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Abstract

The ordered mesoporous silica materials such as MCM-41 and SBA-15 have raised
special attention because of its chemical and thermal stability. Several studies have been
reported the ubiquitous modification method of the silica surface through conventional
conventional grafting (CG) and co-condensation (CC) functionalization . The CG
modifies the surface of the silica through sylilation process of the free surface-
silanols with organosilanes. On the other hand, the CC method uses the TEOS as the
building block for silica structure in the one-pot mixture with organosilanes as functional
moieties. The resulting hybrid materials has mesoporous hexagonal structure together

with organic functional groups anchoring on the surface.

It has been reported that the created Si-O bonds obtained from conventional
functionalization process are thermally stable, mostly in mild conditions, which in turn
prevents the loss of those active moieties via the leaching or decomposition. Nevertheless,
there are a few works reporting the leaching phenomena happened in more severe
chemical conditions in either non-polar or polar solvents. The lack of comprehensive
examination, as well as plausible solutions, for the leaching problem in the literature
limits the application of the materials for many harsh chemical processes. Therefore, in
this study, the fundamentals behind the leaching phenomenon will be investigated at the
molecular level by utilizing advanced techniques comprising Fourier-Transform Infrared
Spectroscopy (IR), Transmission Electron Microscopy (TEM), Solid-State Nuclear
Magnetic Resonance (NMR) of 2°Si, *H and cross polarization *H-2°Si, X-ray Diffraction

(XRD).

Xiv



In this study, a new synthesis method, called dry-grafting method, will be proposed to
provide a novel and simple way to synthesize stable non-leaching catalysts for acid-
catalyzed reaction, even under severe conditions (polar solvents, high temperature, etc).
The catalytic stability is examined by the alkylation between cyclopentanol (CPOL) and
m-cresol as a model compound reaction, which is practically relevant to biomass

conversion into chemicals and alternative transportation fuels.
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CHAPTER 1: Catalytic Upgrading of Biomass

1.1. Introduction
1.1.1. Biomass as an alternative source of chemicals and fuels

Over the past 50 years, the average global temperature has increased at the fastest
rate in recorded history as a consequence of the global warming phenomenon. This
phenomenon not only affects the global temperature but favors some adverse parallel
effects in the environment. They include melting of the glaciers, extreme weather
conditions, destruction of the agriculture and extinction of natural habitats. Global
warming is linked to the uncontrolled production of CO>, air pollutants and greenhouse
gases that are collected in the atmosphere. Since the greenhouse gases are primarily
produced from fossil fuels (coal, natural gas, and oil) their substitution for clean energy
sources has raised high attention in the research community for the last decade.

For instance, biomass is highly abundant, renewable and carbon neutral. These
characteristics make it a promising alternative to substitute for the petroleum based
resources®’. Biomass can be transformed to produce valuable chemicals and fuels by
using thermochemical methods as liquefaction, pyrolysis, torrefaction, and gasification.
Therefore, different studies predict the biomass will be a major source of chemicals by
2030 being responsible for the production of 20% of fuels and 25% of chemicals in the

Us*es,

In the gasification process, the biomass is transformed into synthesis gas (Syngas,
a mixture of CO and H; in particular quantities)®. Syngas undergoes Fisher-Tropsch
reaction to produce alkanes or methanol which is further upgraded to fuels via the
Methanol-To-Gasoline process to high-quality gasoline>,

1
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Figure 1 Strategies for the upgrading of biomass to chemicals and fuels®

The steps of the gasification process involve drying the raw biomass, the thermal
decomposition via pyrolysis, partial combustion of some gases, and finally the
gasification. The feedstock biomass is dried to optimize the energy consumption during
the gasification because of loss of energy due to vaporization of water during the
gasification. The resulted biomass is pyrolyzed to thermally degrade the hemicellulose,
lignin, and cellulose from the biomass. The product from the pyrolysis is a mixture of
light gases, as CO, Hz and CHa, condensable liquids, as tar, oil, and naphtha, and solid
char. This mixture is sent to gasification in the presence of air, oxygen or water.
Depending on the substrate used to gasify, the heating value of the products will change,
obtaining the highest heating value with oxygen and the lowest with air''-13, The main
advantage of gasification is that the energy is packed in the chemical bonds of the CO
and H2>'*. However, gasification is not economically suitable when the production of
fuels and chemicals is a desired pathway because of the high cost involved in the further
catalytic upgrading. Consequently, the pyrolysis of biomass has attracted more attention

due to the high yields of bio-oil obtained1°,



The pyrolysis consists of treating the biomass at successively higher temperatures in
the absence of air to thermally decomposed the hemicellulose, cellulose, and lignin from
the biomass in smaller and more desirable molecules®’. The optimal conditions of the
pyrolysis of the biomass have been widely studied to optimize the temperature and
residence time of the reactor since those conditions directly affect the distribution of the
products. The traditional pyrolysis results in a complex mixture of different compounds
with different functionalities known as “bio-0il”"*>17. Those functionalities make the bio-
oil chemically unstable that even at room temperature they react together via slow
polymerization to form resins hard to upgrade. Therefore, an additional separation

strategy is required to improve the catalytic upgrading of the bio-oil.

Conventional thermal separation methods as distillation cannot be implemented
because of the low stability of the bio-oil at high temperatures favoring itself
polymerization. The extraction with solvents is an alternative to selectively separate the
sample through chemical affinity of the solvent with some of the compounds, but this
alternative is not efficient because some compounds are not soluble in even organic or
water phase creating a triphasic system composed by organic, water and insoluble

phase?1>16,

New ways to produce a more stable and upgradable bio-oil are important to overcome
the challenging separation and its complexity. For instance, Pollard et al. (2012)°
proposed a new systematic strategy that combines the separation and thermal conversion
of the biomass using fast pyrolysis and trapping the vapors in two different stages. The

mentioned system consists in rapidly heated of the biomass to ~500°C in the absence of



air with residence times of 1-2 s. The obtained products have a yield of ~70%. The

residues of that process are composed of noncondensable gases, solid char, and ashes®®.

A different approach for the bio-oil separation consists in the thermal fractionation of
the pyrolysis. This process takes advantage of the various decomposition temperatures of
the constituents of the biomass. The hemicellulose decomposes at low temperature,
cellulose at medium temperatures and lignin in a broader range of temperatures. In the
end, three vapors streams are obtained that can be directly upgraded®. The thermal
staging of the biomass produces a more stable bio-oil which results in a promising
platform for the fuels and chemicals production. Therefore, the next challenge is the
understanding and developing of upgradable catalytic routes. Investigating the
fundamentals behind the reactions is essential to control and optimize processes, as well
as to design and synthesize new catalysts that selectively upgrade the bio-oil to more

desirable products®®.

1.2. Catalytic upgrading of the thermal fractionation of the pyrolysis.

1.2.1. Catalytic upgrading of the first stage of the fractionated fast pyrolysis

The thermal fractionation of biomass produces three different stages. The first cut
is attributed to the decomposition of the hemicellulose at 270°C which mainly produces
light acids. The acetic acid is the most abundant compound from this cut and is one of the
most problematic compounds in the bio-oil because of its acidity. It is responsible for the
corrosive properties of the bio-oil while promotes the polymerization of the others

compounds. Consequently, the catalytic upgrading of those stages is required to increase



the stability of the bio-oil while decreasing the oxygen content and increases the carbon

retention?®.
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Figure 2 Catalytic upgrading of the different stages obtained from the thermal
fraction of the pyrolysis. The graph was constructed based on the references 172024
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One of the proposed pathways to upgrade acetic acid is via ketonization to
produce acetone, CO», and H20. Although; acetone is a highly desired product because
of its widespread industrial uses as solvent or reagent, the ketonization has the
disadvantage to lose carbon in the form of carbon dioxide'®2>%, Therefore, Abhishek et
al. (2016) proposed a combined upgrading strategy between the first and the second
stage (See second stage explanation below). It is plausible for the ketonization mechanism
that acetic acid undergoes via acyl formation route to produce acetone. The formation of
that species on the catalyst surface is redirected, under the low temperatures, to make

favorable the acylation of the furanics over the ketonization?.

1.2.2. Catalytic upgrading of the second stage of the fractionated fast pyrolysis



The second stage of the fractionated pyrolysis of biomass corresponds to the
dehydration of the cellulose and some hemicellulose fragments®®. This stage contains
heterocyclic compounds of four and five carbons (Furanics and pyranics respectively)
which are highly reactive and quickly polymerize forming humins. Itself polymerization

of the furanics and pyranics is accelerated with the increment of the temperature?*2728,

Several studies have focused in the upgrading of the second stage of the biomass
using furfural as a model compound to selectively produce cyclopentanone, furfuryl
alcohol or methyl furan®1>18.28.29 |t has been found the furanics from the second stage
undergo via different hydrogenolysis and decarbonylation reactions to produce several
ring opening products. Another interesting approach is the hydrogenation of the carbonyl
group of furfural followed by the hydrogenation of the furanic ring that subsequently
undergoes ring opening reaction to produce 1,5-Pentanediol used as a monomer in the

polymer industry3%-34,

The cyclopentanone production is one of the most desired pathways because
cyclopentanone is widely used as a building block for the aldol condensation reaction.
The conversion of furfural to cyclopentanone can be carried out using a metal catalyst
such Ru, Ni or Pd which, in the presence of H> will hydrogenate the carbonyl group of
the furfural leading the formation of furfuryl alcohol. The former product undergoes via
ring rearrangement reaction in an acid environment to form 2-cyclopente-1-one that under
H> environment produces cyclopentanone as is proposed by Hronec (2012) in liquid
phase?*. Recent evidence in our group, have shown the furfural can directly produce

cyclopentanone in the gas phase.



1.2.3. Catalytic upgrading of the third stage of the fractionated fast pyrolysis

The decomposition of the lignin from the biomass leads the production of
oxygenated aromatics that typically contains one to three oxygens found in the way of
phenolic or methoxy groups. The phenolics produced on this stage are highly desired due
to their chemical similarity with the actual gasoline products. Those products can be

directly added to the gasoline pool upon deoxygenation®>22,

One possible pathway to eliminate the oxygen from the oxygenated aromatics
while remaining constant the carbon content of the stream is the trans-alkylation and
deoxygenation of the methoxy groups and phenolics groups. To evaluate the trans
alkylation strategy Boonyasuwat et. al (2013) *° studied a couple of bifunctional
metal/oxide catalysts such as Ru/SiO2, Ru/y-Al>O3 and Ru/TiO,. They proposed as a
pathway of reaction the direct deoxygenation of guaiacol over the metal via C-O
hydrogenolysis reaction to produce catechol and anisole and a secondary trans-alkylation
to form xylenols, cresols, phenols, methylguaiacol, methylcatechol as well of catechol.
Those products undergo via hydrodeoxygenation to produce aromatics that are used in

the gasoline pool®%,

Another interesting approach is the combined upgrading strategy between the first
and the third stage of the thermal fractionated pyrolysis of the biomass through the
alkylation of the highly electronegative aromatic ring with light alcohols. This approach
involves the presence of Bronsted solids as Hp and HY zeolites which have been shown

to have good activity for these reactions.



1.2.4. Bronsted acid solids as a catalyst for the upgrading of biomass derive

compounds

Zeolites have a high performance for the alkylation and aldol condensation
reactions. However, it has been shown that condensed hot water collapses its crystalline
framework 3"-%°. The destruction of the structure was previously explained by Zhang et.
al (2015)*; they reported the determining factor for the zeolite stability under hot liquid
water is the density of the defects in the surface that is the free silanols. The high
hydrophilicity presented for those Si(OH) structures allow the water molecules to
nucleate and wet the surface. They are not only responsible for the wetting but also are
more reactive toward water favoring the hydrolysis of the SiO structures. An alternative
to improve the stability of the zeolite to water attack is the functionalization of the silanols
with hydrophobic trichloro organosilanes. The functionalization not only helps to keep
the water off from the catalyst but also reduces the free silanols on the surface on the
zeolite causing a decrease in the hydrolysis rate of the SiO> structures. However, under

equilibrium conditions water diffuses into the zeolite producing the collapse®”.

The ordered silica MCM-41 and SBA-15 have raised a particular attention
because of its properties such as high surface area, mechanical, thermal and chemical
stability, and high adsorption capacity. However, the acidity of these materials is low
which makes them inactive for most of the reactions. On the other hand, the stability of
MCM-41 and SBA-15 to water attack has been proved to be higher than in zeolites*.
Therefore, the functionalization of these materials is a promising alternative to increase

the acidity that at the same time increases the hydrothermal stability.



Different methods have been proposed to functionalize the ordered mesoporous
silica. The post-synthetic functionalization or grafting is based on the modification of the
surface silanols in the silica surface, prior synthesized, using tri-alkoxy organosilanes
(R10)3(SiR2) or chloro organosilanes (ClnSiR@-n) (n=3, 2, 1) *. During the grafting of
MCM-41, the Si(OH) structures react with the precursors forming a stable Si-O-Si bond

between the functionalization and the mesostructured silica.

Another proposed method is the direct synthesis or co-condensation. This
approach uses the organosilanes as a building block of the silica in a one pot mixture with
the TEQOS; the resulting material is a hybrid organic-inorganic crystalline material
composed of organosilanes and silanes groups. However, it is claimed those catalysts are
efficient only in nonpolar organic solvents due of the extensive leaching of the active sites

in polar solvents 444,

As a result, this work investigates the catalytic activity and the molecular
characterization of functionalized MCM-41 via conventional grafting (CG), and co-
condensation for potential application in the upgrading of biomass derived compounds.
It is proved those methods are inefficient in the presence of either polar or nonpolar
environments. Therefore, a new alternative method to functionalize mesostructured silica
is presented to produce a stable catalyst that will not leach under those environments. The
molecular characterization is provided via characterization techniques as XRD. FTIR and
CP NMR. Also, the stability of this new material was tested with the alkylation of
cyclopentanol and m-cresol as a model compound since it is a highly desired reaction for

the catalytic upgrading of biomass.



CHAPTER 2: Alkylation and Aldol condensation reactions

2.1. Abstract

Biomass is a suitable alternative to produce fuels and chemicals through the
thermal fractionation of the pyrolysis following by the catalytic upgrading of the different
stages. The upgrading of biomass requires the increase of the carbon number in the
molecule while the total carbon is conserved in the former products. As a result, the aldol
condensation of ketones and aldehydes and the alkylation of aromatics with alcohols are
a promising route to catalytically upgrade biomass derived compounds®®. In this chapter,
a theoretical framework and preliminary results of those sets of reactions are presented

as potential pathways to produce compounds into the gasoline pool.

2.2. Introduction

2.2.1. Aldol condensation reaction as strategy to increase the carbon content

The condensation of ketones via de aldol condensation reaction produces a a, -
unsaturated oxygenates with higher carbon number and lower oxygen content. Those
products undergo via hydrodeoxygenation forming compounds with characteristics in the

fuel range. However critical deactivation of the catalyst has been reported?.

The aldol-condensation reaction of carbonyl groups, over a basic metal oxide catalyst,
consists of four different steps. The *H-abstraction to form the enolate, frequently called
enolate formation, the C-C coupling, re-protonation and dehydration (Figure 3). The first

step initiates with the adsorption of the carbonyl groups over the Lewis acid metal on the
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catalyst. The strong interaction of the high electronegative oxygen atom pulls over the

acid a-Hydrogen from the adsorbate forming the enolate on the catalyst surface®.

A. Enolate formation from propanal
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Figure 3 Aldol-condensation and esterification reaction mechanism of propanal
over TiOz (anatase)®

The forming enolate in the surface interacts with an adsorbed carbonyl, resulting in
an electrophilic attack by the carbon in the enolate to the carbonyl adsorbed species to
form a new C-C bond. The previously abstracted *H is re-protonated to the adsorbate
compound, following by desorption of the hydrated ketonic species which are dehydrated
to form the a,p-unsaturated oxygenates. The former unsaturated product is attributed to
be the responsible for the fast-catalytic deactivation presented in this reaction.
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The deactivation of the catalyst has been explained because of the presented
unsaturation on the aldol-condensation products leading the coke formation and
subsequent deactivation of the catalyst. In order to avoid the fast deactivation of the
catalyst, the hydrogenation of the unsaturated products was evaluated using a 10%
Cu/SiO2 in physical mixture with TiO2 (P25). It has been reported, in the hydrogenation
of propanal, that the presence of a hydrogenation metal such a Cu (10% Cu/SiO>) leads
to the formation of 1-propanol (Hydrogenation of propanal) and the double bond
unsaturation presented in the products. The carbonyl hydrogenation reaches a fast-
equilibrium conversion resulting in a Kkinetically similarity of 1-propanol and
propanal®#44, Therefore, there was observed a negligible deactivation mainly because of
the hydrogenation of the double bond in the products.

The presence of the alcohol in the reaction medium, open a new pathway through the
esterification of the enolate on the surface and the subsequent alcohol (Figure 3). Wang
et al. (2016) showed the selectivity of the products (esterification/aldol condensation)
changes following the ratio between 1-propanol/propanal, however, the overall rate of
consumption of the reagent does not alter the mentioned ratio. The authors claimed the
esterification and aldol-condensation reactions share the same rate determining step
(RDS). As a result, the C-C bond formation cannot be the RDS because it happens
exclusively on the aldol condensation leading to the conclusion that a-Hydrogen
abstraction is the RDS for the mentioned catalyst over TiO2(P25) and TiO (anatase) since

it is the common intermediate in both catalytic routes.

On the other hand, evidence has shown the nature of the catalyst directly changes

the RDS in the reaction. Herrmann et.al. (2017)*, have found a shift in the RDS in the
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aldol condensation reaction over solid Bronsted acids as aluminosilicates following an
Eley-Rideal mechanism. The proposed mechanism starts with the protonation of the
ketone over a Bronsted acid site that further undergoes tautomerization. The resulting
tautomer on the surface interacts with another ketone from the bulk producing the aldol
product. They claimed the RDS for this reaction is the C-C bond formation. The resulted
tertiary alcohol quickly dehydrates over the acid site producing the a,B- unsaturated
oxygenate*®. Despite the results shown via isotopic effect and DFT calculations, recent
studies from our group in the aldol condensation of cyclopentanone suggested the nature

of the RDS strongly depends on the nature of the adsorbate producing a shift in the RDS.

It is evident the fast deactivation of the catalyst during the aldol condensation is
problematic. An alternative is the use of mesoporous hexagonal silicas over the
aluminosilicates because of the higher pore size to decrease the deactivation. The
functionalized MCM-41 is a potential solution to avoid the deactivation due to the
relatively higher pore size (30A) and the high surface area (~750 m?/g). In this chapter,
preliminary results of the aldol condensation of cyclopentanone over sulfonated MCM-
41 are shown as an alternative for the catalytic upgrading of the biomass derived
compounds.

2.2.2. Alkylation of phenolic with alcohols and olefins

From the first stage of the thermal fractionated pyrolysis of the biomass acetic acid
represents one of the most abundant compounds. One alternative to the upgrading of the
acetic acid is the ketonization reaction over oxides to produce acetone which has been
shown to be an important catalytic route on this stage!®. The production of 2-propanol

from acetone is efficient under hydrogenation pathways and highly desirable due to the
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stability of this alcohol. However, the carbon content is low to be used as a fuel. One
strategy to increase the carbon number is the alkylation between small light alcohols,
which are known to be effective alkylating agents®#748 and the phenolics produced in
stage 3. This approach not only results beneficial due to the increasing in the carbon
retention in the liquids but also dramatically enhances the bio-oil stability by decreasing

the acidity™.

The increasing of temperature may favor the degradation and polymerization
reactions in the bio-oil which results problematic for fuels production from biomass®.
Therefore, it is required to investigate the alkylation on the liquid phase. Gonzalez et al.
(2015)% investigated the kinetics of the alkylation of m-cresol and 2-propanol over HY30
catalyst. They reported two catalytic routes for the alkylation, the C-O alkylation and the
C-C alkylation being the former one faster, but the reversible character of this pathway

makes the C-C alkylation products to be the main products during this alkylation?2234749,

Although, secondary alcohols such 2-propanol are effective alkylating agents it is
important to consider the dehydration reaction of this type of alcohols that occurs quickly
over a Bronsted solid acid. In the alkylation of m-cresol with 2-propanol, the dehydration
reaction is too fast that the former olefin becomes the major alkylating agent. This product
not only alkylates m-cresol but also favors the oligomerization reaction which creates

high molecular weight products that block the active sites and deactivate the catalyst.

The abundant water in the bio-oil is problematic for the zeolites because of the low
hydrothermal stability presented for this type of catalyst*’°. One alternative is the

substitution of the aluminosilicates materials for sulfonic functionalize mesostructured
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silica as MCM-41-SOsH. That class of materials has higher hydrothermal stability, and
similar acid strength than its counterpart, the zeolist*®®. However, one disadvantage of this
materials is the lack of the confinement characteristics offered by zeolites as HZSM-5,
HY30, and HB. Consequently, more research is required to analyze the performance of
the sulfonated mesostructured silica. In this section, the alkylation of m-cresol with two
alcohols, 2-propanol, and cyclopentanol was carried out under liquid phase conditions
using MCM-41-SOs3H as a catalyst. It was found that the catalyst behaves similarly than

HY 30 but with the advantage of better hydrothermal stability.

2.3. Materials and Experiments
2.3.1. Catalyst synthesis

The conventional grafted MCM-41-SH (CG) was fabricated as follows; the
commercial MCM-41 was mixed with toluene and the organosilanes in the ratio of 25
mL of Toluene/g of MCM-41 and 5.38 mmol of organosilane/g of MCM-41. The solution
was placed in a reflux system with stirring and N2 bubbling at 40°C for 12 h. and further
washed a room temperature with Methanol and deionized water. The material was dried
overnight at 80°C. The synthesis of MCM-41-SH (DG) was performed as explained in
Chapter 3, the commercial MCM-41 was impregnated via dry incipient impregnation
with a mixture of 2.5 mL of Methanol/g of MCM-41 and the desired functionalization
(5.38 mmol of functionalization/g of MCM-41). The resulting solid was placed in the
Parr Reactor working as an autoclave and heated up to 180°C followed by a high-
temperature wash with decalin/MeOH solution (50% v/v).

The resulting MCM-41-SH (CG/DG) was oxidized using H20 as an oxidative

agent in a ratio of 25 mL/g of MCM-41-SH for 24 h. The resulted MCM-41-SOzH catalyst
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was washed at room temperature dried overnight at 80°C. The acid content was evaluated

using TPO-TGA in a Netzsch STA-449 F1 Thermal Analysis.

2.3.2. Catalytic activity measurements

The liquid phase alkylation and aldol condensation reaction were carried out in a Mini
bench top Parr pressure reactor of 160 mL (Model Parr 4564) equipped with a Parr 4848
Reactor Controller for temperature, stirring and a transducer for pressure measurement.
In a typical experiment, the catalyst MCM-41-SOsH (150 mg) was mixed with the solvent
(80 L) and pressurized with N2. The mixture was heated to 200°C/250°C. In a separated
vessel, the reactants were bent making a solution (with base of the reaction conditions)
of 1M of m-cresol and 0.5M of Cyclopentene/Cyclopentanol/2-propanol
(CPEN/CPOL/2-propanol) for the case of the alkylation and 0.5M of
cyclopentanone(CPO) for the aldol condensation. The solvent was added until complete
100 mL of total volume in the reaction. The reactants solution was placed in a separate

vessel and injected into the reactor reaching a final pressure of 800 psi.

After of reaction, the reactor was cooled down to room temperature and depressurized
to atmospheric pressure. The catalyst was separated from the liquids using a syringe
filtration system to avoid vaporization of products. The liquid was analyzed with GC-FID
for product quantification and GC-MS for products identification®?.

2.4. Results and Discussion

2.4.1. Alkylation of m-cresol with IPA
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Figure 4 Pathway of reaction for the alkylation of m-cresol and 2-propanol. Taken
from Gonzalez-Borja et. al. (2015)%

The dehydration of IPA to produce propylene over Bronsted acid sites has been
shown to be fast under the tested reaction conditions?. Those compounds act as an
alkylating agent to the aromatic ring of m-cresol or the phenolic group. As a consequence,
two routes are identified in the alkylation of m-cresol with IPA (Figure 4 Pathway of

reaction for the alkylation of m-cresol and 2-propanol. Taken from Gonzalez-Borja et. al.

(2015)%).
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Figure 5 a. Product distribution for the alkylation reaction of m-cresol with IPA at
200°C and 850 psi of N2, b. TOF during the alkylation of m-cresol with IPA at 200°C
and 850 psi of N2and 50 mg of MCM-41-SOsH (1.01 mmol H*/g cat) and 10 mg of
HY30 (0.248 mmol H*/g cat)
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The first pathway is the reversible C-O alkylation followed by a C-C alkylation
and the second route is the directly C-C alkylation to form the primary product thymol
which is sequentially alkylated to form DIMP and TIMP. As noted by Gonzalez-Borja
et al? the major product during the reaction was thymol corresponded to the first C-C
alkylation product. Also, the decrease in the concentration of the MIPB after 1 h of
reaction is a solid evidence of the reversibility of the reaction (Figure 5.a). The product
distribution for the alkylation of m-cresol with IPA over MCM-41-SO3zH (CG) is similar
in comparison with the zeolite HY30 discarding any possibility of shape selectivity

effects.
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Figure 6 Effect of the hydrophobization of the MCM-41-SOsH with Ethyl trichloro
silane. The number below the labels indicate the carbon balance for each compound.

The understanding of the possible consequences of the water during the reaction
over MCM-41-SOzH (CG) was carried out via the functionalization of the catalyst with
hydrophobic moieties in mixture with sulfonic groups. The presence of the
hydrophobization on the catalyst increases the rate of reaction because it reduces the

adverse effect the water does over the catalyst concluding that as the hydrophobic

18



moieties in the catalyst increase the amount of water on the surface decreases. As an
explanation for that phenomenon, the hydrophobic groups helps to avoid poison of the
catalyst because of water or may favor the desorption of the products avoiding the

deactivation.

2.4.2. Alkylation of m-cresol with CPOL

The upgrading of biomass derived compounds through the alkylation of m-cresol
and IPA is an interesting strategy that combines the upgrading of the first and third stage
of the fractionated biomass. Parallels, the upgrading of the second and third stage is
possible through the alkylation of m-cresol and CPOL. Similarly to the alkylation of m-
cresol with IPA, CPOL is dehydrated to produce cyclopentene and undergoes via
etherification to produce diciclopentyl ether. The former olefin and the alcohol act as
alkylating agents. The ring of m-cresol is alkylated via C-O or C-C alkylation forming
the products described in Figure 7. No evidence has been seen to stand that cyclopentene
can undergo via C-O alkylation indicating this alkylation possible undergoes via

etherification mechanism.
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Figure 7 Pathway of reaction for the alkylation of m-cresol and CPOL

The product distribution for the alkylation of m-cresol and CPOL is shown in
Figure 8. The main product of the reaction was CPEN followed by the main alkylated
products C12 and small yields of C17 corresponded to the second alkylation reaction. It
is noticeable from the Figure 8 and Figure 9.a the dehydration reaction is faster than the
alkylation, and quickly create an environment reach on cyclopentene. As a result,
recognizing that cyclopentanol and cyclopentene act as alkylating agent, the principal
alkylating agent for this reaction is CPEN. However, more detailed kinetical experiments

are required to understand this reaction completely.
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Figure 8 Product distribution for the alkylation of m-cresol (1.0M) and CPOL
(0.5M) at 200°C and 850 psi of N2 with 150 mg of MCM-41-SOsH (1.01 mmol H*/g
cat).

The C-O alkylation of m-cresol results to be predominant over the C-C alkylation
(Figure 9.b). However, the ratio between C-O to C-C alkylation decreases as t