750 materials. As AC is the cheapest and most used carbon material
for industrial applications, it has been chosen for the remainder of this
chapter and for the fabrication of bifunctional catalysts presented in

Chapter V.

Table IV-3: Conversion of cellobiose and selectivity in glucose (N, autogenic pressure; 150 °C;
2h; 1700 rpm; 1g of cellobiose; 300 mg of catalyst); The estimated confidence interval on
cellobiose conversion and glucose selectivity is 4 %

Catalyst Con\(l;)r)sion Selectivit(yo/:)n glucose
f{l;;zlllgfme conditions but without 24 57
LHT-OX 19 87
SOsH/LHT-OX 25 47
RGO 40 24
SO3H/RGO 84 95
AC 31 82
SOsH/AC 81 96
MWCNT 24 a7
SOsH/MWCNT 81 95
cB 20 52
SOs3H/CB 57 70
GNP-M15 23 64
SOsH/GNP-M15 40 80
GNP-C750 29 57
SOsH/GNP-C750 94 80
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The catalysts that are displaying a poor acidity, such as the
SOsH/LHT-OX sample, do not improve the conversion at all. It can be assessed
that there is a minimum amount of acid necessary to switch on the catalysis
for the acidic hydrolysis. As shown in Figure IV-3, below 120 mmol/100g the
conversion remains low. Beyond this threshold value, the catalysts show a
good activity, as long as sulfonic functions are present. Unfortunately, there
are no points between 50 and 100 mmol / 100 g to confirm this observation.

Therefore, a linear tendency cannot be fully discarded.
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Figure IV-3: Conversion of cellobiose depending on the acidity of the catalyst

The quantity of catalyst used during the test also influences the
activity. Several amounts of catalysts have been tested in the case of the
SOsH/AC material (Figure 1V-4). When the amount of catalyst is too low
(20 mg), the catalyst is not active and the conversion is the same as the blank.
When the amount of catalyst is increased, the acidic hydrolysis is triggered
and the conversion is higher. However the selectivity is excellent in all cases
(much higher than the blank), independently of the amount of catalyst
engaged. Preliminary tests have been conducted on cellulose fibers (Sigma,

reference C6288, crystalline and high purity) and 20 % conversion (based on
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cellulose weight loss at the end of test) was observed with our catalyst

(SO3H/AC) against only 10 % with a blank test.
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Figure IV-4: Conversion of cellobiose depending on the amount of catalyst (SO3H/AC)

Recyclability tests have been carried out with SOsH/AC and are
shown on Figure 1V-5. A slight decrease of the conversion from 81 % to 67 %
is observed after the second run but the selectivity remains very high (97 %).
After the third run the conversion decreases again to reach 50 % but stays
quite stable for the next three runs. However, the selectivity is still reaching
almost 100 %. The plateau reached after three runs shows a conversion far
better than the blank. It is shown here that the sulfonic functions are very

robust and remain on the carbon material despite the test conditions.

127



Chapter IV. Sulfonated carbon materials for cellobiose hydrolysis into glucose
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Figure IV-5: Recyclability of SO;H/AC catalyst

The slight decrease of conversion can be incriminated to the removal
of some unreacted sulfonic compounds that were just adsorbed on the
carbon surface. Indeed the acidity of the catalyst after the sixth run is
129 mmol/100g for 145 mmol/100g before tests. Nevertheless, the
selectivity into glucose stays high because of the presence of strong acid
sulfonic functions, which are the active sites for this transformation, even
after six runs. In order to confirm this effect, a pre-treatment in the same
conditions as those of the catalytic tests but without cellobiose was
performed on the catalyst. The acidity of the pre-treated catalyst is
116 mmol/100g and matches with the value obtained for the catalyst after
six runs. Following the same trend than acidity, XPS analyses confirm that
sulfonic functions are fewer but still present on the pre-treated catalyst and
the catalyst after test (Figure IV-6). This demonstrates that the sulfonic
groups are stable under the catalytic tests reaction conditions (130 °C and N,
autogenic pressure (6 bar)). It is also observed that the position of the sulfur
peak is not shifted. This means that the sulfonic functions are not reduced

during the catalytic test eluding this possibility as a deactivation
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phenomenon. Two other reasons for the slight drop in conversion observed
in Figure IV-5 that might be cited are strong adsorption of reactants and/or
products and coking. However, no significant weight increase of our catalyst

has been observed after the test.
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Figure IV-6: Sy, XPS peak for the functionalized AC before and after test and pre-treated
catalyst

Moreover, the quantity of nitrogen (reactant molecules present
N atoms) in the used or pre-treated catalysts is very small compared to the
quantity on the freshly synthesized catalyst. Reactants that were stacked on
the carbon material are washed away under these conditions. The acidic
functions that are still grafted on the solid are robust and that is why they
can be used many times. The conversion and the selectivity obtained with
the pre-treated catalyst, respectively 51 % and 98 %, are the same than the
plateau reached after three runs. These results show that our sulfonic
functions grafted with the diazonium coupling procedure are much more
stable than sulfonic functions generated by hot H,SO, treatment!*¥,

Therefore, the main interest of these catalysts is their recyclability. Highly
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active and stable acidic catalysts suitable for biomass hydrolysis reaction at

low temperature and within a short reaction time have been obtained.

IV.3 N-doped carbon materials as hydrolysis catalysts

In the previous section excellent results have been shown for the
hydrolysis of cellobiose with our acidic catalysts. Nevertheless, hydrolysis in
general is a chemical reaction that can also be catalyzed by basic functions.
Given that the N-doped carbons that have been prepared contain basic
functions (amine, pyridine, pyrrole, etc.), they might present an activity for
the hydrolysis of the B-1,4-glycosidic bond. Acid sites are usually used to
catalyze such transformation, but basic functions could also fulfill this role.
Therefore, some catalytic tests on the hydrolysis of cellobiose into glucose
under nitrogen in the absence of Ru or H, with the N-doped carbons have

been carried out (Table IV-4).

Table IV-4: Hydrolysis of cellobiose into glucose (160 °C; 1700 rpm; Ny; 2 h); The estimated
confidence interval on cellobiose conversion and glucose selectivity is 5 %

Catalvst Conversion Selectivity in Yield in
¥ (%) glucose (%) glucose (%)
Blank (no catalyst) 42 70 29
AC pristine 43 60 26
N doped AC before heat treatment 33 61 20
N doped AC after heat treatment 38 59 22
GNP pristine 43 68 29
N doped GNP before heat 57 33 19
treatment
N doped GNP after heat treatment 37 73 27
SO3H on AC 86 86 74
SOsH on GNP 93 84 78
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It is shown that N-doped carbons (AC and GNP) with or without heat
treatment do not improve the hydrolysis of cellobiose into glucose. Indeed
the results obtained are not better than the catalytic test without any
catalyst (blank). Only the N-doped GNP before heat treatment, with the
dangling EDA, is slightly increasing the conversion but the selectivity towards
glucose is lower. After the heat treatment, the N-doped GNP is giving the
same results as the blank. The amount of basic functions on the carbon
material should not be the issue, given that the molar ratio between
cellobiose and basic functions is around 10 after heat treatment. The main
explanation for this lack of activity is that the basic functions that have been
introduced on the carbon supports are not adequate sites, given the
mechanism ¥, to catalyze the hydrolysis step. Therefore, it can be concluded
that the nitrogen functions incorporated within the carbon supports will

have no direct impact on the hydrolysis of cellobiose into glucose.

IV.4 Conclusion

Various (nano)carbon solids have been functionalized through a
diazonium coupling reaction leading to strong acidic sulfonic functions
grafted on their surface. Their presence has been confirmed by Boehm
titration, XPS and TPD analyses. Hydrolysis of cellobiose into glucose under
inert atmosphere in neutral water medium has been improved by all our
functionalized catalysts, compared to a ‘blank’ with no catalyst, or the
unfunctionalized carbon materials. A maximum of 84 % of conversion with
95 % of selectivity towards glucose has been obtained with the SOsH/RGO
catalyst. Moreover these results have been obtained at a low temperature
(150 °C) in only 2h which is promising for hydrolysis of more robust substrate
like cellulose for example. It has been discovered that below a certain

amount of acidic functions no catalytic improvement is observed. In our
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conditions, 120 mmol/100g of catalyst acidity is the minimum amount to
trigger the hydrolysis activity. It has also been shown that our catalysts are
recyclable. Indeed the performance of the SOsH/AC catalyst after 6 runs is
much better than the hydrolysis without any catalyst. Moreover the
observed slight decrease of activity has been assigned to some reactants
stacked on the carbon material that are washed away, while the sulfonic
functions well-bound on the surface remain on it after tests. It is
demonstrating the robustness of these functions in comparison with other
functionalization methods such as carbon materials treatment with sulfuric
acid that would also weaken the material mechanical properties. These
functionalized carbons can further be used as supports for metallic
nanoparticles in order to prepare bifunctional catalysts. The acidic functions
will hydrolyze cellobiose into glucose while the metallic center can transform
the glucose into high value molecules like sorbitol or HMF. Finally some tests
have been conducted with our N-doped carbons as basic catalysts.
Unfortunately it has been shown that, despite their basicity, they could not
improve the hydrolysis of cellobiose into glucose.

As functionalized AC has given one of the best results for glucose
production from cellobiose, this support has been chosen for the synthesis

of bifunctional catalysts that will be described in Chapter V.
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Chapter V

Bifunctional catalysts for the
direct transformation of
cellobiose / cellulose into

sorbitol



Chapter Il and Ill have dealt with the deposition of Ru nanoparticles
on carbon supports (without or with nitrogen doping) for the enhancement
of the hydrogenation step, aiming at transforming efficiently glucose into
sorbitol. Chapter IV has tackled the hydrolysis improvement with acidic
catalysts, to obtain glucose from cellobiose or cellulose. In this last Chapter,
bifunctional catalysts that combine both sulfonic functions and Ru
nanoparticles on the same support will be studied in order to improve both
hydrolysis and hydrogenation of cellobiose into sorbitol. Preliminary studies
will be carried out with the LHT-OX support as Ru nanoparticles deposition
had been investigated on this specific carbon in Chapter Il. As acidic
functionalization is more effective on AC, this support will later replace
LHT-OX for the remainder of the Chapter. Moreover, Ru nanoparticles
deposition method will be modified to limit deactivation of the sulfonic
functions during the synthesis procedure. Indeed, we should avoid basic pH
to keep the protonated acid sites. Optimization of sulfonic functions and Ru
nanoparticles amounts will be described, as well as the characterization of
each catalyst. Next, with the best bifunctional catalysts obtained,
transformation of more challenging substrates such as starch into sorbitol
will be investigated. Finally, the ultimate goal of this thesis which is the direct

transformation of cellulose into sorbitol will be carried out.



Chapter V. Bifunctional catalysts for the direct transformation of cellobiose / cellulose into

sorbitol

V.1 Bifunctional catalysts: preliminary study

The synthesis of bifunctional catalysts with both sulfonic functions
and Ru is a challenge because it is known that sulfur can strongly poison
noble metals and especially Ru M. The order of the successive
functionalization is important. Both orders have been tried out with either
Ru nanoparticles deposition at first or sulfonic acid functionalization first. The
LHT-OX (carbon nanofibers) has been chosen as support for these catalysts
because of the preliminary study that has been carried out with it, modifying
particles sizes to find an optimum, as described in Chapter Il. The catalysts
have been analyzed by XPS (Table V-1). The catalyst with sulfonic
functionalization before the addition of Ru nanoparticles is named
Ru - SOsH / LHT-0X, while the opposite methodology gave the solid named
SOsH - Ru / LHT-OX. The Ru nanoparticles deposition method is the same as
that was used in Chapter Il and Il (urea method) and the targeted
nanoparticles size is between 1 and 2 nm. Sulfur content is lower when the
sulfonic functionalization is done first. Indeed when Ru is deposited after the
functionalization it will go preferentially on the sulfonic functions and will
cover them, decreasing the sulfur signal in XPS measurements. Moreover the
method of deposition for Ru nanoparticles is under basic conditions that will
deactivate the sulfonic functions formerly anchored, which is not adequate

for our catalytic application.
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Table V-1: Element contents in monofunctional and bifunctional catalysts, determined by
XPS

LS:;Z{( Ru/LHT-OX  Ru-SOsH / LHT-OX Scl)j-IHT: g;(' /
Element At. % At. % At. % At. %
01s 11.9 7.1 16.9 18.2
Ru 3p / 1.4 0.9 0.7
N 1s 1.2 0.9 0.8 1.1
C1s 85.0 90.6 80.7 78.4
s2p 1.9 / 0.6 16

The two bifunctional catalysts have been assessed in the
transformation of cellobiose into sorbitol (Table V-2). Confidence intervals
have been calculated when the same catalytic test has been carried out at
least two times, a table with the repeatability is shown in the supporting
information (S1 in SI). It is striking that both bifunctional catalysts are less
selective in sorbitol than a mere ruthenium on carbon Ru / LHT-OX catalyst.
For the Ru - SOsH / LHT-OX solid, these results confirm what has been said
about the deactivation of sulfonic functions. For the other bifunctional
catalyst, SO3H - Ru / LHT-OX, the lack of sorbitol selectivity can be explained
by the poisoning of the Ru nanoparticles by the sulfonic functions. This
poisoning effect seems to be even higher when the sulfonic functionalization
is done in second position. Indeed during the functionalization process the
sulfur will prefer to go on the Ru nanoparticles rather than react with the

carbon support.
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Table V-2: Hydrogenolysis of cellobiose with monofunctional and bifunctional catalysts;
Cellobiose conversion, selectivity in glucose, cellobitol and sorbitol, yield in sorbitol (160 °C,
30 bar of H,, 2h, 20 mg of catalyst with 3 wt. % of Ru); The estimated confidence interval on
cellobiose conversion and selectivities is 3 %

. Selectivity Selectivity Selectivity Yield in
Conversion

Sample (%) in glucose in cellobitol in sorbitol sorbitol
) (%) (%) (%) (%)
Ru / LHT-OX 100 52 n.d. 23 23
Ru-SOsH/
LHT-OX 77 22 n.d. 9 7
SO3H-Ru/
LHT-OX 60 40 n.d. 4 2

These preliminary results have shown the difficulty of having active
sulfonic functions and Ru nanoparticles on the same carbon support. In
parallel to the bifunctional catalysts fabrication, optimization of carbon
materials functionalization with sulfonic moieties has shown that LHT-OX is
the least acid-functionalized carbon. Therefore, it has been decided for
further optimization to change the support to AC because the sulfonic
functionalization is very efficient on it and it is a cheap and
industrially-relevant support. The main issue for producing bifunctional
catalysts is to adjust the quantity of Ru and SOs;H functions. Indeed in
Chapter lll the Ru catalysts have been tested with only 20 mg of solid
engaged in each test but the acidic catalysts, presented in Chapter IV, have
been tested on 300 mg in each test. Catalytic tests have therefore been
carried out with both quantities of bifunctional catalysts. Moreover, kinetic
studies have been conducted to understand better how the reaction
proceeds. The kinetics for the reactions using 20 mg or 300 mg of
monofunctional or bifunctional catalysts supported on the active carbon (AC)

are presented in Figure V-1.
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Figure V-1: Kinetic curves for the transformation of cellobiose into sorbitol (testing conditions: 160°C; 30 bar H; 1700 rpm)
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When 20 mg of catalyst is used, the bifunctional catalyst is less active
than the monofunctional one. It means that with low amount of catalyst the
poisoning of Ru is too important and an increase in activity cannot be
witnessed. It can also be noticed that for the bifunctional catalyst, both
pathways are followed to produce sorbitol. Indeed there is a constant
increase of both glucose and cellobitol during the reaction before levelling
off. By looking at the two kinetic curves with 300 mg of catalyst, it can be
seen that the bifunctional catalyst is producing more sorbitol than the
monofunctional one. For the Ru/AC catalyst some sorbitol is quickly
produced but after that it is decreasing with time. Indeed it is known that
sorbitol can react further in presence of Ru catalyst (see Introduction,
section I.5). As 300 mg of catalyst have been engaged, the Ru amount is so
important that the sorbitol will quickly give side products. However with the
bifunctional catalyst, a lower decrease of the sorbitol amounts during the
reaction can be observed. The most likely hypothesis is that, as the Ru is
poisoned by the SOsH, it will be less active and then will degrade less the
produced sorbitol. Moreover, sorbitol seems to be stabilized by the sulfonic
functions as it can be seen that sorbitol is decreasing less with time, while
the bifunctional catalyst is very active (100 % of cellobiose conversion after
20 minutes). Nevertheless, by looking at the amount of sorbitol produced
during the reaction (in concentration on the y axis) it can be noticed that,
when using 300 mg of catalyst, less sorbitol is produced than with 20 mg of
the monofunctional catalyst. Having too much Ru engaged in the reaction is
not a good option to obtain sorbitol. These results have shown that the
optimal bifunctional catalyst is certainly between these two extreme
conditions. That is why it has been decided for the next catalytic tests to
reduce the temperature to 150 °C to limit the sorbitol degradation. It also

has been chosen to use 150 mg of catalyst as a balance between the
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conditions studied above and to work on optimizing the ratio between the
Ru and the sulfonic acid amounts. As the Ru is quite expensive and knowing
that it can easily degrade sorbitol into unwanted side-products, only 1 wt. %

will be introduced in the catalysts as a starting point.

V.2 Optimization of the bifunctional catalyst

The bifunctional catalysts that has been studied in the previous
section were synthesized with the impregnation method that can deactivate
the sulfonic functions. Moreover the Ru was activated at 600 °C in a tubular
oven which can also destroy some of the sulfonic functions. Therefore
another method to deposit Ru nanoparticles has been chosen. This method
is not using basic conditions and will not neutralize the sulfonic acid
functions. The idea is to synthesize preformed RuO; nanoparticles that are
then deposited on the carbon support. This synthesis method can be
modulated (by varying experimental conditions) to target the Ru
nanoparticles size between 1 and 2 nm that has been determined as optimal
in Chapter Il. It was also decided to first functionalize the carbon support with
the sulfonic functions before adding the RuO, nanoparticles, to limit the
poisoning of the nanoparticles. Rather than using a high temperature heat
treatment under reductive atmosphere that could destroy the sulfonic
functions anchored on the carbon support, the Ru will be reduced in situ by
H, during the catalytic reaction and no pre-treatment was implemented for
this series of catalysts. Catalytic tests have been carried out with
monofunctional, either sulfonic functions alone or RuO; nanoparticles alone,

and bifunctional catalysts (Table V-3).
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Table V-3: Hydrogenolysis of cellobiose with monofunctional and bifunctional catalysts:
Cellobiose conversion, selectivity in glucose, cellobitol and sorbitol, yield in sorbitol (150 °C,
30 bar of H,, 2h, 150 mg of catalyst with 1 wt. % of Ru); The estimated confidence interval
on cellobiose conversion and selectivities is 3 %

Cellobiose Glucose Cellobitol Sorbitol Yield in
Catalyst conversion selectivity selectivity selectivity sorbitol
(%) (%) (%) (%) (%)
RuO,/AC 100 0 59 29 29
SO3H / AC 61 86 0 0 0
RUOz - SO_;H/
AC 65 84 0 2 1
RuO,/AC and
SOsH /AC! 84 81 0 2 2

1 Mechanical mix between the two monofunctional catalysts

The hydrogenation pathway is favored with RuO, / AC catalyst which
gave essentially cellobitol and sorbitol. The SOsH / AC acid monofunctional
catalyst gave high yield of glucose, as expected in the absence of Ru to
catalyze the hydrogenation. Unfortunately, with the bifunctional catalyst,
prepared exactly in the same way, sorbitol has not been obtained but very
similar result than with the acidic catalyst without Ru has been observed. This
means in this case that all the Ru is poisoned by the sulfur of the sulfonic
functions. A test with the two monofunctional catalysts mechanically mixed
has been carried out and the result is still similar to the SOszH / AC. Even if the
sulfonic functions are not on the same support, they manage to poison the
Ru.

Several parameters have been studied to optimize the ratio between
sulfur and ruthenium. In order to control the amount of sulfur for the
preparation of bifunctional catalysts, the degradation of the sulfonic
functions grafted on the carbon supports under heat-treatment (under N,
atmosphere) was investigated (Table V-4). By increasing the heat-treatment
temperature, a decrease of the O and S surface amounts is observed. While
the acidity (determined by Boehm titration) is not decreasing at 200 °C, it is

lower after treatment at 300 °C and 400 °C. This indicates that the sulfonic
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functions present on the carbon materials are more destroyed when the

temperature of the treatment increases.

Table V-4: Oxygen and sulfur contents determined by XPS and acidity from Boehm titration
of the acidic catalyst without heat-treatment and heat-treated at 200 °C, 300 °C and 400 °C

Catalyst O (at. %) S (at. %) (mr:Zilji:zOg)
SOsH / AC 12.95 3.66 145
SOsH 200°C / AC 10.33 2.96 146
SOsH 300°C / AC 7.53 1.51 115
SOsH 400°C / AC 2.88 0.75 69

These new catalysts with varying acidities have been assessed in the
hydrolysis of cellobiose into glucose under nitrogen atmosphere (Table V-5).
As expected, the activity of these acidic catalysts decreased with the applied
heat-treatment temperature. The low selectivity into glucose obtained with
the catalysts heated at 300 °C and 400 °C is the same selectivity as obtained
when the test is conducted without any catalyst (blank test). The sulfonic
functions are no longer useful after these heat-treatments. It is confirming
that the sulfonic functions are indeed present in lower amounts when the
temperature of the heat treatment is increasing. Moreover it is in adequacy
with the results described in Chapter lll where it was shown that a minimum

amount of SO3H is needed to trigger the hydrolysis of cellobiose.
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Table V-5: Hydrolysis of cellobiose: Cellobiose conversion, selectivity and yield in glucose

(150°C, N,, 2h, 150 mg of catalyst) obtained with acid catalysts heat-treated at different
temperatures; The estimated confidence interval on cellobiose conversion and selectivities

is3%

Cellobiose conversion

Glucose selectivity

Glucose yield

Catalyst (%) (%) (%)
Blank 22 43 9
SOsH /AC 88 83 73
SOsH 200°C / AC 47 79 37
SOsH 300°C / AC 22 39 9
SOsH 400°C / AC 22 35 8

These supports, possessing different amounts of sulfonic functions,
have been used to prepare a set of new bifunctional catalysts by depositing
RuO; nanoparticles. Hydrogenolysis of cellobiose has been tested for 2 h with
these materials to investigate the impact of the Ru/S ratio on the

performance of the catalysts (Table V-6).

Table V-6: Hydrogenolysis of cellobiose with bifunctional catalysts possessing different
amounts of sulfonic functions: Cellobiose conversion, selectivity in glucose, cellobitol and
sorbitol, yield in sorbitol (150 °C, 30 bar of H,, 2h, 150 mg of catalyst with 1 wt. % of Ru); The
estimated confidence interval on cellobiose conversion and selectivities is 3 %

Cellobiose Glucose Cellobitol Sorbitol Sorbitol
Catalyst conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
RUOz - 503/‘/
200°C/ AC 66 84 0 1 1
RUOZ - 503H
300°C/ AC 55 45 37 4 2
RUOz - 503/‘/
400°C/ AC 51 17 55 13 7

These results show that the pathway of the reaction is different
depending on the ratio between Ru and sulfonic functions. When the sulfonic
functions are treated at 200 °C, they are still present in high amounts and
poisoning the Ru. Therefore, the hydrolysis of cellobiose into glucose is the
main reaction and sorbitol is not produced. After treatment at 300 °C,

sulfonic functions are degraded partially and both pathways are followed in
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parallel. Glucose (hydrolysis product) and cellobitol (hydrogenation product)
are produced simultaneously while sorbitol production stays really low due
to the very short testing duration. The material pre-heated at 400 °C is
producing more sorbitol while glucose selectivity is pretty low compared to
cellobitol selectivity. It means that in this case the hydrogenation pathway is
the major one. All these observations have been confirmed with kinetic
studies with each of these catalysts (S11 in Sl). After 24 h, it can be observed
that the bifunctional catalysts pre-heated at 300 °C and 400 °C produced
sorbitol while the pre-heated at 200 °C bifunctional catalyst barely managed
to form some of it. The diminution of sulfonic functions allows the Ru to be
less poisoned and the resulting bifunctional catalysts can produce sorbitol.
However, the sorbitol production was not better than a monofunctional
catalyst with only Ru deposited on the unmodified carbon support (see
above in Table V-3). Therefore, other ways of enhancing the sorbitol
productivity have been investigated.

In order to study a different method that could avoid the poisoning
of Ru by the sulfur, consecutive reactions with both monofunctional catalysts
have been carried out (Table V-7). Cellobiose conversion and sorbitol yield
are always given with respect to the starting material even in the case of
consecutive reactions. First hydrogenation using the RuO, / AC catalyst has
been carried out and then the solution has been filtered out. Consecutively,
the SO3H / AC catalyst has been added to catalyze the hydrolysis. By doing
so, a sorbitol yield of 46 % in 2 h has been obtained, which is far better than
with any other catalyst tested so far. It is important to highlight the fact that
when cellobitol is hydrolyzed, it gives one equivalent of glucose and one
equivalent of sorbitol. If staged in this order, the two reactions cannot give
100 % of sorbitol because the glucose produced need to be further

hydrogenated. If the two consecutive reactions are done in the opposite
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order (first hydrolysis and then hydrogenation) it has to be noticed that the
sorbitol yield was dramatically lower (11 %). It can be explained by the fact
that during hydrolysis some sulfonic functions will leach and go into solution.
Indeed sulfonic moieties were present in the solution as the pH went down
from 5 to 3 after the hydrolysis step. Then, when the RuO, / AC is added for
the second reaction, it is poisoned by sulfur from within the solution,

decreasing the Ru activity.

Table V-7: Consecutive reactions with SOsH / AC without and with a pre-treatment and
RuO, / AC catalysts: Cellobiose conversion, selectivity in glucose, cellobitol and sorbitol,
yield in sorbitol (150 °C, 30 bar of H; or autogenic pressure of N,, 2h, 150 mg of catalyst with
1 wt. % of Ru); The estimated confidence interval on cellobiose conversion and selectivities
is3%

Cellobiose Glucose Cellobitol Sorbitol Sorbitol
Catalyst conversion  selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
Ru02/ AC for 2h 100 0 52 29 29
under H;
SOsH / AC for 2h 100 6 30 46 46
under N,
SOsH / AC for 2h 6 g8 0 0 0
under N,
RuO,/ AC for 2h 88 36 32 13 1
under H,
Pre-treated
SO3H / AC 51 98 0 0 0
for 2h under N,
RuO,/ AC for 2h 100 10 27 37 37
under H,

As the sulfonic functions can leach and poison the Ru nanoparticles,
a pre-treatment in the same conditions as the catalytic tests has been
conducted to remove all labile functions and keep solely the sulfonic groups
well grafted on the carbon support. Two consecutive reactions have been
carried out with first the pre-treated SOsH / AC catalyst and then with the
RuO; / AC catalyst. Sorbitol yield at the end of the two consecutive reactions
is significantly higher when the SOsH / AC is pre-treated beforehand. This

shows indeed that the pre-treatment can lower the quantity of labile sulfonic

147



Chapter V. Bifunctional catalysts for the direct transformation of cellobiose / cellulose into

sorbitol

functions that can poison the Ru nanoparticles. However, there is still a
portion of sulfonic functions that inhibit the Ru. Indeed the obtained yield is
not as good as when the two consecutive reactions were carried out in the
opposite order.

Nevertheless, this pre-treatment on the sulfonic functions has been
used to prepare new bifunctional catalysts that would suffer less from the
poisoning of the Ru. This time the Ru/S ratio has been optimized by varying
the amount of Ru. New catalysts with 1 wt.%, 3 wt.% and 5 wt.% of Ru have
been synthesized. They have been assessed as catalysts in comparison with
corresponding mono- and bifunctional catalysts without pre-treatment of
SOsH functions (Table V-8). The results obtained with the bifunctional
catalyst loaded with 1 wt.% of Ru are similar to the bifunctional catalyst
without any pre-treatment of the sulfonic functions. Indeed even if the
amount of sulfonic functions decreases with the pre-treatment it is enough
to totally inhibit the Ru active phase. For the monofunctional catalyst with
3 wt.% of Ru, it can be observed that the sorbitol yield is the same that the
monofunctional catalyst with 1 wt.% Ru. Nevertheless, as the quantity of
cellobitol is lower, the sorbitol yield should be higher. It means that sorbitol
seems to react further or to suffer from degradation. The bifunctional
catalyst with 3 wt.% of Ru is more active than the one with 1 wt.%. The
apparition of cellobitol and sorbitol in the products can also be observed. It
indicates that both pathways are followed and that both Ru nanoparticles
and sulfonic functions are active at the same time. However, the sorbitol
yield is still not higher than with the monofunctional catalyst. It is also
observed that the bifunctional catalyst with 3 wt.% of Ru without pre-
treatment of sulfonic functions displays lower vyield of sorbitol. The
monofunctional catalyst with 5 wt.% of Ru is giving higher yield of sorbitol

which was expected as the Ru quantity is increasing. Finally, the bifunctional
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catalyst with 5 wt.% is giving the best results. Indeed the sorbitol yield
reaches 53 % in 2 h, indicating that a synergy between the two active sites is
happening with this ratio between Ru and SOsH functions (10 Ru atoms for 1
S atom based on XPS analysis). The sorbitol yield decreases drastically to 13
% when the SOsH functions are not pre-treated. This highlights the
importance of this pre-treatment in order to have an efficient bifunctional

catalyst.

Table V-8: Hydrogenolysis of cellobiose with monofunctional and bifunctional catalysts with
different Ru weight percentages and pre-treated supports: Cellobiose conversion, selectivity
in glucose, cellobitol and sorbitol, yield in sorbitol (150 °C, 30 bar of H,, 2h, 150 mg of
catalyst); The estimated confidence interval on cellobiose conversion and selectivities is 3 %

Cellobiose Glucose Cellobitol Sorbitol Sorbitol
Catalyst conversion  selectivity selectivity  selectivity yield
(%) (%) (%) (%) (%)
RuO; (1%)/AC 100 0 59 29 29
RuO; (1%) —
SOsH /AC 65 84 0 2 1
RuO; (1%) — pre-
treated SOsH / AC 61 80 0 2 !
RuO; (3%)/AC 100 4 34 30 30
Ru0O, (3%) -
SOsH /AC 77 43 36 11 8
RuO; (3%) — pre-
treated SO3H / AC 8> 26 40 22 9
RuO; (5%) / AC 100 3 19 43 43
RuO; (5%) —
7 2 44 17 1
SOsH /AC 6 ? 3
RuO; (5%) — pre-
treated SO3H / AC 100 6 29 >3 >3

Kinetic studies have been carried out on the monofunctional and
bifunctional catalysts with 5 wt.% of Ru to highlight the differences between
them (Figure V-2). It can be seen that the bifunctional catalyst is giving higher
yield in sorbitol than the monofunctional catalyst during all the investigated

timeframe.
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Figure V-2: Kinetic curves for the hydrogenolysis of cellobiose into sorbitol (testing
conditions: 150°C, 30 bar of H,, 24h, 150 mg of catalyst)

Conversion of cellobiose and selectivity/yield in sorbitol are
presented in the Supplementary Information (512 in Sl). Sorbitol yield is the
same after 6h and after 24h for the monofunctional catalyst whereas
cellobitol is decreasing. It confirms our assumption that sorbitol is reacting
further during the test. This is not happening with the bifunctional catalyst.
The combination of SOsH functions and Ru nanoparticles in this optimized
ratio is stabilizing the sorbitol and preventing it from reacting further or
degrading. This effect has been reported in the literature (2. This explains the

higher yield of sorbitol at the end of the reaction. The bifunctional catalyst is
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not really more active than the monofunctional catalyst: indeed the
conversion is lower at the beginning of the reaction with
the RuO, - pre-treated SOsH / AC catalyst, but it is stabilizing sorbitol which
gives in fine a much higher yield. This effect is striking after 24 h of reaction
with a yield of 11 % for the monofunctional catalyst against 79 % for the
bifunctional catalyst.

Degradation of sorbitol with the RuO, / AC and the bifunctional
catalyst has been further studied. Sorbitol (the product of the reaction)
rather than cellobiose has been placed in the presence of the two catalysts
in the same conditions as in the previous tests (Table V-9). These results show
that the RuO, / AC can transform 50 % of the sorbitol under these conditions
while the bifunctional catalyst has transformed only 7 % sorbitol within 2h.
The presence of SO3H functions highly stabilizes the sorbitol and prevents it
from degradation. Unfortunately the products formed by the sorbitol
degradation could not be identified with the HPLC column that is used. A list
of molecules that have been injected in HPLC and that can be ruled out from

possible side products can be found in supporting information (S2 in Sl).

Table V-9: Degradation of sorbitol with monofunctional and bifunctional catalysts (150 °C,
30 bar of H,, 2h, 150 mg of catalyst)

Catalyst Sorbitol conversion (%)
RuO; (5%) / AC 50
RuO; (5%) — pre-treated SOsH / AC 7

To optimize further the Ru/S ratio, modification of sulfur amount
using the thermal pre-treatment as a tool for fine-tuning has been
investigated with 5 wt.% of Ru loading (Table V-10). The bifunctional catalyst
with sulfonic functions treated at 200 °Cis giving the same amount of glucose
than sorbitol. It means that there are still too many sulfonic groups and that

Ru nanoparticles are poisoned. When the sulfonic functions are treated at
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300 °C, results are quite the same that when the sulfonic functions are
pre-treated in water. The bifunctional catalyst is better than the reference
RuO, / AC, showing a synergy between the two types of active sites. After a
heat-treatment at 400 °C, the bifunctional material displays a lower sorbitol
selectivity. Indeed sulfonic functions are more degraded, leading to more
active Ru nanoparticles and sorbitol degradation. The synergy between the

two active sites is no longer observable.

Table V-10: Hydrogenolysis of cellobiose with bifunctional catalysts possessing sulfonic
functions treated at different temperatures: Cellobiose conversion, selectivity in glucose,
cellobitol and sorbitol, yield in sorbitol (150 °C, 30 bar of H,, 2h, 150 mg of catalyst with
5 wt. % of Ru); The estimated confidence interval on cellobiose conversion and selectivities
is3%

Cellobiose Glucose Cellobitol Sorbitol .
i i - .. Sorbitol
Catalyst conversion selectivity selectivity selectivity ield (%)
(%) (%) (%) (%) yield (%
RuO; (5 wt.%) -
S03H 200°C / AC 100 26 31 21 21
RuO; (5 wt.%) -
SOsH 300°C / AC 100 0 40 47 47
RuO; (5 wt.%) -
SO3H 400°C / AC 100 0 47 38 38

Eventually, the recyclability of both monofunctional and the best
bifunctional catalysts has been assessed. Five catalytic tests have been
carried out with each catalyst (Figure V-3). Both catalysts suffer from
deactivation after the first run but the impact is less important on the
bifunctional catalyst than on the monofunctional catalyst. The activity is then

stable over the next runs.
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Figure V-3: Recycling tests with monofunctional RuO; / AC and bifunctional RuO, -
pre-treated SOzH / AC catalysts

XPS characterizations have been performed on the monofunctional
and bifunctional catalysts before and after the catalytic tests. The results are
presented in Table V-11 while the XPS narrow scans can be found in the SI
(513 in SI). Rusg (IV) amount is higher for the bifunctional catalyst than the
monofunctional one before catalytic test. The same statement can be made
for the catalysts with 3 wt.% of Ru (514 in SI). The in situ activation of Ru in
the reactor has been confirmed by these analyses. Indeed, as expected, the
Ru(0) amount is drastically increasing after the catalytic tests. It is known that
Ru can be reduced during the XPS analyses, explaining the small amount of
Ru(0) in the catalysts before tests. It should be noted that not all the Ru(IV)
has been reduced during the catalytic tests. Most likely, the core of the

nanoparticles has not been reduced and only the surface has become Ru(0).
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Table V-11: Atomic percentage of Cis and Ruszy from XPS analyses for monofunctional and
bifunctional catalysts before and after five catalytic tests

Catalyst Cis (at. %) Rusgq (IV) (at. %) Rusgq (0) (at. %)
RuO; (5%) / AC 62.5 7.1 1.7
RuO; (5%) / AC after 5 runs 73.9 1.9 5.3
RuO; (5%) — pre-treated
SOsH /AC 52.7 8.3 1.5
RuO; (5%) — pre-treated
71. 1.2 4
SOsH / AC after 5 runs 0 3

XRD analyses have also been conducted on these catalysts
(Figure V-4). The wide peak between 12° and 28° comes from the carbon
support (AC)El. The Ru peak is around 44° ¥, It is very low for the catalysts
before reaction because it is essentially RuO,. After reaction, Ru is reduced
and the Ru peak increases because Ru(0) is crystalline. It is the case for the
monofunctional catalyst but surprisingly it has not happened for the
bifunctional catalyst. It seems that the presence of sulfonic functions

interferes with the crystallinity of the Ru(0) domains.

80
70
-~
60
* RuO2 (5 wt. %)/ AC
50 #
40 *
# RUO2 (5 wt. %)/ AC
30 * after 5 runs
20 # RuO2 (5 wt. %) - pre-
" treated SO3H / AC
10
RuO2 (5 wt. %) - pre-
0 treated SO3H / AC
0 20 29 (°) 40 after 5 runs

Figure V-4: XRD analyses of monofunctional and bifunctional catalysts before and after
catalytic tests. Asterisks denote peaks attributed to the Ru metal phase and ‘#’ denote
carbon phase
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HR-TEM images have been obtained for these four catalysts
(Figure V-5). RuO; nanoparticles preparation method can be adapted to
control their sizes and a nanoparticles size of 1-2 nm has been targeted
here . The images show that RuO; nanoparticles have a mean size around
1 nm, as expected. The distribution and the size of the nanoparticles are the
same without or with sulfonic functions (compare Figure V-5 a and b). EDX
mapping analyses have been performed and have confirmed the good
dispersion of the Ru on the carbon support (515 in Sl). When the support is
functionalized by the sulfonic functions, sulfur has been found everywhere
on the carbon support. There is no specific area that could be identified
where Ru and S are more present together. Catalysts, recovered after
catalytic reaction (5 runs), have also been analyzed by HR-TEM
(Figure V-5 cand d) and EDX (S15 in SI). TEM images have shown that Ru
nanoparticles are still well dispersed on the support. However, due to the
high temperature during the reaction a small increase of the nanoparticles
size can be observed after catalyst recovery but the nanoparticles size is still
between 1 and 2 nm. The presence of sulfur everywhere on the support for

the bifunctional catalyst after 5 runs has been confirmed by EDX analyses.
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Figure V-5: HR-TEM images for a) RuO; (5%) / AC; b) RuO; (5%) — pre-treated SOsH / AC;
c) RuO; (5%) / AC after 5 runs; d) RuO; (5%) — pre-treated SOsH / AC after 5 runs

In conclusion for this section, superiority of the bifunctional catalyst
over the monofunctional catalyst has been demonstrated. Synergy between
Ru nanoparticles and sulfonic functions has been highlighted even though
they do not seem compatible at first sight. The recyclability of the
bifunctional catalyst has been established and the catalyst has been

confirmed undamaged by XRD, TEM and EDX analyses after 5 catalytic runs.

V.3 Transformation of starch into sorbitol

In the previous section, efficient bifunctional catalysts have been
synthesized for the transformation of cellobiose into sorbitol. As the main

goal of this thesis project is to produce sorbitol directly from biomass, the
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best bifunctional catalysts have been assessed with more challenging
substrates. The first catalytic tests of this type have been conducted on
starch transformation into sorbitol. The hydrolysis of starch with sulfonated
AC has been studied and only 59 % of selectivity into glucose was obtained.
The hydrolysis of starch into glucose seems to be less controlled than with
cellobiose. Indeed, starch is a mixture of two glucose polymers: amylose and
amylopectin. Glucose units are mainly connected by a-1,4-glycosidic bond
and by a few B-1-4- glycosidic bond in amylopectin. Its hydrolysis can lead to
oligomers instead of glucose monomers. Bifunctional catalyst and
monofunctional catalyst (only Ru) have been tested for the hydrogenolysis
(Table V-12). Conversion of starch is difficult to estimate because starch itself
cannot be analyzed by the column that is used in HPLC. Therefore, results
have been presented as sorbitol / glucose molar ratio obtained at the end of
the 2 hours catalytic test. It allows comparison between the two catalysts
without knowing starch conversion. Hydrolysis of starch into glucose and
further hydrogenation into sorbitol is a well-known process as reported in
the literature!®. Nevertheless the results are striking: the bifunctional
catalyst is producing less sorbitol than the monofunctional one.
Unfortunately there are no explanations for this lack of activity after the good

results on cellobiose transformation into sorbitol with the same catalysts.

Table V-12: Hydrogenolysis of starch with monofunctional and bifunctional catalysts: Molar
ratio between sorbitol and glucose obtained at the end of the test (150 °C, 30 bar of H,, 2h,
150 mg of catalyst, 1 g of starch)

Catalyst Sorbitol / Glucose molar ratio
RuO; (5%)/AC 18.86
RuO; (5%) — pre-treated SOsH / AC 0.82
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V.4 Transformation of cellulose into sorbitol

In this section cellulose direct transformation into sorbitol will be
investigated. The main issue of using cellulose as substrate is that it is not
soluble in water. It means that after the reaction, when the catalyst is
filtrated, the cellulose that has not reacted will be also collected. The
cellulose conversion can be calculated by subtracting the initial mass of the

catalyst from the final mass of solid recovered.

V.4.1 Cellulose pre-treatment

Due to its insolubility in water, cellulose has difficulties to react in
this medium. That is why a variety of pre-treatments can be conducted to
make cellulose more reactive as explained in the General Introduction 727,
In our case a ball-milling of 24h has been chosen. The conditions have been
detailed in the Experimental section. First, the reactivity of our bifunctional
catalyst with and without prior ball-milling of the cellulose has been assessed

(Table V-13).

Table V-13: Hydrogenolysis of cellulose with bifunctional catalyst (RuO; (5%) — pre-treated
SOsH / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(150 °C, 30 bar of H;, 2h, 150 mg of catalyst, 1 g of cellulose); The estimated confidence
interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Pre-treatment conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
No ball-milling 20 7 0 10 2
Ball-milling (300 rpm) 25 11 7 28 7

Cellulose conversion in these soft conditions (150 °C) is low.
Ball-milling of the cellulose has enhanced its reactivity as an increase of both
conversion and selectivity in sorbitol are obtained. Two side-products have
been identified, namely xylitol and mannitol (Scheme V-1). Mannitol is

coming from the isomerization of sorbitol while xylitol and arabitol are
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produced by the decarbonylation of sorbitol®!. Arabitol has not been
identified as reaction product in our case. These side-products were not
present in the catalytic tests on cellobiose. Traces (< 1 %) of cellobiose and
glucose can also be seen on the chromatograms but it has not been indicated

in the results table for the sake of clarity and readibility.

OH
A/H/b ra VH/b A/HA
—> HO HO H OH
OH  OH

M Glucose Sorbitol Xylitol Arabitol

I Isomerization
OH OH
- OH

OH  OH

Mannitol

Scheme V-1: Formation of sorbitol, mannitol, xylitol and arabitol from glucose
(adapted from [11])

V.4.2 Reaction conditions optimization

As low vyields of sorbitol have been obtained in the previous
conditions, an increase of the reaction time has been studied with the
bifunctional catalyst and ball-milled cellulose (Table V-14). Increasing the
reaction time has improved the cellulose conversion as well as the sorbitol
selectivity. As explained in Section V.2, sorbitol can further react in these
conditions to give side-products. Here it seems that even if it can happen, a
longer reaction time manages to produce more sorbitol and counterbalances

its degradation.
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Table V-14: Hydrogenolysis of cellulose with bifunctional catalyst (RuO, (5%) — pre-treated
SOs3H / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(150 °C, 30 bar of H;, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm)); The
estimated confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Reaction time conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
2h 25 11 7 28 7
6h 29 10 8 34 10
24h 44 6 5 37 16

The next parameter that has been optimized was the temperature.
In order to improve the cellulose reactivity, the temperature has been
increased to 170 °C and 190 °C (Table V-15). The impact of the temperature
is striking on the cellulose conversion: a slight increase at 170 °C and a huge
improvement at 190 °C are observed. However the selectivity in sorbitol
stays around 30 % with a maximum of 34 % at 170 °C. Indeed, it is known
that increasing the temperature will favor the sorbitol degradation!”. A test
at 190 °C during 24h has been conducted and has confirmed that sorbitol
selectivity is dropping when high temperature and too long reaction time are
applied. However the cellulose conversion has reached almost 100 % and the
global yield of sorbitol (20 %) is the same for both conditions. The optimal
conditions to maximize the sorbitol yield should be somewhere between 2h
and 24h. Unfortunately kinetic studies are difficult to build on this reaction.
Indeed as the cellulose is not soluble in water, the solid has to be weighed
after filtration to calculate the cellulose conversion by subtracting catalyst
mass to the final combined mass. Aliquots cannot be taken during the

reaction to have enough data points in order to build a kinetic curve.
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Table V-15: Hydrogenolysis of cellulose with bifunctional catalyst (RuO, (5%) — pre-treated
SOs3H / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(30 bar of H,, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm)); The estimated
confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Temperature and time conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
150°C/2h 25 11 7 28 7
170 °C/2h 35 8 6 34 12
190 °C/ 2h 70 3 5 30 21
190 °C/ 24h 98 2 4 20 20

A comparison between the monofunctional and the bifunctional
catalyst has been conducted with two different reaction conditions: at 150 °C
during 24h and at 190 °C during 2h (Table V-16). The results indicate that the
same cellulose conversion has been obtained with both catalysts. However
the bifunctional catalyst has produced almost twice the amount of sorbitol.
Side products such as xylitol and mannitol (see Scheme V-1 above) have been
less formed with the bifunctional catalyst. The same effect of sorbitol
stabilization as it has been shown in the previous section can be observed
here. This highlights the synergy between the Ru and the sulfonic functions
and confirms that the bifunctional catalyst is definitely better than the

monofunctional catalyst for sorbitol production.
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Table V-16: Hydrogenolysis of cellulose with monofunctional and bifunctional catalyst:
Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(30 bar of H;, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm)); The estimated
confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Catalyst conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
Ru0; (5%) / ACC 43 7 12 21 9
RuO; (5%) — pre-treated
SOsH / ACo 44 6 5 37 16
RuO; (5%) / AC? 69 8 15 13 9
RuO; (5%) — pre-treated
7 21
SOsH / ACP 0 3 > 30

3150 °C and 24 h; 190 °C and 2h

The experimental conditions of the ball-milling step have been
investigated. The rotation speed was increased to 500 rpm to observe if the
cellulose could be made even more reactive or not (Table V-17). Surprisingly,
the results have shown the opposite trend, as the sorbitol selectivity has
decreased. The ball-milling conditions at 300 rpm have therefore been kept
for the subsequent catalytic tests on cellulose.

Table V-17: Hydrogenolysis of cellulose with bifunctional catalyst (RuO; (5%) — pre-treated
SOsH / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(170 °C; 30 bar of H,, 2h, 150 mg of catalyst, 1 g of ball-milled cellulose (300 and 500 rpm));
The estimated confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Cellulose pre-treatment conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
Ball-milling at 300 rpm 35 8 6 34 12
Ball-milling at 500 rpm 31 7 6 25 8

V.4.3 Combined ball-milling of cellulose with catalyst

In order to maximize sorbitol yield, a new pre-treatment has been
set up. As the cellulose is not soluble in water, increasing its proximity with
the catalyst should enhance its reactivity. That is why doing a combined
ball-milling pre-treatment of the cellulose with the catalyst has been

imagined just before starting the reaction. This ball-milling is shorter than the
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pre-treatment of cellulose alone, only 2h, and is detailed in the Experimental
section (Chap. VII). Cellulose is still ball-milled during 24h before this second
pre-treatment. The results obtained by doing so are presented in Table V-18.
If these results are compared with the results without ball-milling of both
cellulose and catalyst together (Table V-15) it can be seen that this combined
ball-milling has a positive impact on the results. The cellulose conversion has
increased for all temperatures. The selectivity in sorbitol has remained the
same for the test at 150 °C but it has increased drastically for the tests at
170 °C and 190 °C. With this new method, almost 40 % of sorbitol yield can
be reached at 190 °C in only 2h directly from cellulose. A catalytic test with
the monofunctional catalyst has been conducted similarly and the results
have also been better when implementing the combined ball-milling.
However it has been confirmed that the bifunctional catalyst is better than

the monofunctional one even in these new conditions.

Table V-18: Hydrogenolysis of cellulose with monofunctional and bifunctional catalysts:
Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol (30 bar of
H,, 2h, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm) with combined ball-milling);
The estimated confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Yield in
Conditions conversion  selectivity selectivity selectivity sorbitol
(%) (%) (%) (%) (%)
150 ° ] jonal
50 °C + bifunctiona 33 6 6 )8 9
catalyst
170 °C +
monofunctional 40 8 13 33 13
catalyst
170 ° ] jonal
0 °C + bifunctiona 52 5 6 50 2
catalyst
190 °C + bifunctional 73 ) 6 54 39
catalyst

As the combined ball-milling of the cellulose and the catalyst has
extended the total ball-milling time of cellulose of 2h, it is legitimate to ask
ourselves if this increase of activity is due to the extra ball-milling duration

or the proximity between the cellulose and the catalyst. A catalytic test with
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cellulose pre-treated during 26h has been carried out to address this issue
(Table V-19). The results show that the ball-milling of cellulose during 26h
has increased slightly the activity compared to 24h ball-milling. However the
combined ball-milling of both cellulose and the catalyst has given the best
results. It can be concluded that the combined ball-milling has a real effect

on the reactivity between cellulose and the catalyst.

Table V-19: Hydrogenolysis of cellulose with bifunctional catalyst (RuO, (5%) — pre-treated
SO3H / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(170 °C; 30 bar of H,, 2h, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm) with and
without combined ball-milling); The estimated confidence interval on cellulose conversion
and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Conditions conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
170 C+c¢?rr.7bmed 52 5 6 50 26
ball-milling
170 °C with 26h
ball-milled cellulose 37 5 7 38 14

(no combined
ball-milling)

Other conditions have been studied in order to optimize sorbitol
production. As it was shown that sorbitol selectivity is decreasing when the
reaction time is increased at 190 °C, it has been decided to increase the
reaction time at lower temperature (Table V-20). It can be noticed that the
conversion of cellulose and the selectivity in sorbitol have slightly increased
at 150 °C with 24h of reaction time. At 170 °, a better conversion of cellulose
has been obtained with longer reaction duration. However, this increase of
conversion is very slight regarding the huge difference of reaction time. It
suggests that poisoning of a cellulose by-product on the catalyst could occur
or that something is happening to deactivate the catalyst that is slowing
down the reaction drastically. A drop of catalyst activity in the case of
cellobiose transformation had already been noticed in the previous section

(see Figure V-3). Moreover, the sorbitol selectivity has decreased and has
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even dropped to only 10 % after 24h. It can be concluded that at 150 °C the
gain in conversion and sorbitol selectivity is too low to be relevant regarding
the reaction time increase and that at 170 °C short reaction time is the best

way to obtain high selectivity in sorbitol.

Table V-20: Hydrogenolysis of cellulose with bifunctional catalyst (RuO; (5%) — pre-treated
SOs3H / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(30 bar of H,, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm) with combined
ball-milling); The estimated confidence interval on cellulose conversion and selectivities is
5%

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Temperature and time  conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
150 °C/ 24h 44 4 5 36 16
170 °C/ 6h 58 3 5 40 23
170 °C/ 24h 66 0 1 10 7

V.4.4 Comparison with literature

As the superiority of bifunctional catalysts towards the
monofunctional catalyst has been demonstrated, it is time to compare the
results with the literature. In order to do that, two catalytic tests have been
carried out using another cellulose grade: Avicel PH-101 (Table V-21). Indeed
the Avicel PH-101 cellulose has been chosen as it is the most common one
that can be found in the literature in similar studies*®. Surprisingly, the
results are here almost the same without and with the combined ball-milling
of both catalyst and cellulose before the reaction. Only a slight increase of
the cellulose conversion can be observed when implementing the combined
ball-milling. If these results are compared with the ones obtained with the
other cellulose type, it can be noticed that the Avicel PH-101 cellulose
produces a little less sorbitol in the same conditions. As these results are

almost similar to the ones obtained with the first cellulose grade, all the
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conclusions that have been established above can stand for this second

cellulose type.

Table V-21: Hydrogenolysis of cellulose with bifunctional catalyst (RuO; (5%) — pre-treated
SOs3H / AC): Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(190 °C, 30 bar of H,, 2h, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm) with and
without combined ball-milling); The estimated confidence interval on cellulose conversion
and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Catalyst conversion  selectivity selectivity selectivity yield

(%) (%) (%) (%) (%)
RuO, (5%) —

pre-.treated SOgH /AC 64 0 4 38 24

without combined

ball-milling
RuO, (5%) —

pre-treated SO3H / AC 7 0 4 38 27

with combined
ball-milling

These results obtained in the best possible conditions, using the
Avicel PH-101 cellulose allows us to compare our results with literature and
to benchmark the performance obtained in comparison to all the other
catalysts envisaged for sorbitol production.

Table V-22 is depicting the sorbitol production obtained directly from
cellulose with various Ru based catalysts. Comparison between literature
results and our work is not always an easy task because of the differences in
reaction conditions. By looking at the entry 1, it can be observed that sorbitol
has been produced from crystalline cellulose with monofunctional Ru
catalyst in short reaction time but with a very high reaction temperature. The
best catalyst presented in this work has shown similar result at lower
temperature with joint ball-milling and longer reaction time (entry 13). Entry
2 is giving similar sorbitol productivity and is using the same reaction
conditions than our work except for the reaction time and Ru loading. This
highlights the improvement of catalyst activity by the sulfonic functions and

the ball-milling procedure. Entries 3 and 4 are using bifunctional catalysts
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with Ru nanoparticles on AC doped with heteropolyacids. Despite the harsh
reaction conditions (lower cellulose / catalyst ratio, higher reaction time and
temperature), the sorbitol yields obtained by these authors are lower than
the ones obtained with the catalysts that have been made in this work. The
fact that the joint ball-milling step is slightly decreasing the sorbitol yield in
their case is unexpected. Indeed, the common catalyst/substrate ball-milling
usually increases the catalytic activity of the system. Similar bifunctional
catalysts using Ru and SOsH-AC (sulfonation was achieved by using
concentrated H,SO,4) have been used (entries 5 and 6) with 10 wt. % of Ru
loading. The difference without and with joint ball-milling is striking and it
shows that joint ball-milling can lead to excellent sorbitol production. Higher
Ru loading, lower substrate / catalyst ratio and higher reaction time are
explaining the better activity of this catalyst compared with ours despite the
lower reaction temperature. Entries 7 and 8 are using the same type of
catalyst than us with the same Ru loading. However in their case 5 wt. % of
Ru is leading to lower selectivity in hexitols (they have not separated the
selectivities in sorbitol and mannitol). Despite using lower substrate /
catalyst ratio and higher reaction time, the results they obtained are quite
similar to ours, which indicates that our catalyst seem to be more active.
Nevertheless, such comparisons are very delicate because the impact of each
variation of experimental condition is difficult to predict. Sulfonated silica
with Ru can be used to produce sorbitol at low temperature with low
cellulose / catalyst ratio and longer reaction time (entry 9). Entry 10 is giving
the results for a bifunctional catalyst with Ru on acidic zeolite. Low yield of
sorbitol has been obtained but it can be attributed to the use of
microcrystalline cellulose as substrate. The last two entries (11 and 12) are
using a mix of two catalysts, Ru on mesoporous carbon and acidic catalyst

(ZrP). Once again, the joint ball-milling of cellulose with catalysts is drastically
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improving the sorbitol yield. Globally our best catalyst is very efficient and
the sorbitol yield that can be obtained is competing with the literature
results. Moreover, our reaction conditions with high cellulose / catalyst ratio,

and short reaction time are beneficial for possible industrial applications.
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Table V-22: Transformation of cellulose into sorbitol from literature

llul itol
Cellulose Cellulose / catalyst Time Temperature Cellu o?e So':b' 0 Mannitol
Entry Catalyst o conversion yield X Ref.
pre-treatment mass (mg) (h) (°C) o yield (%)
(%) (%)
1 4 wt. % Ru/AC Microcrystalline 1000 / 100 05 245 86 30 10 2]
cellulose
2 2 wt. % Ru/AC Ball-milling 324 /50 18 190 83 30 8 (13]
0.4 wt. % Ru/AC—TPA
3 Ball-millin 750/ 300 6 205 98 16 n.d. (14]
(H3040PW12'HH20) g /
0.4 wt. % Ru/AC—-TPA Joined ball-
14]
4 (H3040PWi1-nH0) milling 750/ 300 6 205 100 13 n.d.
5 10 wt. % Ru / AC-SOsH Microcrystalline 50/20 24 165 20 9 4 [15]
cellulose
6 10 wt. % Ru / AC-SOsH Ball-milling 50/20 24 165 81 59 7 (15]
7 3 wt. % Ru/AC-SO3H Ball-milling 1120/ 480 24 180 95 Sum =42 [16]
8 5wt. % Ru/AC-SO3H Ball-milling 1120/ 480 24 180 95 Sum =10 [16]
9 3 wt. % Ru / Si0>-SO3H Ball-milling 250/ 200 10 150 90 61 7 2]
10 3 wt. % Ru / BEA zeolite Microcrystalline 140/ 60 24 180 35 21 n.d. (17)
cellulose
—_ 0, H 1
11 ZrP (900 mg) — 3 wt. % Ru/MC  Microcrystalline 500/ 30 15 170 34 2 1 (18]
(mesoporous carbon) cellulose
Joined ball-
12 ZrP (900 mg) — 3 wt. % Ru / MC milling 500/ 30 1.5 170 100 66 2 18]
RuO; (5%) — pre-treated Joined ball- Our
13 SOsH / AC milling 1000/ 150 2 190 71 27 3 work
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V.5 Conclusion

Bifunctional catalysts combining Ru nanoparticles and sulfonic
functions on the same carbon support have been synthesized to produce
sorbitol directly from cellobiose or cellulose. Poisoning of the Ru
nanoparticles by the sulfur is known in literature and has been highlighted in
the preliminary results. To avoid that effect, optimization of the ratio
between the Ru and the sulfur has been required, as well as finding an
adequate synthesis procedure allowing to keep the two types of surface sites
active. It has been demonstrated that the amount of sulfonic functions can
be lowered by heat treatment or pre-treatment in water in the same
conditions than the catalytic test to remove all the labile groups. By
diminishing the amount of sulfonic functions, a better activity was obtained
with the bifunctional catalyst but not as much as with the monofunctional
catalyst used as reference. The amount of Ru had to be increased to 5 wt. %
to find the best ratio between the two active sites and obtain a bifunctional
catalyst that outperforms the monofunctional one. Synergy between the two
sites has been highlighted. Indeed, sulfonic functions are enhancing the
hydrolysis of cellobiose and cellobitol and Ru promotes hydrogenation.
Moreover, the acidic functions are stabilizing the sorbitol by avoiding its
degradation into side-products. These two positive effects together are
largely compensating the poisoning of a part of the Ru nanoparticles. Kinetic
studies have confirmed the advantage of the bifunctional catalyst against the
monofunctional one, especially during long reaction time. Recyclability tests
have been conducted and the bifunctional catalyst displayed a better
sustainability than the monofunctional one.

After that, catalytic tests have been carried out with starch and
cellulose. Unfortunately the tests with starch have not been conclusive as

there was no improvement with the bifunctional catalyst. By opposition,
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sorbitol has been produced successfully directly from cellulose. Test
conditions have been optimized and it has been shown that short reaction
time with high temperature is the best way to produce sorbitol. Ball-milling
of the cellulose has also helped to produce more sorbitol. The best conditions
that have been found are: 190 °C, 2h, 30 bar of H; and combined ball-milling
of 1 g of cellulose and 150 mg of catalyst. These conditions are giving a total
sorbitol yield of 39 % with cellulose from Sigma-Aldrich and 27 % with
Avicel PH-101. A lot of parameters can be tuned even more to maximize the
sorbitol production but our main goal has been achieved: producing sorbitol
directly from cellulose and showing that a bifunctional catalyst has a better
activity than a simple Ru / C catalyst.

Finally, comparison of our best catalyst with various catalysts from
literature used for direct production of sorbitol from cellulose has been
performed. Such comparison is difficult because of the different reaction
conditions. However, it can be noticed that our best catalyst is giving
excellent results that are competitive compared to published performance,
which highlights the promising potential of synergy between Ru

nanoparticles and sulfonic functions.
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VI.1 General conclusion

This work has been divided into three major parts: a study of the
glucose/cellobiose hydrogenation reaction with Ru catalysts, hydrolysis
optimization with sulfonated carbon materials and fabrication of bifunctional
catalysts for the direct transformation of cellulose into sorbitol.

Firstly, Ru nanoparticles have been deposited on three different
carbon supports (CNF, AC and GNP). Two deposition methods have been
compared: NaBH; method that has given poor dispersion and large
nanoparticles and urea method that gave better dispersion and small
nanoparticles. Nanoparticles size has been controlled by adapting heat-
treatment on small nanoparticles. Reaction conditions of glucose
hydrogenation have been studied to witness the impact of each factor on the
conversion of glucose and the selectivity in sorbitol. Increasing temperature
and reaction duration have boosted glucose conversion at the expense of
sorbitol selectivity. H, pressure had no major influence between 30 bar and
50 bar. Intermediate experimental conditions that allow us comparisons
between different catalysts have been chosen: 140 °C, 30 bar of H, during
2 h. Using these conditions, the optimal Ru nanoparticles size, namely
1-2 nm, has been successfully determined for hydrogenation of glucose into
sorbitol. This optimal nanoparticles size has been targeted in all the following
steps.

Secondly, nitrogen incorporation into carbon materials and its
influence on Ru activity have been investigated. Two methods to dope
carbon materials with nitrogen have been compared: urea adsorption on
carbon materials and reaction between carbon surface and ethylenediamine
(EDA). The first method gave disappointing results while the EDA method
successfully incorporated nitrogen functions on carbon materials (AC and

GNP). Heat-treatments have been applied after both methods to force
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nitrogen incorporation within the carbon material polyaromatic structure.
The carbon functionalization has been confirmed by XPS, which determined
the type of nitrogen functions, and by CO,-TPD and Boehm titrations, which
informed us on the number of basic/nitrogen sites. N-doped carbon
materials have then been used as supports for Ru nanoparticles. The nitrogen
doping enhanced Ru nanoparticles dispersion and their crystallinity (as
confirmed by TEM and XRD). These catalysts have been tested for cellobiose
transformation into sorbitol. Cellobiose has been chosen instead of glucose
as starting reactant to have a more realistic substrate as model for biomass
and to study the reaction pathway towards sorbitol, including the possibility
to catalyze the hydrolysis step. Kinetic studies have demonstrated that the
preferential pathway follows first the hydrogenation of cellobiose to
cellobitol and then hydrolysis of cellobitol to give glucose and sorbitol.
Finally, catalytic tests have shown that nitrogen doping increased Ru activity
and led to efficient and recyclable catalysts for producing sorbitol from
cellobiose. Therefore, it can be concluded that N-doping of the carbon
support is not giving active sites for hydrolysis of the starting glycosidic bond,
but it is highly beneficial to boost the hydrogenation ability of the supported
Ru particles.

Thirdly, the hydrolysis of cellobiose into glucose has been studied.
Cellobiose hydrolysis can be improved by acidic catalysts. Therefore, seven
different carbon materials have been functionalized with sulfonic functions.
The functionalization has been carried out by a diazonium coupling strategy
that is covalently grafting benzyl sulfonic functions on the carbon surface.
The catalysts acidity has been measured by Boehm titration and in each case,
an increase of the acidity has been witnessed. Presence of the sulfonic
functions has also been proven by TPD and XPS analyses. The functionalized

carbon materials have been tested in the hydrolysis of cellobiose into glucose
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under inert atmosphere. An improvement of the glucose yield has been
observed for all the functionalized carbons in comparison with the pristine
ones. A maximum of 80 % of glucose yield has been achieved with the
functionalized Reduced Graphene Oxide (RGO) at 150 °C after 2 hours. It has
been discovered that below a certain amount of acidic functions (in our case
below 120 mmol/100g in the solid catalyst) there is no improvement of the
cellobiose hydrolysis in our reaction conditions. Recyclability of the acidic
catalysts has been studied and despite a slight decrease of activity, the
catalysts still showed excellent results after 6 runs. The activity decrease has
been attributed to the fact that some sulfonic functions that are only
adsorbed on the carbon surface can leach during the first catalytic reaction.
This functionalization method is an excellent alternative to common
sulfonation methods that are using concentrated H,SO, which damages
carbon materials and leads to leachable sulfonic functions in addition to
brittle solid particles. Moreover it is applicable to almost all types of carbon
materials, is easily scalable and provides great amount of acid sites of high
strength with strongly bonded sulfonic functions. Hence it gives solid acid
catalysts that can compete with commonly-known zeolites or resins.

Finally, the last section of this work has been dedicated to the
elaboration of bifunctional catalysts by putting together Ru nanoparticles
and the sulfonic functions on the same solid support. A new method to
deposit Ru nanoparticles has been envisaged to avoid the basic conditions of
the two first methods that would deactivate the previously grafted sulfonic
functions. This method consists in pre-forming RuO, nanoparticles before
depositing them on the carbon surface. The RuO; nanoparticles will be
reduced during catalytic reaction under H,. First results with bifunctional
catalysts for the production of sorbitol from cellobiose have shown cross-

poisoning between Ru and sulfonic functions. Therefore, optimization of the
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ratio between these two active sites has been conducted. It led to a catalyst
composed of 5 wt. % RuO; with sulfonic functions pre-treated in water. This
bifunctional catalyst produced higher vyield of sorbitol than the
corresponding monofunctional catalyst with only Ru deposited on the same
carbon support. This better sorbitol production has been attributed to a
stabilization effect of the sulfonic functions on the sorbitol molecule itself.
This effect has been demonstrated by a decrease of sorbitol degradation
when sulfonic functions are present. Kinetic studies have highlighted this
observation by obtaining better performance with bifunctional catalysts
especially for long reaction times where sorbitol is more and more prone to
degradation. Moreover, robustness of the bifunctional catalyst has been
shown by recycling it up to 5 runs with only a slight decrease of activity. These
excellent results have opened the door to valorization of more complex
substrates such as starch and cellulose itself. Unfortunately, results have
been disappointing for the transformation of starch into sorbitol. By
opposition, higher yields of sorbitol have been obtained from insoluble
cellulose  with  bifunctional catalysts than with corresponding
monofunctional Ru/C catalysts. As this result was outstanding, reaction
conditions have been varied to enhance even more sorbitol production.
Moreover, pre-treatments of cellulose to improve its reactivity have been
envisaged. Combining the best conditions that have been found and a
cellulose pre-treatment by ball-milling, 39 % of sorbitol yield at 190 °C for 2
hours under 30 bar of H, with cellulose fibers from Sigma-Aldrich and 27 %
of sorbitol yield in the same conditions for Avicel PH-101 cellulose have been
obtained. This is amongst the best results reported in the literature for this
whole process. As it is now, this bifunctional catalyst is not ready to be
applicable to industrial large-scale production of sorbitol from cellulose.

There are still optimizations to do in order to maximize sorbitol productivity.
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However, the main objective of this work, which was to synthesize a
bifunctional catalyst that is more efficient than a monofunctional Ru/C

catalyst to produce sorbitol from cellulose, has been fulfilled.

V1.2 Future work

Since the bifunctional catalysts have been proven to be more
efficient than the monofunctional ones, further optimization of the reaction
conditions such as temperature or reaction duration would be interesting in
order to maximize sorbitol yield and to be potentially applicable to industrial
processes. Moreover, in order to apply these bifunctional catalysts in
transformation of raw biomass, pre-treatments have to be further studied.
Indeed, ball-milling is not a pre-treatment that can be easily applicable to
large-scale installations because it is very costly and energy demanding.
Other pre-treatments that have not been tested in this work would be
attractive for such applications. For example, the use of ionic liquids could be
a good pre-treatment if their recovery and recyclability are optimized in
order to decrease the overall cost!?. Utilization of dilute acids to
depolymerize is currently the most used pre-treatment method® and its
combination with our bifunctional catalyst would be interesting to look at.

In this work, only one particular reaction has been focused on but
the combination of Ru active sites with an acidic support can be used in other
reactions than the transformation of cellulose into sorbitol. Indeed, a lot of
reaction of hydrogenolysis require Ru catalysts with an acidic media. For
example, the transformation of glycerol into propylene glycol and
1,3-propanediol has been performed with a Ru/C catalyst in combination
with an acidic catalyst such as Amberlyst-15[. Our bifunctional catalyst is the
perfect fit for this type of reaction. As said in the introduction, sorbitol can

be dehydrated, under acidic conditions, into sorbitans which can lead to
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isosorbide>®!. By changing the reaction conditions and using our bifunctional
catalyst, it could be possible to obtain isosorbide directly from cellulose.
Hydrodeoxygenation of phenolic molecules into arenes and cycloalkanes is
one of the strategies to valorize lignin!”). This kind of transformation requires
both metal active sites such as Ru and acidic catalyst which is again the
perfect match for the bifunctional catalyst that have been designed.
Hydrodeoxygenation of vanillin into cycloalkanes has been recently
demonstrated by using a bifunctional catalyst composed of Ru supported on
the H-form of ZSM-5 zeolitel®!. This reaction could be tried with our type of
bifunctional catalyst. The transformation of levulinic acid to y-valerolactone
is also a reaction that can be catalyzed with bifunctional catalysts like ours®.

Fabrication of bifunctional catalysts with a different metal site but
still with sulfonated carbon supports could also be very interesting. Other
metals such as Ni, Pd or Pt are widely used for catalytic applications in
combination with acids. For example, Pt nanoparticles supported on
sulfonated mesoporous silica has been used to transform acetaldehyde and
acetic acid into ethyl acetate through a combined, one-step
hydrogenation/esterification*?. In another work, Pd and Pt supported on
zeolites have been used in the reductive amination of carbonyl
compounds™Y. Utilization of supported Ni or W catalyst in the presence of H;
can lead to the C-C bond cleavage of glucose to glycols*?. For example, Ni
supported on metal oxide support has favored the formation of
1,2-alkanediols (such as ethylene glycol, 1,2-propanediol or 1,2-butanediol)
from cellulose!™l. All the reactions cited above could be studied with
bifunctional catalysts composed of the corresponding metal nanoparticles
supported on sulfonated carbons. Although sulfur is known to poison these

metals, it has been shown in this work that bifunctional catalysts can still
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display better activity than corresponding monometallic ones despite the
potential poisoning, thanks to an optimized synthesis method.

Compartmentalization of the bifunctional catalysts could be an
excellent way to avoid poisoning of the Ru by the sulfur. The idea would be
to have a carbon material functionalized by sulfonic acid moieties covered by
a mesoporous silica layer on which Ru nanoparticles would be deposited. The
covering of carbon materials by a mesoporous silica layer has been
developed in our team by Tommy Haynes[**.. The silica layer would avoid the
proximity between Ru and S and would prevent the poisoning effect. As the
silica layer presents mesopores, substrates could diffuse to the acidic
functions on the carbon core to be hydrolyzed. Hydrogenation reactions
would be performed by the Ru at the surface of the silica layer. This kind of
system would be difficult to apply for bulky substrates such as cellulose
because of the need to diffuse through the silica layer porosity but it could
be interesting for smaller molecules that can be hydrogenolyzed. This is
particularly true in the field of biomass valorization because the conditions
are highly demanding for the catalytic materials and in this way at least one
of the two active sites would be protected from deactivation.

In this project, it has additionally been shown that nitrogen doping
of the carbon materials is enhancing the Ru activity when these N-doped
carbons are used as supports. However, this doping has not been used in the
fabrication of bifunctional acidic catalysts. It would be interesting to make
fully integrated catalysts supported on N-doped carbons to see if there can
be a further improvement of the catalytic activity in comparison with the
metal/acidic bifunctional catalysts. The main issue that could appear with
this type of catalyst would be that sulfonic functions hide (or limit the
accessibility to) the nitrogen functions and that no performance amelioration

could be witnessed. However, if such a “tri”functional catalyst could be
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prepared, one could take advantage of a solid presenting both acidic and
basic sites on neighboring locations, together with redox-active
nanoparticles, opening even more doors in terms of versatility for

applications in biomass valorization reactions.
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Chapter VII. Experimental section

VIl.1 Reagents and materials

The activated coal (AC; SX+ type) was obtained from NORIT, and
sieved to keep only the fraction with granulometry below 50 um. The
reduced graphene oxide N002-PDR (RGO) was obtained from Angstron
Materials. The multi-walled carbon nanotubes (MWCNT) were obtained
from Nanocyl (Belgium) (NC 7000 Thin MWCNTSs, 95+% C purity). The carbon
black (CB) was obtained as 250 G type from IMERYS GRAPHITE & CARBON.
The carbon nanofibers (CNF; LHT and LHT-OX type) were obtained from
Applied Sciences Inc (USA). The graphene nanoplatelets (GNP; M15 and C750
types) were purchased from Sigma-Aldrich. Thionyl chloride, urea, nitric acid
(HNOs), ethylenediamine, sulfanilic acid (99%), isopentyl nitrite (96%),
ruthenium (Ill) chloride hydrate (Ru content around 42 %), sodium carbonate
(NazC0s), sodium borohydride (NaBH.), hydrogen peroxide (H,0,) (30% w/w
in water), glucose, mannitol, xylitol, sorbitol, D-(+)-cellobiose (>99%),
cellulose (reference C6288, crystalline and high purity) and cellulose
(microcrystalline, Avicel PH-101) were also supplied by Sigma-Aldrich and

used as received.

VII.2 Syntheses

VII.2.1 Ru deposition

NaBH; method: 300 mg of carbon support was dispersed in 100 mL
of Na,COs solution (2.5 wt. %) and was stirred during 15 minutes. As 3 wt. %
of Ru loading on the support is targeted, 22.1 mg of RuCl; hydrate dissolved
in 20 mL of demineralized water was added to the dispersion and stirred for
20 minutes. After that, 5 g of NaBH4 in 20 mL of demineralized water were

added at once to the dispersion and the mix was stirred during 2 hours.
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Finally, the solid was filtrated out, washed extensively with demineralized
water and oven dried overnight.

Urea method: 150 mg of urea was dissolved in 100 mL of a
demineralized water dispersion containing 250 mg of carbon support. As
3 wt. % of Ru loading on the support is targeted, 18.4 mg of RuCl; hydrate
was then added. After one hour stirring, the heating was turned on and fixed
at 120 °C (urea starts to decompose at 90 °C) and the solution remained at
this temperature for one hour before cooling down. Then, at room
temperature, 2 g of sodium formate were added and the solution was left
under agitation for one hour. After that, the solution was set to 130 °C
(formate degradation temperature) for one hour. Then, the solution was left
at room temperature under agitation overnight. Following this, the solid was
filtrated out, washed extensively with demineralized water and oven dried
overnight. Finally, the solid was heat-treated under reductive atmosphere in
order to obtain the desired particles size (Alphagaz mix: 5% H2/ 95% Ar) at
400 °C or 600 °C for two hours following the temperature program below:

a. Temperature rising at 100 °C/h to the desired temperature
(400 °C/600 °C).

b. Two hours plateau at the desired temperature

c. Temperature decrease at 100 °C/h to room temperature.

Pre-formed RuO; method: Colloidal suspension of RuO; was
synthesized via slow hydrolysis/condensation of RuCl; hydrate by using H,0,
as oxidizing agent. It was adapted from a literature procedurell. In order to
have 1 wt.%, 3 wt.% or 5 wt.% of Ru on the carbon support, 24.1 mg, 73.6 mg,
125.3 mg of RuCls was respectively added to 40 mL of demineralized water
(solution A) and 1 mL of H,0, was added to 20 mL of demineralized water
(solution B). Solution B was added drop by drop to solution A. The final

mixture was agitated during 5 minutes. After that, the glass berlin capped by
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an aluminum foil containing the mixture was placed in an oven at 95 °C for
2h. The solution was cooled down at room temperature and added to 1 g of
AC. The dispersion was agitated during 30 minutes. The solid was recovered
by evaporation of the solvent in a rotavapor, at 60°C under reduced pressure,

and it was dried overnight at 100 °C.

VII.2.2 Acidic functionalization

The carbon functionalization was carried out by a diazonium coupling
method (Scheme 1)1 Typically, 1 g of carbon powder was dispersed in 60 mL
distilled water. 1.5 g of sulfanilic acid were added and the suspension was
stirred at 70 °C during 10 minutes. The suspension was cooled down at 30 °C
before adding 1.2 mL of isopentyl nitrite. The mixture was stirred during 16h.
Then the solid was filtered out and washed with distilled water and ethanol.

The resulting material was dried overnight at 100 °C.

)\/\ N
0" So

+C < >
+ —_— N77N+—< >—503H —
_N2
HZNOSOSH

Scheme 1: Diazonium coupling on carbon materials for sulfonic acid grafting

SO4H

Carbon

SO4H

Heat treatment: Catalysts were treated thermally at different
temperatures to change the amount of surface sulfonic functions. In order to
do that, solids were placed in a tubular oven and heated under N, to 200 °C,
300 °C or 400 °C with an increase of temperature of 100 °C / h. When the
targeted temperature was reached, it was maintained during 2 h before

being decreased to room temperature.

VII.2.3 Nitrogen doping

Urea method: 1 g of carbon support was dispersed in an alcoholic
solution (20:80 water/ethanol) containing 1 g of urea in a round-bottom flask
and was stirred for 4 h. The solvent was then evaporated using a rotavapor

and the resulting solid was oven dried overnight at 100 °C.
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The solid was then heat-treated in a furnace under inert atmosphere
(N2 or Ar) following the temperature program below:

a. Temperature rising at 100 °C/h to the desired temperature
(500 °C/ 700 °C/ 900 °C).

b. Two hours plateau at the desired temperature.

c. Temperature decrease at 100 °C/h to room temperature.

Ethylenediamine method: 1 or 2 g of support was dispersed in
respectively, 100 mL or 200 mL of HNOs solution (2.5 mol/L) in a three-neck
round-bottom flask. The suspension was then heated under reflux and
agitation at 105 °C. After 24h, the mixture was filtrated on a Blichner and
extensively washed with water until constant pH. Finally, the resulting solid
was oven dried overnight at 100 °C.

The oxidized support was dispersed in 100 mL of toluene in a three-
neck round-bottom flask. 6 mL of pure thionyl chloride were then added
using a 12 mL syringe and the suspension was heated under reflux and
agitation at 110 °C. After 5 hours, the mixture was filtrated and extensively
washed with 500 mL of toluene. The resulting solid was then oven dried
overnight at 100 °C.

The chlorinated support was dispersed in a mixture of 70 mL toluene
and 30 mL ethylenediamine in a three-neck round-bottom ask. The
suspension was then heated under reflux and agitation at 110 °C. After 24h,
the mixture was filtrated and washed extensively with ethanol. The resulting
solid was then oven dried overnight at 100 °C.

The solid was then heat-treated in a furnace (Carbolite STF 16/-/450)
under inert atmosphere (N2) following the same temperature program than

above with a targeted temperature of 700 °C or 900 °C.
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VII.2.4 Heat-treatment

All  heat-treatments have been conducted in a furnace
(Carbolite STF 16/-/450) under either inert atmosphere (N2) or reductive
atmosphere (Alphagaz mix: 5% H2/ 95% Ar) with solids in a ceramic crucible
following the temperature program below:
a. Temperature rising at 100 °C/h to the desired temperature
b. Two hours plateau at the desired temperature.

c. Temperature decrease at 100 °C/h to room temperature.

VII.2.5 Catalytic tests

The tests were carried out in a 300 mL stainless steel Parr autoclave.
1 g of glucose / cellobiose / starch / cellulose was added to a certain mass of
catalyst (20 mg / 150 mg / 300 mg) in 120 mL of mQ water. These testing
conditions were based on precedents in the literature B'4. The low
cellobiose concentration ensures absence of diffusional limitations. Then,
the autoclave was sealed and the system was purged three times with
nitrogen and heated up under autogenic pressure of N, for the hydrolysis
tests and under H, pressure (30 or 40 or 50 bar) for the hydrogenation tests
(this pressure is set when the temperature is reached). At the controlled
temperature, the agitation was started at 1700 rpm for several hours. After
this fixed duration of catalytic test, the system was then cooled down to
room temperature and the solution was filtrated. The solid catalyst was
washed and dried. The filtrate was then diluted to 250 mL with mQ water
and analyzed by HPLC. For kinetic studies, at various time intervals, liquid
samples were taken and two times diluted with mQ water before analyzing
it similarly. The pressure within the autoclave was brought back to 30 bar of
N, or H; after each sampling.

HPLC analyses were performed with a Waters system equipped with

Waters 2414 refractive index (RI) detector (detector temperature = 30 °C).
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Two columns were used. The first one is a Carbohydrate Transgenomic
CarboSep CHO682 column, with mQ H20 (18 MQ.cm at 25 °C) as eluent, a
flux of 0.4 mL/min, a column temperature of 80 °C and 20 L of injected
volume. The second one is an Aminex HPX 87C column, with mQ H20
(18 MQ.cm at 25 °C) as eluent, a flux of 0.5 mL/min, a column temperature
of 85 °C and 25 pL of injected volume.

The conversion of cellobiose was calculated as follows:

) ) n cellobiose converted
Cellobiose conversion (%) = —— - * 100
initial n cellobiose

The selectivity in glucose was calculated as follows:

n glucose produced

Selectivity in gl %) = 100
electivity in glucose (%) 2 * (n cellobiose converted) *
The selectivity in sorbitol was calculated as follows:
L ) n sorbitol produced
Selectivity in sorbitol (%) = 100

%
2 * (n cellobiose converted)
The selectivity in cellobitol was calculated as follows:

L ) n cellobitol produced
Selectivity in cellobitol (%) = - * 100
n cellobiose converted

The yield in glucose from cellobiose was calculated as follows:

Yield in al (%) n glucose produced 100
= E3
resd m gtucose L/ 2 * initial n cellobiose

The yield in sorbitol from cellobiose was calculated as follows:

) ) ) n sorbitol produced
Yield in sorbitol (%) = —— - * 100
2 * [nitial n cellobiose

For the catalytic reaction on cellulose substrate, the formulae are slightly
different.
The conversion of cellulose was calculated as follows:

Cellulose conversion (%)

(initial cellulose mass — recovered cellulose mass) 100
= *
initial cellulose mass

The selectivity in glucose was calculated as follows:
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L n glucose produced
Selectivity in glucose (%) = (1 cellulose converted) * 100

The selectivity in sorbitol was calculated as follows:

L . n sorbitol produced
Selectivity in sorbitol (%) = (n cellulose converted) * 100

The selectivity in xylitol was calculated as follows:

n xylitol produced 100

Selectivity in xylitol (%) = (n cellulose converted) i

The selectivity in mannitol was calculated as follows:

L ) n mannitol produced
Selectivity in mannitol (%) = (n cellulose converted) * 100

The yield in glucose from cellulose was calculated as follows:

) ) n glucose produced
Yield in glucose (%) = —— * 100
initial n cellulose

The yield in sorbitol from cellulose was calculated as follows:

, ) ) n sorbitol produced
Yield in sorbitol (%) = rial ncellulose 100

VII.3 Characterization methods

VIl.3.1 Boehm titrations

Boehm titration method was used to evaluate the catalysts acidity
and basicity®®. NaOH solutions were prepared by dilution of Titrisol
ampoules (VWR) containing precise and known quantities of sodium
hydroxide. HCI solutions were prepared by the dilution of concentrated
hydrochloric acid. The HCI concentrations were determined by titration with
the standard NaOH solutions. These solutions were prepared with mQ water
that had been previously decarbonated by nitrogen flushing.

For titrating the acid groups, 60 mg of sample were dispersed in
30 mL of NaOH 0.01 mol/L and the solution was decarbonized for one hour

under Ar flux. The mixture was then agitated for 23 h under Ar atmosphere.
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The suspension was then filtrated and two times 10 mL of the resulting
filtrate were back-titrated, under Ar flux, using the HCI 0.005 mol/L solution.
The indicator used is phenolphthalein. The amount of acid functions on the
catalyst is determined by calculating the difference between the initial
amount of NaOH and the amount of NaOH titrated by the HCI.

For titrating the basic groups, 60 mg of sample were dispersed in
30 mL of HCl 0.01 mol/L and the solution was decarbonized for one hour
under Ar flux. The mixture was then agitated for 23 h under Ar atmosphere.
The suspension was then filtrated and two times 10 mL of the resulting
filtrate were back-titrated, under Ar flux, using the NaOH 0.005 mol/L
solution. The indicator used was phenolphthalein. The amount of basic
functions in the catalyst was determined by calculating the difference
between the initial amount of HCl engaged and the amount of remaining HCI

after 24 hours, titrated by the NaOH.

VII.3.2 X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out at room temperature with a
SSI-Xprobe (SSX 100/206) photoelectron spectrometer from Surface Science
Instruments (USA), equipped with a monochromatized microfocus Al X-ray
source. Samples were stuck onto small sample holders with double face
adhesive tape and then placed on an insulating ceramic carousel
(Macor®, Switzerland). Charge effects were avoided by placing a nickel grid
above the samples and using a flood gun set at 8 eV. The binding energies
were calculated with respect to the C-(C, H) component of the Cls peak fixed
at 284.4 eV. Data treatment was performed using the CasaXPS program (Casa
Software Ltd.,, UK). The peaks were decomposed into a sum of
Gaussian/Lorentzian (85/15) after subtraction of a Shirley-type baseline.

The depth of the XPS analyses can be determined as follow: 63 % of

the signal originates from a layer of thickness equal to A cos(8), 86 % from a
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layer of thickness 2\ cos(8), and 95 % from a layer of thickness 3\ cos(8).
As the carbon supports we are using have a low density, the inelastic mean
free path (A) is around 3.5 nm. During our analyses, 8 was equal to 55°.
Therefore, we can conclude that 63 % of the signal originates from the first 2
nm, 86 % from a depth of 4 nm, and 95 % of the signal comes from 6 nm

depth.

VII.3.3 Transmission electron microscopy (TEM)

TEM analyses have been conducted as follows. The powder samples
were suspended in hexane under ultrasonic treatment, then a drop of the
supernatant was deposited on a holey carbon film supported on a copper
grid (Holey Carbon Film 300 Mesh Cu, Electron Microscopy Sciences) which
was dried overnight under vacuum at room temperature before analysis. The
images were obtained on a LEO 922 OMEGA energy filter transmission
electron microscope. TEM analyses have been partially carried out by Tommy

Haynes.

VII.3.4 High resolution transmission electron microscopy (HR-TEM)

HR-TEM analyses have been carried out on a JEOL 2100 FEG S/TEM
working at 200 kV voltage, equipped with a probe corrector for spherical
aberrations. For these measurements, samples were dispersed in an ethanol
solution and a drop of each suspension was deposited on a copper grid
covered with a holey carbon membrane. These analyses have been carried
out by Walid Baaziz, working with Prof. Ovidiu Ersen at Institut de physique
et de chimie des Matériaux de Strasbourg (IPCMS).

VII.3.5 Scanning transmission electron microscopy (STEM) and
Energy dispersive X-ray (EDX)

STEM analyses have been carried out on a JEOL 2100 FEG S/TEM by

using a spot size of 0.13 nm with a current density of 140 pA and a camera
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focal distance of 8 cm, corresponding to inside and outside annular detector
diameters of 73 and 194 mrad. EDX mapping has been performed using a
JEOL Silicon Drift Detector (SDD) with sensor size of 60 mm?. These analyses
have been carried out by Walid Baaziz, working with Prof. Ovidiu Ersen at

Institut de physique et de chimie des Matériaux de Strasbourg (IPCMS).

VII.3.6 X-ray crystallography (XRD)

Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature on a Siemens D5000 diffractometer equipped with a Ni filter
using CuKa radiation (BraggBrentano geometry) operated at 40 kV and 40
mA. Diffractograms were taken between 5° and 80° (28) with a step size of
0.02° (26).

The crystallite size (d) can be determined as a function of peak
width (B), peak position (28) and wavelength of the incident X-ray beam (A),

according to Scherrer’s equation:
0942
B cos (6)
where B is obtained as the full width at half maximum intensity (FWHM) of

selected X-ray diffraction peak.

VII.3.7 Temperature programmed desorption (TPD)

TPD-CO, analyses were performed on Hiden Catlab reactor
combined with a QGA Hiden quadrupole mass spectrometer. During the first
stage, the sample was heated to 850 °C at 10 °C/min under an inert flux of
argon at 50 mL/min. Then, the temperature was maintained for two hours
after which it is let to cool down to 60 °C. Carbon dioxide was then injected
with argon (CO2/Ar: 15/85) at 30 mL/min additionally to the first argon inlet.
Then comes the second stage: carbon dioxide inlet was stopped and only

argon flows at 50 mL/min through the sample at 60 °C for one hour. Next,
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the sample was heated again from 60 °C to 800 °C at 10 °C/min in flowing
argon.

TPD-NH;3 analyses were performed on Hiden Catlab reactor
combined with a QGA Hiden quadrupole mass spectrometer. Samples were
pretreated under Ar (30 ml/min, 5.0 AirLiquide) at 200 °C during two hours
to remove all the water before the analysis. NH3 adsorption was performed
at 70 °C during 1 hour by flowing a mixture of Argon (20 ml/min) and 5% NH;
in He (10 ml/min). The catalyst was then flushed in Ar (30 ml/min) during
2 hours and then, the NH;3 desorption measurement was performed under

Ar (30 ml/min) from 70 to 600 °C (heating rate of 10 °C /min).

VII1.3.8 Total organic content (TOC)

Total organic content (TOC) analyses have been performed in the
MOCA platform at UCLouvain on solutions after catalytic test by using a
Shimadzu TOC-L analyzer with a ASI-L autosampler using the combustion

catalytic oxidation method at 680 °C.

VII.3.9 Inductively coupled plasma (ICP)

To evaluate ruthenium content, ICP analyses have been conducted
in the MOCA platform at UCLouvain on a Thermo 6000 series Duo, with axial
and radial measurement modes. The sample is first burnt to eliminate the
carbon that can cause interferences. Then, ruthenium is mineralized by

sodium peroxide (Na;0,) and analyzed by ICP method.

VII.3.10 BET specific surface area

The textural characteristics of the different carbon supports was
characterized by nitrogen adsorption—desorption isotherms. The
measurements were achieved by using a Micromeritics ASAP 2020 analyzer
at-196 °C. Before analysis, the samples (0.02 - 0.10 g) were degassed for 10 h
at 200 °C with a heating rate of 10 °C/min under 0.133 Pa pressure. The

analysis of the isotherms provided specific surface areas calculated with the
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Brunauer-Emmett-Teller (BET) equation. Linearization has been done with
relative pressure P/Po between 0.06 and 0.2 and the C constant has been

positive for all samples.
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S1. Catalytic tests repeatability

The confidence interval has been determined for each Chapter based

on several tests conducted with the same catalyst in the same conditions.

Table 1: Repeatability of catalytic tests for Chapter Il; results from the hydrogenation of
glucose into sorbitol at 140 °C under 30 bar of H, during 2 h with 20 mg of catalyst
(Ru 3 wt. %) and 1 g of glucose; The estimated confidence interval on glucose conversion
and sorbitol selectivity is 7 %

Catalyst Conversion (%) Sorbitol selectivity (%)  Yield in sorbitol (%)
Ru (3 wt. %) / LHT 30 70 21
Ru (3 wt. %)/ LHT 40 80 32

Table 2: Repeatability of catalytic tests for Chapter Ill; conversion of 1 g of cellobiose and
selectivity into glucose, cellobitol and sorbitol and yield in sorbitol after 6 hours (160 °C;
1700 rpm; 30 bar H;; 20 mg of catalyst); The estimated confidence interval on each value is
5%

Selectivity Selectivity Selectivity  Yield in

Catalyst COI"I\(I;I)‘SIOFI in glucose in cellobitol in sorbitol sorbitol
) (%) (%) (%) (%)
Ru / N-doped AC 100 1 31 66 66
Ru / N-doped AC 97 2 38 60 58

Table 3: Repeatability of catalytic tests for Chapter IV; Conversion of cellobiose and
selectivity in glucose (N; autogenic pressure; 150 °C; 2h; 1700 rpm; 1g of cellobiose; 300 mg
of catalyst); The estimated confidence interval on cellobiose conversion and glucose
selectivity is 4 %

Catalyst Conversion (%) Selectivity in glucose (%)
SOsH/AC (15t run) 81 96
SOsH/AC (2 run) 67 97
SOsH/AC (3 run) 50 95
SO3H/AC (4th run) 54 95
SOsH/AC (5t run) 42 97
SO3H/AC (15t run) 85 98
SO3H/AC (27 run) 64 99
SOsH/AC (3 run) 55 99
SO3H/AC (4th run) 63 98
SO3H/AC (5 run) 50 98
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Table 4: Repeatability of catalytic tests for Chapter V for cellobiose transformation into
sorbitol; Cellobiose conversion, selectivity in glucose, cellobitol and sorbitol, yield in sorbitol

(150 °C, 30 bar of H,, 2h, 150 mg of catalyst); The estimated confidence interval on cellobiose
conversion and selectivities is 3 %

Selectivity Selectivity Selectivity Yield in

Catalyst Conv;rswn in glucose in cellobitol in sorbitol sorbitol
o) (%) (%) (%) (%)
RuO; (5%) —
SOsH / AC 76 29 44 17 13
RuO; (5%) —
SOsH /AC 74 25 45 17 13
RuO; (5%) — pre-
treated 100 6 29 53 53
SOsH /AC
RuO; (5%) — pre-
treated 96 8 30 52 50
SOsH /AC

Table 5: Repeatability of catalytic tests for Chapter V for cellulose transformation into
sorbitol; Cellulose conversion, selectivity in xylitol, mannitol and sorbitol, yield in sorbitol
(190 °C; 2 h; 30 bar of Hz, 150 mg of catalyst, 1 g of ball-milled cellulose (300 rpm)); The
estimated confidence interval on cellulose conversion and selectivities is 5 %

Cellulose Xylitol Mannitol Sorbitol Sorbitol
Catalyst conversion selectivity selectivity selectivity yield
(%) (%) (%) (%) (%)
RuO; (5%) — pre-treated
7 21
SOsH / AC 0 3 5 30
RuO; (5%) — pre-treated
SOsH /AC 62 9 8 23 14
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S2. List of molecules injected in HPLC

Table 6: List of molecules injected in HPLC

Molecule Supplier and purity Observed in catalytic tests
Arabinose Sigma-Aldrich - 2 99 % X
Dulcitol Sigma-Aldrich - 2 99 % X
Erythritol Sigma-Aldrich - 299 % X
Fructose Sigma-Aldrich - 299 % v
Galactose Sigma-Aldrich - 299 % X
HMF Sigma-Aldrich - 99 % X
Lactitol Sigma-Aldrich - 98 % X
Maltose Sigma-Aldrich - 99 % X
Mannose Sigma-Aldrich - 299 % X
Mannitol Sigma-Aldrich - > 98 % v
Sucrose Sigma-Aldrich - >99.5 % X
Xylitol Sigma-Aldrich ->99 % v
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$3. TPD analyses of pristine and N-doped GNP
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Figure 1: CO; flow as a function of the temperature for GNP-C750 and N-doped GNP

207



Supporting Information

S4. XPS analyses of final catalysts

Table 7: Pristine and N-doped supports with Ru nanoparticles heat-treated under reductive
atmosphere

Catalyst Ru (at. %) Ruspz/2 (eV)
Ru / pristine AC 1.91 461.9
Ru / EDA-AC 1.53 461.6
Ru / N-doped AC 0.83 461.7
Ru / pristine GNP 1.55 461.9
Ru / N-doped GNP 1.76 462.0
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S5. XPS analysis of the used Ru / N-doped GNP catalyst
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Figure 2: N1s peaks (in blue: amine; in orange: pyridine/pyrrole) from XPS analysis of Ru /
N-doped GNP after three catalytic tests
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S6. TEM image of the used Ru / N-doped GNP catalyst

doped GNP after 3 catalytic tests

TEM image of Ru / N-

3

igure

Fi

210



Supporting Information

S7

. XPS S, spectra for all carbon materials before and after

functionalization
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Figure 4: S;, XPS peak for RGO and functionalized RGO samples
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Figure 5: Sy, XPS peak for SX+ and functionalized SX+ samples
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Figure 6: Sz, XPS peak for CB and functionalized CB samples
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Figure 7: Sy, XPS peak for GNP-M15 and functionalized GNP-M15 samples
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Figure 8: Sy, XPS peak for GNP-C750 and functionalized GNP-C750 samples
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Figure 9: Sy, XPS peak for LHT-OX and functionalized LHT-OX samples
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Figure 10: Sy, XPS peak for MWCNT and functionalized MWCNT samples
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$8. XPS Nis and Cis analyses for representative carbon samples
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Figure 11: N;s peak measured by XPS for pristine and functionalized SX+ before and after
catalytic test
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Figure 12: C;; peak measured by XPS for pristine and functionalized GNP-C750
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S9. NHs-TPD analyses for each support with and without

functionalization
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Figure 13: NH; flux as a function of temperature for MWCNT and functionalized MWCNT
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Figure 14: NH; flux as a function of temperature for CB and functionalized CB
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Figure 15: NH; flux as a function of temperature for GNP- M15 and functionalized

GNP-M15
NH; TPD
2,56+17
SO3H/SX+
= 2E+17 K+
~N
S
2
o
€ 1,56+17
x
=
fre=
8 1E+17
c
()
€
€
< 5E+16
0
0 100 200 300 400 500 600

Temperature (°C)

Figure 16: NH; flux as a function of temperature for SX+ and functionalized SX+
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Figure 17: NH; flux as a function of temperature for RGO and functionalized RGO
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$10. SO; signal followed by MS during NHs-TPD analysis
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Figure 18: SO, signal followed by MS during the NH3-TPD analysis of functionalized
GNP-M15
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Figure 19: SO, signal followed by MS during the NH3-TPD analysis of functionalized CB
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Figure 20: SO, signal followed by MS during the NHs-TPD analysis of functionalized MWCNT
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Figure 21: SO, signal followed by MS during the NH3-TPD analysis of functionalized SX+
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Figure 22: SO; signal followed by MS during the NH3-TPD analysis of functionalized RGO
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S11. Kinetic curves for bifunctional catalysts prepared with

different SOsH heat-treatments
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Figure 23: Kinetic curves for the transformation of cellobiose into sorbitol with three
catalysts: RuO; (1 wt.%) — SO3H treated at 200°C
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Figure 24: Kinetic curves for the transformation of cellobiose into sorbitol with three
catalysts: RuO; (1 wt.%) — SOsH treated at 300°C
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Figure 25: Kinetic curves for the transformation of cellobiose into sorbitol with three
catalysts: RuO; (1 wt.%) — SOsH treated at 400°C / SX+
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$12. Conversion of cellobiose, selectivity and yield in sorbitol
corresponding to the kinetic curves in main text in Chap V

(Figure V-2)

Table 8: Results of the kinetic study for the hydrogenolysis of cellobiose with
RuO; (5 wt.%) / AC; Cellobiose conversion, selectivity in glucose, cellobitol and sorbitol,
yield in sorbitol (150°C, 30 bar of H,, 150 mg of catalyst)

Cellobiose Glucose Cellobitol Sorbitol Sorbitol
Time (min) conversion selectivity  selectivity selectivity yield
(%) (%) (%) (%) (%)
60 100 2 58 16 16
130 100 3 48 22 22
360 100 3 31 28 28
1440 100 0 0 28 28

Table 9: Results of the kinetic study for the hydrogenolysis of cellobiose with
RuO; (5 wt.%) — pre-treated SOsH / AC; Cellobiose conversion, selectivity in glucose,
cellobitol and sorbitol, yield in sorbitol (150°C, 30 bar of H,, 150 mg of catalyst)

Cellobiose Glucose Cellobitol Sorbitol Sorbitol
Time (min) conversion selectivity  selectivity selectivity yield
(%) (%) (%) (%) (%)
60 84 6 50 26 22
120 88 6 48 31 27
360 91 6 47 39 35
1440 100 0 5 68 68

224



Supporting Information

$13. Cis and Rusq peaks from XPS analyses for different AC

supported catalysts
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Figure 26: C3; and Rusq peaks from XPS analysis of RuO; (5 wt. %) / AC catalyst
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Figure 27: C3s and Rusq peaks from XPS analysis of RuO; (5 wt. %) — pre-treated SOsH / AC
catalyst
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Figure 28: C1s and Rusg peaks from XPS analysis of RuO; (5 wt. %) / AC catalyst after 5 runs
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Figure 29: C;; and Rusqy peaks from XPS analysis of RuO; (5 wt. %) — pre-treated SO3H / AC

cata

lyst after 5 runs
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S$14. Atomic percentages of Cis and Rusgq determined by XPS
analyses of monofunctional and bifunctional catalysts loaded

with 3 wt.% of Ru

Table 10: Atomic contents in C and Ru for RuO; (3 wt.%) / AC and RuO; (3 wt.%) — pre-treated
SOsH / AC

Catalyst Cis(at. %)  Rusqg (IV) (at. %)  Rusq (0) (at. %)
Ru0; (3%)/AC 73.4 4.4 0.4
Ru0; (3%) -

4 . .
pre-treated SOsH / AC >9 >3 0.6
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S$15. HR-TEM, STEM and EDX mapping analyses for
monofunctional and bifunctional catalysts, before and after

catalytic reaction
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Figure 30: HR-TEM, STEM and EDX mapping analyses for RuO, (5%) / AC before catalytic
test
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Figure 31: HR-TEM, STEM and EDX mapping analyses for RuO; (5%) — pre-treated SOsH / AC
before catalytic test
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Figure 32: HR-TEM, STEM and EDX mapping analyses for RuO; (5%) / AC after 5 runs
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Figure 33: HR-TEM, STEM and EDX mapping analyses for RuO; (5%) — pre-treated SOsH / AC
after 5 runs
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