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Abstract

The epic challenge of the 21st century is filling the gap between energy, fuels and chemicals
supplies and demands with clean, reliable and inexpensive resources. To this end, the main
challenge of the thesis is the promotion of sustainable policies that spur economic growth and
environmental protection in a global context, particularly in terms of reducing greenhouse-gas
emissions that contribute to climate change. Using biomass as a resource can assist at meeting the
proposed policies for a safe, green, and sustainable future. Therefore, this thesis took the
advantages of different micro-mesoporous heterogenous catalysts for valorization of different
biomass-derived model compounds to valuable biochemicals. The first step of research focused
on using the carbohydrate fraction of lignocellulosic biomass (glucose and cellulose) and their
conversion to levulinic acid over ion-exchanged ZSM-5 zeolite prepared by different techniques
and ions, HMS mesoporous silica and their composites as the catalysts. Among all ion-exchanged
ZSM-5 catalysts, microwave assisted solid state ion-exchange of ZSM-5 using Cu(ll) as the ion
could provide balanced and low density of acid site and the highest catalytic performance in
glucose conversion to levulinic acid. The tailored morphological, textural features and acid
properties of CuZSM-5(60%)@HMS composite improved the formation of the highest yield of
levulinic acid from conversion of both glucose and cellulose. In addition, a further transformation
of levulinic acid to y-Valerolactone was studied over bifunctional Ni,Al/activated biochar based
catalysts. Aluminium precipitation technique could better improve weak Lewis acid site dispersion
and its better activity in dehydration step of the reaction. Among all catalytic supports, activated
biochar from tannery shaving waste and from vine wood waste acted as the best ones. The second
step of the work focused on essential oil fraction of lignocellulosic biomass (citronellal) and its
one-pot transformation to menthol over Ni/H-Beta based catalysts. 15 wt.% Ni on H-Beta-25
displayed the best synergy of the total concentration of acid sites, Lewis to Brgnsted acid sites
ratio, and metal loading and dispersion giving the best catalytic result. Therefore, the results
obtained from catalysts characterisation helped on providing a correlation between the chemical,
textural and morphological properties of the catalysts with their different efficiencies in the studied

reactions.
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Chapter 1. Introduction

The European and global energy and chemical vectors are speedily altering to meet the incremental
competition, social challenges, and the growing endeavor for a safe, green, and sustainable future.
Although fossil fuels will be charged for at the minimum next three decades, transition to new
technologies based on sustainable and renewable energy and chemical resources is viable for the
backbone of the future economic cycle. Several factors such as motivations for innovation, socio-
environmental value, resource guarantee, and greenhouse gas reduction would regulate the current
energy-chemistry nexus changes. Thus, the future scenario of refineries will be established by the

ongoing substitution of fossil fuel-derived products with the renewable outcomes [1].

1.1. Climate change mitigation and sustainable future by harnessing the energy,
fuels, and chemical resources’ transition

In 2017, it was reported that 22% of global GHG emissions was caused by industry [2]. Moreover,
the reports by the end of 2010 displayed that the majority of global GHG emission was affected
by fossil fuels consumption with an increment of more than 390 ppm concentration, being 39%
more than preindustrial levels [3]. Considering that chemical products are omnipresent in this
modern world, they come mostly from fossil resources and are the largest and third largest
industrial energy user and CO2 emitter, respectively [4]. In 2022, China has the highest level of
CO2 emissions, producing 11.535 gigatons of CO> emissions, followed by the United States with
5.107 gigatons. Italy with 0.33156 gigatons causes 0.87% of world total CO, emission (Figure 1.1)

[5].

One of the most prominent objectives and key concern of international climate debate has been the
management of global warming to not to exceed more than 2 °C [3]. Therefore, it is worthwhile to
reduce these dangerous emissions and meet the Glasgow COP26 UN conference (November 2021)
goal of achieving a net 55% reduction by 2050 compared to levels in 1990 [6]. In fact, every
technological development should be in-line with ending destitution and hunger, supplying safe,
clean and low-cost energy to everyone, and providing sustainable industrialization and flexible

infrastructure with progressive innovation [7].
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Figure 1.1. CO2 emission by country in 2022 reported by [5].

According to the European Environment Agency (EEA) estimation, greenhouse gas (GHG)
emissions saw a 31% of drop in 2020 compared to 1990. Indeed, European Member States went

beyond their 2020 emission reduction target of 20% (Figure 1.2).
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Figure 1.2. Historical trends and future projections of greenhouse gas emission [8].



To have a continuous emission decline, the European Council approved four significant aims by
2030 including: a) a further decline of 41% GHG emission in Europe; b) achieving to the minimum
27% consumption of renewable energy; c) the increment of energy efficiency up to 27%; and d)
reaching to the target of 10% electricity interconnection [9].

In addition, since the world is struggling with the issue of finite fossil resources, the path of
renewable resources’ utilization is going to be embarking for humanity [10]. Overall, to overcome
twin problems of non-renewable resources and climate change, there is a growing desire of rapid
and irreversible transition to energy and chemicals production by using effective and sustainable
approaches. The advantages of using sustainable technologies are in diminishing secondary waste,
being clean and sustainable, and having lower environmental impacts with mitigation of GHG
emission [3]. Biomass and biomass waste, solar, geothermal, hydroelectric, and wind are prone
and adaptable resources for valuable chemicals, fuels, domestic heating system and electricity
generation [10]. Among them, biomass might be a probable raw material for energy and fuel
industries and chemical production in several sectors such as polymers, agricultural,
pharmaceutical, and plasticizer. In addition, biomass can be a promising substitute for fossil-based
raw material due to two important facts: it has a short formation or regrowth time of even a few
months, and the CO> released from the usage of biomass can be consumed for its production

through natural photosynthesis processes [11].

1.2. Biomass as a green and renewable resource

Biomass is any organic substance coming from vegetal and animals’ origins, and can be obtained
from urban and industrial waste. The plants store the solar energy as chemical bonds through the
photosynthesis process. Animals and people get the chemical energy of the plants by consuming
them. The organic composition of biomass is affected by its origin and constitutes of 30-60%
carbon, 30-40% oxygen, with 5-6% hydrogen, and approximately 1% of nitrogen and sulfur, and
chlorines. In addition, inorganic elements, namely ash, are physically bounded to the biomass

structure and are mostly extractable by washing process [12].

Compared to fossil-based resources, biomass has been a significant energy, fuels and chemical
resource due to much shorter forming duration and reducing greenhouse gas emissions. Indeed,

CO:2 emitted from biomass utilization can be consumed through plant growing and hence no net



greenhouse gas influence could exist [13]. Wide variety of products can be obtained from biomass
such as gas fuels (H2 and CHya), liquid fuels (biodiesel, methanol, ethanol, and vegetable oil), solid
fuels (hydrocarbons and biochar), and valuable chemicals from various applications of thermal
and electricity energies, vehicle fuels, pharmaceutical, and cosmetic [14]. Importantly, petroleum
obtained from fossil resource has a higher H/C and lower O/C mol ratios and, hence, a higher
heating value compared to biomass derived feedstocks. Although biomass with high O/C mol
ratios needs an upgrading via removal of oxygen in the form of CO, CO> and H>O, this high ratio
could be beneficial in the inexpensive extraction of valuable chemicals compared to fossil

resources [15,16].

1.3. Biomass generations
Biomass is classified into four generations:

(a) First generation of biomass comes from food crops such as sugar, starchy crops, vegetable oil

with vegetal origin, and animal fat with animal origin.

(b) Second generation of biomass is non-edible plants and waste (agricultural, industrial, municipal
or domestic) consisting of the waste with vegetal origin such as wood, organic waste, and food
crop waste, and with animal origin such as leather tannery waste. Most of vegetal biomasses in

this generation are considered as the lignocellulosic biomass.
(c) Third generation comes from marine biomass like algae.
(d) Fourth generation derived from genetically and metabolically modified organisms.

Lignocellulosic biomass is one of the most plentiful and potential biomasses that represents a
promising source for biochemical and biofuel production. Lignocellulosic biomass comproses of
40-50 wt.% cellulose, 15-30 wt.% hemicellulose, 16-33 wt.% lignin and 1-10 wt.% extractive
materials such as essential oil. The chemical structure of lignocellulosic biomass is displayed in

Figure 1.3.
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Figure 1.3. Chemical structure of lignocellulosic biomass [17].

One-third of lignocellulosic biomass is cellulose, being a potential resource for fuels and chemicals
production [18]. Cellulose as a resistant fibrous material comes from cell walls of the plants and
is made of linear polymers of glucose monomers connected with -1,4 glycosidic ester bonds [19—
21]. Cellulose with crystal structure is not soluble in water, but it has various hydrogen bonds of
both intramolecular and intermolecular nature [22]. It was reported that native cellulose can have

an average molecular weight of ca. 100000 g/mol [23,24].

Hemicellulose or polyose is a heteropolysaccharide composed of uronic acid and different mono-
sugars such as D-glucose, D-mannose, D-galactose, L-arabinose, D-xylose, 4-Omethyl-D-

glucuronic acid, D-galacturonic acid, that are linked with B-1,4 bonds [25]. Hemicellulose has an
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amorphous structure that acts as a connective material for cellulose fibers. Moreover,

hemicellulose interacts with lignin functional groups and forms hydrogen bond with cellulose [26].

Lignin as a three-dimensional amorphous polymer is classified into three types of softwood,
hardwood and herbaceous plant lignin. Softwood lignin is made of coniferyl alcohol and coumaryl
alcohol. Hardwood lignin is composed of sinapyl, coniferyl and coumaryl alcohols. Herbaceous
plant lignin is formed from p-hydroxycinnamic acids and phenylpropane [27].

Wide variety of nonstructural extractive compounds with low molecular weight can be extracted
from lignocellulosic biomass using different techniques such as extraction with solvent and steam
distillation extraction. The extractive materials could be fats, essential oils, waxes, free fatty acids,
tannins, resins, terpenoids, gums, tropolenes, and volatile hydrocarbons. The extractive substances

in biomass are responsible for providing biological maintenance [28].

The feedstocks used in this study were mainly originated from second generation biomass of

vegetal origin and typically lignocellulosic structure.

1.4. Biomass valorization technologies

Several routes of biomass valorization are schematically presented in Figure 1.4. Hence, the
structure of initial biomass feedstock and the technology that is used for its valorization have
significant effects on the type and features of final bioproducts. The routes of biomass conversion

are:

1) Pretreatment: Biomass’ typical lignocellulosic groups have a rigid structure and the poly-sugars
in their structure can be hardly hydrolyzed. The cross-linking of lignin with cellulose and
hemicellulose importantly can diminish the enzyme or acid interaction with them limiting their
hydrolysis to mono-sugars and their further conversion to valuable chemicals and fuels. In
addition, sometimes lignocellulosic biomass is interesting due to the presence of a prominent
essential oil inside for use in cosmetic and pharmaceutical applications. Thus, several pretreatment
techniques were studied to facilitate the extraction of proposed structure in biomass and improve
its biodegradability. The four main and common pretreatments are physical, chemical,

physicochemical and biological methods (Figure 1.4) [29,30].



2a) Thermochemical conversion: this route is a sort of thermal and chemical processes classified
to different methods. In pyrolysis, the decomposition of biomass happens at elevated temperature
and inert atmosphere, and three phases of the products including liquid product or bio-oil (gasoline,
jet fuel, biodiesel), gas product or biogas (Hz2, CH4, CO, CO), and solid product or biochar can be
obtained [31]. In gasification, four main steps of oxidation, drying, pyrolysis and reduction are
included for production of hydrogen [32]. In the liquefaction process, the decomposition of
biomass in liquid phase and inert atmosphere occurs following with the repolymerization of
obtained component to large oily components or liquid biofuels [33]. In hydrolysis route, the
hydrocarbons of lignocellulosic biomass (cellulose and hemicellulose) go under thermally
breakdown and depolymerization process in the presence of acid or enzyme and produce
oligosaccharides, mono-sugars, several other intermediate bio-chemicals and biofuels [34]. In the
combustion process, biomass is burned in the air and the generated heating energy leads to the
production of high-pressure steam from water. Then, the steam is used in turning turbines for

electricity generation.

2b) Biochemical conversion: in fermentation, the sugars of biomass transform into ethanol assisted
with yeast action. In anaerobic digestion, a mixture of biogas (H2, CO2and CH4) and ammonia are
produced. Although CHg is considered as the main product and prominent bioenergy source, this
process has not been satisfactory due to economic issues [35]. Besides pyrolysis, gasification, and
anaerobic digestion, the photobiological method is another route for hydrogen production.

2c) Chemical conversion: in transesterification, the oil extracted from biomass reacts with alcohol
(methanol or ethanol) in the presence of acid or base catalyst and produces biodiesel [36].

10
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Figure 1.4. Biomass valorization technologies.

In this study, two main routes of lignocellulosic biomass valorization were studied for production
of valuable biochemicals and biofuels. In the first section, cellulose as a polymeric carbohydrate
in lignocellulosic biomass and its monomer glucose were selected as the target feedstocks and their
catalytic valorizations to levulinic acid (LA) and y-Valerolactone (GVL) were studied. The
mentioned feedstocks in this study were used as model compounds. In particular, cellulose derives
from pretreatment of lignocellulosic biomass which significantly helps in decreasing the rigid
interaction between carbohydrates and lignin in the complex structure of biomass. Hence, the
cellulose acid hydrolysis to glucose and other biochemicals would be facilitated. In the second
section of the study, citronellal (CAL), a prominent essential oil, was selected as the model
feedstock and its catalytic conversion to menthol (ME) was focused. CAL oil can be obtained from

hydrogenation of citral, which is an essential oil in the lemongrass (Cymbopogon) lignocellulosic

11



plant. Citral can be extracted from lemongrass using different treatments such as steam distillation

extraction process. The two main routes of the work are schematized in Figure 1.5.

Cellulose Glucose LA
Pretreatment: Hydrolysis: Acid catalyzed Hydrogenation
Physical, chemical.  Acid hydrolysis conversion
physicochemical,
Lignocellulosic biological
biomass
Citral CAL
Pretreatment: Hydrogenation Cyclization and
Steam distillation Hydrogenation

extraction

Figure 1.5. Schematic representation of lignocellulosic materials conversion in the present study (note that the starting

substrates in this thesis are cellulose, glucose, LA, and CAL)

Therefore, the real aim behind this thesis is the investigation of different low-cost, efficient and
sustainable heterogeneous catalysts for valorization of bio-based model components to valuable
fuels and chemicals. In the last 50 years, heterogeneous catalysis has been one of the main reasons
for petrochemical industry development. Of course, the future biorefinery technologies and
renewable-based scenario would desire heterogeneous catalysis as a key factor for the production
of biofuels and platform chemicals [37]. Hence, this thesis concepts are divided into two parts
schematized in Figure 1.6. The first part is focused on the carbohydrate section of lignocellulosic
biomass typically cellulose and glucose and their conversion to LA and GVL. In the second part,
the essential oil fraction of lignocellulosic biomass namely CAL and its conversion to ME will be
studied.
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Figure 1.6. Schematic representation of all the developed topics of the thesis.
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To meet the represented concepts, four chapters will be reported in this thesis (Figure 1.6):

Chapter 2: In this chapter, transformation of glucose to LA was discussed over ion-exchanged
ZSM-5 zeolite. For modification of the ZSM-5 based catalysts, different ion-exchanges including
aqueous and solid microwave assisted techniques using different ions from fourth period of
periodic table were applied and the best catalyst in the aspect of suitable acidic, textural and
morphological properties for a better efficiency in the proposed reaction was selected.

Chapter 3: In this chapter, besides glucose, bulky cellulose was applied as the substrate for
production of LA. The best ion-exchanged ZSM-5 from chapter 1 was selected as the acid part of
the catalyst and to improve the surface area and porosity of the catalyst for increasing the mass
transfer of bulky substrate and products, HMS mesoporous silica was used. Different micro
mesoporous composites of ion-exchanged ZSM-5 and HMS were formulated and studied for the

proposed reaction.

Chapter 4: In this chapter, LA conversion to GVL was investigated over bifunctional Ni, Al-
biochar based catalysts. For formulation of catalysts, four different biomasses from vegetal and
animal origins were selected, pyrolyzed in an inert atmosphere, and physically activated in the
presence of CO» agent. The activated biochars were used as the support of catalysts and Al as a
Lewis acid site was introduced by wet impregnation and precipitation methods, while Ni as
hydrogenation active phase was incorporated to the support by wet impregnation technique. The
acidic, textural and morphological properties of the catalysts and their effects on efficiency of
proposed reaction was discussed.

Chapter 5: In this chapter, the essential oil fraction of lignocellulosic biomass namely CAL and its
conversion to ME over Ni/H-Beta zeolite-based catalysts was studied. The effects of different H-
Beta zeolite acidity and different Ni loading on the activity and selectivity of the catalysts in target

reaction were investigated.
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Chapter 2. Investigation of different ion-exchange techniques for
ZSM-5 zeolite as the catalyst of glucose conversion to levulinic acid

2.1. Introduction

2.1.1. Levulinic acid production from cellulose and glucose

Levulinic acid (LA) is a C5-alkyl carbon with linear chain that is named as gamma ketovaleric
acid or 4-oxopentanoic acid, and 3-acetylpropionic acid. It is a short chain fatty acid with
molecular formula CsHgOz [38]. The Biomass Program of the US Department of Energy in 2004
regarded LA as one of the top 12 most promising bio-based platform chemicals [39]. LA can be
considered as a potential chemical bridge between biomass and petroleum and an intermediate for
production of fuels and fuel additives such as ethyl levulinate, GVL, methyl tetrahydrofuran, and
a family of valerate esters [40-46]. Besides renewable biofuels, LA can be transferred to several
other chemicals for wide variety applications in industries such as in resins, solvents, chemical
intermediates, electronics, polymers, adsorbents, batteries, photography, plasticizers rubber, drug

delivery systems, cosmetics, pharmaceutical products, and textiles [47-58].

The market size of LA was around $27.2 million in 2019, and its annual growth rate (CAGR) has
been expected to be 8.8% for the forecast period of 2020-2030. The increase could be due to the
growing demand of LA derivatives in the end-use industries, enhancement of bio-based LA
production and commercialization. GFBiochemicals Ltd (Italy) acts as the largest LA producer

and a key LA market player which is based on biomass conversion [59,60].

Traditionally, LA had been produced from petrochemical conversion of maleic anhydride [54]. In
1840, for the first time LA was synthesized from acid hydrolysis of fructose as a biomass derived
feedstock by a Dutch Professor G. J. Mulde and that was the cause of the name, levulinic acid,
which came from the former term “levulose” for fructose [61]. However, the commercialization
of LA was prolonged to one century after due to the high cost of raw materials and equipment, low
yield and difficult recovery [62]. In the 1940s, LA had been commercially produced in the United
States by A. E. Staley, Dectur, Illinois. Meanwhile, cellulose as a low-cost material and its derived
hexoses were introduced as a potential feedstock for LA production. This could introduce a new
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option in the aspect of techno-economic evaluations for applying a suitable source of sugars and

overcome the barrier of high-cost raw materials [54,61].

Several renewable starting materials have been introduced for the synthesis of LA including raw
biomasses, polysaccharides, monosaccharides, furfural, and 5-hydroxymethyl furfural
intermediate (5-HMF). Polysaccharides including starch, cellulose, hemicellulose, and chitin, are
the main components of biomass. Their hydrolysis could lead to the formation of monosaccharides,
such as glucose and fructose [63]. In cellulose, glucose monomer units are related to p-1,4-
glycosidic bonds with large amount of intra and intermolecular hydrogen bonds in the chains. The
transformation of cellulose to glucose and other biochemicals through the hydrolysis of its strong
bonds is still a challenge for researchers. During hydrolysis of cellulose, the cleavage of B-1,4-
glycosidic bonds occur in the presence of a Bransted acid catalyst [64]. The conversion of glucose
to LA passes through several reactions and side reactions. The main and desirable reaction pathway
is isomerization of glucose to fructose which requires Lewis acid catalyst followed by dehydration
of fructose to 5-hydroxymethylfurfural (5-HMF) and rehydration of 5-HMF to LA and formic acid
(FA) using both Lewis and Brensted acid catalysts (Figure 2.1) [65]. However, in the presence of
high Bransted acid sites, glucose is more prone for direct dehydration to 5-HMF [66] and FA, and
fructose is more disposed to degradation into FA and humins [67]. The 5-HMF and consequently
LA yields from direct dehydration of glucose are lower due to the glucose's stable pyranoside ring
structure and having side reactions [68]. On the contrary, starting from isomerization of glucose
to fructose, higher 5-HMF and the LA yields can be produced from fructose [68—-72]. In addition,
it was reported that the reaction from glucose to LA can also path from furfuryl alcohol
intermediate to produce FA and LA in the presence of a high concentration of Brgnsted acid
catalyst. However, the pathway to 5-HMF intermediate is more favorable than to furfuryl alcohol
intermediate in the thermodynamical aspect [73]. Hence, it is also prominent to reveal reaction
pathways and limit the formation of byproducts particularly solid humins by optimization of the
acidity of the catalyst meaning the density, strength and type of the acid site and reaction
conditions. Humins are carbon-based macromolecular substances having furan-rich polymers with
various oxygen functional groups. Humins can lead to several problems such as reactor clogging,
increase of pressure, decrease of the heat transfer efficiency, deactivation of solid acid catalysts

and absorb 5-HMF, LA, carbohydrate, and homogeneous catalyst [65,74].
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Figure 2.1. Possible reaction pathway from cellulose to levulinic acid. (BAS: Brgnsted acid site; LAS: Lewis acid site)

The thermodynamic of the reaction from glucose to LA comprises a very weakly endothermic
isomerization of glucose to fructose with enthalpy change of ~ 8.4 kJ/mol, a highly endothermic
dehydration of fructose to 5-HMF with enthalpy change up to 92 kJ/mol, and exothermic
rehydration of 5-HMF to LA with enthalpy change of minus 133.9 kJ/mol [75].

Therefore, the selection of an appropriate catalyst with a suitable acidic concentration, strength,
and balance between the Lewis and Brgnsted acid sites is of crucial importance to lead the reaction
into desirable pathway and diminish side-reactions. In the next section, a state-of-art about the
catalytic systems of the proposed reaction and an introduction about the catalysts used in the

present study will be referred.

2.1.2. Catalysts for conversion of glucose to levulinic acid

Traditionally, homogeneous catalysts were extensively applied for conversion of lignocellulosic
biomass and also its derived sugars to LA especially in industrial level. Among them, H2SO4, HCI,

and metal chlorides demonstrated good results [63,76—79]. However, the hard recovery, disposal
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matters along with reactor corrosion made heterogeneous catalysts as a sustainable and green
option for having an environmentally favorable process. For applying heterogeneous catalysts,
several factors must be taken into account such as: (1) development of a hydrothermal hydrolysis
using solid catalysts; (2) the stability of catalyst in aqueous and acidic mediums; (3) having high
surface area and large pores for the easy access of polymeric substrate to the catalyst active sites;
(4) easing the mass transfer between saccharides and catalyst active sites, (5) diminishing solid
humins formation; (6) possessing enough concentration and strength of acid sites for hydrolysis of
cellulose [64,65,74,80-83].

Different heterogeneous Brgnsted and Lewis acid catalysts have been recently reported in the
literature for the formation of LA from glucose such as mesoporous silica, zeolites, metal oxide
supported metals, and organic polymers [84-87]. Zirconium and aluminum-based catalysts were
used for glucose to LA reaction. Zirconium phosphate was more selective to 5-HMF and produced
low LA yield (21%) at 160 °C, and 50 bar initial pressure for 3 h, because of having only Lewis
acid site in the catalyst [88]. Al-Zr mixed oxide has indicated a very low LA vyield of 6.1% and
high yield of lactic acid owing to having both acid and base sites in the catalyst [89]. Literature
review displays that zeolite as a cheap, natural, non-toxic, and non-corrosive catalyst with
appropriate microporous structure and modifiable Lewis and Brgnsted acid sites is suitable for the
transformation of glucose to LA [90-92]. Among different zeolites, Y, ZSM-5 and Beta were
often applied for related reaction [70,93-95]. For example, Zeng et al. studied the influence of
MFI-type ZRP zeolite with different SiO2/Al>Os ratios for glucose transformation. It was shown
that different SiO2/Al>Os ratios led to the change of zeolite acid sites concentration and strength
which had an impact on the yield of LA. The ZRP zeolite with SiO2/Al,O3 ratio of 30 acted as the
best catalyst giving 35% of LA yield for 8 h reaction [96]. Garcés and co-workers studied the
reaction using pure Beta, Y and ZSM-5 zeolites as heterogeneous catalysts and HCI as a
homogeneous catalyst. It was reported that each pure zeolite cannot catalyze LA production and
the presence of HCI as a Brgnsted acid besides very long reaction time were desired considering
that using this acid was far from green chemistry rule [97]. Moreover, a similar work studied ion-
exchanged Sn-Beta zeolite as a Lewis acid catalyst for catalyzing the isomerization of glucose to
fructose. In this study, the conversion of fructose to LA was catalyzed by Amberlyst-15 catalyst
with Bransted acid site during a long reaction time (12 h) and 52% yield of LA was produced [98].

Zeolite is a microporous and crystalline aluminosilicate material formed by corner-sharing TO4
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(T= Si or Al) tetrahedra, with silicon and aluminum elements connecting by bridging hydroxyl
groups. In this thesis, ZSM-5 zeolite was selected as the catalyst for transformation of glucose to
LA.

ZSM-5 is a two-dimensional (2D) zeolite with the MFI topology, 10-membered rings, Z-shaped
channels (0.51 - 0.55 nm), and straight channels (0.53 - 0.56 nm). Figure 2.2 shows the framework
of ZSM-5 zeolite using ordered assembly of smaller unitary units (SBU). In this type of
representation, silicon and aluminum tetrahedra are considered. The configuration of six SBU 5—
1 tetrahedra (Figure 2.2a) leads to the formation of pentasil-like structural units (Figure 2.2b).
Then, a constitution of the chain groups (Figure 2.2c) causes tetrahedrons layers (Figure 2.2d) and
makes zeolite porosity. In addition, the configuration of the secondary building units forms the
micropores, straight channels with internal sinusoidal channels (Figure 2.2e). The shape

(sinusoidal and right) and dimension of the channels are strongly affected by Si/Al ratio [99].

Figure 2.2. Elements constituting the structure of a ZSM-5 zeolite. (a) Type 5-1 SBU secondary construction unit. Assembly

of secondary building units (b) in pentasil group, (c) in chain, and (d) in layers of tetrahedra. €) The channels of the ZSM-5. [97]

Zeolite itself has both Lewis and Brgnsted acid sites. The Lewis and Brgnsted acid sites of zeolite

are originated from extra framework Al and hydroxyl groups connecting Si and Al, respectively
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which are tunable and can be modified with different ion-exchange techniques. lon exchange of
monovalent cations with polyvalent cations in aqueous medium can make strong Brgnsted centers
because of hydrolysis phenomena and being fruitful for some organic reactions [100]. Moreover,
the number of Lewis acid sites can be (i) increased by enhancing the non-tetrahedrally bonded
extra-framework aluminum and (ii) created by incorporation of metals and metals ions into the
zeolite structure using solid state ion-exchange technique [101-103]. Solid state ion-exchange can
be performed in the solid phase under elevated temperature following traditional methods with
electronical furnace or using microwave irradiation [95]. Microwave irradiation assists on the

decreases of both temperature and time of metals ions exchange in the zeolite [97,104].

2.1.3. The aim of the chapter

In this chapter, the optimization of different ion-exchanges of ZSM-5 zeolite and the investigation
of their performance in glucose to LA conversion were studied. In particular, different ion-
exchange methods were applied to modulate ZSM-5 acid sites considering their concentration,
strength and type (Lewis and Brensted) aiming to obtain a green, adjustable, and bifunctional
acidic heterogeneous catalyst for the proposed reaction. Therefore, both aqueous and microwave
assisted solid ion-exchange methods were applied for ZSM-5 zeolite using NH4Cl and solid
transition metals [Mn(ll), Fe(ll), Fe(ll1), Co(ll), Ni(ll), Cu(ll)] chlorides. Morphological and
textural features, and acidity of the catalysts were characterized using XRD, SEM, EDX, TG-DTA,
N2-physisorption, NH3-TPD and FTIR both as such and by adsorbing/desorbing 2,6-
dimethylpyridine (2,6-DMP) as probe molecule. Since microwave method mostly improved Lewis
acid site of the zeolite, with higher Lewis to Brgnsted acids ratio (L/B) and mostly weak and
medium acid sites, it could catalyze the proposed reaction through desired pathway and produce a
higher yield of LA. Moreover, among different exchanged metal ions, Cu(ll) gave a higher
performance due to its high charge transfer and introduction of low amount of acid sites to ZSM-
5. The results reported in this chapter were published as: “Balanced acidity by microwave assisted
ion-exchange of ZSM-5 zeolite as a catalyst for transformation of glucose to levulinic acid”, S.
Taghavi, E. Ghedini, F. Menegazzo, A. Giordana, G. Cerrato, G. Cruciani, A. Di Michele, M.
Zendehdel, M. Signoretto, Biomass Conversion and Biorefinery, (2022) 1-19.
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2.2. Experimental

2.2.1. Catalyst preparation

The parent NaZSM-5 zeolite (SiO2/Al.03 mole ratio = 30; Si/Al=15; Na2O = 0.01 wt%) was
provided from CHINA CATALYST GROUP (Dalian, China). Various ion-exchange approaches
were carried out to reach a balanced acid catalyst for transformation of glucose to LA. The ion-
exchange treatments are described below:

e Treatment of NaZSM-5 with NH4Cl solution: NaZSM-5 was treated with a 100 ml solution
of NH4CI (Merk) (1 M) at 90 °C in a flask connected to a reflux condenser stirred for 24 h.
The sample was washed with deionized water, dried in the oven at 80 °C for 12 h, and
calcined at 550 °C for 6 h. The final catalyst was labelled HZSMS5 [105].

e Aqueous ion-exchange of NaZSM-5 using CuCl».2H.0 solution: 1 g of NaZSM-5 was
mixed with 100 ml of CuCl>.2H,O (Sigma-Aldrich) (0.1M) solution and then was stirred
for 24 h at 25°C. The obtained solid was filtered and washed with deionized water until
reaching a colorless filtrate. Finally, the sample was dried in the oven at 80 °C for 12 h.
This final sample was labelled CuZSM5-S [106].

e Microwave assisted solid state lon-exchange of NaZSM-5: 1 g of NaZSM-5 zeolite was
mechanically mixed and grounded with 1 mmol of each metal salts (MnCl..4H20 (Sigma-
Aldrich, >99.0 wt%), FeCl> (Sigma-Aldrich, >99.0 wt%), FeClsz (Sigma-Aldrich),
CoCl,.6H,0 (Sigma-Aldrich, >98.0 wt%), NiCl2.6H20 (Sigma-Aldrich, >99.9 wt%), and
CuCl,.2H,0. Then, a heating procedure was applied for each mixture via microwave oven
with 700 W power (about 235°C) for 10 min. The final catalysts were labelled MnZSM5-
M, Fe(I1)ZSM5-M, Fe(111)ZSM5-M, CoZSM5-M, NiZSM5-M and CuZSM5-M.

2.2.2. Catalytic test

The catalytic test was performed in a batch system made of stainless-steel autoclave (400 mL
volume) equipped with mechanical stirrer, an electric heater, and a thermocouple for temperature
measurement. The autoclave was charged with 2.7 mmol of glucose, 500 mg of catalyst, 100 mL
of deionized water. Then, it was purged ten times with N2 to remove the air and pressurized with
10 bars of N2. The temperature was increased, and the reaction time was considered once the

temperature reached to desired value. Moreover, the reaction was carried out under stirring rate of
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600 rpm. When the test was completed, the autoclave was cooled down to 25 °C and the final
mixture was filtered. The filtered sample was analysed by a high-performance liquid
chromatography (HPLC) Agilent Technology 1260 Infinity I1. An Aminex HPX-87H column was
used in HPLC and the analysis was carried out at column temperature of 50 °C, using 5mM H2SO4
as the mobile phase with the flow rate of 0.6 mL/min. A UV-vis detector (£ =195 nm) was used
for analytes’ identification and quantification. In addition, the effects of reaction temperature, time
and glucose amount on the catalytic reaction were studied. The glucose conversion (X), liquid
phase carbon balance (CB) and products yields (Yp) were calculated using the following equations:

X(%)=fl—”-100
0

Y, (%) =2+ 100

n

¥ (np)-(C atoms) _

s 100

CB (%) =

Where An corresponds to the reacted mole of glucose during the reaction. noand np represent the
mole of glucose at time zero, and the mole of each product and non-reacted glucose in the final
liquid phase, respectively. In CB equation, the notation “C atoms” correspond to the number of

carbon atoms in each component.

2.3. Results and discussion

2.3.1. Characterizations of the catalysts

N2 physisorption results of catalysts are shown in Figure 2.3 and Table 2.1. In the isotherms of the
samples, the sharp increment at P/Po<0.1 is assigned to microporous texture. In addition, an
isotherm profile of type IV can be observed with the H3 hysteresis loop in the pressure range of
0.5<P/P,<0.9 that can be ascribed to the capillary condensation of slit-like mesopores attributed to
intercrystallite adsorption within aggregates. Particularly, compared to ion-exchanged samples,
NaZSM-5 zeolite shows sharper adsorption capacity at low pressure because of the existence of
more micropores in the pure zeolite. Hence, the decrease of microporous or external surface area
in all exchanged samples confirms the occlusion of open micropores by exchanged metal ions
[107]. In different microwave assisted ion-exchanged samples, the sharper alteration in textural

properties could be due to the introduction of a higher metal content inside the pores and channels
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of ZSM-5 or the segregation of extra-framework aluminum at high temperature. Fe(111)ZSM5-M
particularly showed a harsher difference that, besides above reasons, might be related to a larger
charge unbalance, induced by introduction of trivalent Fe(l11) cation compared to divalent cations
and additionally due to amorphous phase formation diminishing the zeolite surface and pores
volume [108,109]. Due to this phenomenon, Fe(I1)ZSM5-M also exhibits a low surface area

compared to others.
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Figure 2.3. N2 adsorption-desorption isotherms of NaZSM-5 and ion-exchanged ZSM-5 zeolites.

Table 2.1. Metal loading, Textural and structural properties of NaZSM-5 and ion-exchanged ZSM-5 zeolites.

Sample Metal Seet P Smicro® Vi Vmicro Si/Al €

loading? m?/g m2/g cm¥g cmig

(Wt%o)

NazZSM-5 - 341 253 0.143  0.118 8.3

HZSM5 - 215 170 0.087  0.080 -
CuZSM5-S 0.6 240 184 0.098 0.091 9.5
CuZSM5-M 5.1 235 180 0.095 0.088 9.3
NiZSM5-M 4.8 281 212 0.111  0.089 9.8
CoZSM5-M 5.3 269 201 0.112  0.092 10.1
Fe(11)ZSM5-M 4.1 205 156 0.076  0.069 10.0
Fe(111)ZSM5-M 3.4 91 67 0.036  0.029 10.4
MnZSM5-M 4.5 269 203 0.108  0.090 11.6

a) determined by ICP-OES technique b) Calculated by the BET method, c) Microporous or external surface area calculated by the t-plot method
[110], d) Obtained at a relative pressure of 0.99, ) Silicon/aluminium atomic ratio determined by EDS method.
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The FTIR results of NaZSM-5 and exchanged samples in Table 2.2 indicate the bands at ~ 450
and 1100 cm™ suggesting the internal vibrations of TO4 (T= Si and Al) tetrahedra in ZSM-5 zeolite,
and the bands at 548, 779, and 1228 cm™ describing the external vibration of the bonds between
five membered rings tetrahedra typical of MFI topology structure [111,112]. The bands at
1630, 1879 and 1995 cm* can be ascribed to the silica matrix overtone which did not show a sharp
alteration in exchanged samples if compared to NaZSM-5. The band in the wavenumber range of

3000-3750 cm™ is due to stretching vibration of -OH groups.

Table 2.2. The FTIR data for NaZSM-5 and ion-exchanged ZSM-5 zeolites.

Sample M-O Int. vibrations Ext. vibrations (cm™) Overtone bands
(cm™) of silica matrix
T0  T-0 T-0 T-0 (vym) __ T-O (vaym) (em™)
bend (vasym) (five-rings) (five-rings) (five-rings)

NaZSM-5 - 453 1100 548 799 1228 1626, 1875, 2004
NiZSM5-M - 451 1088 549 788 1222 1626, 1877, 1993
CoZSM5-M 700 453 1095 548 796 1228 1631, 1883, 2004

Fe(111)ZSM5-M 700 453 1095 551 796 1224 1626, 1875, 1995
Fe(11)ZSM5-M 624 453 1095 548 796 1224 1626, 1867, 2004
MnZSM5-M 688 451 1101 542 792 1222 1635, 1877, 2002
CuZSM5-M 666 457 1103 544 792 1228 1626, 1875, 2004
CuZSM5-S - 454 1095 547 792 1228 1621, 1879, 1999
HZSM5 - 455 1096 549 801 1222 1635, 1868, 2000

Moreover, the FTIR spectra of pure NaZSM-5 and microwave assisted exchanged samples are
shown in Figure 2.4a. Compared to NaZSM-5, the intensity increment of the bands at 1630 cm™
and 3000-3750 cm in the exchanged samples might be due to the existence of unreached metal
chlorides in the samples. Indeed, all of metal chlorides exhibit the OH stretching and H20O scissors
frequencies with the bands at around 3500 cm™and 1600 cm™, respectively because they were in
the hydrated forms. Furthermore, NiZSM5-M showed broader bands at 3000-3750 cm™ compared
to other microwave assisted ion-exchanged samples. This might be due to the different interaction

of NiCl,.6H>0 with the NaZSM-5 incorporating more hydrated ions and hydroxyl groups into the
25



zeolite channels and pores. As a matter of fact, all microwave assisted ion exchanged samples,
except NiZSM5-M, displayed a weak band in the 600-700 cm™ region (Table 2.2, Figure 2.4b)
describing the vibration of new M-O (Cu(ll), Mn(1l), Fe(Il), Fe(lll), Co(ll)) sites in the ZSM-5
structure [113-118]. Certainly, this can confirm a different interaction in NiZSM5-M sample via

microwave assisted ion-exchange procedure.
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Figure 2.4. FTIR spectra of a) microwave assisted solid state ion-exchanged samples; b) parent and ion-exchanged samples.

Figure 2.5 exhibits the XRD patterns of NaZSM-5 and ion-exchanged zeolites. The lines at 20 of
7.90°, 8.82°, 22.96°, 23.82° and 24.32° are ascribed to NaZSM-5 and in agreement with the
standard pattern of ZSM-5 MFI structure according to literature [119-121]. Similar XRD patterns
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were observed for CuZSM5-S and parent zeolite suggesting that the zeolite maintained its
crystallinity fairly well after aqueous ion-exchange procedure. Moreover, no alteration occurred
in the crystallinities of CuZSM5-M, Fe(111)ZSM5-M and NiZSM5-M zeolites during microwave
assisted solid ion-exchange technique [122,123]. For CuZSM5-M sample, the lines at 26 of 16.3°
and 34° belong to about 13 wt% of the residual CuCl2.2H.O crystalline phase as analyzed by
Rietveld refinement . For NiZSM5-M, the lines at 20 of 15.7° and 20.06° ascribed to NiCl;
crystalline phase, and the line at 26 of 36.9° to NiCl..6H>0 [124,125]. In addition, Fe(111)ZSM5-
M exhibits the line at around 20 of 11.9° , assigned to the FeCls crystalline phase [126]. Lines
related to other phases such as metals outside the zeolite channels or metal oxides were not detected

suggesting that their presence, if any, were beyond the detection limit of XRD method [127].
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Figure 2.5. XRD patterns of NaZSM-5 and Cu(ll)-, Ni(ll)-, and Fe(lll)-exchanged ZSM-5.

The scanning electron micrographs (SEM) of NaZSM-5 and ion-exchanged ZSM-5 zeolites are
shown in Figure 2.6(a-h). NaZSM-5 displays the prismatic crystal shape as the typical morphology
of ZSM-5 zeolite [128]. After aqueous ion-exchange, the prismatic morphology of zeolite in
CuZSM5-S remained almost unchanged. Moreover, the surface of ZSM-5 crystals became rougher
after microwave assisted ion-exchange particularly in the case of FeCly, FeCls, and NiClz. This
might be related to the exitance of agglomerated metal chlorides [129-132]. The SEM images at
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higher magnifications for ion-exchanged ZSM-5 are shown in the Figure Al in Appendix. The
EDS element distribution maps of introduced metals to NaZSM-5 by microwave method indicate
a good dispersion of the Cu(l1), Ni(ll), Co(ll), Mn(Il) ions (Figure A2 (a-g)). Although the EDS
maps confirmed the ion exchange was successful giving a high dispersion of cations in single atom
forms, Fe(11)ZSM5-M and Fe(111)ZSM5-M display iron particles agglomeration on zeolite surface.
The SEM-EDS results are consistent with the N2 physisorption and FTIR behaviors previously

discussed.
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Figure 2.6. SEM images of a) NaZSM-5, b) CuZSM5-S, ¢) CuZSM5-M, d) NiZSM5-M, e) CoZSM5-M, f) Fe(11)ZSM5-M, g)
Fe(111)ZSM5-M, h) MnZSM5-M

The weight loss of pure and ion-exchanged ZSM-5 was estimated by thermal analysis to study the

existence of different forms of metals and their stability in zeolites (Figure 2.7(a,b)).
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Figure 2.7. a) TG and b) DTA analyses of NaZSM-5, CuZSM5-S, CuZSM5-M, NiZSM5-M, and Fe(111)ZSM5-M; the weight loss
and exchange heat as a function of temperature are reported in the a and b curves, respectively.

In TGA of all samples, the first step in the temperature range of 25-200 °C is due to desorption of
physiosorbed and chemisorbed water molecules with 8.5%,8.2%,10.2%,12.5% and 12.4% weight
losses, respectively, being associated to an endothermic DTA peak [133]. Only the CuZSM5-S
exhibits a TG curve almost similar to that of the pure NaZSM-5, while in other samples the content
of water is increased due to presence of hydrated metal chloride. The microwave assisted ion-
exchanged zeolites (CuZSM5-M, NiZSM5-M and Fe(l11)ZSM5-M) display higher total weight
losses and TG curves with several other weight loss steps. The second step weight loss is likely
due to decomposition of the residual metal chlorides in those samples as was detected in the XRD
patterns [134]. The third step weight loss at temperature above 600 °C might be due to the
crystalline transformation of ZSM-5 [135]. In addition, it can be observed that by incorporating
the metal ions under microwave assisted ion-exchange technique, the thermal stability of the
samples decreased above 600 °C if compared to the pure NaZSM-5 and CuZSM5-S.

2.3.2. The results of catalytic tests

The catalytic performance of NaZSM-5 and ion-exchanged ZSM-5 was investigated and compared
in transformation of glucose to LA at 200 °C for 5 h. The glucose conversion (X), liquid phase

carbon balance (CB) and products yields (YLa, Yra, Ys-nwvr) for catalysts are reported in the Figure

29



2.8. As can be seen, both blank and catalytic systems caused 100% glucose conversion, which
could be related to the high reaction temperature. However, for production of LA as the target
product, a suitable and optimized acid catalyst was certainly needed. NaZSM-5 zeolite produced
24% LA and CB less than 40%. CuZSM5-M showed a higher yield of LA (37%) and CB (43%)
besides a decrease on the FA yield. Compared to CuZSM5-M, the CuZSM5-S and HZSM5
resulted in a lower efficiency. Although according to the reaction stoichiometry, the molar ratio of
FA and LA have to be one, a ratio higher than one was obtained for all catalysts. As it was shown
in the Figure 2.1, some recent works have investigated that excess FA can be produced from direct
degradation of glucose and fructose through a retro-aldol reaction [71,73,136]. Thus, the zeolite
can also catalyze the formation of FA from glucose and fructose upon tandem transformation of
glucose to LA and FA. On the contrary, it has to be noticed that FA could undergo a thermal
degradation to gasses (H2, CO, CO) and water in severe reaction conditions particularly at
temperature higher than 180 °C [65,137], and therefore decrease the CB of the reaction. It is
prominent to mention that low CB of each catalyst might be due to gas and solid phases by-
products production. The gaseous by-products could be produced from degradation of FA as was
noticed above, and the solid by-product is mainly humins that can be enhanced because of severe
reaction conditions, high acid site concentration and strength, and unbalanced acidity of the

catalyst.

In addition, Figure 2.8 shows the results of catalytic tests for microwave assisted ion-exchanged
zeolites in which the yield of LA increased with the order of CoZSM5-M < Fe(I)ZSM5-M <
MnZSM5-M < NiZSM5-M < Fe(II1)ZSM5-M < CuZSM5-M. Catalytic results confirmed that the
acid properties of the catalysts (amount, strength, and balance between Lewis and Brensted acid
sites) were the significant factors for following the reaction pathway into desired products. Thus,
the relation between acidic features of the catalysts and their efficiencies in the reaction will be

deeply discussed in the following section.
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Figure 2.8. Catalytic performance of NaZSM-5 and ion-exchanged ZSM-5 zeolites.( Reaction conditions: 200 °C, 10 bar of N2, 5
h, 2.7 mmol glucose, 500 mg catalyst, 100 mL water).

2.3.3. The effects of catalysts acidity on the glucose conversion to levulinic acid

NHs-TPD profiles in Figure 2.9 show the amount and strength of acid sites of all samples. There
are weak, medium and strong acid sites exhibited by the desorption curves in different temperature
ranges from lower to higher acidity strength. NaZSM-5 displays acidic nature similar to those

reported in the literature [138,139]. The broad peak in the temperature range of 50-300 °C is due
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to the existence of both weak and medium acid sites, whereas the strong acid sites showed the peak
in higher temperature of around 300-600 °C [140,141]. As can be seen in Figure 2.9a, by aqueous
ion-exchange method, all the three weak, medium and strong acid sites exist in zeolite considering
that the intensity of the strong acid site in CuZSM5-S is reduced [141]. These results suggest the
presence of various adsorption states of NHs. NiZSM5-M displayed extremely different behavior
during microwave assisted solid state ion-exchange. In particular, it showed all weak, medium and
strong acid sites by three separated peaks in the temperature range of 50-200 °C, 200-300°C and
400-600°C, respectively. It can be assumed that Ni by a higher and different interaction with ZSM-
5 zeolite could create some new and strong Brgnsted acid sites through microwave treatment. This
could be due to the creation of hosted Ni?* species with different natures and distributions within
NiZSM5-M structure. This result can be confirmed by FTIR in Table 2.2 and Figure 2.4 in which
a broader band at wavenumber range of 3000-3750 cm™ and no vibration band for Ni-O were
observed. It can be assumed that most of NiCl..6H.O were transferred to the zeolite pores and
channel with a hydrated form introducing new Brensted acid sites and no interaction occurred
between Ni(ll) and oxygen of ZSM-5 channels wall. Furthermore, when comparing metal cations
of fourth period of periodic table, Ni?* as an exchanged metal cation can introduce a strong Lewis
acid site [142,143].
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Figure 2.9. NH3-TPD for NaZSM-5 and ion-exchanged ZSM-5 zeolites. (WAS: weak acid site; MAS: medium acid site; SAS:

strong acid site)
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In order to study Lewis and Bregnsted acid sites in the zeolites, FTIR adsorption of 2,6-

dimethylpyridine (2,6-DMP) was performed and the results are shown in Figure 2.10(a-d) and
Table 2.3.
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Figure 2.10. FTIR spectra of 2,6-DMP adsorption/desorption for a) NaZSM-5, b) HZSM5, ¢) CuZSM5-S, d) CuZSM5-M.

Table 2.3. Acid properties of NaZSM-5 and ion-exchanged ZSM-5 zeolite obtained by 2,6-DMP-FTIR.

Sample L/B2
NazZSM-5 0.62
HZSM5 0.60
CuZSM5-S 1.69

CuZSM5-M 1.98
?Ratio between Lewis and Brgnsted acid sites calculated on normalized spectra using & =1,1 cm pmol™®and £g=3,9 cm pmol™, as determined by
ref [144].
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2,6-dimethylpyridine (2,6-DMP) was selected as probe molecule, because it could identify both
Bregnsted and Lewis acid centers [145]. 2,6-DMP H-bonded and Lewis-bonded onto the surface
results in a multiple band in the range of 1580-1620 cm™, which according to literature can be
related to 8a and 8b modes of the adsorbed molecule [145]. The formation of 2,6-
dimethylpyridinium ion after adsorption on Brgnsted sites causes a multiple band located at higher
wavenumbers attributable to 8a and 8b modes of protonated 2,6-DMP (2,6-DMPH?). Particularly,
according to the spectrum of NaZSM-5 sample at the maximum pressure of 2,6-DMP (dash line
in Figure 2.10a), 8a and 8b modes of physiosorbed and H-bonding 2,6-DMP (1582, 1594 and 1603
cm) can be observed. The signals still exist after evacuation at 1604 and 1583 cm(solid line)
which are assigned to strong Lewis acid. The signals at higher wavenumber are associated to
coordinated 2,6-DMP to Bransted acid sites (1649, 1637 and 1626 cm™), thus forming 2,6-DMPH*
ions, and their intensity are enhanced after evacuation for 15 minutes (solid line). NaZSM-5 shows
a spectrum very similar to the reference system: it is possible to observe 8a and 8b modes of H-
bonding 2,6-DMP (at 1582 and 1603 cmt) and signals attributable to 2,6-DMPH* species at 1649,
1637 and 1626 cm™. As it is reported, zeolite itself displays both Bransted and Lewis acid sites
because of hydroxyl groups bridging Si and Al and extra framework Al, respectively [146].
Therefore, both acidities can catalyze the glucose transformation to LA which was observed in the
activity result of NaZSM-5 in Figure 2.8. However, as was reported in literature, an optimum
density and strength of acid sites, so that a balanced Lewis and Brgnsted acid sites, means that an
optimum and higher ratio of L/B are desired to achieve a higher yield of target product [127,147].
Thus, different ion-exchange methods were applied to reach an optimum and suitable acid site in

zeolite as the catalyst of the proposed reaction.

HZSMB5 did not show any sharp change compared to NaZSM-5. CuZSM5-S showed the increment
of both Lewis and Brgnsted acid sites due to the presence of hydrated Cu cations in the ZSM-5
pores and channels and increase of hydroxyl groups in the channel walls, respectively [148,149].
According to ICP results 0.6% copper was incorporated to the zeolite structure which might lead
to the new Lewis acid sites formation. On the contrary, CuZSM5-M showed the main difference
by new signal at <1615 cm™ which can be associated to 2,6-DMP in Lewis interaction with copper
sites. Indeed, ICP showed 5.1% of copper in the CuZSM5-M sample. Therefore, the new Lewis
acid site shown in FTIR adsorption of 2,6-DMP could come from creation of Cu-O in the ZSM-5

pores and channels as was shown in FTIR spectra (Table 2.2, Figure 2.4) and Cu crystalline phases
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such as the dispersed CuCl, on the ZSM-5 surface as was shown in the XRD pattern (Figure 2.5).
In addition, when comparing NaZSM-5 based samples after desorption for 15 minutes, the signal
at 1613 cm™* for CuZSM5-M becomes more evident. It can also be demonstrated that the band of
Brensted sites for sample CuZSM5-M is less structured (in correlation with hydroxyl signals). As
already discussed, the type of acidity and L/B ratio play vital role in improvement of the catalyst
efficiency. The ratio between Lewis and Brgnsted (L/B) acid sites needs the knowledge of molar
absorption coefficients (¢) values, specific for each mode and affected by the surface [144,150].
Some researches demonstrated a little variation of € as a function of solids type and appraised ¢
values for characteristic of 2,6-DMP adsorbed through H-bounding, protonation and
coordination[144]. Using the peak area in normalized spectra, we determined the ratio between the
number of Lewis and Brgnsted acid sites using 3.9 cm pmol? and 1.1 cm pmol? as molar
absorption coefficients, respectively, for Brgnsted and Lewis related modes. As it can be seen in
Table 2.3, CuZSM5-M shows the highest increase of Lewis acidity compared to the NaZSM-5.
The L/B ratio increased from 0.62 in NaZSM-5 to 1.98 in CuZSM5-M, whereas the increment of
L/B ratio for CuZSM5-S was less than CuZSM5-M due to the enhancement of both Brgnsted and

Lewis acid sites in this sample. Moreover, L/B ratio of HZSM5 showed a very slight decrease.

Otomo and co-workers [151], reported that the isomerization of glucose to fructose and then the
dehydration of fructose to 5-HMS as progressive reactions need an optimized density, strength,
and type of acidic active sites acid in the catalyst. Therefore, in this study, by changing the L/B
ratio, the efficiency of catalysts in proposed reaction changed. As it is shown in the 2,6-DMP-
FTIR results in Figure 2.10 and Table 2.3, CuZSM5-M showed the maximum Lewis acidity and
thus the L/B ratio with respect to other ion-exchanged catalysts. Moreover, according to NHs-TPD
result in Figure 2.9, the strong acid site disappeared, and the final catalyst had a moderate acidity.
Hence, the Lewis acid sites of CuZSM5-M could faster catalyze the glucose isomerization to
fructose. It was reported that strong Lewis acid sites (high L/B ratio) can catalyze the isomerization
reaction in a short time by reaching a maximum concentration of fructose [152]. Thereafter, when
the density of Brgnsted acid site is not sufficient, the dehydration of fructose to 5-HMF can be the
rate limiting step and the reverse isomerization of fructose to glucose occurs. Hence, in high L/B
ratio, the isomerization reaction can reach to a quasi-equilibrium. Then, enough density of
Brensted acid sites can assist the dehydration of fructose to 5-HMF and the rehydration of 5-HMF

to LA and FA considering that a high density could also catalyze the degradation of fructose and
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5-HMF to humins [152,153]. Therefore, as it was confirmed in the literature, an optimum and
intermediate L/B ratio in catalyst can balance the isomerization and dehydration reactions rates
and diminish humins production from fructose and 5-HMF [151]. On the contrary, HZSM5 and
CuZSM5-S with lower L/B ratio (Table 2.3), the reaction is more prone to pass through direct
dehydration of glucose to 5-HMF and not from isomerization pathway. Indeed, due to the lack of
enough Lewis acid site density, achieving to equilibrium in glucose isomerization to fructose is
limited. Consequently, the degradation of fructose and specially 5-HMF to humins are faster than
5-HMF conversion to LA and FA because of the presence of strong Brgnsted acid sites [152].

As it was discussed in the previous section, the type of metals introduced through microwave
technique influenced the efficiency of the catalysts which were enhanced with the order of
CoZSM5-M < Fe(I1)ZSM5-M < MnZSM5-M < NiZSM5-M < Fe(III)ZSM5-M < CuZSM5-M
[154]. It seems the catalytic function of metals in the reaction is associated to their charge density,
and acidity (amount, type and strength) that they can introduce to the ZSM-5 zeolite. As it was
reported in ref [155], the charge density of the transition metal cations of this study in the high
spin state follows the order of Fe**>Ni**>Cu®*>Co?*>Fe?*>Mn*2. Moreover, according to the
intensity of peaks in NHs-TPD curves (Figure 2.9), the amount of weak and medium acid sites in
the ion-exchanged zeolites are decreased with the order of NiZSM5-M>Co0ZSM5-M>MnZSMS5-
M>Fe(I1)ZSM5-M>CuZSM5-M>Fe(II1)ZSM5-M considering that NiZSM5-M also exhibits
strong Brgnsted acid site. Therefore, among different metals, a cooperation of higher charge
density, weak and medium acid strength with lower density might be desirable to reach a better
efficiency of catalysts. Thus, CuZSM5-M displayed a higher LA yield at full conversion compared
to other ion-exchanged zeolite because of a higher charge density and lower density of acid sites
with moderate strength. On the other hand, Fe(111)ZSM5-M with the highest charge density and
lowest density of acid sites produced less LA yield compared to CuZSM5-M. This might be due
to weak distribution of iron chloride in the ZSM-5 channels and on its surface as was confirmed
by FTIR, SEM and TG-DTA results.

2.3.4. The effect of reaction conditions on the catalytic glucose conversion

After selecting CuZSM5-M as the best catalyst, some reactions in different conditions were
performed to investigate the effect of glucose amount, reaction time and temperature. Figure 2.11

displays that 2.7 mmol of charged glucose resulted in the best reactivity, and a lower amount of
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glucose (1.6 mmol) gave a slightly lower products yields and CB. On the contrary, a higher amount
of glucose (3.9 mmol) caused the significant drop of desired products yields and CB. As was
suggested in the literature [156—158], a high concentration of glucose can cause side reactions for
humins formation, reducing thereby the catalyst stability and the yield of the desired product. It
was found that in glucose conversion, the reaction order for humins formation is overall higher
than that of LA production and is mostly a second order reaction. In addition, it is generally
confirmed that a high concentration of reactant can be resulted in a high yield of humins. By
decreasing the reaction time, LA and FA yields decreased. It can be assumed that the time to reach
the maximum yield of final product from intermediates has to be further prolonged which was also
confirmed with obtaining small amount of 5-HMF and furfural in the products solution [66].
Moreover, decreasing the reaction temperature from 200 °C to 180 °C led to a slight decrease of
glucose conversion but no change in products yield happened. Finally, the reaction conditions of

180 °C and 5 h with 2.7 mmol of glucose as substrate was considered for CuZSM5-M catalyst.
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Figure 2.11. The effect of reaction conditions on the catalytic efficiency of CuZSM5-M in glucose conversion to LA.
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2.4. Conclusion

In this chapter, the modification of ZSM-5-type zeolite was carried out by various ion-exchange
methods to obtain bifunctional acid heterogeneous catalysts for glucose transformation to LA. In
particular, the aqueous ion-exchange method using NH4Cl and CuCl> solutions and the microwave
assisted ion-exchange technique using solid salts of transition metals including MnClz, FeCly,
FeCls, CoCly, NiClz, CuCl, were applied to obtain a suitable acidity of catalyst with appropriate
density and strength of acid sites, and optimum Lewis to Brgnsted acid ratio. N2 physisorption,
XRD, SEM results confirmed the preserved textural and morphological properties of all catalysts
during ion-exchange procedures. Nevertheless, owing the existence of agglomerated Fe(ll) and
Fe(lll) chlorides, a sharper decrease of surface area and porosity, and a rougher surface
morphology were observed for Fe(11)ZSM5-M and Fe(111)ZSM5-M by N2 physisorption and SEM
results, respectively. Aqueous ion-exchange method improved both Brgnsted and Lewis acid sites
keeping the strong acidity which was not suitable for following the target reaction pathway from
glucose isomerization to fructose. On the contrary, all microwave ion-exchanged catalysts showed
mainly Lewis acid site improvement except Ni(ll) ion having a different interaction with ZSM-5
and formed new Brgnsted acid site with different strengths. Hence, microwave ion-exchange
technique for most of the ZSM-5 based catalysts increased Lewis to Brgnsted acid ratio, and weak
and medium acid sites being efficient for target reaction pathway to LA. Among different transition
ion-exchanged metals, Cu gave the highest performance having a higher charge transfer, and
balanced and low density of acid site in CuZSM5-M. This catalyst exhibited a promising efficiency
giving 37% yield of LA from glucose with highest CB (43%) because of less humins by-product
production. Therefore, in this chapter, different ion-exchange techniques for ZSM-5 zeolite were
optimized allowing to modulate the acidity of ZSM-5 zeolite and make it as an efficient
heterogeneous catalyst for glucose transformation to LA. In the next chapter, the best catalyst,
meaning CuZSM5-M, will be applied as an acid heterogenous catalyst in the formulation of micro-

mesoporous composites for catalytic transformation of bulky sugars (cellulose) to LA.
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Chapter 3. Glucose and cellulose conversions to levulinic acid using
the composites of ion-exchanged ZSM-5 and HMS mesoporous silica

3.1. Introduction

In this chapter, we are moving to a composite catalytic system made of ion-exchanged ZSM-5
(CuzSM-5) and HMS mesoporous silica materials for glucose and cellulose conversion to LA. A
brief introduction about the catalytic system for cellulose conversion is reported below, while an
introduction about levulinic acid (LA) production from cellulose and glucose was provided in
Chapter 2.

3.1.1. Catalysts for conversion of cellulose to levulinic acid

When using a bulky molecule such as cellulose as the substrate, the porosity of the catalyst is vital
to facilitate the mass transfer between bulky substrate and catalyst active sites. Several methods
have been applied to add mesoporosity into zeolite texture. For example, hierarchical zeolites were
formulated following bottom-up or top-down techniques such as desilication or dealumination
approach. However, both of them can cause disorders in the structure of zeolite, strongly changing
its acidity, and diminishing its activity and stability in the hydrothermal condition. Thus, the
composite of mesoporous materials with zeolite can be applied as the catalyst for reactions
possesing bulky molecule [159-162].

Furthermore, side products such as solid humins depositions are serious issues leading to the
deactivation of the catalysts. Since humins production is highly related to the reaction conditions
and acidic properties of heterogeneous catalysts, it was demonstrated that zeolite with high acid
site density, strength and unbalanced Brensted and Lewis acid ratio is more potential to form
humins. In addition, the deactivation of zeolite through blocking active sites and micropores and
reducing surface area by humins deposits can be occurred. Mesopores of catalysts can provide a
shorter diffusional path length and guarantee the fast exit of bulky molecules, diminishing the
humins production inside the catalyst pores and reducing the bulk active sites deactivation [162—
165].
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Chu et al, created hierarchical pores in ZSM-5 zeolite by dealumination and desilication methods
using HCI and NaOH solutions, respectively. In addition to hierarchical ZSM-5 modification, the
hydrolysis performance of cellulose in aqueous solution was improved by ultrasonic pretreatment
and ZnCl, promoter. Considering the advantages of ultrasonic pretreatment and ZnCl,, both
dealuminated and desilicated ZSM-5 zeolites have demonstrated a higher conversion of cellulose
and yield of 5-HMF and LA compared to the microporous ZSM-5. This could be related to the
presence of mesopores and easier mass transfer properties [166]. Similarly, hierarchical
Mn304/ZSM-5 zeolite could accelerate hydrolysis of cellulose from delignified rice husk biomass
into LA with the assistance of phosphoric acid and H2O2 used in the reaction solution. This
catalytic process gave a 39 (wt%) yield of LA at 130 °C after 5 h [167]. Pham and colleagues [168]
used mesoporous silica, SBA-15, as the catalyst to boost the substrate mass transfer, and the
catalyst acidity was improved by incorporation of Al via atomic implantation as a post synthesis
technique. The final catalyst with optimum Al loading produced 42% vyield of 5-HMF from
cellulose. In this thesis, the catalyst activity was guaranteed by using Cu(ll)-exchanged ZSM-5
zeolite. For facilitation of cellulose penetration as the substrate, a hollow mesoporous silica (HMS)
was composed with C(I1)-exchanged ZSM-5.

Since 1992, mesoporous silica materials have been widely used in wide variety applications such
as catalysis, adsorption, and medication because of their proper textural properties with high
surface area and large pore volume [169]. Figure 3.1 represents the formation mechanism of
mesoporous silica by sol-gel process. In the synthesis procedure of mesoporous silica, organic
structured surfactants act as templates for the creation of final ordered structure in an aqueous
solution. Two possible mechanisms were reported to point the role of surfactant including (1) true
liquid crystal template mechanism or (2) cooperative self-organization mechanism leading the
formation of a lyotropic liquid-crystalline phase. The pH of solution and temperature have
significant effects in this step. In the next step, the silica precursor, being often tetraethyl
orthosilicate (TEOS), makes a polymerized silica framework around the lyotropic liquid-
crystalline phase and forms a supramolecular structure. In fact, in this step, the hydrolysis of
inorganic section and its interaction with micelles of surfactant occurs through a cooperative-
assembly arrangements and via hydrogen bonding, van der Waals and electrostatic forces. Finally,
the template is removed through washing and calcination procedure or solvent extraction [170].

The type of surfactant affects the final type and structure of mesoporous material. For instance,
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HMS is usually synthesized from natural and nonionic surfactants from the group of primary
alkylamine. Therefore, HMS is mesoporous silica with three-dimensional (3D) and hexagonal
channels having a less ordered structure compared to highly oriented mesoporous materials such
as SBA-15 and MCM-41. On the other hand, HMS as a hollow mesoporous silica particle displays
a more extensively cross-linked frameworks with a large framework wall thickness contributing a
higher thermal, mechanical and chemical stability compared to other mesoporous silica materials
[169,171,172].
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Figure 3.1. Mechanism of ordered mesoporous material synthesis [170].

3.1.2. The aim of the chapter

In this chapter, the optimization of zeolite-mesoporous silica-based composites was carried out for
glucose and bulky cellulose conversions to LA. The best catalyst of Chapter 2 namely CuZSM5-
M zeolite was selected as the acid part of catalysts. In addition, for an easy diffusion of cellulose
as the reactant, HMS mesoporous silica material was used. Hence, composites made of different
percentages of CuZSM5-M and HMS were formulated for the proposed reactions. Morphological
and textural features, and acidity of the catalysts were characterized using XRD, SEM, EDX, TEM,
TGA, N2-physisorption, NHz-TPD and FTIR both as such and by adsorbing/desorbing pyridine as
probe molecule. All catalysts were tested for glucose transformation, and CuZSM5-M and the best
composite were selected for cellulose hydrolysis to LA. Overall, the results confirmed that for
obtaining a higher efficiency of the catalyst in bulky cellulose hydrolysis to LA, and for reducing
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humins by-product production, optimum concentration, strength and Lewis/Brgnsted acids ratio
of acid sites, and a suitable micro-mesoporous texture and morphology of the catalyst are of crucial
importance. Some characterisations of the catalysts such as SEM, TEM, TGA, pyridine-FTIR were
performed in Abo Akademi University of Turku (Finland) under the supervision of Prof. Dmitry
Yu. Murzin. The results reported in this chapter are published as: “CuZSM-5@HMS composite as
an efficient micro-mesoporous catalyst for conversion of sugars into levulinic acid”, S. Taghavi,
E. Ghedini, F. Menegazzo, P. Maki-Arvela, M. Peurla, M. Zendehdel, G. Cruciani, A. Di Michele,
D. Yu Murzin, M. Signoretto, Catalysis Today. 390-391 (2022) 146-161.

3.2. Experimental

3.2.1. Catalyst preparation

HMS and composites were synthesized via the sol-gel method following the procedure similar to
that reported by Mokaya and Jones [173] and Pinnavaia et al [174]. For synthesizing the
composite, two solutions were prepared. Solution A: a mixture of 6 mL tetraethyl orthosilicate
(TEOS) (Sigma-Aldrich, 98.0 wt%) as the precursor of silica with 9 mL ethanol (VWR Chemicals,
96.0 vol%) were prepared in a beaker with continuous stirring at room temperature for 30 min.
Solution B: 1.2 g of dodecylamine (Sigma-Aldrich, 98.0 wt%) as the surfactant, 0.5 mL of the HCI
(Merk, >37.0 wt%) (1M) solution and 15 mL of deionized water were mixed and stirred at 50 °C
for 30 min. Solution A was added to solution B followed by 4 h stirring at room temperature. After
that, different contents of CuZSM5-M (prepared with the same procedure of Chapter 2) were added
to the gel in order to obtain 30, 50, 60 and 70 wt. % of CuZSM5-M in the structure of the
composite. Finally, for crystalization, the mixture was continuously stirred for 12 h. A similar
procedure was carried out for HMS preparation without adding CuZSM5-M zeolite. The prepared
sample was filtered and washed with a solution of distilled water and ethanol and the solid on the
filter was dried in the oven at 70 °C for 12 h. Then, the sample was calcined at 600 °C, with
temperature increasing rate of 1 °C/min, in air flow of 30 mL/min for 6 h. The final composites
were labeled CuzZ(x)@H that x is the percentage of CuZSM5-M and is equal to 30, 50, 60 and 70.

wit%.
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3.2.2. Catalytic test

The catalytic tests were carried in a stainless-steel autoclave of 400 mL volume equipped with a
mechanical mixer for stirring of reaction solution and an electric heater for measuring the
temperature. The autoclave was charged with 2.7 mmol glucose or 3 mmol cellulose (cellulose
powder, cotton linters, Sigma-Aldrich) as the substrate, 500 mg catalyst, and 100 mL of deionized
H20 as the solvent. Then, the autoclave was pressurized with N2 (10 bar), and heated to the desired
temperature. The time of reaction was started once the temperature achieved to the target value.
The reaction was performed for 5 h under the stirring speed of 600 rpm. At the end of the test, the
autoclave was cooled down to 25 °C and the final mixture was filtered. The filtered solution was
analysed via a high-performance liquid chromatography (HPLC) Agilent Technology 1260
Infinity 1. An Aminex HPX-87H column was used in HPLC and the analysis was carried out at
column temperature of 50 °C by passing the mobile phase of 5mM H>SO4 with the flow rate of
0.6 mL/min. A UV-vis detector (A =195 nm) was used for analytes’ identification and
quantification. The glucose conversion (X), liquid phase carbon balance (CB) and products yields

(Yp) were calculated using the following equations:

X (%) ===-100
0

n
Y, (%) =2+ 100

Z(np)-(C atoms)
(ng-C atoms glucose)

CB (%) = 100

Where An corresponds to the reacted mole of substrate during the reaction. noand np represent the
mole of glucose or cellulose as the substrate at time zero and each product in the final liquid phase,
respectively. In CB equation, the notation “C atoms” correspond to the number of carbon atoms in
every component. For calculation, we regarded cellulose as a linear polymer of glucose and
considered the molecular weight of anhydro glucose (CsH100s) unit in cellulose (162 g/mol)
according to refs [175-177].
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3.3. Results and discussion

3.3.1. Characterizations of the catalysts

N2-physisorption results of the catalysts are exhibited in Figure 3.2(a,b) and their textural
properties are reported in Table 3.1. As can be observed, CuZSM5-M displayed the isotherm
profile, combination of type I and IV in IUPAC classification [178]. A H3 type hysteresis loop
started from P/Po,= 0.5 demonstrates the capillary condensation of slit-like mesopores which
ascribes the intercrystallite adsorption within aggregates. Furthermore, the adsorption isotherm at
the pressure range of P/Po< 0.2 suggests microporous texture of the sample. The pure HMS shows
isotherm of type IV attributing to the capillary condensation of N in the bounded mesopores. A
monolayer adsorption of Nz in P/P,<0.25 demonstrate the existence of micropores in the HMS
[179]. An inflection at approximately P/Po= 0.2-0.4 is related to mesopores filling. The hysteresis
loop at P/Po>0.9 is due to the presence of macropores [180]. It was reported in the literature that
the hysteresis loop in P/P, more than 0.8 can be due to the textural interparticle mesoporosity or
microporosity [181,182]. The shape of isotherm and the type of porosity for HMS in this study
agree with what reported in the literature [180,183-185]. The isotherms of the composites with
lower content of CuZSM5-M are similar to those of the pure HMS. When enhancing the content
of CuZSM5-M particularly for Cuz(70%)@H composite, the adsorption volume is decreased
being due to the decreased ratio of the mesoporous phase (HMS) versus the non-mesoporous phase
(CuZSM5-M).
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Figure 3.2. N2 adsorption-desorption isotherms of a) pure HMS and composites, b) CuZSM5-M.
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In Table 3.1, HMS shows a highly mesoporous texture with very high surface area. However,
CuZSM5-M exhibits a high microporous or external but very low mesoporous surface area which
is typical properties of zeolites when compared with mesoporous silica materials. By increasing of
CuZSM5-M content in the composite, the micropore volume grew and a reduction of the mesopore
volume happened because of blending the mesoporous material (HMS) with a non-mesoporous
one (CuZSM5-M). Hence, the textural properties of the composites displayed a combined behavior
of CuZSM5-M and HMS that was changed according to the percentage of CuZSM5-M in the
composites [186].

Table 3.1. Textural properties of all catalysts

Sample SgeT @ Smicro? Smeso Vi€ Vmicro® Vimeso® Pore

m2/g  m?/g m?/lg cmdg cmig cmdg diameter®

(nm)

HMS 992 278 714 0.19 0.020 0.170 2-166

Cuz(30%)@H 885 330 555 0.19 0.022 0.170 2-171

Cuz(50%)@H 732 269 463 0.16 0.026 0.130 2-167

Cuz(60%)@H 610 227 383 0.14 0.028 0.120 2-172

CuZ(70%)@H 444 198 246 0.13 0.062 0.070 2-213
CuZSM5-M 235 180 60 0.09 0.088 0.007 -

a) Calculated by the BET method, b) Microporous or external surface area calculated by the t-plot method [110], c) Obtained at a relative pressure
of 0.99, d) Calculated by the BJH method, €) Pore diameter range calculated by BJH method.

Figure 3.3 shows the FTIR spectra of the catalysts. In CuZSM5-M, the bands displayed at 454 and
1098 cm™ ascribes the internal vibration of (Al, Si)O4 tetrahedra, whereas in HMS, they are
associated to tetrahedral Si—O bending mode as well as the asymmetric stretching of Si—O-Si
[187,188]. All these bands can be observed in the FTIR spectra of the CuZ(x)@H composites. The
bands at 547, 800, and 1221 cm™ assigned to the five- and six-membered rings of T-O-T (T = Si
or Al) in zeolite being typical of the MFI morphology of ZSM-5. In all samples, the band at 1630

cm is related to the OH bending mode of adsorbed water molecules [112,189]. In addition, the
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broad bands at wavenumber range of 3000-3750 cm™ are ascribed to the vibration of hydroxyl

group in Si-OH-AI groups for ZSM-5, and Si—OH and absorbed water for all samples [190].
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Figure 3.3. FTIR spectra of HMS, CuZSM5-5, and all composites.

The wide angle XRD pattern of CuZSM5-M, low angle XRD pattern of HMS, as well as low and
wide angles XRD patters of CuZ(60%)@H composite are shown in Figure 3.4(a,b). In Figure 3.4a,
the lines at 26=7.90°, 8.82°, 22.96°, 23.82° and 24.32° are associated to the standard pattern of
ZSM-5 with MFI topology according to literature [191]. The lines at 26=16.3° and 34° are related
to the CuCl,.2H,0 crystalline phase with 13% content as was measured by Rietveld refinement
[192]. In the low angle XRD pattern of the pure HMS in Figure 2b, a single line at 26 ~2.2° (d=3.9
nm) can be observed, whereas CuZ(60%)@H additionally showed a second line at 20 ~1.5° (d=5.9
nm). The second peak for CuzZ(60%)@H might be due to the entrance of copper to the HMS
mesopores through mixing the gel of HMS with CuZSM5-M during composite preparation
procedure. Therefore, a partial occlusion of HMS mesopores with Cu atoms/ions (or complexes)
occurred. During calcination, the mesopores of HMS that were free from copper, collapsed to

d=3.9 nm [35], whereas the occluded ones kept the d=5.9 nm lattice spacing.
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Figure 3.4. XRD patterns of a) wide-angle 2-theta region CuZ(60%)@H composite compared to the CuZSM5-M and b) low-
angle region of the HMS and Cuz(60%)@H composite.

The wide angle XRD pattern of CuZ(60%)@H composite in Figure 3.4a shows less intense lines
or peak broadening of ZSM-5 confirming that the crystallinity of CuZSM-5 was slightly decreased
after synthesis of composite. In addition, the line ascribed to CuCl>.2H,0 crystalline phase can be
seen at 20=16.3°. However, the intensity of line related to CuCl. is firmly decreased in the
composite because of washing of the composite product.

Figure 3.5(a,b) exhibits the SEM images of CuZSM5-M and CuZ(60%)@H catalysts, respectively.
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Figure 3.5. SEM images of a) CuZSM5-M, b) CuZ(60%)@H; EDS maps of Cu distribution on ¢) CuZSM5-M, d) CuZ(60%)@H.

In CuZSM5-M, typical morphology of ZSM-5 meaning prismatic crystal shape can be partially
observed which seems to be slightly affected through solid CuCl incorporation [193]. In
particular, the change of surface morphology for CuZSM5-M is because of microwave ion-
exchange procedure which made the prismatic crystallites less regular. In the SEM image of
Cuz(60%)@H, both large prismatic CuZSM5-M and small semi spherical HMS can be seen
[194,195]. Particularly, in the external part of the composite, HMS phase is mostly visible.
Furthermore, distribution maps of the Cu(ll) species obtained from X-ray energy dispersive
spectroscopy (EDS) for CuZSM5-M and CuZ(60%)@H are displayed in Figure 3.5(c,d),
respectively. Both samples show suitable dispersions of Cu(ll) ions assisting a higher accessibility

and efficiency of incorporated Lewis acid site in the catalytic reaction [196].

The TEM images of CuZ(60%)@H composite are exhibited in Figure 3.6. The well-ordered pore
distribution structure of HMS in the composite can be evidently observed in Figure 3.6(a,b) with
higher magnification which displays a part parallel to the [001] channels. This observation agrees

with XRD results and also with those in the literature [197]. Moreover, highly dispersed Cu(ll)
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particles located in the channels of ZSM-5 with an average particle size of ca. 4.8 nm can confirm

the appropriate distribution and accessibility of the Lewis acid sites.

Avg. particle size :
4.8nm
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Figure 3.6. TEM images and Cu particle size distribution of CuZ(60%)@H catalyst.

The weight losses of samples were estimated by thermal analyses to study the stability of samples
under temperature increase. Figure 3.7(a-c) displays the TGA curves for the CuZSM5-M, HMS
and CuZ(60%)@H. For all materials, the weight loss in the first step at the temperature range of
25-200°C 1is associated to desorption of physisorbed and chemisorbed H>O molecules [198].
CuZSM5-M shows the highest weight loss (8.4%) confirming the existence of a higher amount of
water in the sample compared to the materials that contain mesoporous silica HMS. The presence
of higher amount of water in CuZSM5-M can be due to hydrated CuCl, coming from microwave

ion-exchange procedure. Moreover, the weight loss in the second step is due to the decomposition
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of the residual metal chlorides, the removal of hydroxyl groups and decomposition of silanol

bridges of the samples in the temperature range of 200-550 °C [199,200].
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Figure 3.7. TGA analyses of a) CuZSM5-M, b) HMS and c) CuZ(60%)@H

3.3.2. Catalytic tests for glucose conversion

The catalytic efficiency of parent HMS, CuZSM5-M and composites were compared in glucose

conversion at 200 °C during 5 h. As it is shown in Figure 3.8, all catalysts showed a full glucose

conversion due to high reaction temperature. HMS has shown a very low LA yield, while the
performance of CuZSM-5 was higher, giving 37% of LA yield. Although the microporous texture

of the ZSM-5 can somehow restrict the mass transfer of the involved molecules in the reaction,

decreasing the yield of the target product, the use of glucose as a small reactant avoids such strong

limitations of mass transfer. Hence, by taking the advantages of the HMS porosity and CuZSM5-
M acidity for a suitable ratio in the CuZ(60%)@H composite, a 45% yield of LA, was reached,
which was higher than that of CuZSM5-M catalyst.
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Figure 3.8. Catalytic performance of all catalysts in glucose conversion.(Reaction conditions: 200 °C, 10 bar of N2, 5 h, 2.7
mmol glucose, 500 mg catalyst, 100 mL water).

3.3.3. Catalytic tests for cellulose conversion

The reactivity of CuZSM5-M zeolite and CuZ(60%)@H composite were investigated in cellulose
conversion to LA at temperatures of 200 °C, 230 °C and 250 °C. As can be observed in the Figure
3.9, CuZSM5-M displayed a low efficiency toward LA producing 17% LA yield with 20% CB.
As discussed about textural properties of CuZSM-5 in Figure 3.2 and Table 3.1, the superior
microporosity of the ZSM-5 inhibits the penetration of polymeric cellulose into the pores of
catalyst, and limiting its access to the Brgnsted acid sites for hydrolysis, hence reducing the mass
transfer and yield of LA. In particular, the first reaction step encompassing hydrolysis of cellulose,
is most likely catalyzed by the external or superficial acid sites of CuZSM5-M. Thus, the obtained
monomer, namely glucose and other intermediates along the reaction pathway could enter the

zeolite micropores and reach to acid sites located in the channels and pores.

Moreover, a balance between high acidity of the zeolite, even superficial, for the first step of the
reaction, and that located in the zeolite internal channels and pores for the subsequent steps, along
with appropriate reaction conditions, was beneficial in obtaining 17% LA yield despite clear steric

restrictions. Onda et al, studied HZSM-5 and HBeta zeolites for cellulose transformation and
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achieved glucose yield of 12% at 150 °C and 24 h. In their case, the temperature of reaction was
low and the reaction time was long, and low catalytic efficiencies were due to the microporous
texture of HZSM-5 and HBeta zeolites which led to mass transfer limitation between bulky
cellulose and catalyst acid sites [201]. Zhang et al, obtained 37% glucose yield from cellulose over
microporous catalyst namely HY zeolite and with the assistance of microwave irradiation at 240
W and [Csmim]Cl solvent after 8 min [202]. However, water is more suggested as a green,
environmental friendly, and economic solvent for the process even though heterogeneous catalyst
and cellulose are not soluble in water and this could restrict the mass transfer [203]. Hence, high
surface area and large pore size of the heterogenous catalyst are vital for cellulose transformation.
In some research, hierarchical H-USY and ZSM-5 zeolites with high surface area and meso-
microporous structure obtained from desilication and dealumination methods were selected as the
catalyst to boost the mass transfer between hemicellulose and cellulose as the substrates and the
catalysts. Therefore, hierarchical H-USY was an efficient catalyst for hemicellulose hydrolysis
giving 56% yield of total reducing sugars (TRS) when comparing to the parent H-USY with
producing 5.8% yield of TRS in the same reaction condition of 140 °C, 7 h [204,205]. However,
the applied methods need a very careful control of desilication or dealumination to avoid loss in
crystalline structure and alterations in acid properties of zeolite which decrease the activity and

stability of the zeolite in the hydrothermal condition.

In this work, the combination of micro mesopores in the CuZ(60%)@H composite (Figure 3.2),
assisted efficient mass transfer between bulky cellulose and composite mesopores providing higher
accessibility to the acid sites of the catalyst. In addition, the strengths and concentrations of both
Lewis and Brgnsted acid sites were suitable for cellulose hydrolysis to glucose and its further
transformation into LA. Thus, this catalyst was efficient giving 30% yield of LA. When comparing
the CuZ(60%)@H activity at different temperatures, it was seen that best results were attained at
230 °C. Cellulose is insoluble in H2O particularly at low temperature due to the inter- and intra-
molecular hydrogen bonding [206]. Although enhancing temperature can improve cellulose
hydrolysis, it causes formation of humins as reported by Chen et al [207]. A high amount of
cellulose was obtained in the microwave assisted hydrolysis of amorphous cellulose of vegetable
waste at the temperature higher than 150 °C after 5 min. In addition, Kang et al, exhibited that an
optimum temperature to reach a maximum yield of LA is needed. Further increase of temperature

cannot increase LA yield due to humins and other by-products production [208]. Kang et al
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suggested that the optimum temperature for hydrolysis of cellulose was 170 °C using
homogeneous H>SO4 catalyst after 2 h reaction. In our work, we found that 200 °C was not
sufficient to achieve maximum amount of LA. The highest yield of LA was formed in the current
case at 230 °C. By further increasing of the temperature to 250 °C, we assume that more humins
were produced and FA was degraded to gases which was confirmed by giving lower yield of LA
and FA, and lower CB, being 22%, 2%, and 28%, respectively.
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Figure 3.9. Catalytic performance of CuZ(60%)@H and CuZSM-5 in cellulose conversion. .( Reaction conditions: 10 bar of Na,
5 h, 3 mmol cellulose, 500 mg catalyst, 100 mL water).

3.3.4. Acidity of catalysts and its effects on the catalytic performance

Figure 3.10 displays the NH3-TPD profiles of HMS, CuZSM5-M and of the composites.
According to NH3-TPD profile, three different weak, medium and strong acid sites can be observed
at different ranges of temperature. The peak in the range of 50-200 °C is associated to the weak
acid site of the catalyst. The peaks at ranges of 200-400 °C and up to 400 °C are related to the
moderate and strong acid sites of the catalysts, respectively [209]. Figure 3.10 shows that HMS

exhibits a very low density of weak acid site and a high density of weak and medium acid sites is
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present in CuZSM5-M [210]. The composites display a balance of the acid sites strength between
HMS and CuZSM5-M. CuZ(30%)@H exhibits only weak acid site with the lowest contents of
zeolite while by enhancing the amount of CuZSM5-M in the composite the acid sites strength is

increased.
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Figure 3.10. NH3-TPD profiles of the catalysts.

The type of acid site in the catalysts was also investigated by FTIR spectroscopy of pyridine
adsorption-desorption in the wavenumber range of 1400-1575 cm™. The concentration of weak,
medium and strong Brgnsted and Lewis acid sites estimated by desorbing pyridine at different
temperatures are reported in Table 3.2. As can be observed, CuZSM5-M shows a high
concentration of weak acid site, low concentration of medium without any strong acid site. This
was also evident in NHz-TPD profile. As it can be seen in the results of Table 3.2, the
CuZ(30%)@H composite with the lowest content of CuZSM5-M displayed only weak acid sites
which was observed also in the NHs-TPD result. The composites with a higher content of
CuZSM5-M showed mostly weak and few medium Brgnsted and Lewis acid sites. Moreover, the
total acid site concentration rose by increasing the amount of CuZSM5-M in the structure of
composites. The result of pyridine-FTIR agree with NHs-TPD profiles. The Brgnsted acid site of
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the composite comes from protons of the hydroxyl groups bridging framework silicon and
aluminum, while the Lewis acid sites are owing to Cu(l1) in the pores and channels and coordinated
to the oxygen in the framework of zeolite. In addition, it is assumed that some Cu(ll) species from
residual CuCl; salts occurring in the CuZSM5-M surface were stabilized in the structure of the
composite and other residual CuCl, salts were removed in the washing step of composite

preparation procedure, as observed by the XRD pattern of CuZ(60%)@H reported in Figure 3.4a.

Table 3.2. Concentration of Bransted acid sites (Cs) and Lewis acid sites (CL) in catalysts determined by FTIR with pyridine

250 °C 350 °C 450 °C
Catalysts Weak acid site Medium acid site Strong acid site
Cs CL Cs CL Cs CL
(umol/g)  (umol/g)  (umol/g)  (umol/g)  (umol/g) (umol/g)

CuZzZ(30%)@H 19 37
Cuz(60%)@H 56 103 0.1 0.9
Cuz(70%)@H 72 105 5.0 4.0

CuzZsM5-M 146 139 14.0 4.0

As reported in the literature [211], the tandem conversion of glucose starting from isomerization
of glucose to fructose followed by fructose dehydration to 5-HMF can be assisted by concentration,
strength and type of catalyst’s acid sites. The results of catalytic reaction in Figure 3.8 demonstrate
a negligible efficiency of HMS into LA owing to lack of the acid sites in the catalyst as was
confirmed by NH3z-TPD profile. However, full conversion but low CB for HMS could be due to
the formation of insoluble oligomers deposited in the pores of catalyst as was suggested by van
der Graaff et al [212]. In the literature, various methods were used to boost the acid site of
mesoporous silica for glucose transformation. For example, Wang et al, improved total
concentration of Lewis and Brgnsted acids sites of SBA-15 mesoporous silica to 1316 umol/g via
impregnation of different Al/Nb atom ratios and obtained 55% vyield of 5-HMF from glucose at

170 °C for 6 h [213]. Importantly, a mild acid site strength and suitable concentrations of Lewis
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and Brgnsted acid sites are desired to reduce extensive humins formation and boost LA yield as
was demonstrated in the literature for the ZSM-5 as a similar catalyst [127, 214]. In our study,
CuZSM5-M with weak and medium acid sites and high concentration of Lewis acid site showed
an improvement in LA yield and CB compared to non-acidic HMS. As was discussed in the
Section 3.3.3, when doing the reaction over composites with higher surface area and larger pore
size, the mass transfer of substrate and products was increased. In addition, the acid sites of the
catalyst were another prominent factor to improve the efficiency of the catalyst. The acid sites of
the composites were tuned by altering the contents of the CuZSM5-M. Among composites,
CuZ(30%)@H with low acid site concentration, as was reported in pyridine-FTIR result in Table
3.2, produced low LA yield. By enhancing the content of CuZSM5-M to 60%, and thus raising the
acid site concentration, a maximum yield of LA was produced. However, 70% of CuZSM5-M in
the composite led to a drop of LA yield because of high acid sites concentration leads to the

production of more humins and lower CB.

The relations between the concentration of Brgnsted and Lewis acid sites and the LA yield and CB

of the catalysts are plotted in Figure 3.11(a,b).
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Figure 3.11. The effect of a) Bragnsted and b) Lewis acid sites concentrations on the catalytic performance.

As can be observed in Figure 3.11a, by enhancing the concentration of Brgnsted acid site from 19
umol/g to 56 pmol/g, the LA yield increased from 34% to 45% and the CB stayed unchanged. This
trend can be due to the importance of possessing sufficient Brgnsted acid sites for fructose

dehydration to 5-HMF. However, as the reaction is sensitive to the density of Brensted acid site,

57



enhancing the concentration of Brgnsted acid sites from 56 umol/g to 160 pumol/g caused the
decrease of LA yield and CB from 45% and 50% to 37% and 42%, respectively. Higher
concentration of Brgnsted acid sites resulted higher humins formation from side reactions and thus
lower CB. Furthermore, the relation between Lewis acid site concentration and the LA yield and
CB of the catalysts in Figure 3.11b indicates that by increasing of Lewis acid concentration from
37 umol/g to 104 pmol/g, LA yield increased from 34% to 45% and CB stayed unchanged. As
noticed before, an optimum density of Lewis acid site is desired to boost reaction from glucose
isomerization pathway for production of higher LA yield. However, further enhancing of Lewis
acid site concertation led to lower LA yield and CB at complete conversion that might be due to
the simultaneous rise of Brensted acid site concentration and formation of a higher humins. Thus,
for our catalytic system, 56 umol/g and 104 pmol/g were considered as the optimum Brensted acid
and Lewis acid concentrations containing B/L of 0.53 which resulted the highest yield of LA and
CB. However, it is always significant to select a suitable and tunable catalyst and to optimize its
textural and morphological features and acid properties as was noticed by Saravanamurugan et a/
[215]. It should be mentioned, however, that a fair comparison with the results obtained in the
literature is difficult because of different porosity, surface area, acidity of the catalysts, and mainly

by reaction conditions.

3.3.5. The stability of the catalysts

Humins as the by-products of sugars catalytic transformation are sensitive to the catalysts
properties. Humins can be formed due to improper reaction conditions and catalyst acidity [216].
In this study, humins formation using both CuZSM5-5 and CuZ(60%)@H catalysts during the
transformation of cellulose to LA was studied. As it is shown in Figure 3.12, the color of CuZSM-
5 catalyst altered from light green to dark brown upon cellulose transformation, while
CuZ(60%)@H exhibited a color change from light gray to dark gray confirming more humin
formation on the CuZSM5-M catalyst. It can be assumed that the composite with more meso- and
microporous structure and more moderate acidity was efficient and less humins were formed

during the reaction.
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Figure 3.12. Color change of the CuzZSM5-M and CuZ(60%)@H catalysts during cellulose conversion.

The molecular structure and functionality of humins deposited on the surface of spent catalysts
were investigated by FTIR (Figure 3.13). Sumerskii et al, found that humins are made of 60%
furan rings and 20% ether or acetal aliphatic linkers formed from polycondensation procedure
[158]. Lund and co-workers reported that humins can be produced from 5-HMF rehydration via
aldol condensation [217]. According to FTIR results of spent catalysts, the weak band at around
2922 cmt is associated to stretching of the aliphatic C—H [218]. Region below 1000 cm™, named
as fingerprint region, the intensity increment of the band at around 800 cm™ in spent catalysts’
spectra compared to the fresh ones is related to the C—H out of the plane vibrations of the furan
rings [219]. In addition, the small shoulder located at around 1706 cm™ and the broadened band at
1630 cm™ in the spent catalysts might be due to the stretching of C=0 and C=C, characteristic of
conjugated carbonyl group to an alkene group and also because of the carbonyl group in HMF
molecules that was introduced to the structure of humins during reaction [216]. Therefore, the
FTIR spectra of both spent catalysts showed the production of humins on the catalysts surface
upon the cellulose transformation to LA. However, the weak intensity of bands associated to
humins in the spent catalysts confirms that a small amount of humins were formed during the

catalytic reaction.
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Figure 3.13. FTIR spectra of the fresh and the spent a) CuZSM5-M and b) Cuz(60%)@H catalysts.

Moreover, the morphology of the spent CuZ(60)@H was studied by TEM analysis (Figure 3.14).
As can be observed, the high dispersion of copper nanoparticles is maintained after the reaction
and a slight increase of particle size from 4.8 nm to 5.5 nm occurred demonstrating that no serious
copper nanoparticles agglomeration happened. Particularly, some nanoparticles with the size of
5.5 nm might be associated to the slightly accumulated Cu(ll) cations. We assume that small Cu(ll)
cations might move more freely in the channels of ZSM-5 and be slightly agglomerated in agueous
medium of the reaction [220]. In addition, the decrease of some Cu(ll) cations in the channels of
ZSM-5 might happened during the reaction and produce copper metallic nanoparticles [221]. We
found that the suitable porous texture of the composite assisted the facile initial cellulose
depolymerisation on the outer surface of HMS, as well as the mass transfer of intermediates and
products in the pores, and formation of higher LA yield. The composite morphology was almost
stable upon the reaction which might be due to suitable acidity of the catalyst causing lower humins
production. The moderate and balanced acidity of the composite encouraged the desired pathway
and lower humins formation as was observed in less color change of the spent composite in the
Figure 3.12. Moreover, composite with mesoporous structure could provide a shorter diffusional
path length and a fast leaving of bulky compounds diminishing the humins formation inside pores

and deactivation of bulk acid sites [163-165,222]. Kang et al, reported that because the yield of
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LA is highly related to the surface area and easy accessibility to the acidic sites of heterogeneous
catalysts, it is significant to raise its stability by synthesis of materials with a highly porous
structure, high surface area and suitable acidity with high accessibility [165]. Therefore, looking
at the color of the spent CuZ(60%)@H and the weak intensity of bands related to humins in the
FTIR spectra, it can be affirmed that the composite with high surface area, correct dimension of
pores, and suitable acidity formed small amount of humins deposit on the surface. The spent
CuZ(60%)@H composite was washed with deionized water and dried in the oven at 90 °C for 12
h and applied for the second run of the reaction. The yield of LA from first to second run decreased
from 30% to 22% which could be due to the blockage of some acid sites by humins deposit. Indeed,
small amount of humins deposit might be removed from the surface of catalyst by washing with
an organic solvent (methanol, ethanol, acetone, methylene chloride) [208,223-225] or calcination

procedure.
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Figure 3.14. TEM images and Cu particle size distribution of spent CuZ(60%)@H catalyst.
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3.3.6. The proposed mechanism of the reaction over CuzZ(60%)@H

A mechanism proposed to explain the reaction route from cellulose into LA over CuZ(60 %)@H
catalyst is schematized in Figure 3.15. As it is shown, various steps with several significant
intermediates are involved in the cellulose conversion to LA. In the step (I), the hydrolysis or
depolymerization of cellulose to glucose could occur over Brgnsted acid sites of the catalyst. In
particular, electron sharing from the glycosidic oxygen of cellulose with Brgnsted acid sites of
catalyst by the assistance of water molecule could cause the cleavage of B-1,4-glycosidic bonds to
form glucose as was proposed by Lelekakis et al [226]. In the step (11-1), the glucose isomerization
to fructose could happen catalyzed by Lewis acid site of the composite. The coordination of the
electrons from the glucose ring’s oxygen with the Lewis acid site of the composite might help on
the cleavage of C1-O bond and creating C2-O new bond to form fructose. Moreover, as it can be
seen in step (11-11), Bransted acid site of the catalyst could assist a more facile electron transfer via
sharing proton with the hydroxyl group connected to the C2 atom in glucose ring. In the step (111),
both Lewis and Brgnsted acid sites of the composite might catalyze the fructose dehydration to 5-
HMF upon loss of three H,O molecules. Since 5-HMF is an unstable intermediate in the water, its
further rehydration to LA might occur with Brgnsted acid site of the catalyst in the Step (IV) of
the reaction. During this step, Brgnsted acid sites could facilitate the ring opening of 5-HMF being

subsequently followed by keto-enol isomerization to produce FA and LA.
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Figure 3.15. Proposed mechanism of cellulose conversion to LA over CuZ(60%)@H catalyst.

3.4. Conclusion

In this study, the formulation of heterogeneous catalysts based on Cu(ll)-exchanged ZSM-5 zeolite
and HMS mesoporous silica was carried out to be applied in catalytic transformation of glucose
and cellulose into LA. CuZSM5-M zeolite was selected to have an optimum and tailored
concentration, strength and type of acid sites. HMS mesoporous silica was used to obtain a high
surface area and suitable porosity needed for the target catalytic reactions. Compared to CuZSM5-
M zeolite, HMS exhibited a very high mesoporous surface area (714 m?/g) and large total pore
volume (0.19 cm?/g) according to the results of N2 physisorption analysis. CuZ(60%)@H as the
best composite synthesized from CuZSM5-M and HMS displayed a high surface area, and large
pores being efficient for an easy mass transfer of the sugars particularly polymeric cellulose and
also the involved intermediates and products of the reaction. Moreover, TEM images and low-
angle XRD profile confirmed the well-ordered pore distribution of HMS in the structure of the
composite. CuZ(60%)@H exhibited Brgnsted and Lewis acid sites concentrations of 56 umol/g
and 104 umol/g (B/L=0.53) being as the optimum acidities for target reaction pathway from sugars
to LA and lower amount of solid humins formation. The tailored morphological, textural features
and acid properties of CuZ(60%)@H improved the formation of the highest yield of LA (45% and
30%) from conversion of glucose and cellulose, respectively. The best composite displayed a
proper stability towards humins by possessing a preserved morphology and Cu(ll) dispersion after
the reaction. In the next Chapter, we are moving to the valorization of LA to GVL using

carbonaceous catalysts (biochar).
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Chapter 4. Conversion of levulinic acid to y-Valerolactone using
bifunctional Ni, Al supported on biochars catalysts

4.1. Introduction

4.1.1. y-Valerolactone production from levulinic acid

y-Valerolactone (GVL) is a Cs-cyclic ester with the formula CsHgO2 and IUPAC name 5-
Methyloxolan-2-one. GVL is present in some natural products such as fruits and is used as a food
additive and a chemical and sustainable precursor for formation of various products in energy and
carbon-based consumers applications. The physical and chemical properties of GVL such as low
vapor pressure at high temperature, being non-toxic, and not producing peroxide in the air in a
long period of time allow its safe storage and transportation, as well as extensively usage as a green
solvent and fuel additive [227]. Another significant property of GVL is its chemical stability,
especially in water at maximum 60 °C for around one month [228]. GVL can be used as a
sustainable substitution of ethanol in the fuel additive application, with a similar mixing ratio of
10 v/iv% GVL and 90 v/v% 95-octane gasoline and similar properties. Compared to ethanol, the
removal of GVL from water by distillation is easier consuming less energy because it does not
produce an azeotrope with water [229]. Another advantage of GVL as a fuel additive respect to
the traditional fuels is the reduction of CO, hydrocarbons and smoke emission as the environmental
poisoning gases. Moreover, GVL has a quite similar energy combustion with ethanol (29.7 MJ/kg)
and keeps more than 97% of energy content of glucose as the initial substrate. Therefore, the
utilization of a low-cost feedstock can help on providing GVL with a reasonable price of around
2-3 USD/gallon [230]. Although direct application of GVL as the transportation fuel could
simplify its global monitoring and regulation, its higher solubility in water, lower cetane number
and energy density compared to fossil fuels make some limitation of the direct disposal. In
addition, GVL can be used as a precursor of several other chemicals such as aromas, valeric acid,
butene isomers, 1,4-pentanediol, adipic acid (precursor for nylon), methyltetranydrofuran, and 4-
hydroxypentane alkylamides [228]. Kunshan Qiandeng, Inoue Perfumery MFG, and Soda

Aromatic are some examples of active participants in the production of GVL. It is expected that
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GVL would keep a growing compound annual growth rate (CAGR) in the market by 2025 and
reach USD million [230]

GVL can be produced from several substrates such as cellulosic carbohydrates, furfural, furfuryl
alcohol, LA, and alkyl levulinates [231]. One of the most common and key routes for GVL
production is hydrogenation of LA passing from two possible reaction pathways (Figure 4.1): (1)
LA ketonic group hydrogenation to a very active intermediate 4-hydroxypentanoic acid and its
simultaneous dehydration passing from an intramolecular esterification and cyclisation giving
GVL (Figure 4.1, pathway I), and (2) LA dehydration and cyclisation to intermediates a-angelica
lactone or B-angelica lactone and their hydrogenation resulting GVL (Figure 4.1, pathway I1).
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Figure 4.1. Possible reaction pathways from levulinic acid to y-Valerolactone (AMS: active metal site; AS: acid site)

Overall, each hydrogenation step is catalyzed with active metal catalyst, and each dehydration step

undergoes over acid active catalyst or acidic condition of the reaction. One of the possible
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byproducts of the reaction could be pentanoic acid from subsequent dehydration and
hydrogenation of 4-hydroxypentanoic acid in the presence of Brgnsted acid sites. Moreover, coke
formation is another possible side reaction coming from condensation of LA and especially
angelica lactones under severe acidic condition [232].

GVL can be synthesized exothermically from hydrogenation of LA in both gas and aqueous phases
with enthalpy changes of 47.73 kJ/mol and 74.5 kJ/mol, respectively [233]. As was mentioned,
the catalyst of the reaction must have bifunctional properties of active metal site and acid site for
catalyzing hydrogenation and dehydration steps, respectively. In the next section, a state-of-art
about the catalytic systems of the target reaction and an introduction about the catalysts used in
the present study will be referred.

4.1.2. Catalysts for hydrogenation of levulinic acid to y-Valerolactone

Researchers have studied catalytic transformation of LA to GVL over a wide variety of catalysts
causing different pathways of the reaction and GVL yields. In some studies, formic acid was used
as the homogeneous acidic material to catalyze the dehydration step of the reaction. However,
besides all drawbacks of a homogeneous acid catalyst, it also needs harsh reaction conditions and
another active metal catalyst for hydrogenation step. These make a potential trend towards
bifunctional heterogeneous catalytic system to meet a more sustainable and environmental-
friendly system [234,235]. Overall, the catalytic activity depends on the combined effects of
hydrogenation active metal phase and acid sites. Often, the acidic properties of the catalysts come
from the acidic nature of the selected support. Among heterogeneous catalysts, noble and non-
noble metals supported materials have been widely used in the literature. In particular, noble
metals such as Ru, Pt, Pd, and Ir have been extensively applied as the catalyst‘s hydrogenation
active phase and among them carbon supported Ru materials took the greater part [228,232].
Although noble metals are highly active phases for the proposed reaction, non-noble metals such
as Ni, Cu, Fe, Mg and Al are better options due to a higher availability and economic sustainability
[235-237]. Ni has been widely used in several studies for the proposed reaction because of its high
activity and selectivity to GVL. For example, N-doped multichambered mesoporous carbon
microspheres supported Ni catalysts displayed almost full LA conversion and GVL selectivity
[238]. In another study, Ni/NiO catalyst with a partial reduced NiO to Ni exhibited a better
performance that metallic Ni and NiO giving a full LA conversion to GVL at 120 °C, 20 bar H>
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for 24 h. The formation of Ni/NiO heterojunctions was the main reason of the catalyst” higher
efficiency [239]. Hengst and co-workers investigated the effect of different techniques including
wet impregnation, flam spray pyrolysis, precipitation with NaOH, and precipitation with urea for
the preparation of Ni/Al>Os catalysts. Among them, wet impregnation led to a more suitable Ni
particle size (6 nm) and dispersion and a higher catalytic efficiency giving LA conversion of 90%
and GVL selectivity of 75% in the aqueous medium at 200 °C, 50 bar Hy, for 5 h [240]. In this
study, Ni was selected as a cheap, non-noble and sustainable hydrogenation active phase and was
introduced in the catalytic support by wet impregnation method.

In addition, the catalytic supports have had a vital influence on the catalytic activities mostly
possessing the acid sites for dehydration step, and catalysts stabilities affecting from coke
formation, metal leaching and sintering [241-245]. From the literature, oxide type supports such
as ZrOz, TiO2, Al203, SiO2, MgO, and ZnO, mesoporous silica-based materials such as MCM-41
and SBA-15, microporous zeolites, clays, and carbon-based materials were reported for the target
reaction [228,232].

For instance, Ni/Al,Os was investigated as the catalyst of the reaction, and by taking the
advantages of Ni as a hydrogenation active phase and alumina acidic properties, 91% yield of GVL
in full LA conversion was obtained at harsh reaction conditions of 250 °C, 65 bar Hz for 2 h [237].
In another study reported by Fu et al, Ni/y-Al.03 gave 93% yield of GVL at 200 °C, 30 bar H> for
3 h [246]. As examples of carbon supported Ru catalysts, Cao et al, studied Ru/C and Ru/ZrO@C
in both aqueous and acidic mediums and more than 70% LA conversion and GVL yield were
obtained at 140 °C and 10 bar Hz for 2h [247]. In addition, commercial activated carbon was used
as the Ni catalyst support in which 99% GVL selectivity in 80% LA conversion was achieved
using non-green dioxane as the solvent of reaction at 200 °C and 30 bar Hp, for 4 h [238]. In this
study, we aimed to use a sustainable and active catalyst with reduced environmental impact and
economic concerns for the proposed reaction. Hence, natural carbon-based materials (biochars) as

the solid byproducts of different biomasses pyrolysis were selected as the supports of the catalysts.

Biochar is a composition of carbon, hydrogen, nitrogen, oxygen, sulfur and ash with different
proportions. The amounts of each element and ash in biochar are influenced by the origin of initial
biomass, the pyrolysis conditions, and each pre- and post-treatment procedure [248]. Through the

pyrolysis processes, biomass aliphatic carbon chains are converted to biochar aromatic carbon.
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The lower H/C ratio suggests a higher degree of aromatization in biochar structure, while a higher
O/C and N/C ratios propose a higher doped and superficial polar functional group which improve
the hydrophilicity of biochar [249,250].

In particular, biochar is concidered as a non-graphitic/non-graphitizable carbon. As it is shown in
Figure 4.2a, non-graphitic/non-graphitizable carbon materials possess various groups of localized
parallel carbon sheets that are hardly cross linked together [251]. Most of the biochars are non-ordered
structure with very low surface area and weak porosity limiting their utilization in catalytic application.
Several modification procedures such as selection of a proper biomass, controlling the pyrolysis
conditions, heteroatom doping, surface functionalization, activation, and composing with other
materials have been applied to improve the biochar specific properties [252]. Several techniques
have been investigated for biochar activation to develop its localized order and hierarchical porous
structure. Examples are given by physical activation (with CO2, steam, O3), chemical activation
(with KOH, NaOH, NHs, K2COs, ZnCl,, HCI and H>SOs), and activation by hard template
approaches such as mesoporous silica [253]. It should be noted that during activation process, the
ordered structure of biochar can be improved, but not to an absolutely ordered structure like
graphitic carbons. Typically, the crystalline disorder of biochar materials before activation is called
turbostratic wherein the successive layer planes are set up roughly parallel and equidistant with a
random rotation respect to each other (Figure 4.2b). However, we cannot call them a graphitic structure
because they do not have a crystallographic order and the spaces between successive layer planes are
larger than graphite [254,255]. Through the activation process and by increasing the activation
temperature, a localized crystallization occurs by: -breaking the cross links, providing free carbon
sheets and their compression by surrounding cross-linked structures for creating a higher ordered
structure; - the removal of more heteroatoms from carbon sheets, creation of carbon radicals,

linking the provided carbon radicals to form larger carbon sheets [251,256].
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Increasing carbonization temperature

Figure 4.2. a) Postulated structures of non-graphitizable carbon [138], b) The effect of carbonisation temperature on biochar
structure development, transferring from turbostratic arrangement (left) to semi graphitic arrangement (right) [145].

Besides the localized crystallization meaning the ordering process of internal region, the activation
procedure leads to an augmented porosity and surface area in biochar structure. In this thesis,
physical activation method using CO2 agent, as an eco-friendly and efficient approach, was applied
for improving biochar porosity. In particular, the spaces between the crumpled carbon sheets in
biochar compose its porosity. Through physical activation, the oxidation of carbon atoms in the
biochar network occurs by CO: or steam agent. Hence, the oxygen atoms of activation agents are
bonded with biochar carbon atoms resulting in release of CO molecules from the network and
generating porosity (Figure 4.3). This process is endothermic and normally happens at the
temperatures above 700 °C [62,257]. In this study, four different biomasses were selected for
preparation of biochar-based supports: a) Vine wood: a vegetal and agricultural or food waste from
second generation biomass, typically lignocellulosic, made of cellulose, hemicellulose, and lignin;
b) Barley waste: a vegetal and agricultural or food waste from second generation biomass, typically
lignocellulosic, made of cellulose, lignin and arabinoxylans and rich in protein, lipid, fiber, and
vitamins; c) Leather tannery waste: an industrial waste and from animal derived raw material,
classified as the second generation biomass, rich in collagen, and proteins, and d) Sargassum
brown macroalgae of Venice lagoon: from third generation biomass, rich in protein, lipid, and

carbohydrate. The aim is to investigate the possible utilization and influence of biochars from
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different origins and generations of biomass as the supports for bifunctional Ni, Al-based catalysts
in LA hydrogenation to GVL.

Physical activation using
CO2agent

—

Figure 4.3. Improvement of biochar porosity through physical activation process and biochar surface functionality.

Besides the crucial importance of active metal phase in LA hydrogenation, the acidic feature of
the catalyst plays a prominent role in accelerating 4-hydroxypentanoic acid intermediate formation
or angelica lactone transformation to GVL [241]. A combination of both Lewis and Brgnsted acid
sites is desired to guarantee and improve the overall performance of the catalyst. Lewis acid site
exhibited a higher efficiency on boosting GVL selectivity than Brgnsted acid site. However,
besides Lewis acid site, a proper concentration of Bregnsted acid sites can accelerate the
lactonization process and facilitate the GVL production. For instance, the catalysts with only Lewis
acid property such as Al20s3, ZrO2 and SnO> could produce less than 10% GVL vyields, while the
catalyst with both Lewis and Brgnsted acid sites such as SnO2/SBA-15 could significantly improve
the GVL yield over 80% with the same reaction conditions [258]. It is significant to note that an

excessive Brgnsted acid sites concentrations can cause the decrease of GVL selectivity by its
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further ring opening and over-conversion to by-products [259-261]. For example, ZrAl-Beta-25
catalyst with a lower Lewis/Brgnsted ratio (0.85) produced 71% yield of GVL, while Zr-Beta-100
with a higher Lewis/Brgnsted ratio (8.4) gave a higher GVL yield of 96% [262]. In addition, high
acid concentration of the catalyst can lead to a rapid deactivation of the catalyst through coke
deposition. In the most reported studies, the catalyst acidity has been derived from the catalytic
support such as ZrO,, Al2O3, and zeolite [228,232]. Carbon based materials are extensively applied
as efficient catalytic supports for several biorefinery catalytic systems due to their typical
properties such as high surface area, excellent electronic conductivity and high resistance in acidic
condition [263,264]. In literature, carbon-based catalysts have also been used for LA conversion
to GVL in which the Bransted acid site was provided by the acid functionalization of carbon with
different reagents such as phosphoric acid and sulfuric acid, and the Lewis acid site was supplied
by different coordination of active metal/metal oxide phases [265,266]. Moreover, in one study,
the sulfuric acid functionality poisoned Ru metallic site on the ordered mesoporous carbon and
diminished the catalytic activity [267]. In another study, the presence of the carboxyl and hydroxyl
functional groups in carbon-based bifunctional catalyst (functionalized carbon supported Ni/NiO)
could efficiently improve the catalytic performance for LA conversion to GVL in supercritical
COq-ionic liquid systems [268]. In this study, since biochars as the catalytic supports are provided
from pyrolysis of biomasses, they naturally possess the Bransted acid functionalities affected from
the origin of the initial biomasses. This aspect can be considered as a vital inspiration in
formulation of a novel and green catalytic system for the proposed bio-based reaction. Moreover,
Al-containing structures as the Lewis acid site of the catalyst is introduced to the biochar supports

by two different impregnation and precipitation techniques.

4.1.3. The aim of the chapter

In this chapter, the catalytic hydrogenation of LA to GVL was studied. Development of a cheap
and sustainable heterogeneous catalyst was the main aim of this chapter. Therefore, activated
carbons derived from biomasses (activated biochars) were selected as novel supports for related
reaction. In particular, activated biochars were obtained from pyrolysis and CO.-physical
activation of four different biomasses including tannery shaving waste (T), vine wood waste (W),
barley waste (B) and Sargassum, brown macroalgae of Venice lagoon (A). Al-containing species

as the Lewis acid site for dehydration step was incorporated to the supports using two different
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methods of wet impregnation and precipitation. Ni as a hydrogenation active phase was introduced
in the supports via wet impregnation technique. Biochar-based supports and catalysts were
characterized by AAS, elemental analysis, FTIR, N2 physisorption, XRD, SEM, EDS, TEM, TPD,
NHs-TPD and TPR techniques. The catalysts were tested for LA hydrogenation to GVL in a batch
system. The results showed that activated biochar supported only Ni was not active in the proposed
reaction due to the lack of Lewis acid site for dehydration step. Precipitated Al-containing species
on the biochar-based supports demonstrated a higher performance in the reaction compared to
impregnated one because of a better Al species dispersion and its different interaction with support
and Ni species affected by synthetic approach. Among different supports, the activated biochars
obtained from T and W acted as the best ones. A higher catalytic efficiency was strongly influenced
by the chemical, textural and morphological properties of activated biochars obtained from

different biomasses with different natures.

4.2. Experimental

4.2.1. Catalyst preparation
e Preparation of biochar-based supports
Four different biomasses were selected for preparation of biochar-based supports:

1) Tannery shaving waste (T) that was obtained from PASUBIO S.p.A. tannery (Arzignano,
Italy), provided by GOAST technology, Green Organic Agents for Sustainable Tanneries
(LIFE project)

2) Vine wood waste (W) that was supplied from Conegliano, Italy.

3) Barley waste (B) that was provided from Padova, Italy.

4) Sargassum, brown macroalgae (A) that was collected from Venice lagoon.

To obtain biochar, the pyrolysis of biomass was performed in a laboratory-scale prototype plant
(Carbolite custom model EVT 12/450B) (Figure 4.4) consists of a vertical oven with a fixed bed
tubular quartz reactor. The upper exit of the reactor was connected to the quenching system through
a heated outlet pipe (ca. 200 °C) which itself was connected to a water-cooled condenser (20 °C)
and a series of glass condensers (0 °C) in an ice bath for collection of liquid fraction or bio-oil.

Moreover, the gas fraction was connected to the exit of final glass condenser which was possible
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to analyze by GC via GC-TCD injector with an automatic sampling valve. The temperatures of
both oven and reactor were adjusted by an electrical heating system comprising N-type
thermocouple and PID (Proportional, Integral, Derivative) temperature controller. The flows of

gases were controlled by Brooks mass flow controllers.

o dl , \

Figure 4.4. The scheme of laboratory-scale pyrolysis setup
Before pyrolysis, T biomass was dried in the air for 48 h, and A was washed with tap water and
distilled water, dried in the air for 48 h and further dried in the oven at 110 °C for 2 h. Whereas,

W and B were directly used in pyrolysis process without any typical pretreatment.

In a pyrolysis run, first, around 40 g of proposed biomass (size < 0.250 mm) was charged into the
reactor and was pyrolyzed at 600 °C, with a heating rate of 5 °C/min, and a residence time of 30
min under N2 flow of 100 mL/min. The biochars obtained from pyrolysis step were labeled as Br,
Bw, Bg, and Ba for T, W, B, and A biomasses, respectively. After 30 mins of pyrolysis procedure,
the temperature was immediately increased to 700 °C with a heating rate of 20 °C/min under N>
flow of 100 mL/min. Then, the gas was switched to CO: as the activation agent with the flow of
100 mL/min and the physical activation was carried out for 4 h. To remove the inorganic residues
(ashes), activated biochar was mixed with HCl (Merk, >37.0 wt%) (1 M) solution and was
sonicated for 1 h. Then, the activated biochar was filtered and washed with deionized water until
achieving a neutral pH. The sample was dried in the oven at 110 °C for 12 h. All materials were

grinded and sieved to particle size <180 um in diameter. The final obtained supports were labelled
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AT, Aw, Ag, and Aa, respectively. The list and labels of prepared supports are provided in Table

4.1.

Table 4.1. The list and labels of prepared supports.

Biomass Biochar Activated
biochar
Tannery shaving waste (T) Br Ar
Vine Wood waste (W) Bw Aw
Barley waste (B) Be Ag
Sargassum brown macroAlgae (A) Ba Aa

Incorporation of Al as the Lewis acid site

Al was introduced to the biochar-based supports using two methods including wet impregnation

and precipitation.

1)

2)

Incorporation of Al via wet impregnation method: First a solution of Al(NOz)3*9H.0O
(Sigma-Aldrich, >98.0 wt%) in 5 mL deionized water with proper concentration was
prepared in order to have a final Al loading of 10 wt.%. Second, the desired amount of At
activated biochar was added to the solution aimed to have a final catalyst weight of 1.5 g.
Then, the mixture was stirred with the rate of 500 rpm, at 25 °C for 1 h. Finally, the solution
was evaporated in the oven at 90 °C for 12 h. The final sample of this step was labeled
Ali/ArT.

Incorporation of Al via precipitation method: In this method, first, two solutions were
prepared: (A) a 50 mL solution of AI(NO3)3*9H-O with proper concentration to have a final
Al loading of 10 wt.%, (B) a solution of NaOH (3 M) (Sigma-Aldrich, >98.0 wt%) as the
precipitation agent. Then, the solution A and B were added dropwise to a 100 mL mixture
of biochar-based support (A, Aw, Ag, Aa) in deionized water using a peristaltic pump.
Therefore, Al(OH)3z was precipitated on the support keeping the pH of solution in the range
of 7-8 and according to the following formula:

AI(NOs)3+ 3NaOH ———> AI(OH)s + 3 NaNOs
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Then, the mixture was filtered, washed with distilled water until reaching the neutral pH. Finally,
the sample was dried in the oven at 90 °C for 12 h. The final samples of this step were labeled
Alp/At, Alp/Aw, Alp/Ag, Alp/Aa.

e Introduction of Active Ni phase by wet impregnation method

For impregnation of Ni, a solution of Ni(NO3z)2.6H20 (Merck, 99.999%) in 5 mL deionized water
with proper concentration was prepared in order to have a final Ni loading of 10 wt.%. Then, the
Al incorporated-activated biochar was added to the solution and the mixture was stirred at 25 °C
for 1 h. The solution was evaporated in the oven at 90 °C for 12 h. In addition, a catalyst of At

supported Ni was prepared following the same approach.
e Calcination and reduction of the catalysts

All prepared catalysts were calcined in N2 with flow rate of 50 mL/min, at 550 °C, with a heating
rate of 5 °C/min, and a residence time of 4 h. During the calcination, the decomposition of
impregnated Al(NO3)3*9H>0 and precipitated Al(OH)3 to Al.O3 happened [269,270]. Moreover,
impregnated Ni(NO3)2.6H>O could be decomposed following the order of Ni2O3z, NizOs, NiO
[271]. After calcination step, the catalysts were reduced in the presence of pure Hz with flow rate
of 50 mL/min, at 400 °C, with a heating rate of 10 °C/min, for 3 h. The list of prepared catalysts
is provided in Table 4.2.

Table 4.2. The list of prepared catalysts.

catalyst Support  Impregnated  Precipitated  Impregnated
Al (wt.%) Al (wt.%) Ni (wt.%)

Ni/At Ar - - 10
NiAli/Ar At 10 - 10
NiAlp/At Ar - 10 10
NiAlp/Aw Aw - 10 10
NiAlp/As As - 10 10
NiAlp/Aa Aa - 10 10
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4.2.2. Catalytic test

For investigation of the catalytic reactivity of different prepared catalyst, all samples were tested
in a batch system namely a stainless-steel autoclave of 400 mL volume. A mechanical stirrer was
used and the temperature was adjusted using an electric heater with thermocouple. The autoclave
was charged with 0.17 M of levulinic acid solution in 50 mL deionized water, and 400 mg catalyst
to have a LA/Ni molar ratio of 12.5: 1 The autoclave was purged ten times with N2 to remove the
air and then was pressurized with 35 bar of Hz. The temperature was increased and the reaction
time was considered once the temperature reached to desired value. When the reaction was ended,
the autoclave was cooled down to 25 °C and the final mixture was filtered. In addition, the reaction
conditions were optimized in the presence of the best catalyst by changing temperature, H:

pressure, time, and LA/catalyst mass ratio.

For analysis of the products, the filtered solution of each reaction was injected to a high-
performance liquid chromatography (HPLC) Agilent Technology 1260 Infinity Il. An Aminex
HPX-87H column was used in HPLC and the analysis was carried out at column temperature of
57 °C by passing the mobile phase of 5SmM H2SO4 with the flow rate of 0.6 mL/min. A UV-vis
detector (£ =195 nm) was used for analytes’ identification and quantification. The LA conversion
(X), GVL vyield (Yew), and turnover frequency (TOF) were calculated using the following

equations:

X (%) ===-100
0

Yov, (%) = =100
No
TOF = ——g
At.nNi

Where An corresponds to the reacted mole of LA during the reaction. no and nevL represent the
mole of LA at time zero and GVL in the final liquid phase, respectively. At corresponds to the time

of the reaction and nyi is the actual mole of Ni in the catalyst measured by AAS analysis.
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4.3. Results and discussion

4.3.1. Characterization of biochar-based supports

The CHNS elemental analyses of biomasses, biochars, and activated biochars are reported in Table
4.3. As can be seen, the pyrolysis and activation processes led to an increase of carbon contents
and a decrease of H/C ratio in all materials which can be related to the carbonization and
aromatization phenomena [272]. Exceptionally, the activation of Bg to As showed an opposite
trend which could suggest that the activation of this biochar was not completely performed in the
proposed conditions.

Table 4.3. CHNS elemental analysis of biomasses, biochars, and activated biochars. (The amount of elements is reported in mass
percentage).

Sample C[%] H[%] N[%] S[%] O[%] Ash[%] H/IC OIC

T 44.6 6.3 11.5 2.5 - - 0.141 -
Br 73.6 2.7 12.4 0.7 6.1 4.5 0.036 0.082
At 76.6 11 9.4 0.6 9.8 2.5 0.014 0.128
W 46.6 6.0 0.5 0.2 - - 0.128 -
Bw 81.3 15 1.1 0.2 8.8 7.1 0.018 0.108
Aw 82.1 0.9 1.3 0.2 134 2.1 0.011 0.163
B 49.2 6.7 2.8 0.3 - - 0.136 -
Be 72.8 1.3 52 0.2 13.4 7.1 0.017 0.184
Ag 67.0 15 4.0 0.2 11.6 15.7 0.022 0.170
A 37.1 5.3 4.8 1.3 - - 0.142 -
Ba 43.4 1.2 3.6 2.0 - - 0.027 -
Aa 67.1 1.2 6.8 2.8 7.9 14.2 0.017 0.117

When comparing different activated biochars, Aw and At showed the highest carbon contents
being 82.1% and 76.7%, respectively, demonstrating more aromatic, carbonaceous, and stable
structures for catalytic application. Indeed, the heteroatoms distributions of different biochars were
affected by the nature of initial biomass. The decrease of hydrogen percentage during pyrolysis
and activation is owing to the cracking and cleavage of weak bonds in the biomass and biochar
carbonaceous skeletons [273]. In addition, nitrogen and oxygen contents showed different trends

through pyrolysis and activation of different biomasses. As was reported, although the
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carbonization process leads to the cleavage and removal of heteroatoms, this phenomenon is also
highly influenced by the strength of C—N and C—O bonds in the biomass and biochar structures
[274]. Among different activated biochars, At, Aa, and Ags showed the considerable nitrogen
contents of 9.4%, 6.8% and 4.0%, respectively, coming from protein fraction of T, A, and B
biomasses. Aw and Ag showed higher oxygen contents and O/C ratios compared to At and Aa. A
higher oxygen content of activated biochars might be derived from carbohydrate and especially
lignin fractions of lignocellulosic biomasses. The presences of oxygen and nitrogen heteroatoms
could suggest more O,N-doped and functional groups in the activated biochar-based supports,
being crucial for a better anchorage of active metal phases in heterogeneous catalysis application
[275]. On the other hand, Aa showed a high content of sulfur (2.8%) compared to others coming
from lipid fraction of algae which might be a serious issue in catalysis since sulfur can poison the
noble and non-noble active metals of the catalysts [276—278]. The higher ash portions of Ag and
An can be due to the presence of some elements such as Si (Figure A3) which could not be removed

by acid washing approach [279].

Figure 4.5(a,b) displays the nitrogen adsorption-desorption isotherms of biochars and activated

biochars, respectively, and the textural values are reported in Table 4.4.
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Figure 4.5. N2 adsorption-desorption isotherms of a) biochars and b) activated biochars.
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Table 4.4. Textural properties of activated biochars obtained from N2 physisorption.

Sample Stangmuir® Smicro® Viot® Vmicro®

(m?g?) (m?g) (cm3g?) (cm3g™?)

At 412 356 0.16 0.10
Aw 690 571 0.29 0.14
Ag 79 - 0.04 -

Aa 1305 905 0.56 0.17

a) Calculated by Langmuir method, b) Microporous or external surface area calculated by t-plot method, c) Total pore volume calculated according

to the adsorbed amount of N and P/P, values near 0.98, d) Micropore volume calculated by t-plot method.

All biochars show an isotherm type Il which ascribes non-porous material according to IUPAC
classification (Figure 4.5a). Moreover, non-porous textures of biochars were confirmed by their
very low surface areas and porosities. A low surface area was obtained for the biochar obtained
from pyrolysis of the residual soapberry pericarp at 600 °C [280], While the biochar from pyrolysis
of hazelnut shells at 600 °C showed a higher BET surface area of 81 m?g™ [281]. This can confirm
that the nature of the initial biomass has a vital role in the texture of the obtained biochar.
Moreover, the low surface area and low porosity of a support could be the issues in catalytic
application especially for dispersion of active sites and efficient mass transfers of reactants and
products. Hence, an activation step was applied to improve the porosity and surface area of the
biochar-based supports. Four different biochars showed different textural behaviors through
physical activation procedure being affected from the natures of initial biomasses. In particular,
Aa and Ay indicate a combination of type | and type 1V isotherms suggesting their hierarchical
micro-mesoporous textures (Figure 4.5b). The H4 hysteresis loop in the range of 0.4<P/P,<0.99
demonstrate narrow slit-shaped pores of the samples. Moreover, the isotherm of At shows a
microporous texture with a very narrow hysteresis loop and hence the presence of some mesopores
in this sample. However, the porous texture of Ag did not significantly change by activation
procedure. In particular, Ag shows the a wide hysteresis loop in the isotherm which can be assigned
to the presence of large and elongated pores in the sample. When comparing the textural properties
of activated biochars in Table 4.4, the surface area and porosity of samples follow the order of

Aa>Aw>AT>Ag. Is seems that the biochar from B needed harsher activation conditions for the
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improvement of textural properties. Overall, higher surface area and porosity of activated biochars

suggest their potential and efficiency to be used as support in heterogenous catalysis.

The functional groups of activated biochars were qualified by FTIR technique. The FTIR spectra
of all activated biochars in Figure 4.6 show a band at approximately 3400 cm™* demonstrating the
vibrations of O—H functional groups [282]. The higher intensities of these bands for At and Ag are
related to the vibration of N-containing functional groups namely —NH. from amines and amides
groups originated from the protein fraction of the initial biomasses. The intense band at around
1600 cm™! is ascribed to the stretching vibration of aromatic C=C and C=0 stretching of
conjugated quinones and ketones [283,284].
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Figure 4.6. FTIR spectra of activated biochars.
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In addition, a series of overlapped bands are observed in the wavenumber range of 1400-900 cm
1 which can be related to the N,O-doped heteroatoms and functional groups in the skeleton and
surface of activated biochars such as C-O bonds in alcohol, phenol, bridging ether between
aromatic rings, and also N—C and N-COO groups [257]. Furthermore, all activated biochars exhibit
the C—H of alkenes at 2850 and 2920 cm™?, and aromatic C—H out of plane vibrations at 800 cm™
[285]. Overall, different activated biochars displayed different FTIR spectra and hence different
functionalities which were confirmed by the presence of heteroatoms with different contents in

CHNS elemental analysis (Table 4.3). These variances were obviously due to different natures of

initial biomasses.

To further evaluate the surface oxigenate functionalities of activated biochars, Temperature-

programmed Desorption (TPD) analyses were performed and the profiles are shown in Figure 4.7.
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Figure 4.7. TPD profiles of activated biochars

In TPD profile, the peak of decomposed CO> can be seen at the temperature ranges of 100-400 °C
which ascribes the carboxylates functional groups [286]. Moreover, the peaks of decomposed CO

from anhydrides and phenols functionalities can be observed at around 600 °C and from carbonyls
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of ketones and quinones at near 900 °C [287,288]. When comparing different activated biochars,
Aa shows a high number of carboxylates functional groups and At shows a lower content, whereas
Aw and Ag did not show any carboxylates. All activated biochars demonstrate the presence of
anhydrides and phenols functional groups considering the highest intensity for Aa followed by
Aw. Moreover, ketones and quinones are present on the surface of all samples with different

intensities. The results of TPD agree with those of FTIR analyses (Figure 4.6).

4.3.2. Characterization of the catalysts

The AAS results in Table 4.5 show that around 7-8% Ni was actually loaded on the supports. The
few differences of the actual Ni loading in different catalysts might be related to the textural,
morphological properties, and chemical functionality of biochar-based supports which led to a
different anchorage and stability of Ni active phase on the support.

The nitrogen adsorption-desorption isotherms are displayed in Figure 4.8(a-d).
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Figure 4.8. N2 adsorption-desorption isotherms of the studied catalysts supported on a)Ar, b) Aw, ¢) As, and d) Aa.
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It can be demonstrated that after introduction of the active sites, the form of isotherms of Aw, and
An activated biochars remained unchanged, while for At sample, a partial change in the form of
hysteresis loop was observed in some cases after incorporation of Al and Ni especially for
NiAlp/Ar catalyst. A stronger change was observed for Ag support after introduction of Al and Ni.
NiAlp/Ag showed a combination of isotherm type | and 1V with H4 hysteresis loop in the range of
0.40<P/P,<0.99 demonstrating the presence of micro and mesopores with narrow slit-shaped in

this sample.

The surface areas and pore volumes of the catalysts saw alterations compared to the supports
(Table 4.5). Particularly, impregnation of only Ni on At led to the surface area and pore volume
diminutions. In addition, by introduction of both Al and Ni to Ar, Aw and Ag, the surface area and
pore volume increased considering the noticeable increment in the case of NiAlp/Ag. On the
contrary, the introduction of Al and Ni on Aa resulted in opposite trend. Overall, we assume that
these phenomena could be due to several reasons: a) the introductions of both active sites on the
supports could cause a partial blockage of primary micro-mesopores [289], and a decrease of
surface are which happened for NiAlp/Aa, b) Alumina itself, if any, has surface area and porosity
and its dispersion on the supports could improve secondary superficial areas [290], c) the Ni and
Al incorporation procedures could lead to some interactions between these active phases with the
nitrogen and oxygen doped and functional groups of activated biochars, and inorganic compounds
such as silicate particles within the biochars (Figure A3) [291,292]. According to elemental
analysis result of Table 4.3, Aw and Ag samples showed the highest O/C ratio, and Ag and At
exhibited high mass percentage of N element, which suggest the high N,O-doped and functionality
in these samples. The interactions between introduced active phases and doped and functionalized
groups of supports could help on a further activation of samples through the catalyst calcination
procedure, d) Several studies mentioned the effect of NaOH in removal of silicate based ashes and
biochar surface area improvement [293,294]. Since NaOH was used as the precipitation agent in
this study and the presence of Si was observed in the EDS analyses of Ar and Ag (Figure A3) of
the catalysts, we assume that NaOH interacted with some of silicate-based ash in activated biochars
according the formula of 2NaOH(s) +SiO2(s)— NaxSiOz(s) +H20 and Na SiOz was easily
removed in the water-washing step of the catalysts. Moreover, in At and Ag, the amount of ash is

high (~15%) which could well-explain the increase of surface area and porosity after metal
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introduction in these samples. Therefore, partial Si-leaching of activated biochars during Al

precipitation procedure could also improve their surface areas and porosities [293,294].

Table 4.5. Ni loading (determined by AAS) and textural properties (obtained from N2 physisorption) for studied supports and

catalysts.
Sample Ni loading  Stangmui®  Smicro® Viot® Vmicro® Ni crystal size®
(wt. %) (m’g?) (m¥g?h)  (em’g?)  (cm’g?) (nm)
At - 412 356 0.16 0.10 -
Ni/At 7.5 402 335 0.15 0.09 30
NiAli/AT 7.9 529 244 0.22 0.10 15
NiAlp/At 7.3 487 401 0.18 0.10 18
Aw - 690 571 0.29 0.14 -
NiAlp/Aw 8.0 726 580 0.30 0.13 -
As - 79 - 0.04 - -
NiAlp/As 8.8 445 353 0.17 0.07 -
An - 1305 905 0.56 0.17 -
NiAlp/Aa 7.3 1049 719 0.47 0.11 -

a) calculated by Langmuir method, b) calculated by t-plot method, c) total pore volume calculated according to the adsorbed amount of N and P/P,

values near 0.98, d) micropore volume calculated by t-plot method, e) calculated by Rietveld method.

The XRD patterns of Ni/At, NiAli/At, and NiAlp/Ar are shown in Figure 4.9. For all samples, the
two broad peaks at the 20 of ~25° and ~44° can be associated to the (002) and the (100) reflection
planes of the carbonaceous material with respect to hexagonal graphite 2H model. The (002) and
the (100) peaks could be corresponded to the assembling of aromatic ring layers and aromatic
molecules extension in every plane of the layer, respectively [257,295]. In the case of NiAli/Ar,
two sharp peaks at 20=21° and 27° are ascribed to crystalline silica contaminations (see Figure

A3a) which were not completely removed in the acid washing step of At sample.

For all samples, the lines of Ni° can be observed at 20 of 44.4°, 51.8°, and 76.4° [296]. It should be
noticed that the peak at 20 of ~44° overlapped with the line of Ni° crystal which made the (100)
reflection planes less visible. In addition, the crystal size of Ni° estimated by Rietveld method
(Table 4.5) were 30 nm, 15 nm, and 18 nm for Ni/At, NiAli/Ar, and NiAlp/Ar catalysts,
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respectively. The presence of three broad and weak peaks at 26 about 38°, 49° and 65° in the
NiAli/Ar, and NiAlp/At samples are the effect of Al addition. These diffraction peaks are related
to AIOOH phase with (031), (200) and (151) planes. These broad and weak peaks might be
attributed to the highly dispersed AIOOH on the biochar and the small size of AIOOH crystal
[297]. The fit was achieved by changing the space group of graphite form P 63/mmc to P6/mmm.
Moreover, another study suggested that the line at 65° is ascribed to both crystalline AIOOH and
amorphous Al>O3 [298]. Indeed, it can be predicted that the size and dispersion of Al-containing
structures could have a significant influence on the acid properties of the catalyst and hence its
performance in the target reaction. In addition, the activity and selectivity of the catalyst in the
reaction can be affected from Ni° crystallite size. The result for Ni/At, NiAli/Ar, and NiAlp/At
confirm that the presence of Al-containing species and their incorporation method affected the Ni°

crystal size and distribution on the support.
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Figure 4.9. XRD patterns of Ni/Ar, NiAli/At, and NiAlp/Ar. (M Ar, 5+ Ni°, * AIOOH)

The SEM images of NiAli/At, NiAlp/AT, NiAlp/Aw, and NiAlp/Ag are exhibited in Figure 4.10(a-

d), respectively, to study the surface morphologies of the catalysts.
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Figure 4.10. The SEM images of a) NiAli/Ar, b)NiAlp/Ar, c) NiAlp/Aw, and d) NiAlp/Ag catalysts, with 500X and 5.00 K X
magnifications, respectively for each sample.
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The surface morphologies of the catalysts that derived from different biochar-based supports are
various. NiAli/At and NiAlp/Ar show more flat surfaces with some superficial porosities in macro
sizes. We assume that most of the superficial pores in Ar-based catalysts are in micro and meso
sizes as it was demonstrated from N2 physisorption results in Table 4.5. However, the micro and
mesopores are not visible with the magnification of SEM images. On the contrary, NiAlp/Aw and
NiAlp/Ag have rougher morphologies with irregular surfaces. From the SEM images of NiAlp/Aw
(Figure 4.10c), the original wood structure is partially visible containing various types of visible
porosities such as holes, pits, cavities resulted from activation procedure which can be confirmed
by N2 adsorption desorption isotherm of the sample in Figure 4.8b. Moreover, the surface
morphology of NiAlp/Aw was similar with those of [299,300]. NiAlp/Ag possesses a rigid, uneven
surface with few holes, and meso and macropores (Figure 4.10d). Indeed, the isotherm of Ag in
Figure 4.5b confirmed the presence of large and elongated pores in this sample. Moreover, the
dispersion of active phases on the supports can be observed from the elemental maps of the

catalysts in Figure A4.

TEM images of NiAlp/Aw and NiAlp/Ag in Figure 4.11 confirms that the dispersion of active sites

in catalysts was affected from the surface area and porosity of the supports.

NiAlp/As 8 NiAlp/As ok

Figure 4.11. TEM images of NiAlp/Aw and NiAlp/As catalysts.
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In NiAlp/Aw, a higher surface area and porous texture of Aw resulted in a highly dispersed active
sites, while the active sites in NiAlp/Ag catalyst underwent sintering and agglomeration due to low
surface area and little porosity of Ag. Indeed, a smaller size and a higher dispersion of active sites

are significant to have a high active surface area and hence a high catalytic activity.

The reducibility of the catalysts was studied by TPR analyses and the profiles are displayed in
Figure 4.12. Generally, all catalysts exhibit two main reduction peaks, below 450 °C, which were
varied with the extent of interaction between NiO and activated biochar supports with different
nature and properties, and the catalysts preparation method. In particular, the reduction peak below
300 °C for NiAlp/Aw could be due to the reduction of bulk NiO portions having very weak

interaction with support.
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Figure 4.12. H2-TPR profiles of the catalysts.

For all catalysts except NiAlp/Aw, the reduction peak between the temperature of 300 °C and 450
°C can be ascribed to the medium interactions of the Ni species with supports. The peaks at the
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temperature higher than 450 °C suggest the reduction of NiO with strong Ni-support interaction
[301-303]. Moreover, the peaks at the temperature higher than 500 °C might be due to methanation
of activated biochars by hydrogen spillover, and the interaction of their surface functional groups
with Hz [295]. Comparing different catalysts, NiAlp/Aw showed the lowest reduction temperatures
and hence the weakest Ni-support interaction. This means that NiO was less stabilized on the Aw
support which had the lowest N+O elements mass percentage according to elemental analysis
(Table 4.3) and hence the lowest superficial functional groups according to FTIR results (Figure
4.6). The reduction temperatures of the others followed the order of
NiAlp/Aa>NiAlp/At>NiAlp/As. Therefore, the presence of more O, N, S-containing functional
groups on the activated biochars from different natures (Figure 4.6 and Figure 4.7) led to a higher
interaction of Ni species with support, their higher stabilization and more difficult reduction. When
comparing NiAlp/Arwith NiAli/Ar, the two reduction peaks of NiAlp/Arwere appeared at slightly
higher temperatures because their different preparation procedures affected on a different
interaction of NiO with support. It seems that the surface features of the catalyst obtained by

precipitation favour a strong interaction of NiO with the support.

The presence of acid sites on the surface of supports and catalysts were studied by NHs-TPD
analysis and the profiles of NiAli/Ar, NiAlpAt, Aw, and NiAlp/Aw are presented in Figure
4.13(a,b), respectively.
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Figure 4.13. NH3-TPD profiles of a) Ar, NiAli/Ar, NiAlp/Ar, and b) Aw, NiAlp/Aw samples.
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In NH3-TPD profiles, three desorption zones at various temperatures display the strength of acid
sites in the samples. The desorption peaks at the temperature ranges of 50-300 °C, 300-600 °C,
and more than 600 °C show the weak, moderate and strong Brgnsted/Lewis acid sites, respectively
[304]. Both At and Aw supports exhibited weak, moderate and strong acid sites due to the presence
of -COOH and —OH groups which were also observed in FTIR and TPD results in Figure 4.6 and
Figure 4.7, respectively. In all samples, Al introduction contributed to the new acid sites formation
on the supports probably coming from Al-containing species as was shown in XRD results (Figure
4.9). In the case of At sample, Al-containing structures improved weak and strong acid sites of the
support considering the higher increments of these types of acid sites in NiAlpAt and NiAli/Ar,
respectively. It can be confirmed that all introduced Al-containing species to the At support could
provide Lewis acidity in final catalysts which might have different distributions due to different
Al incorporation techniques (Figure 4.9). On the other hand, precipitated Al on Aw led to the
enhancement of weak and strong acid sites and creation of new moderate acid site. The depth
characterization carried out has confirmed that the biochars features play a crucial role in directing

the final properties of the catalysts.

4.3.3. The effect of Al introduction on the catalytic performance

The performances of synthesized Ni/Ar, NiAli/At, and NiAlp/At in the transformation of LA to
GVL were investigated in a batch system and aqueous medium (Figure 4.14). Over Ni/At, LA was
slightly converted (11%) and no GVL was produced, whereas bifunctional catalysts were active
in the proposed reaction. This can suggest that Ni only was not able to catalyze LA hydrogenation
from pathway | (Figure 4.1). Therefore, the catalyst of this study was active in the pathway Il
where Al-containing species as Lewis acid sites were needed to first dehydrate LA to angelica
lactone followed by a hydrogenation step to GVL over active Ni site. Indeed, NHs-TPD profiles
showed the acid sites improvement of the At based catalysts by introduction of Al (Figure 4.13).
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Figure 4.14. Transformation of LA to GVL over Ni/Ar, NiAli/Ar, and NiAlp/Ar catalysts. Reaction conditions: 200 °C, 35 bar Hz,
4 h,0.17 M LA, 400 mg catalyst, 50 ml H20.

A mechanism is proposed for LA to GVL reaction over activated biochar supported Al and Ni in
aqueous medium (Figure 4.15). First, the keto form of LA underwent a keto-enol tautomerization
at reaction temperature and produced enol form. Then, the coordination of the electron from
carboxylic acid oxygen with Al-containing species as the Lewis acid site led to an endothermic
dehydration and produced o-/B-angelica lactones. Finally, Ni metal was activated by spillover of
hydrogen from H. gas and catalyzed the hydrogenation of C=C double bond in angelica lactone to
produce GVL. A quite similar mechanism was proposed in some studies of the literature where
the bimodal effects of Lewis acid and metal sites were focused and discussed [305-307]

o- angellca lactone B-angelica lactone
O
HON Y\)\ @/ Q/\_7/

o LA (enol form)

LA (keto form) # Q» HoH -
i H H ’
Actlvated biochar ’

Ni
Activated biochar

Figure 4.15. Proposed mechanism for hydrogenation of LA to GVL over activated biochar supported Al and Ni catalysts in

aqueous medium.
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When comparing two catalysts with two Al introduction approaches namely NiAli/At and
NiAlp/AT, higher activity was achieved from the catalyst with precipitated Al giving 95% LA
conversion, 94% GVL yield and TOF of 96.10° s™1. Although NiAli/Ar showed a higher density
of strong acid sites compared to NiAlp/Ar (Figure 4.13), we assume that weak acid sites were
more active in catalyzing dehydration step which was more in the case of NiAlp/At (Figure 4.13).
Indeed, these differences in acidic properties of the catalysts were because of different synthesis
approaches for Al incorporation on the catalysts. It can be confirmed that precipitation technique
caused a better distribution of Al-containing particles on the supports, their different interaction
with Ar, higher weak acid sites dispersion, and hence a higher active phase surface for dehydration
step of the reaction. Kumar et al., observed that Lewis acid site is responsible for dehydration of
LA to angelica lactones and Brgnsted acid site is prone to ring opening of GVL and production of
valeric acid and hydrocarbons [308]. In addition, Lépez and co-workers reported that strong acid
sites can catalyze the formation of organic carbonaceous deposits such as humins and a fast
deactivation of the catalyst [309]. In addition, the Ni° crystal size of NiAlp/Ar catalyst (18 nm)
was slightly larger that of NiAli/At (15 nm) (Table 4.5), but it seems that the activity of the catalyst
in this case was more affected from incorporated acid properties.

Hence, Al precipitation as a better method was applied for other activated biochars support and

the effect of type of supports on the catalytic activities will be discussed in the next section.

4.3.4. The effect of activated biochar supports on the catalytic performance

The performances of different activated biochars as the supports in the catalytic transformation of
LA to GVL were studied (Figure 4.16). A negligible activity was observed over NiAlp/Aa which
might be related to the high amount of sulfur in Aa support reported in elemental analysis results
(Table 4.3). Several studies demonstrated that sulfur could have poisoning effect, block Ni active
site in the catalyst, and hinder its activity [310-312]. Moreover, the activity of NiAlp/Ag was not
so high giving 27% GVL yield and TOF of 96.10° S in 42% LA conversion. The medium activity
of this catalyst was due to low surface area and porosity of Ag support (Figure 4.5 and Table 4.4).
This led to a low dispersion of Al-containing particles and Ni active sites, their sintering and

agglomeration (Figure 4.11), and hence low active phases surface.
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Figure 4.16. Transformation of LA to GVL over NiAlp/Ar, NiAlp/Aw, NiAlp/As, and NiAlp/Aa catalysts. Reaction conditions: 200
°C, 35 bar Hz, 4 h, 0.17 M LA, 400 mg catalyst, 50 ml H20.

NiAlp/Atand NiAlp/Aw showed almost the same and the highest activity giving around 95% LA
conversion and GVL yield and TOF of ca. 95.10° S%. Looking to the chemical aspect, the highest
carbon contents of At and Aw supports (Table 4.3) compared to others could assist a more
aromatic, carbonaceous, and stable structure of the catalysts. In addition, the high oxygen and
nitrogen contents in At (Table 4.3) could show the presences of more O,N-doped and
functionalized groups (Figure 4.6) and a better anchorage and stability of active sites on the
support. In textural aspect, both NiAlp/Arand NiAlp/Aw showed high surface areas and adequate
porosities (Figure 4.8 and Table 4.5) compared to NiAlp/Ag being appropriate for a better
dispersion of active phases on the support and for an easier mass transfer of reactants and products.
Moreover, the porous surface of NiAlp/Aw in SEM image (Figure 4.10), the high dispersion of
active phase in NiAlp/Aw according to the TEM image (Figure 4.11), the reasonable Ni° particle
size in NiAlp/At according to the XRD result (Figure 4.9 and Table 4.5) could be the vital
morphological reasons for higher activity of the catalysts. Hence, several chemical, textural, and
morphological factors guaranteed the high activities of NiAlp/Atand NiAlp/Aw catalysts. In the
literature, carbonaceous materials were often used as the support of Ru based catalyst for the
proposed reaction. For instance, Ru supported on synthesized N-doped carbon nanoflakes was

used as the catalyst for LA to GVVL conversion in the presence of formic acid as the hydrogen
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donor and water as the solvent. It was demonstrated that the high Ru nanoparticles dispersion on
N-doped carbon guaranteed a high activity of the catalyst giving 99.8 % LA conversion and 100
% selectivity of GVL at 140 °C for 20 h [313]. Carbon supported Ni was also used as the catalyst
in some studies. A recent study reported melamine as an N-doped carbonaceous support and
introduced Al and Ni via coprecipitation method. They suggested that N-doped carbon assisted the
creation of NiNx species and hence a high activity of the catalyst. A similar result was obtained
(LA conversion of 96% and GVL yield of 94%) at 130 °C, 10 bar H> and 3 h reaction time [314].
Indeed, in our study, the At activated biochar in NiAlp/Ar, as one of the best catalysts, naturally
had a high amount of nitrogen heteroatom in the structure which could be both doped and
functionalized groups as was analyzed by XPS method in one of our recent publication for a

different application [257].

In the next section, the optimization of the reaction conditions over NiAlp/Aw as one of the best

catalyst will be discussed.

4.3.5. Optimization of the reaction conditions over NiAlp/Aw catalyst

A series of catalytic runs were carried out to study the effect of reaction conditions such as
temperature, H> pressure, time, and LA/catalyst mass ratio on the catalysts reactivity and finally
to select the optimum condition for GVL production. NiAlp/Aw was selected for the optimization
step since it was one of the most active catalysts in the screening step. The increase of the reaction
temperature from 150 °C to 180 °C increased the LA conversion from 69% to 92%, and GVL yield
from 62% to 88%, respectively (Figure 4.17). However, further increment of the temperature to
200 °C did not show a sharp difference in LA conversion and GVL yield. We selected 180 °C as
the optimum temperature and we assumed that further increase of the temperature to higher than

200 °C might lead to the formation of degradation compounds such as humins.
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Figure 4.17. Hydrogenation of LA over NiAlp/Aw catalyst at different temperatures. Reaction conditions: 35 bar Hz, 4 h, 0.17 M
LA, 400 mg catalyst, 50 ml H20.

By enhancing the Ha pressure from 15 bar to 25 bar, the LA conversion and GVL were remarkably
raised, and from 25 bar to 35 bar, the LA conversion stayed almost similar but GVL vyield slightly
increased (Figure 4.18). Therefore, 35 bar of H, was selected as the optimal value.
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Figure 4.18. Hydrogenation of LA over NiAlp/Aw catalyst at different Hz pressures. Reaction conditions: 780 °C, 4 h, 0.17 M LA,
400 mg catalyst, 50 ml H20.
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Increasing the reaction time from 1h to 3 h resulted in a significant increase of LA conversion and
GVL yield (Figure 4.19). Finally, it reached up to the maximum GVL yield after 4 h. However,
further prolonging of reaction time did not significantly affect the LA conversion but decreased
GVL yield which might be due to the occurrence of side reactions and production of solid residues

such as coke and humins.
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Figure 4.19. Hydrogenation of LA over NiAlp/Aw catalyst at different reaction times. Reaction conditions: /80 °C, 35 bar Hz,

0.17 M LA, 400 mg catalyst, 50 ml H20.

Finally, the increase of LA/catalyst mass ratio resulted in a decrease of catalytic activity (Figure
4.20). It is shown that the LA/catalyst mass ratio of 2.5 was the optimum value for the proposed

catalytic reaction.
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Figure 4.20. Hydrogenation of LA over NiAlp/Aw catalyst at different LA/catalyst mass ratios. Reaction conditions: /80 °C, 35
bar Hz, 4 h, 50 ml H20.
Overall, when optimizing the reaction conditions, no byproduct was detected in the liquid phase
by HPLC and GC/MS analyses. Hence, we assumed that the byproduct might be in solid phase
depositing on the catalysts surface. Interestingly, even at softest reaction conditions of this study,
the catalyst showed a reasonable productivity being a promising factor in catalytic application.

4.3.6. Catalyst stability and recycling test

The stability and recyclability of NiAlp/Ar as one the best catalyst was studied. First, N2
physisorption analysis was carried out to investigate any possible texture and surface area
alterations of the catalyst after the reaction. As it can be seen in the isotherms of fresh and spent
catalysts in Figure 4.21, the form of isotherm did not change during the reaction meaning the
texture of the catalyst was stable. Moreover, the surface area and pore volume were slightly
decreased which might be due to the coverage of the catalyst surface or partial blockage of the
pores by different reaction organic species (Table 4.6).
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Figure 4.21. N2 adsorption-desorption isotherms of the fresh and spent NiAlp/Ar catalysts.

Table 4.6. Textural properties (obtained from N2 physisorption) for fresh and spent NiAlp/Ar catalysts.

Sample Stangmui @ Smicro® Vot Vmicro®

(m?gh)  (m*gh)  (em’g?) (cmig?)

Fresh NiAlp/Ar 487 401 0.18 0.10
Spent NiAlp/At 401 316 0.16 0.07

a) Calculated by Langmuir method, b) Microporous or external surface area calculated by t-plot method, c) Total pore volume calculated according

to the adsorbed amount of N and P/P, values near 0.98, d) Micropore volume calculated by t-plot method.

To investigate the recyclability of the catalyst, the spent NiAlp/At catalyst was filtered from the
solution of first reaction run (Figure 4.16), washed with deionized water several times and dried
in the oven at 90 °C for 12 h. Then, the catalyst was tested for the second run keeping the similar
reaction conditions of 200 °C, 35 bar Hz, 4 h, 50 ml H20O. In the second run, LA conversion declined
from 95% to 52% and GVL yield dropped from 94% to 45%, respectively. First, we assumed that
the reoxidation of the active Ni phase during the reaction might be the reason of this decrement.

Therefore, we regenerated the catalyst by reduction at the similar conditions of at 400 °C in
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H> flow for 3 h. When trying the regenerated catalyst in the third run of the reaction, the similar
result with the second run was obtained. As a final consideration, the reaction solution after the
first run was analyzed by AAS, no leaching was observed in the case of Al but Ni leaching was
observed. This might be related to hydrophobic feature of carbonaceous materials and light weight
of Ni as a non-noble metal compared to a heavy noble one. This hypothesis requires a further study
on the improvement of activated biochar surface functionality using a post functionalization or a
chemical activation approach for a better anchorage of light non-noble metals on the carbonaceous
support. Moreover, investigation of other Ni introduction methods such as precipitation is needed

for prospective study.

4.4. Conclusions

In this chapter, LA was transformed to GVL over bifunctional Ni, Al-catalysts supported on
activated biochar as a sustainable and efficient support. First, a comparative investigation among
different activated biochars obtained from pyrolysis and CO»-based activation of leather tannery
waste, vine wood waste, barley waste, and Venice lagoon brown algae suggested that the chemical,
textural and morphological properties of activated biochars are highly affected by the origin of
initial biomasses. CHNS elemental analysis showed a higher amount of carbon portion for At and
Aw confirming their higher aromaticity and stability as catalyst supports. In addition, the highest
nitrogen amount for At and Ag, and oxygen amount for Aw confirmed higher amounts of N,O-
doped and functional groups of the supports, as it was also observed in FTIR and TPD results,
being suitable for introduction and anchorage of active metal sites. According to N2 physisorption
analysis, the porous textures and high surface areas of all supports were successfully achieved
through activation procedure except Ag due to a different origin of initial B biomass which
required harsher activation conditions. The weak porosity and low surface area of Ag and the
existence of poisoning sulfur in Aa were the main reasons for the low activity of their related
catalysts. Hence, At and Aw acted as the best supports of the catalyst in which all their suitable
chemical, textural and morphological properties led to a higher dispersion of active phases (XRD
and TEM results) resulting the highest activity and producibility in the proposed reaction.
Moreover, Al-containing species as the Lewis acid site was introduced to supports via
impregnation and precipitation methods. Precipitation technique could better improve weak Lewis

acid site dispersion and its better activity in dehydration step of the reaction. Among all catalysts,
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NiAlp/At and NiAlp/Aw acted as the best ones producing around 95% LA conversion and GVL
yield and TOF of ca. 95.10-5 S at 200 °C, 35 bar Hp, 4 h in an aqueous medium. The promising
results of this chapter introduce sustainable and cheap catalysts for biomass derived chemicals
valorizations and also propose some suggestions for an improvement of the catalyst stability for

future studies.
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Chapter 5. The effects of acidity and metal loading for H-Beta
supported Ni catalysts in transformation of citronellal to menthol

5.1. Introduction

5.1.1. Menthol synthesis from citronellal

Menthol (ME) as an organic chiral compound with chemical formula C10H200 and IUPAC name
5-Methyl-2-(propan-2-yl)cyclohexan-1-ol exists in eight possible stereoisomers of (+)-menthol,
(x)-isomenthol, (£)-neomenthol, and (x)-neoisomenthol. Among them, (—)-menthol has the most
functional fresh and cooling sensation [315]. The fresh and cooling sensation and the local
anesthetic and counterirritant properties of ME cause its extensive utilization in cosmetic,
pharmaceutical, and flavoring applications such as in toothpaste, perfume, mouthwash, ointments,
cough drops, chewing gum, and candy [316]. Traditionally, ME crystals were naturally separated
from peppermint essential oil, but because of its incremental demand, synthetic ME was introduced
by two companies, Takasago International Corp and Haarmann & Reimer. The process of
Takasago was based on myrcene conversion to (—)-menthol over Rh- BINAP catalyst [316,317].
In Haarmann & Reimer process, m-cresol was used as the substrate and transferred to thymol by
propylation followed by hydrogenation to racemic (£)-menthols over Ru/Al,Os catalyst.
Thereafter, a crystallization method was used to separate (—)-menthol from racemic (z)-menthols
[2]. At the moment, BASF, Aecher-Daniels-Midland company, Symrise, Takasago International
Corporation, and Nectar Lifesciences Ltd are the leaders or major players in the ME market [318].

Recently, CAL as one of the most common Citral derivatives has attracted wide attention for the
synthesis of ME [316]. Citral is an essential oil which can be extracted from lemongrass oil (ca.
70-80% citral) via a distillation process [319]. In 2004, BASF company set up a new continuous
system for production of citral with annual capacity of 40,000 metric tons in Ludwigshafen,
Germany [316]. CAL can be produced from selective hydrogenation of Citral using metal-
supported catalysts. In addition, BASF has also established another technology for formation of
(+)-(R)-citronellal from different reactants such as neral and geranial by a direct catalytic
hydrogenation [320]. In this thesis, CAL was selected as a model reactant, and its catalytic

conversions to ME in a batch system were investigated.
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ME can be synthesized from CAL via a two steps reaction: first, the cyclisation of CAL to pulegols
occurs over an acid catalyst; second, the hydrogenation of pulegols to MEs happens catalyzing by
an active metal phase (Figure 5.1). Through this reaction pathway, four different enantiomeric
pairs of isopulegol and ME can be synthesized. Moreover, the process can undergo some side
reactions such as CAL hydrogenation, CAL and isopulegol defunctionalization, dimerization, and
polymerization [320]. Therefore, selection of a suitable catalyst to control the reaction pathways
toward the target product and diminish the byproducts formation are vital. In the next section, a
state-of-art about the catalytic systems of the target reaction and an introduction about the catalysts

used in the present study will be referred.
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Figure 5.1. Possible reaction pathways for one-pot synthesis of menthol from citronellal.

5.1.2. Catalysts for conversion of citronellal to menthol

Different classes of bifunctional catalysts have been used for transformation of CAL to ME in the
literature. Heterogeneous catalysts have the priority because of the evident drawbacks of
homogeneous catalysts such as economic and environmental issues along with recovering and
separation process [321]. Several heterogeneous acidic catalysts such as SiO2, MCM-41, y-Al.Os,
ZrO», and zeolite were investigated for efficient CAL cyclisation [322—-326]. It must be mentioned

that most of studied acidic catalysts were active and produced a high yield of isopulegols.

105



However, obtaining a high selectivity of (-)-isopulegol was significant, which depended on the
textural and acidic properties of the catalysts. Furthermore, for the second step of the reaction,
several supported noble and non-noble metal catalysts such as Pt, Pd, Ir, Ru, Ni, Co, and Cu as a
hydrogenation active phase have been used. For example, PI6Rer and co-workers investigated
bifunctional metal-acid heterogeneous catalysts, typically H-Beta zeolite supported Pd, Pt and Ru
for conversion of CAL to ME. 1 wt.% Ru/H-Beta-25 gave the highest selectivity to ME exceeding
93% [327]. In another study, Pt- and Ru- supported on H-Beta-25 catalysts could catalyze the
reaction by ca. 70% stereoselectivity towards (x)-menthol both in batch and trickle bed reactors
[328]. Various other studies reported the high activity and selectivity of noble metals as the active
phases of the catalysts for hydrogenation step [329-331]. In addition, low-cost non-noble metals,
particularly Ni, were studied to convert CAL to a high selectivity of ME. For example, either a
dual catalytic system of Zr-Beta and Ni/MCM-41 or a bifunctional Ni/Zr-Beta exhibited 86-97%
yield of ME and 90-94% diastereoselectivity to (x)-menthol from CAL. The reaction was
performed in two steps including the cyclisation of CAL to give a maximum yield of isopulegols
under He atmosphere and isopulegols hydrogenation to ME under hydrogen atmosphere (20 bar)
at 80 °C. The first step was catalyzed by the modified Lewis acidity of Zr-Beta catalyst, and the
second step underwent by the assistance of Ni active phase of the catalyst [332,333]. A similar
strategy was followed in [180] using Ni/y-Al.Os as the catalyst in which the hydrogenation step
was performed under very mild reaction conditions of 90 °C and 1 bar H> producing 86% yield of
MEs [326]. Moreover, one-pot transformation of CAL to ME was carried out over sulfated zirconia
supported Ni under 14 bar of Hz and at 100 °C, and (—)-menthol was synthesized with
enantioselectivity of 88% analyzed with an a-DEX Supelco chiral column [334]. However,
sulfated zirconia pillared montmorillonite supported Ni, Ni/ZSM-5 and Ni/natural zeolite
displayed very low yield of ME [335,336]. In this thesis, Ni/H-Beta based catalysts were used to
provide an in-depth study on the synergetic effect of Ni active phase and H-Beta acid sites nature,

strength, and concentration on the target reaction.

Beta zeolite (BEA topology) is formed by corner-sharing TO4 (T = Si or Al) tetrahedra and is a
three-dimensional (3D) crystalline material with three sets of vertical channels and 12-membered
ring porous structure. It is classified as a large-pore microporous material and have two kinds of
openings including 5.5 A x 5.5 A and 6.4A x 7.6 A [337,338]. Beta zeolite is in the group of

materials with chiral structure being firstly determined by Newsam et al and Higgins et al.
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independently [339-341]. Chirality is a crucial feature of the nature, but rare in zeolite as an
inorganic porous material. Indeed, among 245 types of known zeolite frameworks, only eight types
(BEA, GOO, CZP, JRY, -ITV, OSO, LTJ, and STW) displayed chiral structures [342]. The
chirality of zeolite could be a significant property in asymmetric catalysis particularly in both
shape selectivity and enantioselectivity [343,344]. As a matter of fact, in this study, Beta zeolite
was applied for the asymmetric cyclisation of CAL to (£)-isopulegol as an intermediate of (z)-
menthol [345]. From the structural aspect, zeolite Beta is made of stacking-fault intergrowth units
with various distinct and closely related polymorphs [346]. Polymorphs are groups of stacking
sequences in an identical centrosymmetric layer made of secondary building unit enlargement with
T-atoms being connected into two directions (Figure 5.2a) [342]. 12-membered ring structure with
centrosymmetric 2-dimensional (2D) building layer in top and side views is indicated in Figure
5.2 b and c, respectively, and the overall porous structure of Beta zeolite is shown in Figure 5.2d.
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Figure 5.2. a) Secondary building unit, b) top view and c) side view of centrosymmetric layer [189], d) the pore structure of Beta

zeolite.

Normally, the crystallisation of Beta zeolite occurs in framework Si/Al ratio range of 10-30.

Interestingly, the acid sites concentration, and the hydrophilic/nydrophobic features of zeolite can
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be controlled by SiO2/Al>O3 ratio. Several studies have been reported regarding the expansion of
the ratios. A decrease of Si/Al ratio in Beta zeolite can give a high consentration of acid site with
a different shape-selective and catalytic properties considering that a Si/Al ratio lower than 8 might
disturb the crystalline structure of the zeolite. On the other hand, Beta zeolite with high Si/Al ratios
can provide a lower acid site consentration with higher hydrophobic properties. These aspects can
be strongly effective on the catalytic behaviour of zeolite in acid site depended on reaction

mechanisms and the reaction with polar/non-polar reactants and products [347].

5.1.3. The aim of the chapter

The work reported in this chapter was performed at Abo Akademi University of Turku (Finland)
under the supervision of Prof. Dmitry Yu. Murzin. Typically, the transformation of Citronellal
essential oil to menthol was studied. The real aim was to investigate a sustainable, low cost and
bifunctional metal/acid catalyst (Ni/H-Beta) and provide a comprehensive study on the synergetic
effect of Ni active phase and H-Beta acid sites nature, strength and concentration in the activity
and selectivity of target reaction. Therefore, H-Beta zeolite with two different SiO2/Al.Oz molar
ratios, 25 and 300, and Ni loading of 5, 10 and 15 wt% were applied for the proposed process. All
catalysts were prepared by wet impregnation method and characterized by ICP, N2 physisorption,
XRD, SEM, EDS, TEM, TPR, and FTIR by adsorbing/desorbing Pyridine as probe molecule. The
catalysts were tested for citronellal conversion to menthol using a batch system. The result showed
that 15 wt.% Ni on H-Beta-25 displayed the best result giving the highest menthols yield of 36%
(77% stereoselectivity to (£)-menthol isomer) at 93% citronellal conversion. The highest catalytic
efficiency was due to a suitable synergy and catalyst acidity in the aspect of concentration,
strength, and Lewis to Bragnsted acid sites ratio, and the metal loading and dispersion. The results
reported in this chapter are accepted for publication as: “One-pot transformation of citronellal to
menthol over H-Beta zeolite supported Ni catalyst: Effect of catalyst support acidity and Ni
loading”, S. Taghavi, P. Maki-Arvela, Z. Vajglova, M. Peurla, I. Angervo, K. Erdnen, E. Ghedini,
F. Menegazzo, M. Zendehdel, M. Signoretto, D. Yu. Murzin, Catalysis Letters, accepted.
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5.2. Experimental

5.2.1. Catalyst preparation

Two different commercial zeolites, namely NHs-Beta-25 (theoretical SiO2/Al,O3= 25 molar ratio)
(CP814E) and H-Beta-300 (theoretical SiO2/Al.03= 300 molar ratio) (CP811C), were supplied
from Zeolyst International. The transformation of ammonium form NHs-Beta-25 to H-beta-25 was
performed by a calcination procedure at the final temperature of 400 °C for 4 h. Ni supported on
H-Beta zeolite were synthesized by the evaporation impregnation technique using nickel (1)
nitrate hexahydrate (Ni(NO3)..6H20, Merck, 99.999%) as the precursor of Ni. Thereafter, several
catalysts with nominal Ni-metal loadings of 5, 10 and 15 wt.% on H-Beta-25 and H-Beta-300 were
prepared. First, Ni(NOz3)2.6H20 was dissolved in distilled water (250 mL) inside a flask and the
target amount of H-Beta support was added to the solution. It is noticed that all supports were
sieved to the fraction below 63 pum to decrease the limitation of internal mass transfer. The
impregnation procedure was performed in a rotary evaporator with a rotational speed of 10 rpm at
room temperature for 24 h. Thereafter, the aqueous solution evaporation was performed in the
rotavapor by a water jet vacuum pump at temperature of 50 °C. The resulted catalyst powder was
dried in the oven at 100 °C for 12 h and calcined in static air at 400 °C for 3 h. The final catalysts
were once again sieved to the fraction below 63 um. The catalysts were labeled 5Ni/H-Beta-25 (5
wt.% Ni/H-Beta-25), 10Ni/H-Beta-25 (10 wt.% Ni/H-Beta-25), 15Ni/H-Beta-25 (15 wt.% Ni/H-
Beta-25), 15Ni/H-Beta-300 (15 wt.% Ni/H-Beta-300).

5.2.2. Catalytic test

First, the desired weight of catalyst was decreased in an ex-situ glass tube under H, flow of 50
mL/min at 400 °C for 3 h. After reduction, the catalyst was cooled down to the room temperature.
To avoid the reoxidation of reduced catalyst, 10 mL of cyclohexane as the reaction solvent was

added to the reduction tube and the catalyst was sealed.

Citronellal conversions to menthols were carried out by charging 2.6 mmol of citronellal, 300 mg
of the pre-reduced catalyst, and 90 mL of cyclohexane (Alfa Aesar, >99.9 wt%) solvent into an
autoclave. Before starting the reaction, the reactor was flushed with a mixture of N2 (=95%) and
02 (=5% Ar) for 10 min. Then, the temperature was increased to the desired level under Hz with

the pressure of 20 bar. The 3 h of the reaction time was considered after achieving the target
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temperature by starting to stir with the rate of 900 rpm. The small particle size of the catalyst and
high speed of stirring were helping on the suppression of external and internal mass transfer
limitations. The liquid samples from reaction mixture were taken at definite intervals and analyzed
by a GC. An Agilent GC 6890N with an FID detector at 340 °C and DB-1 column (length 30 m,
internal diameter 250 um and film thickness 0.5 um) was used for the analyses following the
temperature program of: 110 °C — 0.4 °C/min — 130 °C — 13 °C/min — 200 °C (held 5 min). In
addition, an Agilent GC/MS 6890N/5973N with a DB-1 column (length 30 m, internal diameter
250 pm and film thickness 0.5 um) was used to confirm the type of products. For regeneration of
the catalyst, the final reaction solution was filtered and the solid sample on the filter was collected
and washed with cyclohexane. After that, the spent catalyst was dried in the oven at 100 °C for 12
h and reduced following the same procedure as for the fresh one aiming to reduce oxidized Ni
formed during the recovery procedure of catalyst, and eventually used in the second run of the

reaction.

The citronellal conversion (X), the yield (YY) and selectivity (S) of products, the reaction rate (r)

and turnover frequency (TOF) were calculated according to the following equations:

Co—Ci
X (%) = 0—Ci

x100
0

where X is the citronellal conversion at time t, Co and Ci are the molar concentration (mol L) of

citronellal at time zero and t, respectively,
Cp
Yp (%) = C_ x100
0

Cp

Sp (%) = x100
Where Y, and Sp correspond to the yield and selectivity of the product p at a certain conversion,
respectively, Cp and (Ca + Cp + Cc + --- + C;) are the molar concentrations (mol L) of the product

p and all products at the same conversion, respectively,

An

= mol st g*

]
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An 1

Initial TOF = Tnm S

where ro is the initial rate of the reaction and initial TOF is the initial turnover frequency, An/At
are the number of reacted moles per time interval between 1-15 min, mca: corresponds to the mass
of catalyst, Nmetais cOrresponds to the moles of exposed Ni active metal ((moles of Ni in the catalyst)

X (dispersion/100)).

5.3. Results and discussion

5.3.1. Catalyst characterization

The ICP results indicate that all catalysts had the Ni loading very close to the nominal value
(Table 5.1). The N2 adsorption—desorption isotherms of the H-Beta-25 and H-Beta-300 zeolites
and the catalysts after loading of Ni are exhibited in Figure 5.3. A combination of | and IV type
isotherms can be observed for all materials confirming the presence of both micropores and
mesopores in all samples similar to what was reported in the literature [348]. Particularly, a sharp
increase of adsorption curve at a low P/P, pressure is related to the existence of micropores in
materials, while the hysteresis loops at range of 0.60<P/P,<0.99 and 0.50<P/P,<0.99 are associated
to the inter-crystalline mesopores of H-Beta-25 and H-Beta-300, respectively [349]. After Ni
impregnation on both zeolites, the catalysts showed the similar shape of isotherms with those of

the supports demonstrating that the texture and crystalline structure of the zeolites were preserved.
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Figure 5.3. N2 adsorption-desorption isotherms of a) H-Beta-300 and 15Ni/H-Beta-300; and b) H-Beta-25, 5Ni/H-Beta-25,
10Ni/H-Beta-25, 15Ni/H-Beta-25.
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According to the data in Table 5.1, by Ni impregnation on both H-Beta-300 and H-Beta-25
zeolites, a reduction of surface area and pore volume happened due to Ni introduction into zeolites
structure [350]. The difference of surface area for the samples with 5 and 10 wt.% Ni loading on
H-Beta-25 is negligible, whereas when the amount of Ni loading increased to 15 wt%, the surface
area decreased significantly which might be due to a partial blockage of primary micro-mesopores
[351].

Table 5.1. Ni loading (determined by ICP-OES), textural properties (obtained from N2 physisorption)and SiO2/Al.Os ratios
(obtained from EDS analysis) for studied supports and catalysts.

Catalysts Niloading  Spr? Vmicro Vmeso SiO2/Al203
(W) (m?g) (cm®/g) (cm3g) (mol/mol)P
H-Beta-300 - 634 0.25 0.05 102
15Ni/H-Beta-300 14.3 406 0.17 0.03 -
H-Beta-25 - 750 0.26 0.70 25
5Ni/H-Beta-25 4.6 524 0.20 0.38 -
10Ni/H-Beta-25 9.9 516 0.20 0.38 -
15Ni/H-Beta-25 13.8 383 0.15 0.18 -

a) Microporous or external surface area calculated by Dubinin-Radushkevich method (DR), b) calculated by EDS technique [352]

TPR profiles display that NiO was completely reduced in all catalysts at the temperature below
650 °C (Figure 5.4). The temperature, shape, and area of the peaks in TPR profiles of different
catalysts were differently affected by Ni loading, particles size, dispersion and the interaction
between metal and H-Beta support. In all catalysts, the first peak at the temperature lower than 400
°C is associated to the reduction of NiO particles to Ni® that are mostly settled on the H-Beta

support surface and have weaker interactions [353].
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Figure 5.4. Hydrogen TPR profiles of the catalysts.

5Ni/H-Beta-25 and 10Ni/H-Beta-25 showed a second peak at 480 °C and 450 °C, respectively,
whereas all catalysts exhibited the reduction peak at the temperature higher than 500 °C with
different intensities. These peaks might be due to the reduction of NiO located in the inner
mesopores or isolated Ni?* inside the pores and channels of the H-Beta support [351,354]. The
location of metal species inside the pores of zeolite can be strongly owing to their loading, size,
and dispersion. It was reported that during impregnation procedure of the catalyst with a low
loading of Ni, the ion-exchange of some Ni?* with the bridging protons (Si-OH-AI) in channels
wall of H-Beta zeolite and thus Ni can be stabilized close to the zeolite sites. Moreover, some of
the intracrystalline NiO might react with protons of hydroxyl groups in H-Beta during calcination
could and form Ni(OH)" species [355,356]. As the isolated Ni?* ions, NiO and Ni(OH)" all located
in the zeolite channels and pores displayed strong interactions with the structure of H-Beta zeolite,
they were hardly reduced at a higher temperature [357]. For this reasons, 5Ni/H-Beta-25 and
10Ni/H-Beta-25 catalysts with lower loadings of Ni, smaller Ni particle sizes and higher
dispersions showed two reduction peaks occurring at the higher temperatures. Moreover, a lower

loading of Ni loading in 5Ni/H-Beta-25 catalyst caused the smallest peaks Ho-TPR.

Moreover, 15Ni/H-Beta-25 might possess more superficial and intracrystalline NiO particles
because only one reduction peak was detected in H2>-TPR profile at a higher temperature (558 °C).

It was suggested that a higher Ni loading can result in a continuous segregation of NiO from the
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surface of zeolite to the bulk [354]. On the contrary, 15Ni/H-Beta-300 with the highest loading of
Ni showed a different TPR profile with the largest H>-TPR peak area. The first reduction peak at
390 °C had a very high intensity and the second reduction peak at 550 °C exhibited a very low
intensity. It can confirm a very different amount of exchange sites in this catalyst. Indeed, low Al
content and hydrophobic nature of H-Beta-300 with a very high SiO2/Al>O3 molar ratio of 102
diminished NiO interactions with the support [358].

The XRD patterns of 5Ni/H-Beta-25 and 15Ni/H-Beta-25 catalysts are shown in Figure 5.5.

! ™ ! ! ‘ ‘ " 59 Ni HBeta 25 ——
15% Ni HBeta 25 ——

Bs;_\ta polymajrph A
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Ni:
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Figure 5.5. High-angle XRD patterns of the reduced 5Ni/H-|\I?_eCtS-25 and 15Ni/H-Beta-25 catalysts; (& H-Beta-25, = Ni°, #
i

As it can be seen, both catalysts display two main lines at 26 of 7.8 © and 22.3 © which are typical
for Beta zeolites with a high crystallinity agreeing with the literature [359]. The lines at 26 of 44.4
© 51.8 ° 76.4 ° and 93 ° are related to metallic Ni°. By increasing of the nickel loading, the
intensities of the metallic Ni° lines increased. Furthermore, one of the double-line in XRD pattern
of 5Ni/H-Beta-25 and a small shoulder in the XRD pattern of 15Ni/H-Beta-25 both located at 26
of 43.4 ° are ascribed to intracrystalline NiO. This can suggest that the reduction at 400 °C might
not entirely convert Ni?* to metallic Ni® or reoxidation of Ni° in the air may occur before XRD
measurement causing the existence of a small content of NiO particles in the catalysts [360-362].
This result is in line with TPR results (Figure 5.4). Therefore, it seems that both Ni® and NiO
particles (Ni@NiO) existed in the final catalysts which was effective in the catalytic reaction.
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Moreover, when comparing the XRD profiles of the catalysts with those of supports, it seems that
some amorphization happened in H-Beta-25 upon the catalyst preparation procedure. It is assumed
that partial amorphization could occur either at the aqueous solution evaporation under vacuum at
50 °C or most likely at the calcination procedure. Furthermore, TPR profiles of the catalysts
confirmed strong interactions of some Ni?* ions and NiO with the structure of zeolite which could

cause partial amorphization of the H-Beta-25 structure at the calcination temperature.

The SEM images of H-Beta-25, 5Ni/H-Beta-25 and 15Ni/H-Beta-25 samples are shown in Figure
5.6.

H-Beta-25

Mage ZEMKX
Tizetsnm s g3

Figure 5.6. SEM images of H-Beta-25, 5Ni/H-Beta-25, and 15Ni/H-Beta-25. (The magnification of all images is 25.00 K X).

H-Beta-25 exhibits a semi-spherical particle typical for crystalline morphology of Beta-zeolite
[363]. However, by introduction of Ni, particularly in 15Ni/H-Beta-25 catalyst with a higher
loading of Ni, the grain surface of H-Beta zeolite became rough because of the amorphization, as
was confirmed by XRD result. The SiO2/Al,O3 (mol/mol) ratios of H-Beta-25 and H-Beta-300
were estimated by EDS analysis (Table 5.1). As can be seen, the theoretical SiO2/Al>Os ratio for
H-Beta-25 was almost like the measured value (SiO2/Al.Oz= 25), whereas H-Beta-300 with the

nominal SiO2/Al;03 ratio of 300 showed the measured value close to 100.

A comparison among the TEM images of the four reduced catalysts with different loadings of Ni
and supports (Figure 5.7) clearly indicates that the catalyst with lower metal loading has a narrower
particle size distribution owing to the presence of smaller Ni@NiO particles, that are less

agglomerated.
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Additionally, an increasing of the Ni loading caused the increase of the average particle size and
hence lower dispersion (Table 5.2). As was demonstrated by TPR and XRD results (Figure 5.4,
Figure 5.5), some intercrystallite Ni(OH)* and NiO, and non-reduced exchanged Ni?* might exist
besides metallic Ni® in the final catalyst. It is assumed that larger particles size in the TEM images
of each catalyst might derived from the intercrystallite NiO as was suggested by Wang et al, [354].

This trend was also reported in various studies of the literature [364-366].

Table 5.2. Average Ni@NiO particle size and dispersion determined from TEM images.

Catalyst Avg. particle size (nm) ~Dispersion (%0) @
15Ni/H-Beta-300 19.4 5
15Ni/H-Beta-25 15 7
10Ni/H-Beta-25 7.5 13
5Ni/H-Beta-25 2 50

A) Dispersion (%) = 101/Avg. particle size determined by TEM (nm) [367]

The concentration of weak, medium and strong Bregnsted and Lewis acid sites of the supports and
catalysts was investigated via FTIR spectroscopy in the spectrum range of 1400-1575 cm™ using
pyridine as the probe molecule. Particularly, the weak, medium, and strong acid sites were
determined from desorption of pyridine during 60 min at each 250 °C, 350 °C and 450 °C,
respectively. The Brgnsted and Lewis acid sites were quantified at each temperature according to
the intensity of IR signals at 1545 cm™ and 1455 cm™?, respectively (Figure A5). As can be
observed in pyridine-FTIR results of Table 5.3, the concentration of Brgnsted acid site decreased
and the concentration of Lewis acid site increased after loading of Ni on zeolite. The reduction of
Brensted acid site concentration might be related to the exchange of protons of the hydroxy! groups
in the channels wall of H-Beta zeolite with Ni cations. In addition, the increase of Lewis acid site
concentration could be due to introduction of non-reduced exchanged Ni?* and NiO and forming
new three-coordinated Al in the structure of zeolite upon the catalyst preparation procedure
causing an enhancement of zeolite amorphous phase as was exhibited in XRD results (Figure 5.5)
and SEM images (Figure 5.6) of the catalysts. H-Beta-300 with SiO2/Al,03= 102 and 15Ni/H-
Beta-300 catalyst showed lower Lewis and Brgnsted acid sites concentration compared to H-Beta-
25 support with SiO2/Al203= 25 and the 15Ni/H-Beta-25 catalyst, respectively. Brgnsted acid site

comes from proton of hydroxyl groups bridging silicon and aluminum in the channel walls, while
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Lewis acid site of the zeolite originates from framework Al located on the edges and extra-
framework Al [368]. Hence, by enhancement of the SiO2/Al,Oz ratio and thus reducing both
framework and extra-framework Al, both Bragnsted and Lewis acid sites decrease as was reported
several times [369,370]. Moreover, by decreasing the loading of Ni from 15% to 10% and further
to 5% in H-Beta-25 catalysts, a small rise of Brensted acid site concentrations and significant
increase of Lewis acid site concentrations happened. This might be due to higher accessibility of
zeolite Brgnsted and Lewis acid sites when less Ni particles are present to block the pores and
hinder such access. Since the acidity of catalyst is prominent for citronellal cyclization to pulegols
[316,371], it was expected different acidities in different catalysts would exhibit different

efficiencies.

Table 5.3. Concentration of Brgnsted acid sites (Cgs) and Lewis acid sites (CL) determined by FTIR with pyridine.

Catalysts 250 °C 350 °C 450 °C Total acid sites B/L
Weak acidity Medium acidity Strong acidity (nmol g1
Cs CL Cs CL Cs CL
(umol g*) (umol g*) (umol g*) (umol g*) (umol g™*) (pmol g*)

H-Beta-300 66 11 50 5 23 3 158 7.3
15Ni/H-Beta-300 12 27 9 8 - - 56 0.60
H-Beta-25 [372] 53 35 42 17 191 10 349 4.6
15Ni/H-Beta-25 10 59 74 55 5 31 234 0.61
10Ni/H-Beta-25 6 76 91 92 14 35 313 0.55

5Ni/H-Beta-25 8 84 81 98 5 49 325 0.41

5.3.2. The results of catalytic tests

The results for one-pot conversion of citronellal over 15Ni/H-Beta-300, 15Ni/H-Beta-25, 10Ni/H-
Beta-25 and 5Ni/H-Beta-25 catalysts are displayed in Table 5.4 and Figures 5.8-5.13. The relative
error of GC analysis was generally less than £5%.
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Table 5.4. Catalytic test results of one-pot conversion of citronellal to menthol. (Conditions: 80 °C, 20 bar Hz, solvent:
cyclohexane, amount of catalyst: 300 mg, the initial citronellal concentration: 0.029 M. Conversion of citronellal (X) is given at
3 h of reaction time. Yields (Y) of different products, stereoselectivity (SS), are given at 85% conversion out of brackets and after

3 h of the reaction between brackets.
Catalyst ro Initial X Yes  Ymes Yacr  Ycp! Yom  SSwme
(mol/s.gecay TOF (s?) (%) (%) (%) (%) Yacp (%) (%)
15Ni/H-Beta-300 2.4.107 0.058 88 9.1 30 7 6.6 31.8 79
n G @B (9 (33 (80

15Ni/H-Beta-25 6.6.107 0.023 93 198 312 2.6 21 28 74
(11) (36) (4) (13.2) (35 (77)
10Ni/H-Beta-25 6.7.107 0.024 96 332 217 2.3 24.7 25 78

(13 @B (@ @) (B9 ()
5Ni/H-Beta-25 1.6.10°® 0.035 98 51.1 3.6 15 36.8 28 83

() (26 (1) (49 (48 (19

X: conversion; Y: yield; ro: initial reaction rate; Ps: pulegols = (¥)-isopulegol (IP) + (+)-neoisopulegol (NIP) + ()-isoisopulegol (IIP) + (+)-
neoisopulegol (NIIP); MEs: menthols: (£)-menthol (ME) + (x)-neomenthol (NME)+ (+)-isomenthol (IM) + (z)-neoisomenthol (NIM); CP: cyclic
products: pulegols + menthols+ defunctionalization products (DFP); ACP: acyclic monomeric products: citronellol (CLOL) + 3,7-dimethyloctanol
(DMO)+ 3,7-dimethyloctane (DME); DM: dimeric ethers; SSye: stereoselectivity of menthol = ME/ZMEs.

When comparing the initial TOFs and initial reaction rates of the catalysts with H-Beta-25 support,
it can be observed the reaction over 5Ni/H-Beta-25 was the most rapid with the highest TOF giving
a rate of 1.6.10° mol s gear* and TOF of 0.035s™. Therefore, the highest activity of this catalyst
among H-Beta-25 supported materials might be due to the smallest Ni@NiO particle size and
highest concentration of acid sites (Tables 5.2 and 5.3). On the other hand, 15Ni/H-Beta-300 also
showed a high initial TOF, though it displayed the lowest acid site concentration, large Ni@NiO
particles size, low exposed Ni metal (mole) with a higher Ni loading. Indeed, 15Ni/H-Beta-300
exhibited the largest peak in H>-TPR (Figure 5.4), but the lowest initial rate. Thus, it can be stated
that the initial rate for transformation of citronellal is not only affected by the particle size of
Ni@NIiO, but also from acidic feature. Typically, cyclisation of citronellal as well as side reactions,
such as etherification, occur over acid catalyst [365]. Hence, it can be confirmed that the catalytic
behavior of 15Ni/H-Beta-300 was influenced from both metal particles size and mild acidity. Both
the initial TOF and initial reaction rate decreased by enhancing the Ni loading and increasing
Ni@NIiO particle size (Table 5.4, Figure 5.8a).
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Figure 5.8. One pot transformation of citronellal to menthol: a) The initial TOF as a function of Ni@NiO average particle size
and b) conversion vs time for 15Ni/H-Beta-300 (&), 15Ni/H-Beta-25 (@), 10Ni/H-Beta-25 (A ), 5Ni/H-Beta-25 (¥ ). (Reaction
conditions: 80 °C, 20 bar Hz, solvent: cyclohexane, amount of catalyst: 300 mg, the initial citronellal concentration: 0.029 M)

5Ni/H-Beta-25 showed the fastest citronellal transformation in which almost 80% of conversion
was reached after 15 min of the reaction. In addition, this catalyst achieved to the highest final
conversion after 3 h being 98%, caused by the existence of small Ni@NiO particles and high acid
sites concentration. The conversion increased by decreasing Ni loading (Table 5.4) and increasing
Lewis acid site concentration (Figure 5.9a). The same trend was reported by Vajglova and co-

worker by enhancement of total acid site concentration [373]. Moreover, all catalysts gave

Ni@NiO particle size (nm)

complete mass balance closure of the liquid phase.
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Figure 5.9. Menthol synthesis from citronellal a) citronellal conversion as a function of Lewis acid sites concentration (Cvas); at
85% conversion, b) yields of menthols (Ywmes) as a function of Lewis acid sites concentration (Cvas); ¢) cyclization products yield
(Ycr) as a function Bragnsted acid sites concentration (Ceas); d) yield of isopulegols (Yirs) as a function of Brgnsted to Lewis acid
sites ratio (B/L) e) yield of menthols and f) acyclic products yield as a function of mole of surface metal-to-mole of acid sites
ratio. Legend: 15Ni/H-Beta-300 (M), 15Ni-H-Beta-25 (@), 10Ni/H-Beta-25 (A ), 5Ni/H-Beta-25 (V)

The products formations in the presence of different catalysts is exhibited in Table 5.4 and Figure
5.10(a,c,e,g). The highest (x)-isopulegol concentration was already obtained after 1 min of
reaction, because it was even produced during heating processes without any stirring. Then,
pulegols were converting further to menthols and menthanes (Figure 5.10(b, d, f, h)). The
concentration of (x)-isopulegol after 1 min followed the order of 5Ni/H-Beta-25>10Ni/H-Beta-
25>15Ni/H-Beta-25>15Ni/H-Beta-300 which is related to the order of decreasing of total acid site
concentration and enhancing of B/L ratio of H-Beta support (Figure 5.9d) and increasing loading
of Ni. This was expected, because citronellal cyclisation is catalyzed by acid site of the catalyst

[374]. Indeed, Yps rose with enhancing strong Brensted acid sites concentration in other works of

literature[373,375].
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Figure 5.10. Menthol synthesis from citronellal for (a) 15Ni/H-Beta-300, (c) 15Ni/H-Beta-25, (e) 10Ni/H-Beta-25 and (g) 5Ni/H-
Beta-25: Concentration of citronellal ( @), (+)-isopulegol (M), ()-neo-isopulegol (V¥ ), (£)-is0-isopulegol (A), (£)-menthol (A ),
(x)-neomenthol ( V), (x)-neoisomenthol (o). For (b) 15Ni/H-Beta-300, (d) 15Ni/H-Beta-25, (f) 10Ni/H-Beta-25 and (h) 5Ni/H-

Beta-25: Concentration of citronellal ( ®), citronellol (VY ), menthanes (4), menthenes (A), 3,7- dimethyloctanol (o), 3,7-
dimethyloctane ( V), dimeric ethers (#).(Reaction conditions: 80 °C, 20 bar Hz, solvent: cyclohexane, amount of catalyst: 300

mg, the initial citronellal concentration: 0.029 M)

In the second step, (£)-isopulegol hydrogenation to (x)-menthol went on at a rather low rate in the

presence of the most acidic catalyst meaning 5Ni/H-Beta-25 (Figure 5.11) despite of its small

Ni@NIiO particles size. Menthols yield at 85% conversion of citronellal decreased with decreasing

Ni@NiO particle size and enhancing especially Lewis acid site concentration.
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Figure 5.11. Menthol synthesis from citronellal: a) Concentration of menthols as a function of time, b) stereoselectivity of
menthol as a function of conversion. Legend: 15Ni/H-Beta-300 (&), 15Ni-H-Beta-25 (@), 10Ni/H-Beta-25 (A ), 5Ni/H-Beta-25
(Y)

This result indicates that even larger Ni@NiO particles of ca. 15 nm facilitated effective pulegols
hydrogenation to menthols (Figure 5.10). In addition, the yield of menthol at 85% conversion even
increased with rising Ni@NiO particle size (Figure 5.12a).

354 ) 10-b)
a
i o
30 [ 3.
25- [
& 20 ‘ S
i 3)
>_§ 154 >_< 41
10- P
5 21 v :
1 w
0 T T T T T T T T T T O T T T T T T T T T T
0 2 4 6 8101214161820 0 2 46 8101214161820

Ni@NIiO particle size (nm)

Ni@NiO particle size (nm)

Figure 5.12. Menthol synthesis from citronellal, yields of a) menthols (Ymes) and b) ACP (Yace) at 85% conversion as a function
of Ni@NiO particle size. 15Ni-H-Beta-300 (M), 15Ni-H-Beta-25 ( @), 10Ni/H-Beta-25 (A ), 5Ni/H-Beta-25 (V)

The maximum menthols yield, 36% was achieved for 15Ni/H-Beta-25 and 10Ni/H-Beta-25 after

3 h of reaction (Table 5.4). However, the concentrations of neomenthol and neoisomenthol

increased in the first hour of the reaction and attained almost a plateau for the reactions over all
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catalysts (Figure 5.10). From Figure 5.10, it can be clearly observed that already after 15 min, the
menthol production rate rose. Among H-Beta-25 supported catalysts, 15Ni/H-Beta-25 displayed
the lowest concentration of Brgnsted acid sites (Table 5.3) being superior for production of
menthol when comparing to two other catalysts. In the work reported by Azkaar et al, Ywmes
decreased with enhancing Brensted acid sites concentration [328]. The Brgnsted-to-Lewis acid
sites ratio (B/L) of 15Ni/H-Beta-25 catalyst in this study was 0.6 (Table 5.3) which was in line
with the results for Ni/ZrS (nickel sulfated zirconia) catalyst showing the same B/L ratio but a
higher acid sites concentration of 95 um/g [334]. That catalyst showed a higher activity in
citronellal conversion to menthols compared to nickel on sulfated zirconia with higher B/L ratio
of 0.9 and the lower acid sites concentration of 30 pm/g. The highest yield of menthol in [376]
was reported 98% at complete citronellal conversion in the presence of 8 wt% Ni-
montmorillonite-heteropolyacid catalyst at 80 °C, 50 bar H> and after a longer reaction time of 12
h. This catalyst displayed the B/L= 0.3, however, the Ni particle size was not reported. It was
reported in [377] that the catalyst with medium Brgnsted acid site and strong Lewis acid site is

appropriate for the reaction which was also resulted in the current study.

The highest stereoselectivity to (x)-menthol was at first for 5Ni/H-Beta-25, decreasing, however,
with increasing conversion to the same level, ca. 78%, as resulted for other catalysts (Figure 5.11b).
A comparison of the stereoselectivity to (x)-menthol for nickel-based catalysts reported in the
literature [334] shows that sulfated zirconia supported nickel reached to 70% of stereoselectivity
to (x)-menthol at a complete citronellal conversion, at 100 °C, 14 bar H pressure for 30 min with
the citronellal to catalyst mass ratio of 0.6. It should be noticed that different reaction conditions
from [334] were applied in the current study, namely 80 °C, 20 bar total pressure, 3 h reaction time
and the citronellal to catalyst mass ratio of 1.3.

Production of the undesired acyclic hydrogenation products (ACP), mostly citronellol, enhanced
by increasing the loading of Ni and its particle size (Figure 5.9, Table 5.2). Besides citronellol,
small amounts of 3,7-dimethyloctanol were produced. In particular, by enhancing the molar ratio
of the exposed metal to total acid sites, the ACP vyield decreased over Ni/H-Beta-25 catalysts
(Figure 5.9f) similar with what was reported in ref [322], whereas 15Ni/H-Beta-300 catalyst with
a mild acidic feature (Table 5.3) formed large concentrations of both citronellol and 3,7-

dimethyloctanol, and no 3,7-dimethyloctanol was produced in the presence of 5Ni/H-Beta-25.
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The formation of dimer was significant over all studied catalysts (Table 5.4, Figures 5.10). 5Ni/H-
Beta-25 as the most acidic catalyst produced the highest number of dimeric products (Figure
5.10h). As was expected, dimer production was not affected from the Ni@NiO average particle
size. As a comparison, less than 10% menthol yield and high yield of byproducts being more than
40% were obtained at 24-100% citronellal conversion using Ni/ZSM-5 and natural zeolite
supported Ni catalysts [378], even though the reaction conditions were very different from the
current study being performed at 70 °C, 20 bar of Ha, for 7 h, and with the citronellal to catalyst
mass ratio of 7 [378]. On the contrary, when the reaction was performed at a higher temperature
of 200 °C and 20 of bar H. pressure, 50% menthol yield, 10% isopulegol yield, and 35%
byproducts yield were achieved using Ni/NZB (acidified natural zeolite) catalyst [379].

From reaction mechanism point of view, it was significant to relate production of acyclic
hydrogenation products vs cyclic products. For that aim, the sum of acyclic hydrogenation
products (ACP) versus the sum of the desired cyclisation products (CP=IPs+MEs) was plotted in
Figure 5.13.
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Figure 5.13. Sum of hydrogenation acyclic products concentrations (ACP) vs the sum of desired cyclization products
concentrations (CP=IPs+MEs) at 80 °C, 20 bar total pressure in the presence of hydrogen for 15Ni/H-Beta-300 (&), 15Ni-H-
Beta-25 (@), 10Ni/H-Beta-25 (A ), 5Ni/H-Beta-25 ('V), first point (*, denoted reaction time 15 min).

15Ni/H-Beta-300 with the highest loading of Ni loading and the mild acidity showed the increment
of the concentration of both cyclic and acyclic products after 15 min of the reaction time and with
enhancing the reaction time, more acyclic hydrogenation products were produced. Because of a

mild acidity, cyclisation was not as significant as with the other catalysts. On the contrary, for
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15Ni/H-Beta-25 catalyst, only cyclic products were formed in the first 15 min of the reaction, then
acyclic hydrogenation products formation was started owing to cyclisation suppression. 10Ni/H-
Beta-25 and 5Ni/H-Beta-25 formed the maximum cyclic products concentrations after 120 min
and 60 min of the reaction, respectively. The highest concentrations of acyclic hydrogenation
products were produced in the presence of 15Ni/H-Beta-300, which displayed the largest peak in
H>-TPR (Figure 5.4) and mild acidity (Table 5.3). Instead, the second highest ACP concentration
was obtained over the catalyst with 15 nm Ni@NiO particles (Table 5.2) and medium acidity,
whereas the smallest Ni@NiO particles, 2 nm, present in 5Ni/H-Beta-25 with the highest acidity
among the studied Ni/H-Beta catalysts (Table 5.3) improved production of cyclisation products.
These results slightly contradict the ones reported by Azkaar et al. [328], who suggested that highly

acidic Ru catalyst increased ACP production.

5.3.3. Stability, regeneration and reuse of catalysts

Textural properties of the 15Ni/H-Beta-25 catalyst after the first and second catalytic run (Figure
5.14, Table 5.5), 5Ni/H-Beta-25, 10Ni/H-Beta-25 and 15Ni/H-Beta-300 after first run of the
reaction (Figure A6, Table 5.5) confirm that fresh and spent catalysts displayed similar isotherms,

and subsequently the texture of the catalysts was maintained upon the reaction.
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Figure 5.14. N2 adsorption-desorption isotherms of fresh and spent 15Ni/H-Beta-25 after first and second run of the reaction.
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Nevertheless, for all catalysts, a decrease of surface areas and the micropores volume was
observed, whereas mesopores volume enhanced compared to the fresh ones (Table 5.1, Table 5.5).
This might be due to the blockage of some catalytic pores with agglomerated Ni particles,
polymeric solid byproducts, and by coke formation [328].

Table 5.5. Textural properties (obtained from N2 physisorption) for spent catalysts.

Catalysts Sor 2 Vmicro Vmeso

(m?/g) (cm®g) (cm?/g)
15Ni/H-Beta-300-spent 335 0.14 0.04
15Ni/H-Beta-25-spent 324 0.12 0.28
15Ni/H-Beta-25-spent2 266 0.10 0.25
10Ni/H-Beta-25-spent 422 0.16 0.37
5Ni/H-Beta-25-spent 339 0.13 0.33

a) Microporous or external surface area calculated by Dubinin-Radushkevich method (DR).

A comparison between the SEM image of the 15Ni/H-Beta-25-spent catalyst with that of the fresh
one (Figure 5.15a, Figure 5.6) indicates that the Beta-zeolite morphology stayed almost unchanged
after the reaction. In addition, TEM image of 15Ni/H-Beta-25-spent in Figure 5.15b displays that
a slight agglomeration of Ni@NiO nano particles happened during the reaction enhancing the
average Ni@NiO particle size from 15 nm to 18.4 nm and meanwhile particle dispersion decreased
from ~7 to ~5.4%. More importantly, it seems that the fraction of Ni@NiO particles of size below

5 nm was very much decreased.
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Figure 5.15. a) SEM image, b) TEM image, c) Ni@NiO particle size distribution histograms, d) average Ni@NiO particle size

and dispersion determined from TEM images for 15Ni/H-Beta-25-spent catalyst.

Therefore, the characterization results suggested the textural and morphological features of the
catalysts after the reaction were maintained. Thereafter, 15Ni/H-Beta-25 as the best catalyst was
selected to study the recyclability of catalytic system. However, since minor leaching of Ni was
detected from ICP-OES measurements, the spent 15Ni/H-Beta-25 catalyst was regenerated by a
washing step cyclohexane as the reaction solvent followed by drying and reduction steps. Then,
the regenerated catalyst was applied for the reactivity test and the results are reported in Figure
5.16. It can be demonstrated that very similar reactivity namely conversion, yields of pulegols and
menthols, along with stereoselectivity to ()-isopulegol and (x)-menthol were achieved in the
second run of the reaction, being a promising achievement in the aspect of catalyst recyclability.
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Figure 5.16. a) Conversion of citronellal, X (®, o), b) yield of pulegols, Yes (& o) and yield of menthols, Yves (4, A), C)
stereoselectivity to (+)-isopulegol (¢, <) and (x)-menthol (#, ) as a function of time in one-pot synthesis of menthol from
citronellal over 15Ni/H-Beta-25. Symbols: fresh catalyst (filled symbol), regenerated catalyst (open symbol).

5.4. Conclusions

Ni/H-Beta catalysts with two different silica to alumina ratios (SiO2/Al>0s= 25, 102) and thus
acidic properties, and different Ni loadings of 5, 10 and 15 wt.% were synthesized and applied in
the one-pot conversions of citronellal to menthol in a batch system. Different Ni loadings
influenced the Ni@NiO particle size and dispersion and moreover H-Beta-25 acid sites
accessibility. An appropriate synergy between Ni loading and dispersion, and H-Beta acidity was
needed to handle the cascade reaction to (x)-menthol isomer as the main cyclic product and to
limit undesired side reactions, such as dimerization of pulegols and citronellal, and acyclic
hydrogenation. Among the tested catalysts, 15 wt.% Ni on H-Beta-25 displayed the best synergy
of the total concentration of acid sites, Lewis to Brgnsted acid sites ratio, and metal loading and
dispersion. The reaction in the presence of 15 wt% Ni/H-Beta-25 caused 93% citronellal
conversion with production of the highest yield of menthols being 36% (77% stereoselectivity to
(x)-menthol isomer). Regeneration and recyclability of the best catalyst was efficient since the
spent catalyst after washing with the cyclohexane and reduction exhibited a similar performance
as the fresh one. Thus, the study of this chapter proposed a low-cost and sustainable catalyst with
modified acid/metal bifunctionality which was promising and efficient for the one-pot selective

transformation of citronellal to menthol.
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Chapter 6. Concluding remarks

In this thesis, the formulation and modulation of applicable, sustainable and potentially scalable
catalysts were studied for development of biomass valorization processes. In particular, two
different fractions of lignocellulosic biomass were applied as the substrates of the model reactions.
In first section, the transformation of carbohydrate fraction (glucose, cellulose) was studied to
obtain levulinic acid and y-Valerolactone as the target products. In the second part of the study,
one-pot transformation of essential oil fraction (citronellal) of lignocellulosic biomass was
investigated to achieve menthol as the target product. Hence, efficient heterogeneous catalysts

were optimized for each proposed process.

In Chapter 2, glucose conversion to levulinic acid was studied over ZSM-5 based catalysts. The
acid properties of NaZSM-5 zeolite were modulated via aqueous technique using NH4Cl and CuCl;
solutions and the microwave assisted ion-exchange method using solid salts of transition metals
including MnCl,, FeClz, FeCls, CoClz, NiClz, CuCl.. Microwave was a more efficient ion-
exchange method which could increase Lewis to Brgnsted acid ratio, and weak and medium acid
sites being favorable for the target reaction pathway from glucose to levulinic acid. In addition,
Cu(I)-exchanged ZSM-5 gave the best reactivity compared to other transition metals which was

affected from a higher charge transfer, and balanced and low density of acid site in this catalyst.

In Chapter 3, glucose and cellulose transformation to levulinic acid was investigated using a
composite of CuZSM5-M zeolite and HMS mesoporous silica. The best result in the aspect of
activity, selectivity and stability of the catalyst in both proposed reactions was obtained over the
composite of 60% CuzZSM5-M with HMS. The high performance of this catalyst was due to the
combination of optimum and tailored concentration, strength and type of acid sites derived from
CuzZSM5-M for following the desired reaction pathway, and a high surface area, and large pores
size derived from HMS for a facile mass transfer of the substrates, intermediates and products of
the reaction.

In Chapter 4, bifunctional Ni,Al catalysts supported on activated biochars derived from four
different biomasses (tannery shaving waste, vine wood waste, barley waste, and sargassums

macroalgae) were assessed in levulinic acid conversion to y-Valerolactone. Aluminum deposition
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by precipitation method resulted in a different interaction of Al-containing species with support, a
higher dispersion and a better improvement of weak and medium Lewis acid sites compared to Al
impregnation technique which helped on a higher activity of the catalyst in levulinic acid
dehydration step. The highest performances of the catalysts based on activated biochar from
tannery shaving waste and vine wood waste were due to the presence of higher O-N-doped and
functional groups in these supports, their high surface area and advanced porosity, and high
dispersion of active phases. Therefore, it was found that the origin of initial biomass had a strong
impact on the chemical, textural and morphological properties of the final support for the target

catalytic application.

In Chapter 5, the correlation between the acid properties, metal loading, size and dispersion of
Ni/H-Beta based catalysts with their performance in one-pot transformation of citronellal to
menthol were investigated. The reaction over 15 wt.% Ni on H-Beta-25 exhibited the highest
activity and selectivity to (x)-menthol due to the suitable synergy of the total concentration of acid

sites, Lewis to Bragnsted acid sites ratio, and Ni metal loading and dispersion.

In conclusion, it can be pointed that some significant criteria must be considered for the selection
of a proper catalyst applicable in liquid phases reactions of biomass valorization process. First, a
comprehensive knowledge about the mechanism of proposed reaction can give a precise viewpoint
about the desired acidic, chemical, textural and morphological properties of the catalysts. Second,
the reaction conditions, reaction medium, and hydrophobic/hydrophilic balance of the materials
must be strongly considered in the design of an active, selective and stable catalyst. Indeed, it is
highly applicable to tailor and modulate the properties of the catalyst by development of fruitful

synthesis and post synthesis modification approaches.
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Appendix

Al. Supplementary information of Chapter 2

Samples characterization techniques

The metals contents in ion-exchanged ZSM-5 samples were determined by microwave plasma—
atomic emission spectrometry (Agilent Technology 4210 MP-AES). About 50 mg of the catalyst
was digested with a mixture containing 5 mL of HCI (37%): HNO3(65%)= 3:1 and 5 mL of

deionized water.After demineralization, dilutionto 50 mL was done using deionized water.

Fourier transform infrared (FTIR) analysis was performed by Perkin Elmer Spectrum One
spectrometer with a wave number range of 400-4000 cm™ and resolution of 4 cm™ at room

temperature.

X-ray powder diffraction (XRD) analyses were carried out in the laboratory of Prof. Giuseppe
Cruciani at University of Ferrara by a Bruker D8 Advance Da Vinci diffractometer equipped with
LynxEye detector and a sealed tube providing Cu Ka radiation at an accelerated voltage of 40 kV

and an applied current of 30 mA.

Scanning Electron Microscope (SEM) was performed in the laboratory of Dc. Alessandro Di
Michele at the University of Perugia. The images were obtained using a Field Emission Gun
Electron Scanning Microscopy LEO 1525, after metallization with chromium. The images were
acquired by Inlens detector while elemental composition was determined using Bruker Quantax
Energy Dispersive System (EDS).

Thermal analyses (TG-DTA) were performed in the laboratory of Prof. Giuseppe Cruciani at
University of Ferrara on a NETZSCH STA 409 PC/PG instrument in air flux (20 mL/min) using
a temperature rate set at 5 °C/min in the 25-800 °C temperature range.

Specific surface areas and pore size distributions were evaluated from N2 adsorption/desorption
isotherms at -196 °C using a Tristar 11 Plus Micromeritics. Specific and micropores surface area
were calculated using the BET and t-plot methods, respectively [380]. Micropores volume was
calculated by t-plot method. Total pore volume was obtained at relative pressure of 0.99 and

mesopores volume was calculated using Barrett-Joyner-Halenda (B.J.H) method.
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Temperature-programmed Desorption (NHs-TPD) analyses were performed via a lab-made
equipment to investigate the strength and total acidity of the catalysts. First, 100 mg of the catalyst
was charged in a quartz reactor and pretreated in He with a flow rate of 40 mL/min at 500 °C for
90 min. After cooling the system to 25 °C, the adsorption of 5% NHs/He with a flow rate of 40
mL/min for 30 min was followed. The physisorbed ammonia was desorbed from the catalyst
surface by passing He (40 mL/min) at 25°C for 10 min. The desorption profile of NH3-TPD was
recorded using a thermal conductivity detector (Gow-Mac TCD) from 25 to 1000 °C at a heating
rate of 10 °C/min under 40 mL/min flow of He.

Bregnsted and Lewis acid sites of the samples were analyzed in the laboratory of Prof. Giuseppina
Cerrato in the University of Turin. The analyses were carried out by Fourier transform infrared
(FTIR) spectra using 2,6-dimethylpyridine (2,6-DMP) as a probe molecule with a Bruker Vector
22 spectrometer equipped with a MCT detector at 2 cm™ resolution and accumulating 128 scans.
The solid samples, in form of self-supported pellets (~10 mg cm2), were inserted in a conventional
quartz vacuum cell equipped with KBr windows connected to a glass vacuum line (residual
pressure < 10° Torr) that allows to perform in situ adsorption/desorption runs. Prior to
adsorption/desorption experiments of 2,6-dimethylpyridine (2,6-DMP), all samples were activated
at 300 °C in an oxidizing atmosphere. 2,6-DMP adsorption/desorption tests were carried out at IR
beam temperature (BT). First a relatively large amount of base (~ 4 Torr) was allowed on the
samples and left in contact for 2 min in order to reach a complete 2,6-DMP monolayer formation,
and then the 2,6-DMP excess was evacuated at BT for increasing times in the 1-15 min range in

order to put into evidence only the more strongly held fraction.
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Characterization results
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Figure AL. SEM images of a) CuZSM5-S, b) CuZSM5-M, ¢) NiZSM5-M, d) CoZSM5-M, &) Fe(11)ZSM5-M, f) Fe(111)ZSM5-M, g)
MnZSM5-M
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Figure A2. EDS map of elements distribution for: a) CuZSM5-S, b) CuZSM5-M, ¢) NiZSM5-M, d) CoZSM5-M, e) Fe(l1)ZSM5-M,
f) Fe(111)ZSM5-M, g) MnZSM5-M.

135



A2. Supplementary information of Chapter 3

Samples characterization techniques

Fourier transform infrared (FTIR) analyses were performed by Perkin Elmer Spectrum One
spectrometer with a wave number range of 400-4000 cm™ and resolution of 4 cm™ at room

temperature.

X-ray powder diffraction (XRD) analyses were carried out in the laboratory of Prof. Giuseppe
Cruciani at University of Ferrara by a Bruker D8 Advance Da Vinci diffractometer equipped with
LynxEye detector and a sealed tube providing Cu Ka radiation at an accelerated voltage of 40 kV
and an applied current of 30 mA.

Scanning electron microscopies (SEM) were performed in the Abo Akademi University of Turku
(Finland) under the supervision of Prof. Dmitry Yu. Murzin. SEM images were obtained using a
Field Emission Gun Electron Scanning Microscopy LEO 1525, after metallization with chromium.
The images were acquired by Inlens detector while elemental composition was determined using
Bruker Quantax EDS.

Transmission electron microscopies (TEM) were performed in the Abo Akademi University of
Turku (Finland) under the supervision of Prof. Dmitry Yu. Murzin. TEM images were used to
determine the morphology of catalysts, periodic porous order of HMS, and the distributions of Cu
nanoparticles on the composite. The instrument applied for the measurements was JEM-1400Plus,
JEOL Ltd with an acceleration voltage of 120 kV and resolution of 0.98 nm using Quemsa Il MPix
bottom mounted digital camera. TEM was performed with a suspension of the gold catalyst in

ethanol.

Specific surface areas and pore size distributions were evaluated from N2 adsorption/desorption
isotherms at -196 °C using a Tristar 1l Plus Micromeritics. Specific and micropores surface area
were calculated using the BET and t-plot methods, respectively [380]. Micropores volume was
calculated by t-plot method. Total pore volume was obtained at relative pressure of 0.99 and
mesopores volume was calculated using Barrett-Joyner-Halenda (B.J.H) method.

Thermogravimetric analyses were carried out in the Abo Akademi University of Turku (Finland)
under the supervision of Prof. Dmitry Yu. Murzin. A TA Instruments SDT Q600 analyzer was
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used for TGA analyses. The heating rate in the TGA was 10 °C/min from 25 °C to 700 °C under
100 cm®/min flow of synthetic air. The weight of the sample was measured as a function of

temperature.

Temperature-programmed Desorption (NHz-TPD) analyses of samples were carried out using lab-
made equipment in order to study the acidity of the catalysts. First, 100 mg of the catalyst was
charged in a quartz reactor and degassed in He with a flow rate of 40 mL/min at 500 °C for 90
min. The catalyst was then cooled down to 25 °C prior to adsorption of ammonia. Then, the
adsorption of 5% NHs/He with a flow rate of 40 mL/min at 25 °C for 30 min was performed. The
physisorbed ammonia was removed from the catalyst surface by passing He (40 mL/min) at 25°C
for 10 min. The desorption profile of NHs-TPD was recorded using a thermal conductivity detector
(Gow-Mac TCD) from 25 to 1000 °C at a heating rate of 10 °C/min under the flow of He (40

mL/min).

Characterization of the Brgnsted and Lewis acid sites, their amount and strength were done using
pyridine (Sigma Aldrich, > 99.5%) adsorption-desorption. This analysis was carried out in the Abo
Akademi University of Turku under supervision of Prof. Dmitry Yu. Murzin. The measurements
were performed with ATI Mattson FTIR using 20 mg of catalyst pellets. The catalyst was activated
in the IR cell by heating from room temperature to 200 °C under vacuum (1x10~* Pa). In order to
discriminate between weak, medium and strong acid sites, desorption of pyridine was performed
at 150 °C, 250 °C and 350 °C, respectively. Pyridine was desorbed for 60 min at each temperature.
Quantification of Brgnsted and Lewis acid sites was done by considering intensity of IR signals at
1545 cm™! and 1455 cm?, respectively, using the molar extinction factor given by Emeis [381].
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A3. Supplementary information of Chapter 4

Samples characterization techniques

The CHNS elemental analyses of biomasses, biochars, and activated biochars were carried out
using UNICUBE organic elemental analyzer (Elementar). Then, the amount of inorganic residues
(ashes) was measured via the thermo-gravimetric analysis (TGA 8000 PerkinElmer) following the
ASTM-D7582 protocol [382] The percentage of oxygen was calculated according to the equation

below:
O (%) =100 - (C% + H% + N% + S% + ash%)

The Ni content was determined by atomic absorption spectroscopy (AAS) after digestion of the
samples (100 mg), using a Perkin-Elmer Analyst (Perkin-Elmer, Waltham, MA, USA) 100
spectrometer.

Fourier transform infrared (FTIR) analyses were performed by Perkin Elmer Spectrum One
spectrometer with a wave number range of 400-4000 cm™ and resolution of 4 cm™ at room

temperature.

X-ray powder diffraction (XRD) analyses were carried out in the laboratory of Prof. Giuseppe
Cruciani at University of Ferrara by a Bruker D8 Advance Da Vinci diffractometer equipped with
LynxEye detector and a sealed tube providing Cu Ka radiation at an accelerated voltage of 40 kV
and an applied current of 30 mA. The determination of the Ni crystallite size was accomplished
using the Rietveld method as implemented in the TOPAS v.5 program (Bruker AXS). The
crystallite size was calculated as volume-weighted mean column heights based on integral breadths

of peaks according to the Double-Voigt approach.

Scanning electron microscopies (SEM) were performed in the Abo Akademi University of Turku
(Finland) under the supervision of Prof. Dmitry Yu. Murzin. SEM images were obtained using a
Field Emission Gun Electron Scanning Microscopy LEO 1525, after metallization with chromium.
The images were acquired by Inlens detector while elemental composition was determined using
Bruker Quantax EDS.

Transmission electron microscopies (TEM) were performed in the Abo Akademi University of

Turku (Finland) under the supervision of Prof. Dmitry Yu. Murzin. TEM images were used to
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determine the morphology of biochar based supports, and the distributions of Ni nanoparticles and
Al-containing nanostructures on the support. The instrument applied for the measurements was
JEM-1400Plus, JEOL Ltd with an acceleration voltage of 120 kV and resolution of 0.98 nm using
Quemsa Il MPix bottom mounted digital camera. TEM was performed with a suspension of the
gold catalyst in ethanol. ImageJ software was used to determine the particle size of Cu from TEM

images.

Specific surface areas and pore size distributions were evaluated from N2 adsorption/desorption
isotherms at -196 °C using a Tristar 11 Plus Micromeritics. Micropores and total surface area were
calculated using the t-plot and Langmuir methods, respectively [380]. Micropores volume was
calculated by t-plot method. Total pore volume was obtained according to the adsorbed amount of
N2 and P/P, values near 0.98.

Temperature-programmed Desorption (TPD) analyses of samples were carried out using a lab-
made equipment in order to study the presence of oxygenate functional groups on the surface of
carbon-based materials. First, 100 mg of the catalyst was charged in a quartz reactor and was
heated up to 900 °C with the heating rate of 10 °C/min, under He with the flow of 40 mL/min.
During heating procedure, the decomposition of oxygenated functional groups occurred by
releasing CO and CO2 gases which was recorded using a thermal conductivity detector (Gow-Mac
24-550 TCD instrument CO, Bethlehem, PA, USA).

Temperature-programmed Desorption (NHs-TPD) analyses of samples were carried out using lab-
made equipment in order to study the acidity of the catalysts. First, 100 mg of the catalyst was
charged in a quartz reactor and degassed in He with a flow rate of 40 mL/min at 500 °C for 90
min. The catalyst was then cooled down to 25 °C prior to adsorption of ammonia. Then, the
adsorption of 5% NHas/He with a flow rate of 40 mL/min at 25 °C for 30 min was performed. The
physisorbed ammonia was removed from the catalyst surface by passing He (40 mL/min) at 25°C
for 10 min. The desorption profile of NHs-TPD was recorded using a thermal conductivity detector
(Gow-Mac TCD) from 25 to 1000 °C at a heating rate of 10 °C/min under the flow of He (40

mL/min).

Temperature-Program Reduction (TPR) of catalysts was performed using a lab-made instrument
to study the reducibility and metal-support interaction of the catalysts. First, 100 mg of the sample

was charged in a quartz reactor and the sample was heated from 25 °C to 800 °C, with a ramp of
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10 °C/min, under 5 vol% H: in Ar with flow of 40 mL/min. The effluent gases were analyzed by
a Micrometrics 2900 analyzer equipped with a TCD detector (Gow-Mac 24-550 TCD instrument
CO, Bethlehem, PA, USA).

Characterization results

140



25um

Figure A3. EDS analysis of a) Ar, b) Aw, c) As, and d) Aa samples.
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Figure A4. EDS elemental (Al, Ni) maps of a) NiAli/At, b)NiAlp/Ar, c) NiAlp/Aw, and d) NiAlp/As catalysts,
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A4. Supplementary information of Chapter 5

Samples characterization techniques

All characterizations except TPR were performed in the Abo Akademi University of Turku

(Finland) under the supervision of Prof. Dmitry Yu. Murzin.

The effective amount of Ni was analyzed by inductively couple plasma—optical emission
spectrometry (ICP-OES, PerkinElmer Optima 5300 DV instrument). About 0.1 g of the catalyst
was microwave digested with a mixture containing 9 mL of 37% HCI, 3 mL of 65% HNOs and 1

mL of 50% HBFs. After digestion, dilution to 100 mL was done using distilled water.

The X-ray diffraction (XRD) characterization was performed using PANalytical Empyrean
diffractometer with five axis goniometers. The incident beam optics consisted of Bragg-Brentano
HD X-ray mirror, fixed ¥° divergence slit, 10 mm mask, 0.04 rad soller slit and 1 ° anti scatter
slit. The diffracted beam optics consisted of 7.5 mm divergence slit, 0.04 rad soller slit and P1Xcel
detector array. The used X-ray tube was Empyrean Cu LFF. The X-ray radiation was filtered to
include only Cu Kal and Cu Ka2 components. The results were analyzed with MAUD (Material
Analysis Using Diffraction) analysis program [383]. Instrumental broadening was evaluated with

Si standard sample. The results were obtained with 6 — 20 scan range from 5 ° to 120 °.

Scanning Electron Microscopy (Zeiss Leo Gemini 1530) (SEM)was used to investigate the surface
morphology and the shape of the fresh and spent catalysts. 10-15 mg of the catalyst was used for
analysis on a thin film coated with activated carbon. SEM images were obtained by using an

accelerating voltage of 2.7 kV with a working distance of 2—7 mm.

Transmission Electron Microscopy (TEM, Jeol JEM-14000 plus) was carried out to determine the
Ni metal particle size distribution. ImageJ software was used to determine the particle size of Ni

from TEM images.

Textural properties were studied by nitrogen physisorption (Micrometrics 3Flex-3500) at -196 °C.
The specific surface area and porosity (pore volume, pore size distribution) were calculated using

the Dubinin-Radushkevich (DR) and the density functional theory methods (DFT), respectively.

Temperature Programed Reduction (TPR) was carried out with a lab-made instrument under 5
vol% H: in Ar flow, which was heated from 25 °C to 800 °C with a ramp of 10 °C/min. The
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effluent gases were analyzed by a Micrometrics TPDTPR 2900 analyzer equipped with a TCD
detector (Gow-Mac 24-550 TCD instrument CO, Bethlehem, PA, USA).

Characterization of the Brgnsted and Lewis acid sites, their amount and strength were performed
using pyridine (Sigma Aldrich, > 99.5%) adsorption-desorption with FTIR method. The analysis
was carried out in the Abo Akademi University of Turku under supervision of Prof. Dmitry Yu.
Murzin. The measurements were performed with ATI Mattson FTIR using ca. 20 mg of the catalyst
pellet. The catalyst was pretreated in the IR cell by heating from room temperature to 450 °C under
vacuum (1x10~* Pa). In order to discriminate between weak, medium and strong acid sites,
desorption of pyridine was performed at 250 °C, 350 °C and 450 °C, respectively. Pyridine was
desorbed for 60 min at each temperature and the spectra were taken at 100 °C. Quantification of
Brgnsted and Lewis acid sites was done by considering intensity of IR signals at 1545 cm™ and

1455 cm™?, respectively, using the molar extinction factor given by [381] .

Characterization results
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Figure A5. FT-IR spectra of pyridine adsorption/desorption for 15Ni/H-Beta-25.
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Figure A6. N2 adsorption-desorption isotherms of a) 15Ni/H-Beta-300 and 15Ni/H-Beta-300-spent, b) 5Ni/H-Beta-25 and
5Ni/H-Beta-25-spent, and c) 10Ni/H-Beta-25, 10Ni/H-Beta-25-spent.
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