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AN ABSTRACT OF THE THESIS OF

Ghewa AlSabeh for Master of Science
Major: Chemistry

Title: Development of Novel Metal Organic Frameworks Based Catalysts for Bio-Fuel
Production

The global energy demand is dramatically increasing, and the dependence is on petroleum
fossil fuels. Liquid biofuels, such as ethanol and biodiesel, are considered great
alternatives to fossil fuels in the transportation sector. Butyl levulinate which is produced
through the esterification reaction of butanol and levulinic acid in the presence of a
catalyst, is considered as one of the most promising fossil fuel substitutes. The
conventional catalyst for this reaction is sulphuric acid, which is known to be corrosive,
environmentally hazardous, and hard to recover and recycle. In this work, Metal Organic
Frameworks knows as MOFs are employed as heterogeneous catalysts for butyl levulinate
production. MOFs are new class of porous crystalline solids consists of metal ions linked
to organic ligands via strong coordination bonds and arranged in extended networks.
Their extraordinary characteristics including large surface area, stability, presence of
accessible metal sites, and high porosity give them great potentials in various fields
ranging from catalysis, gas separation, to adsorption. The thrust of this research project is
to understand the relation between the synthesis, composition, structure and properties of
the catalyst materials. To this end, MOF-74 which could incorporate different metals (e.g.
Mg, Zn, Mn, Co, and Ni) are synthesized and fully characterized by XRD, TGA, SEM,
IR and BET measurements. Their catalytic activity in the esterification to butyl levulinate
is further investigated by detecting the produced ester on GC. Moreover, MOF catalysts
will be loaded by magnetic nanoparticles to produce magnetic metal organic framework
composites (MFCs). The resulting MFCs will be used to enhance the separation process
from the reaction media. This work sheds light on the effect of designing MOFs’
structures to serve as efficient catalysts for the production of esters that are of industrial
relevance in the biofuel sector.
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CHAPTER |
LITERATURE REVIEW

A. OVERIEW

Day by day, the global energy need is increasing dramatically with enormous
dependence on petroleum derived fuels constituting around three quarters of the energy
mix.! Taking into consideration the environmental deterioration, economical
restrictions, and gradual depletion of fossil resources caused by excessive usage of fossil
fuels, the world is now directed toward establishing a more sustainable energy system
through exploring new environmentally friendly chemicals that are able to satisfy the
energy demand serving as biofuel or biofuel additives.? Recently, new investigations
have been sought worldwide to study chemical or biological conversion of biomass into
fuels and raw materials® in which n-butyl levulinate is one of these explored chemicals.
Butyl levulinate is an ester that it is characterized by fuel like properties and it can be
obtained by the esterification reaction of levulinic acid and butanol in the presence of

suitable acid catalyst, usually sulphuric acid.*

As mentioned before, the esterification reaction is catalysed by acid catalysts in
which homogenous ones are commonly used such as sulphuric acid. However, their
disadvantages are so many in a way that the shift to other catalysts is a need. On the
other hand, heterogenous catalysts are being explored for esterification reactions due to
their better properties. Some of these investigated catalysts include zeolites, metal

oxides, and resins.>”’



Recently, a new class of porous materials is being explored for catalysis and it is
expressed by metal organic frameworks (MOFs).8 MOFs are porous crystalline solids
composed of inorganic metal cluster connected to organic linkers via strong
coordination bonds and arranged in extended networks.®1° Because of their unpreceded
characteristics, MOFs grabbed the attention in the field of material chemistry, and are
widely used in enormous applications especially in the catalysis field due to their ability
of incorporating active sites into their metal clusters, organic linkers, or porous
network.!! Extra functionality can be accessed to the MOFs through the addition of
magnetic nanoparticles (magnetite) to them in a way they become what’s known by
magnetic framework composite (MFC) with special magnetic properties making their
recovery easily attained.'? Our project is to explore an isoreticular series of MOF-74 as
acid catalysts for the esterification to butyl levulinate starting from levulinic acid and

butanol.

B. Energy Consumption and the Deviation toward Renewables

Accompanied with the nowadays modernization, worldwide development and
high living standards, the energy needs are drastically expanding.! The need’s
satisfaction is based on existing finite energy sources in which fossil fuels are
considered the most dominating ones such as petroleum products, coal, and natural
gases. These fuels are of non-renewable nature, have elevated importing prices and high
energy costs because of their limited amounts, in addition to causing ecological
deterioration as a result of emitting greenhouse gases. Based on this, the shift to finding

sustainable energy sources has been the public’s stimulus.*® An appropriate alternative



must be renewable, eco-friendly, and cost-effective to solve the energy problem.*
However, up till today, there doesn’t exist a full alternative to fossil fuels. Several
countries are trying to nourish the renewable energy uses through their regulations. For
example, the European Union (EU) has customed a 2020 grand in which every EU

member state must share a minimum of 10% renewable energy through transportations.

Because of their low cost, diesel fuels are more abundant than gasoline engines
even though they are higher in particulate matter, carbon monoxide, and nitrogen oxide
(NOx) emissions.™® As a result, controlling the exhaust emissions is crucial in light of
protecting the environment with strict gas regulations. This can be achieved by certain
fuel modifications including decreasing sulfur content, reducing aromatics, raising
cetane number, increasing the volatility of the fuel, or blending the diesel with
oxygenates.®® Oxygenated fuels are the fuels having oxygen atoms in their formula.
When they are added to diesel fuels, they improve combustion efficiency by increase
the fuel burning, increase power production, and decreases the exhaust emission of
polluting gases.® Biofuels (bioethanol, biodiesel...) and alkyl levulinates such as
methyl, ethyl and butyl levulinates originating from levulinic acid are examples of

oxygenated compounds that succeeded in being great fuel additives.*’

C. Biofuels and Biofuel Additives

1. Bioethanol and Biodiesel
Biofuels are the fuels used for transportation and derived from biomass materials
such as ethanol, and biodiesel. They can be used independently as fuel materials, but

they are usually used as additives for petroleum fuels (diesel, and gasoline). While



blending, the usage of non-renewable fuels decreases the consumption of them, leading
to shrinking the amount of imported crude oil. Moreover, biodiesel and ethanol are
cleaner fuels that, when burned, don’t release polluting gases. Ethanol is characterized
by its high-octane number resulting in great spark-ignition engine fuel, whereas, diesels

are known for their high cetane number thus being good engine fuels.®

Ethanol, an alcohol of molecular formula C2HsOH, is obtained through
fermentation of simple sugars resulting from vegetables materials (glucose, fructose...).
Recently, it is commercially obtained from the sugar of the grains, like corn, sorghum,
and barley. In addition, it is also produced from sugar beets, rice, cassava, potato skins,
tree bark and the like. It is noteworthy to mention that corn is the main constituent for
deriving ethanol fuel in the United States. Speaking about numbers, the worldwide
ethanol production increased tremendously from 4 billion gallons in 1990, to 26.6
billion gallons in 2016.° Nowadays, approximately all of the sold gasoline in the US

has around 10% ethanol by volume.?

Biodiesel is another commonly used biofuel that is generated from oily plants
such as oil palm, sunflower, or soybean and from animal sources (Beef and sheep
tallow).?! They are the monoalkyl esters of the fatty acids originating from sustainable
biolipids. Biodiesels are used in diesel engines since they burn like petroleum diesel and
has higher productivity than gasoline. In addition, the HHVs (higher heating values) of
biodiesels (39-41 MJ/kg) are considered high and very close to that of petroleum (43
MJ/kg). In addition to ethanol and biodiesel, other biofuels like methanol, butanol, and

dimethyl ether, are still developing in the field.?



2. Levulinic Acid (LA)
4-Oxypentanoic acid or Levulinic acid (LA), is a versatile basic chemical that is
derived from acid catalyzed degradation of polysaccharides such as cellulose, and has
been recognized as one of the top chemistry building blocks by the United States
Department of Energy in 2004 and 2010,22 in addition to its extraordinary rule in

biofuel generation.?
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Figure 1.1 Derivatives of Levulinic Acid.

Because it contains more than one functional group (carbonyl and carboxyl
group) as shown in Figure 1.1, several compounds can be produced from levulinic acid

other than levulinate esters such as acrylic acid, 6-amino levulinic acid, y-valerolactone,



2-methyltetrahydorfuran, a angelica lactone, 1,4-pentanediol, B-acetylacrylic acid, and

other chemicals that can be used in various industrial fields.242¢

Moreover, LA undergoes chemical reactions that yield compounds that are
useful in electronics, plasticizers, pharmaceuticals, batteries, adsorbents, coating

polymers, fuels, herbicides and so much more.?’-28

3. Butyl Levulinate (BL)
n-Butyl levulinate (BL) is one of levulinate esters that is produced by the
esterification reaction of Levulinic acid with n-butanol. It has been recognized as a
multipurpose feedstock that is used widely in the organic synthesis, plasticizing agents’

production, , and flavoring industry.?®

Because of its fuel like properties, n-butyl levulinate has been investigated to be
used as a fragrance gasoline and diesel fuel additive because of its ability to boost
conductivity of the diesel fuel, its lubricity, and diminish emissions in addition to its low
toxicity, and mild flow property. Moreover, butyl levulinate boils within the diesel
range, and has a steady flash point that is high enough to suit the requirements of diesel

fuels.®

Speaking about fuel properties, the cetane number is a measure of the diesel’s
value and performance. It indicates the ability of autoignition of the fuel when placed in
the engine, in a way that higher octane numbers mean better fuel burning.%® Another
used indicator for the fuel properties is the octane number, that rates the quality of its
combustion. Same to cetane number, higher octane ratings, the better the fuel
performance. The difference between the two is that cetane number refers to the diesel,

whereas octane number is related to gasoline. BL has very low cetane number (less than



15) in which regular cetane number of diesel ranges from 48 to 50. However, cetane
improver additives, such as 2-ethlhexyl nitrate, can be added to the ester before being
mixed with the diesel. Moreover, it has high blending octane number (near 100) that

increases the performance of the gasoline engines.!

Even though the literature focused the most on the production of ethyl levulinate
among other levulinate esters, recent studies have shown that BL has more potentials

when it comes to diesel blending.3233

D. Catalysts for Esterification Reactions

1. Homogenous Catalysts
Generally, mineral acids like sulfuric acid and hydrofluoric acid are the

conventional used catalysts in the reactions of obtaining alkyl levulinates such as butyl
levulinate.®* However, the usage of such homogenous catalysts has many drawbacks
because of their non-eco-friendly nature where they cause reactor corrosion in addition
to the fact that they are hard to be regenerated. Moreover, they are separated through
neutralization by washing the reaction mixture with water that leads to wastewater
generation and biodiesel loss because of water.>* As a result, the amount of required
catalysts will be higher which increases the costs of production. Consequently, the shift

to new green heterogenous catalysts for biodiesel development has been an urging need.

2. Heterogenous Catalysts
In general, a catalyst must be specific, selective, and able to yield high amounts

of biodiesel. Concerning solid catalysts, they should be highly stable, porous, of high



surface area, cost affordable and most importantly possessing enormous acid sites.
Recently, heterogenous catalysts were able to prove themselves in industrial fields
because of their unique catalytic advantageous when compared to their homogenous
analogue. For example, a solid catalyst doesn’t lead to corrosion and is easily removed
from the reaction medium without wastewater regeneration and biodiesel loss. Add to
that, many of them have the ability to be regenerated preserving the same catalysis
activity, and thus used for many times rather than once as in homogenous catalysis
making them not only eco-friendly but also cost effective. Nevertheless, heterogenous

catalysts are still inferior to homogenous catalysts when it comes to their performance.

Numerous heterogenous catalysts have been developed for the esterification
reaction of butyl levulinate from levulinic acid and butanol, such as zeolites,* heteropoly
acids, silicas,*® ion exchange resins,®” and other catalysts. However, these catalysts are
exposed to loss of active sites through leaching, large mass transfer resistance, and small

catalytic activity.

Zeolites are the most available and used heterogenous catalysts, they have
proved their success in the field and have been employed directly after their synthesis in
the 1960s.%® Massive studies have been conducted on the investigation of zeolites as
catalysts in gas, and liquid-phase reactions leading to the accumulation of huge data
amounts reported in the literature.3%-*° Moreover, they have been used in wide ranging
petrochemical industries, reduction of car flue gas, and considered promising materials
of high potentials in biomass transformations.* #**3 Their strong acid strength, high
chemical and thermal stability, in addition to their high suitability to nearly all types of
catalysis make them superior to other conventional catalysts.* However, their low

surface area and low prediction deign for new emerging materials are major drawbacks,



and their great sensitivity makes them susceptible to deactivation due to permanent
adsorption or steric blockage of large products. Moreover, the micropores of zeolites
cause certain diffusion limitations of the reacting materials and/or produced ones in the
liquid-phase reactions. With all these downsides, it was a necessity to find alternative
heterogenous catalysts to replace zeolites. Because of their large porosity, their rich
metal content and their tunability, metal organic frameworks (MOFs) were the perfect
candidates for the job, where they were able to surpass all other competing

heterogenous catalysts.

E. Metal Organic Frameworks (MOFs)

1. Overview

Reticular chemistry, the chemistry concerned with sewing molecular building
blocks by robust linkages to form highly fashioned and extended frameworks, is
expanding in a spectacular manner for the last 25 years.****® This chemistry allowed the
discovery of new class of crystalline hybrid materials, in which the precise and
controlled metal organic frameworks (MOFs) are at the basis of it. In a simple way,
MOFs are the highly ordered class of crystalline porous materials consisting of metal
ion “joints” in the form of secondary building unit (SBU), strongly linked to organic
linkers “struts”, and expanded in all directions forming extended coordination networks

as represented in Figure 1.2.4
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Figure 1.2 The metal ions and the organic linkers making the extended MOF structure.

MOFs have been known for their tremendous ultrahigh internal surface area
(extending up to 14600 m2.g%),*8 extraordinary porosity (reaching 90% void), open
metal sites, and high chemical and thermal stability (between 250 °C and 600 °C) owing
to the nature of their strong bonds.*” %° These characteristics, along with their accessible
tunability due to the outstanding extent of variability for both the inorganic and organic
counterparts,* allow MOFs to withstand great potentials for a variety of applications in
diverse fields especially for environmental and energy purposes. For example, MOFs
have been used as efficient adsorbents for water decontamination from toxic elements
such as selenites®, phosphates®, and arsenate,>*-**in addition to being noticeable storage
materials for gases (hydrogen, methane),>>-¢ and promising candidate for drug
delivery.®” Additional applications include biochemical imaging, selective separation,

conductivity, and chemical sensing.%8-6°
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2. Synthetic Routes of MOFs
Several synthetic routes for MOF production have been reported.5! However,
solvothermal and hydrothermal syntheses are the most common procedures used to
prepare MOFs, in which dissolved metal salts and organic linkers are mixed and held at
elevated temperatures, at time ranging from few hours to several days.®? To control the
synthesis time and the morphology of the crystals, alternative synthetic methods have
been developed, such as microwave-assisted,®® mechanochemical,® electrochemical,®

sonochemical,®® slow evaporation®’ and reaction diffusion methods.%8-5°

a. Solvothermal Synthesis

After being dissolved and mixed in the appropriate solvent or combination of
solvents, the metal salts and the organic linkers are transferred into vials or sealed tubes,
then placed under conventional electric heating. The difference between hydrothermal
and solvothermal is the used solvent; it is water for hydrothermal reactions, and organic
solvents (such as N,N-Dimethyl formamide (DMF), N,N-Diethyl formamide (DEF),
methanol, ethanol, acetonitrile ...)"%"* for solvothermal ones. Based on the reaction
temperature, that is the one of the main components in this synthesis, two ranges are
noticed, solvothermal and non-solvothermal. In brief, when the temperature is above the
solvent boiling point, the reaction is solvothermal, and needs to be done under pressure
in a closed vessel such as Teflon autoclaves.”?"® On the contrary, non-solvothermal
reactions are those of temperature lower than the boiling point of the solvent and taking
place under ambient pressure in simple containers like scintillation vials.”? The latter

ones include those made at room temperature or at high temperatures.
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b. Microwave-Assisted Synthesis

This route is effective because of its ability to generate elevated and consistent
heating throughout the system, in addition to yielding MOFs in a very short time.”* It
depends on the direct interaction taking place between the electromagnetic radiations
and mobile electric charges that can be electrons/ions in the solid, or polar solvent/ions
in the solution. In the solid, the produced electric current will lead to heat production
because of the solid resistance; whereas, in the solution, polar particles line up in an
electromagnetic field, and change their direction. With the suitable frequency, the
particles will collide, and energy will be released in the form of kinetic energy leading
to an increase in the temperature of the system.”* What makes this synthetic path special
is its ability to control the system pressure and temperature, and to monitor MOF
nucleation rate.”® Increasing the nucleation rate and heating the solvents directly
allowed the MW assisted synthesis to concentrate on producing nanoscale MOFs,

increasing their crystallization rate, and enhancing their purity.

¢c. Mechanochemical Synthesis

Mechanochemical synthesis takes place in a solvent-free conditions where the
intramolecular bonds are ruptured because of the applied mechanical action, and then
chemical transformations are allowed to take place.”” Mechanochemistry has been
applied for so long in different chemical syntheses, such organic, inorganic, polymer
and pharmaceuticals synthesis.”®® In 2006, the first crystalline single-phase MOF was
produced using this synthetic route, by simply grinding isonicotinic acid and copper
acetate together with the use of steel ball without any solvent.®! Several factors make

MOF mechanochemical synthesis an interesting route; environmental effect is the first
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and most important one. Being able to carry the reaction at room temperature and in
solvent free environment, avoiding the necessity of using harmful organic solvents,
gives this route its eco-friendly touch.® Besides, in some reactions, metal oxides can
substitute metal salts, leading to the production of only water as side product.®?
Furthermore, it allows shortening the reaction time from several hours to less than one

hour, along with quantitative yielding of MOFs with generally small particle size.

d. Electrochemical Synthesis

In 2005, scientists at BASF reported the first electrochemically synthesized
MOF,® in which the metal salts were replaced by metal ions excluding the usage of
anions such as sulfate, chloride, nitrate, and perchlorate of dangerous concern when
produced in large amounts.®* Replacing metal salts, metal ions are continuously added
to the reaction via anodic dissolution, where a conducting salt or an electrolyte with the
dissolved organic ligands are presented.®® In order to prevent the deposition of the metal
on the cathode, protic solvents are used, but this will lead to the production of H,. To
prevent this, it is recommended to replace the protic solvents with other chemicals that
can be favorably reduced such as acrylonitrile, acrylic, or maleic esters.2® Moreover,
being compared to regular batch synthetic procedures at the industrial level,
electrochemical synthesis yields higher amounts of MOFs under mild conditions and in

a short time.8’

e. Sonochemical Synthesis

Sonochemistry is the chemistry of applying highly energetic ultrasonic
radiations to a reaction medium.®8 It is a fast, energy-efficient method used for

producing MOFs in a green environment at room temperature.?® Ultrasound’s
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frequency ranges between 20 kHz (upper acoustical human hearing limit) and 10 MHz.
Having such a high wavelength, even larger than the dimensions of the molecules,
makes the reason behind inducing the chemical reaction a process different than the
interactions between the reagent’s molecules and ultrasound. This process is called
cavitation process, in which the ultrasound affects the liquid and as a result of their
interaction, cyclic alternating compression areas of high pressure, and refraction areas of
low pressure appear in the liquid. Since the pressure decreases in the refraction area
(low pressure) and becomes lower than the vapor pressure of the reagents and/ or the
solvent, cavities (tiny bubbles) are created. These bubbles start to increase in size as
result of the diffusion of the volume of the solute into the bubble volume eventually
ending with the accumulation of ultrasonic energy. When the maximum size of the
bubbles is attained, they collapse because of their instability. This cavitation procedure
that consists of the three mentioned steps (bubble creation, expansion, and collapse)
induces high energy release through the formation of “hot spots”, within the bubbles.
These spots of elevated temperatures (around 5000K), and pressures (around 1000 bar),

cause the formation of excessive crystallization nuclei.®

f. Slow-Evaporation Method

This process resembles solvothermal method, where the metal salt and the
organic linker are dissolved in the solvent and mixed together. Then the solvent is
allowed to evaporate at room temperature, leaving behind the produced MOF. This
method is perfect for room temperature synthesis, but it takes more time than other
methods; therefore, it is preferred to use solvents with low boiling points to increase the

solubility of the reacting materials.
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g. Reaction diffusion Framework (RDF)

RDF represents a facile and fast synthesis method that takes place at room
temperature by constructing a precipitation system in a tube. The metal salt solution
constitutes the outer electrolyte and diffuses into the agar medium as inner electrolyte
solution where the linkers are present. The synthesis of MOFs and ZIFs using this
method is advantageous for many reasons: (i) it is carried out efficiently at room
temperature without using thermal treatment or aging processes, (ii) it is scalable where
gram scales can be obtained by simply using larger reactor, (iii) it permits the
preparation of solid solution and generation of a spatial doping gradient along the
tubular reactor, and (iii) it easily provides control over the particle size and morphology.
Examples of MOFs synthesized through this method include MOF-199, ZIF-8, and ZIF-

67.%8

3. Properties of MOFs

As mentioned before, a MOF is constructed from the assembly of metal ions and
organic linkers. Because of these long organic ligands, an empty space is included
within the structure, allowing them to be have the potentials of being permanently
porous materials. In the 1990s, the porosity of these MOFs was studied and proved to be
permanent after measuring carbon dioxide and nitrogen sorption isotherms on zinc
MOF.®! In 1999, the synthesis of first rigid and extremely porous MOF-5 was reported,
characterized by 61% void space, and a 2320 m?/g Brunauer-Emmett-Teller (BET)
surface area® which exceeded that of zeolites and activated carbon.®® Increasing the
surface area requires enhancing the storage space with respect to the weight of the

substance. Using longer linkers increases the storage capacity as well as the number of
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adsorption sites’ however, it exposes the framework for growing interpenetrating
structures (more than one framework) because of the resulted large space. To prevent
this, MOFs whose topology prevents interpenetration are made since it necessitates the
other framework to have another topology.®* In addition, it is important to keep in mind
that the pore diameter must remain in the micropore range (less than 2 nm), through the
careful choice of the organic linkers while maximizing the BET surface area, since the
geometric surface areas resulting from the MOF structure and the BET surface areas
calculated from the sorption isotherms are analogous.®® In 2004, MOF-177 was proved
to have the MOFs’ largest surface area, of BET area equals to 3780 m?/g and 83%
porosity.% After this, the value doubled in 2010 to become 4530 m?/g and 6240 m?/g
and porosity of 90% and 89% for MOF-200 and MOF-210 respectively.®® The progress

of the highest BET surface area over the years is shown in Figure 1.3.
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Furthermore, adsorption sites inside the pores had been discovered through a
study made on MOF-5 loaded with argon or nitrogen gas; these sites were the SBU,
faces and edges of the linker.*® By revealing the source of high porosity, this study not
only allowed the creation of MOFs with higher porosities, but also proved the effect of
extended alkyne-based tritopic linkers instead of phenylene-based on increasing the
adsorption sites’ number and thus the surface area.? This was proved with NU-110
(Northwestern University) MOF whose linker is characterized with such edges and
showed a surface area of 7140 m?/g which remained the highest reported surface area*
till 2018 where DUT-60 ( University of Technology) broke the record with a 7839 m?/g
BET surface area.®” Furthermore, varying the length of the incorporated linkers lead to
easily change the pore sizes of the MOFs from the angstrom scale to the nano level,®

and the functionalization of the pore walls can also be attained through ligand design.

Because of the strength of the bonds composing MOFs, like C-C, C-O, C-H, and
M-O, MOFs are thermally stable within a temperature range of 250 to 500 °C.%
Preparing chemically stable MOFs has always been a hard task because of their
vulnerability while being exposed to solvents for long time periods. ZIF-8 (zeolitic
imidazolate framework-8) was the first chemically stable MOF, that remained
unchanged after treating it in boiling methanol, benzene, and water for a period up to
one week, as well as in boiling concentrated base (NaOH) for 24 hours.% Other
examples on chemically stable MOFs include UiO-66 (University of Oslo), MOF-525,

MOF-545 and so on.

The diversity of the organic linkers and the metal clusters resulted in the
presence of a massive library encountering them. Few examples of some linkers and

clusters are shown in Figure 1.4, where different assembly of them leads to a wide
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variety of different MOFs. Extra diversity is added to the mixed-metal MOFs that can
encounter up to 10 different metals retaining the same topology.*°°-1%* Another
composition variety extend to reach the linkers leading to mixed-linker MOFs
permitting the modification is the structure of MOFs.1%? Based on this tunability,
preferred topologies can be chosen and MOFs with the best structural design are
made.%® In addition, postsynthetic modification has achieved tremendous results with
changing the reactivity of MOFs and their active sites.'®* With all the tunability in the
chemistry of MOFs, it wasn’t a long time before their Lewis and Brgnsted acidic

properties were studied.
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Flgure1.4 (A) Various secondary building units showing the different metal oxide
clusters. (B) Different organic linkers. HsDOBDC = 2,5-Dihydroxyterephthalic acid,;
H3:BTC = Benzene-1,3,5-tricarboxylic acid; HsTHBTS = 2,4,6-Trihydroxybenzene-
1,3,5-trisulfonic acid; H.BPDC = 4,4’-Biphenyldicarboxylic acid; DCDPBN = 6,6'-
Dichloro-4,4'-di(pyridin-4-yl)-[1,1'-binaphthalene]-2,2'-diol;HsBTB = 1,3,5-Tris(4
carboxyphenyl)benzene; ADP = Adipic acid; H4ADB = 5,5'-(Diazene-1,2-diyl)
diisophthalic acid; TIPA = Tris(4-(1H-imidazol-1-yl)phenyl)amine; H3ImDC = 4,5-
Imidazoledicarboxylic acid.
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Even though the research on MOF is now directed toward gaining extra
functionality through synthesizing dynamic magnetic MOFs'® (having stimuli-
responsive magnetic building blocks), an innovative movement of integrating MOFs
with other active materials like micro- and nano-particles is initiated. For example,
luminescent core-shell quantum dots where incorporated within MOFs (such as MOF-
5),1% as well as silica nanoparticles that acted as a nucleating agent for MOF growth.’
Metal nanorods, % metal nanoparticles, 1 graphene,'** and magnetic beads'*? are
other examples of active nanoparticles that were combined with MOFs to produce
extremely porous composites with special engineering and additional characteristics. In
particular, combining MOFs with magnetic nanoparticles leads to the formation of

magnetic framework composites (MFCs).

4. Acidity in MOFs

Lewis acids acts as catalysts for various organic reactions by exposing the
functional groups of the reagents to nucleophilic attack through withdrawing the
electron density from them.*3 Lewis acids MOFs were investigated for the first time as
Lewis acidic catalysts for the aldehyde cyanosilylation reaction.'* The Lewis acid
positions are the unsaturated open metal sites, that were bonded to solvent molecules
before activation and had these molecules removed by heating or evacuation upon
activation without the framework collapse as illustrated by Figure 1.5. Examples on
such MOFs include MOF-74, HKUST-1(Hong Kong University of Science and
Technology) and MIL-101 (Matériaux de 1'Institut Lavoisier) that proved to be active
catalysts for several reactions such as citronellal cyclization, Knoevenagel condensation,

isomerizationof a-pinene oxide, cyanosilylation of aldehydes, and organic compounds
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oxidations.™® It is noteworthy to mention that MOFs having no open sites can still

perform as Lewis acids due to the accessibility of the metal center.

In addition to having already synthesized Lewis acid sites, externally functional
groups is another tool to introduce Lewis acidity into the MOFs.!1 115 For example,
Feng and his co-workers were able to integrate Lewis acidic linkers (Metal-tetrakis(4-
carboxyphenyl) porphyrin (M-TCPP) linkers) into UiO-66 framework via one-pot
approach.*® The resulted composite preserved the structure, stability, and design.
Defect engineering is another method used to generate Lewis acidic sites within
MOFs.1t" Zr-based MOF UiO-66 has attracted attention in this field because of the high
tunability of its defect’s concentration, and the ability to even remove defected
positions. For instance, Trickett and his co-workers worked on missing linker defects on
UiO-66 MOFs;!® whereas, Cliffe and his co-workers focused on the defect dispersion
and the nanoscale disorder within these MOFs.1*® Moreover, post-synthetic metalation
succeeded in boosting MOFs with additional metal sites and Lewis acidity in case the

linkers contain functional groups like thiol and hydroxyl groups.*%

1 ,‘n Open Metal Center

\ 4

Figure 1.5 Lewis acidic site (unsaturated metal center) made by the loss of oxygen from
a solvent molecule.
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With all the massive work done on studying Lewis acidic MOFs, a new motion
toward studying Brgnsted acidic MOFs began to emerge. This is a challenging process
since the heterogeneity of acid sites in the solid samples along with the absence of acid-
base equilibrium make it hard to characterize Brgnsted acidity within these samples.
Moreover, being able to introduce high acidity to the MOFs, exceeding that of sulfuric
acid, is a very difficult procedure in general. Introducing acidic sites to the MOFs can
occur either through one-pot synthesis or post-synthetic modification, and in both cases,
the acidic protons affect the construction or the stability of the framework.1?°
Nevertheless, the extraordinary tunable nature of MOFs has allowed the chance to
address such drawbacks: MOF heterogeneity within order, multivariate chemistry, post
synthetic modifications, and ordered MOF assembly that led to better understanding and

withstanding of MOFs’ Bronsted acidity.!?

Bransted acidity allowed MOFs to be proton donor, and thus gave them the
advantage of being used as efficient catalysts for esterification reactions. As shown in
Figure 1.6, it can be introduced into the MOF structure through three different
methods.!?! The first is by encapsulating the Bransted acidic groups into the pores of the
MOFs, that will be connected with the inner through fragile intermolecular interactions.
This can occur with a two-step synthesis route (post synthetic modification), in which
the MOF is made in the first step, then the Brgnsted acid molecules are impregnated
within the pores. However, this can be done also through one-step synthetic approach,
in which the guest molecules exist at the same time of MOF formation; in other words,
these acidic groups are mixed with MOF precursors (metal ion and the linker). For
example, H2SO4 and H3PO4 were successfully impregnated as guest molecules within

MIL-101,%22 even though the PXRD pattern lacked any diffraction peaks when the acids
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were presented; however, the crystalline structure was restored once the acids were
washed away assuring MOF integrity. Another example includes the use of highly
acidic polyoxometalates (POMs), that proved to be efficient guest molecules within the
MOFs.12 Since their large size exceeds the pore openings of the MOFs, they can be
encapsulated only through the one-step synthetic approach while synthesizing the
MOFs, otherwise they can’t pass through the pore openings in post synthetic
modification). This combination of POMs within the MOFs proved to show better

catalytic efficiency in chemical reactions.?*

2. Ligated
Brgnsted acid groups
on metal sites

3. Covalently bound
Brgnsted acid groups
of organic linkers

1. Encapsulated
Brgnsted acid
Molecules

Figure 1.6 Various Bragnsted sites in MOFs.%
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The second approach includes ligating the Brgnsted acidic molecules onto the
metal sites by using linkers having acidic groups such as hydroxyl group in addition to
oxalic acids, water, sulfuric acids, and alcohols. This takes place by interacting the
metal ion with the solvent linker. In hydroxyl-based acidic MOFs, bridging of more
than one metal to the hydroxyl group occurs. Examples include MIL-53(Ga), and MOF-
69C that proved to be catalytically active in Friedel-Craft alkylation reactions because
of their bridging hydroxyl groups.?® The acidity strength of these systems relies on the
bounded metal, and it decreases while bridging the same metal type. Therefore, MOFs
with mixed metals inside the same SBU shows higher acidity. An alternative method
includes introducing these linkers into vacant sites of the SBU upon post-synthetic
modification as shown in UiO-66 MOF.'? First, the MOF was synthesized with missing
BDC linkers causing vacancies at the zirconium metal SBUs. Following this, oxalic
acid/DMF solution was added in which the oxalic acids occupied these vacancies. As a
result, only one carboxyl group from the oxalic acid became bounded to the SBU, while
the other free carboxyl group was pointed to the inside of the pores, generating Brensted
acidity atmosphere.

The last and most used method to introduce Brgnsted acidity is achieved
through using linkers that already contain Brgnsted acidic groups or introducing such
groups to the linkers through post-synthetic modification. For example, Brgnsted
acidity was introduced for UiO-66 MOF through the usage of carboxylic acid
functionalized linker (H.BDC—COOH) instead of H.BDC, or through using sulfonic
acid.'?” Even though in the later linkers with full sulfonation caused crystallinity and
pore network destruction, a 25% sulfonated linkers allowed the successful synthesis of

Ui0-66 with 50% of its conventional porosity.
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5. Applications of MOFs
Because of their unique properties, MOFs have been used in several fields in

wide variety of applications where some are listed below:

a. Drug Delivery

The public’s interest in now shifted toward cancer diagnosis and cure because of
the high rates on infections reaching for one person in each group of three.!?® As a
result, drug delivery systems have been developed as effective treatment through
delivering therapeutics to specific areas of the body. However, several drawbacks are
recognized including non-controllable drug release, carrier accumulation, or even failed
carrier breakdown.!2%-% Conventional drug delivery systems (DDS) are either organic
or inorganic systems. The organic systems can’t control drug release although being
highly biocompatible with the body; whereas, the inorganic ones are highly controllable
but with much lower loading capacity.!3! Because of the hybrid nature of MOFs
encountering both organic and inorganic counterparts, they have been used as drug
storage and delivery materials.'32 Their unprecedented properties including
predetermined structural design and postsynthetic modifications give the chance to
enhance drug delivery properties including cell selectivity, low cytotoxicity, good drug
loading, appropriate drug release, suitable degradation rates and colloidal stability, and

cell internalization. 33134

The first iron-based MOF used for drug delivery was reported in 2006 by Ferey
and his co-workers.!® Following this, massive work have been done on MOFs as
promising candidates in biomedicine.**® Up to date, the most used MOFs are iron-based

MOFs because of their high drug loading as a result to their high porosity, and the
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biocompatibility of iron with human bodies.*®" Lately, zirconium-based MOFs have
been investigated in healthcare applications, since Zr is a biocompatible metal where the
human body contains (300 mg) and needs good amount of it (4.15 mg per day).'*
Moreover, Zr-MOFs are more mechanically and chemically stable than Fe-MOFs due to
the strong nature of Zr-carboxylates interactions making them great candidates in the

fIE|d 139-140

b. Gas Storage

Because of the increasing global energy needs, the shift is directed toward green
sources for energy production such as hydrogen and methane gases. However, such
gases are known for their storage in high pressure tanks that are not only dangerous but
also expensive. Recently, MOFs have emerged as an alternative candidate for safely

storing such gasses due to their high surface areas and extreme porosity.24

Hydrogen is an ecofriendly great competitor for energy production because of its
high energy density and overwhelming fuel performance exceeding internal combustion
engines, in addition to its green effect by being carbon free, and thus producing only
water as a byproduct for combustion without any CO, emissions.'*? Despite all of this,
the lack of safely storage systems prevents its usage as a successful fuel source.**®
Because of their unique properties, MOFs have been the perfect and the most studied
applicants for storing H> gas since 2003 where the first experiment on hydrogen
adsorption on MOF-54 was successfully done up till today.*>*4” They have shown
better adsorption activity while compared to other porous materials. Examples on other

MOFs include MIL-101, IRMOF-20, MOF-177, HKUST-1, and many others.'4
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Despite all of this, H2 gas storage is still restricted with low temperatures (77 K) due to

the weak interactions between hydrogen and the MOFs.

Like hydrogen, methane is also a green gas that can yield energy more than
petroleum oil because of its higher hydrogen to carbon ratio and thus lower carbon
release. The first reported methane sorption on MOFs was reported by Kitagawa and his
co-worker in 1997. Following this, in 2002, Yaghi’s group studied the isoreticular
MOFs for methane storage. Since then, several studies have been made investigating
wide variety of MOFs for methane storage with capacities equivalent or superior to

those of activated carbon.*®

The public concern toward the crisis of global warming has grabbed the
attention to the vital problem of CO> emissions. As an alternative to the inefficient and
expensive recent carbon dioxide capturing systems, porous solids have been of great
interest especially metal organic frameworks functionalized with polar groups at their
pores.!*® The literature is full of examples on MOFs with high CO, capturing capacities

such as MOF-177, NU-110E, functionalized UiO-66 and so on.'*°

c. Sensing

In the world of luminescence and sensing, MOFs are recognized as promising
materials with very high potentials. The hybrid nature of MOF allows the
implementation of functional organic and inorganic counterparts such as luminescent
and magnetic SBU and conducting linkers. Lanthanide MOFs are the most used MOFs
in the field because of the electron transition between d and f orbitals and the
corresponding photon emission taking place in the lanthanide metal.*>® Moreover,

Lanthanide MOFs are known for their exclusive luminescence properties such as high
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duration and sharp line emissions, great Stokes shifts, and large luminescence quantum
yield.®152 The unique luminescent properties of Lanthanides along with the attracting
characteristics of MOFs offer great potentials for designing new materials with boosted

functionalities for specific sensing applications.'*

d. Decontamination of Water

Water pollution has grabbed the worldwide interest because of its threating
effect for the entire biosphere. The heavy metals presented in the water such as lead,
mercury, arsenic, and selenium are toxic even when they are in low amounts. As a
result, new technologies have been established to solve this issue including chemical
precipitation, ion-exchange coagulation, filtration, and adsorption. However, the need
for better and more cost-effective systems is still desirable. Within this frame of
reference, MOFs are considered to be promising materials for water decontamination
processes. For example, UiO-66, MIL-96, ZIF-8, MOF-74, AUBM-1 and so much

more were used for arsenate removal and showed great results,>* 154156

In addition to heavy metals, organics like dyes and pesticides constitutes a
serious concern because of their high stability and high toxicity even in trace amounts.
MOFs have proved to be great adsorbents for these contaminants although the reported
ones aren’t as many as in other fields. Particularly, MOF-235 and MIL-100 showed

very good results while adsorbing Methyl Orange dye and Methylene Blue.*>®

e. Catalysis

MOFs are recognized as a perfect platform for heterogeneous catalysis, proving
themselves with high conversions in wide variety of chemical reactions.*>1% Their

frameworks contain intrinsic catalytic positions (such as Lewis acid metal sites,
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organocatalytic components...) and their high surface area and crystallinity provide the
chance to have plenty and well dispersed active sites. Because of the hybrid nature of
MOFs, active sites can be functionalized on the organic linkers, metal nodes or within
the pores. Furthermore, their easy structural tunability allows tailoring the active sites
resulting in chemo, stereo, enantio-, or regioselectivities, and their robust framework

prevents the aggregation or degradation of the reacting materials.>®

Literature is full of reports about MOFs used as catalysts for various organic
reactions. Fujita used the unsaturated metal sites within the MOFs as heterogenous
catalysts for cyanosilylation reactions. Hu and Zhao studied the design and development
of Lewis acidic MOFs, and their catalytic activity in hydrogenation and redox reactions.
Fisher investigated benzaldehyde cyanosilylation under the catalysis of Lewis acidic
sites in defected UiO-66. As noticed, the uncoordinated sites within the MOFs are the
sites of catalytic interactions. Many catalysts have open metal sites such as HKUST-1,

and MOF-74 who showed great catalytic potentials.*

On the other hand, Brgnsted basicity of the amine-functionalized linkers of
CAU-1-NH2 MOF allowed it to excellently catalyze Knoevenagel condensation
reactions.'®! In addition, MOFs were tested on isomerization reactions of allylic
alcohols into saturated ketones by the group of Gascon and Llabrés i Xamena. The used
catalyst showed analogous results with enhanced turnovers compared to the
conventional used catalysts. Add to that, it was stable in air and moisture, in addition to
being recyclable. The active sites within the pores have been also studied. A study was
made on palladium nanoparticle loaded on iron-based MOF and tested as heterogeneous
catalyst for nitroaromatics reduction to amine. It showed complete conversion, perfect

recyclability, and absence of Pd leaching. ®?Esterification reactions were also catalyzed
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by MOFs for biomass conversions. For instance, Zr-based MOFs were used as efficient

catalysts for the production of alkyl levulinates'®*-164 and butyl butyrate.*®

In addition to the previously mentioned reactions, MOFs have been also
investigated as effective catalysts in Diels—Alder, epoxide formation and their ring
opening to give alcohols, acetalization, Friedel-Crafts, polymerization, cyclization and
oxidation reactions. Finally, photoactive MOFs have been used as photocatalysts for

solar fuel production.'6®

6. Structure of MOF-74

MOF-74 is one interesting class of MOFs because these MOFs are characterized
by having open metal sites in their framework acting as Lewis acidic sites that are
required for the development of acid heterogenous catalysis. These unsaturated metal
centers result from the loss of the solvent molecule due to high energy activation of the
MOF. Their structure is built up through joining the DOBDC linker (2,5-
dihydroxyterephthalalic acid) units with the metal. An extra unique trait of this
framework is the ability of incorporating different metals (Mg, Zn, Mn, Co, Ni, Cu, and
Cd) with the DOBDC keeping the same topology. Each metal is coordinated to two
hydroxyl, three carboxyl, and a solvent molecule (D,D-dimethylformamide) to establish
an extended 3D framework characterized by honeycomb-like pores (Figure 1.7) leading
finally to the formation of 1D helical chains of cis-edge-linked metal-oxygen

coordination octahedra®®®.
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Figure 1.7 (A) Crystal structure of MOF-74, shown along the c axis, revealing the 1D
honeycomb-like pores. (B) Coordination mode of the metal atom showing the rod-like
secondary building unit. Color code: metal: cyan, oxygen: purple, and carbon: blue.

F. Magnetic Framework Composites (MFCs)

As stated above, magnetic framework composites (MFCs) are extremely porous
materials resulting from the integration of magnetic nanoparticles with MOF crystals.1%
These composites with sophisticated architecture are known for their sensitivity toward

external stimuli, thus being able to be easily separated when an external magnetic field
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is applied.*®” Furthermore, MFCs are tunable since both MOFs and nanoparticles can be
easily engineered, and infinite combinations of various nanoparticles and numerous
MOF samples lead to unlimited number of resulting functional MFCs. In fact, this is an
advantageous aspect, based on the application, a MOF can be chosen from the library

and the magnetism of the nanoparticles can be tuned as wanted.6®

As a result, MFCs can able to be used in any “on demand” application. For
example, they are widely used in biomedical fields especially for drug delivery because
of the MOFs’ high surface area that permits the storing and releasing of drugs, in
addition to the controlled nanoparticles’ magnetic properties.'®® Furthermore, certain
nanoparticles (like iron oxide) have superparamagnetic characteristics that prevent any
residual magnetization and avoiding any fatal blood vessel blockings because of
uncontrolled accumulation.*’® Moreover, getting exposed to variable magnetic field
causes localized heat within the composite that can be used in hyperthermal treatment to
kill cancerous cells, and to simulate pharmaceuticals release .>’* They are also used for
sequestering contaminating substances found in polluted fluids, by simply allowing the
adsorption of pollutants on the MFCs, and then separating the composites from the fluid
through a magnet. In addition, they showed and still showing potentials in microfluidic

circuits, in sensing, and in separation.'’2

MFCs are also known in catalysis. In general, metal organic frameworks are
recognized as effective catalysts for various chemical reactions,'”>7* but the concern of
removing them from the reaction medium with the minimal losses involves an extra
effort with many extra purification steps. Fortunately, this problem doesn’t exist when it
comes to MFCs, that can be separated rapidly and reused using an external magnetic

field.™
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Depending on the type of connection between the nanoparticles and MOFs,
different approaches for synthesizing MFCs exist, and all of them include the step of
having a pre-made magnetic particles. The most two common methods are embedding,
and mixing. In the embedding method shown in Figure 1.8 (A), the magnetic
nanoparticles are dispersed into the MOF mother liquor containing the inorganic
precursors and organic linkers dissolved in the appropriate solvent. Following the
mixing, sonication is done to guarantee a consistent spreading for the nanoparticles in
the system, then heat-driven growth is carried out through hydrothermal or solvothermal
procedures at high temperatures. The resulting MFC has a very similar if not the same
morphology as the original MOF since both were prepared with the same protocol.
However, controlling the MOF growth in such reactions is quietly hard, where the final
medium will contain MFCs having unequal nanoparticles’ distribution, MOF crystals
that have no nanoparticles, and accumulated magnetic nanoparticles that are sensitive to
the alternating magnetic field and cause overheating that might damage the MOF

structure.?

However, in the mixing process represented in Figure 1.8 (B), the MOFs and
nanoparticles are made separately, and mixed with the help of sonication, to obtain stiff

aggregated composites because of the electrostatic interactions.*’®17
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Figure 1.8 (A) Embedding and (B) mixing procedures for preparing MFCs.

Two other less common approaches exist, these are the layer-by-layer and
encapsulation processes. Concerning the layer-by-layer procedure, the magnetic
particles are designed with certain functional groups on their surface (carboxylic acids,
amines...)*? in order to control the crystal growth, and for the well-organized synthesis
of core-shell structures. Therefore, the MOF is allowed to develop layer-by-layer,’® and
the final MFC has the tendency to retain the original shape of the magnetic
nanoparticles.On the other hand, in the encapsulation method, the magnetic
nanostructures are encapsulated within a certain material that is highly compatible to
MOFs (carbonaceous substances, polymers...); subsequently, MOFs will grow around

these complex nanostructures yielding the desired MFCs. Examples are the usage of
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nanoparticles covered with polyvinylpyrrolidone (PVVP) for controlled synthesis of ZIF
(zeolitic imidazolate framework) materials,*? and the use of carbon coated cobalt

nanostructures for the growth of MOF-5.17°

G. Objectives

Because of the urging need for a sustainable eco-friendly energy, green catalysts are
grabbing the world’s attention and pushing the science toward optimizing the processes
of biodiesel production. MOFs and MFCs are well known in the catalysis domain
mainly because of their stability that is an indispensable property of the catalyst. In this
work, various MOF-74 each incorporating different metals (Mg, Zn, Mn, Co, and Ni)
were prepared solvothermally, characterized and tested as catalysts in the esterification

reaction of levulinic acid into butyl levulinat in the presence of butanol.

Levulinic Acid + n-Butanol

VO o \)‘JK)
0 IP""ao%0

Butyl Levulinate

Scheme 1 Esterification reaction setup.

In order to be able to separate the catalysts easily, magnetic framework composites

(MFCs) were prepared-based on the best performing catalyst- by incorporating different
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loadings of magnetite nanoparticles on the MOFs. These MFCs were characterized,

tested on the same system, and compared with the previous results.

MFC as catalysts for

! > S
esterification reaction WA >

Scheme 2 Great magnetic separation of the MFC from the reaction medium.

In addition, in order to investigate the size effect of the catalyst on the reaction,
nano-scaled MOFs were prepared (RT-Zn-MOF-74, RT-Co,Mg-MOF-74, and RT-

Zn,Mn-MOF-74) by room temperature synthesis and were also tested and compared.

The impact of the catalysts’ properties including their acid density, surface area, and
particle size will be investigated and compared for a better understanding of their

catalytic rule.

In specific, MOF-74 was chosen because of its open metal centers acting as strong
Lewis acidic sites, high chemical and thermal stability, and its ability to incorporate
different metals keeping the same topology. On the other hand, the choice of butyl
levulinate ester was because of its fuel-like properties. In brief, it boils within the diesel

range, has steady flash point, moderate flow property, and low toxicity. Furthermore, it

36



is ecofriendly, it increases conductivity and the lubricity when blended with gasoline

and diesel.

In addition, further MOFs were synthesized and characterized: Cu-MOF-74, mono-
wave assisted AUBM-1 (MW-AUBM-1), and mono-wave assisted MIL-88B. MIL-88B

were tested on the same system for the sake of comparison with the studied MOF-74.
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CHAPTER II
MATERIALS AND METHODS

All chemicals included in this study were purchased from Sigma-Aldrich and

used directly as received.

A. Synthesis of MOF-74
1. Solvothermal MOFs
Zn-MOF-74 was synthesized based on a previously reported method in the
literature.*>® In a 20 mL scintillation vial, 0.081 g of 2,5-dihydroxyterephthalic acid
(DOBDC) and 0.190 g of Zn(NO3)..6H20 were dissolved in a solution containing 10
mL DMF, 1 mL of water, and 1 mL of ethanol. Following this, the mixture was placed
in the oven at 120 °C for 24 h as shown in Figure 2.1. After being collected, the sample
was washed with DMF over two days three times a day followed by methanol also for
two days (three times a day). After being dried, the MOFs were activated in a vacuum
oven at 120 °C overnight.
The same conditions were applied to synthesize the remaining MOFs (Mn-
MOF-74, Ni-MOF-74, Co-MOF-74, and Mg-MOF-74) with the change in the metal salt

type and amount as shown in Table 2.1
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HO 125°C
for 20h

HO (o}
DOBDC linker

Figure 2.1 Synthetic route for producing MOF-74 samples.

Table 2.1 Metal salts used for synthesizing the used MOFs.

MOF Metal Salt Mass (g)
Zn-MOF-74 Zn(NO3)2.6H,0 0.190
Mn-MOF-74 Mn(NO3)2.4H20 0.251
Ni-MOF-74 Ni(NOs)2.6H-0 0.292
Co-MOF-74 Co(NOs)2.6H,0 0.292
Mg-MOF-74 Mg(NOs)..6H20 0.257

2. Cu-MOF-74

The MOF was prepared using a method from the literature.*® In a 25 mL scintillation
vial, 0.186 g of DOBDC and 0.500 g of trihydrated copper nitrate(ll) were dissolved in
a 20 mL DMF. After being dossolved, 1 mL of 2-propanol was added to form a clear
greenish solution. This mixture was heated at 100 °C for 18 hours to give needle-shaped

brownish crystals.

39



B. Synthesis of Magnetic Framework Composites (MFCs)
1. Synthesis of Magnetite (FesO4) Magnetic Nanoparticles (NPs)

They were synthesized according to the method found in the literature.*®! In
brief, citric acid trisodiumsalt dehydrate (CsHsNazO7.2H20, 294 mg, 1mmol), sodium
hydroxide (NaOH, 160mg, 4mmol), and sodium nitrate (NaNO3z, 17mg, 0.2 mmol) were
dissolved in 19 mL deionized water in 50 mL round bottom flask. The mixture was then
heated to 100 °C under reflux where it formed a pellucid solution. Following this, 1 mL
of 2 M FeS04.7H20 (556 mg, 2mmol) solution was added into the mixture rapidly, and
the mixed solution was kept at 100 °C for 1 h. After being cooled at room temperature,
the mixture was washed through de-ionized water for four times over 2 day, then the

particles were dried overnight.

2. MFCs
Fe304 nanoparticles were added to the Zn-MOF-74 by means of a one-pot

solvothermal strategy previously reported.'? Three different batches of MFCs of
different nanoparticles loadings were prepared. In particular, in a 20 mL scintillation
vial, 0.038 g of DOBDC and 0.18 g of Zn(NOs3)..6H20 were dissolved in 16 mL of a
14:1:1 (v/vIv) mixture of DMF-ethanol-H.O. Following this, 5, 10, and 20 mg of dried
Fesz04 nanoparticles were added to each of the vials constituting MFC1, MFC2, and
MFC3. Then the vials were heated at 125 °C for 20h in the oven. Following this, it was
cooled down at room temperature. The resulting samples were washed at activated same

as the pre-synthesized MOFs.
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C. Room Temperature MOFs.
1. RT-Zn-MOF-74
The MOF was prepared using a reported method.**® In a 50 mL beaker, 0.081 g

of DOBDC and 0.190 g of Zn(NO3z)2.6H20 were dissolved in a solution containing 5
mL DMF, 600 pL water, and 600 uL ethanol. After mixing, the solution was placed on a
magnetic stirrer before adding 300 pL of triethylamine (TEA) and keeping the reaction
on the magnetic stirrer for another 1h at room temperature. Following this, the
precipitates were collected by centrifugation, washed and activated in the same manner

as pre-synthesized MOFs.

2. Mixed Metals (RT-Zn/Mn-MOF-74, and RT-Co/Mg-MOF-74)

The two MOFs were prepared same as RT-Zn-MOF-74 was prepared, but
instead of using 0.19 g of Zn(NO3)..6H20, 0.095 g of Zn(NO3)2.6H20 and 0.080 g of
Mn(NOz3)2.4H,0 were used for synthesizing RT-Zn/Mn-MOF-74, and 0.093 g of
Co(NOs3)2.6H20 and 0.082 g of Mg(NO3z)2.6H20 were mixed to prepare RT-Co/Mg-

MOF-74.

D. Characterization Techniques
1. Powder X-Ray Diffraction
Powder x-ray diffraction (PXRD) patterns of the MOF samples were collected
with a Bruker D8 advance x-ray diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany, working at 40 kV and current 40 mA, 26 range: 5-50°, increment: 0.01°)

using Cu Ka radiation (k=1.5418 A).

2. Thermogravimetric analysis

41



Thermogravimetric analysis (TGA) was performed with a Netzsch TG 209 F1

Libra apparatus under air flow from 30 to 800 °C at a heating rate of 11 K-min™.

3. Scanning Electron Microscopy
Scanning electron microscopy (SEM) imaging was done using a MIRA3 Tescan
electron microscope after which the samples were coated with a thin layer (20 nm) of

Platinum.

4. Brunauer—-Emmett-Teller (BET) surface area measurement
N2 adsorption-desorption isotherms were measured using a Quantachrome-
NOVA 2200e-Surface Area and Pore Size Analyzer. The MOFs were degassed under

nitrogen at a temperature of 120 °C for 12 hours.

5. Atomic Adsorption Spectroscopy
The concentrations of different metals in the samples were calculated using

Atomic Absorption Spectroscopy (AAS) conducted with a Thermo Elemental Analyzer.

E. Esterification Reaction of Butyl Levulinate (BL)

Before being tested, the catalysts were placed in the vacuum oven at 120 °C
overnight. The reaction was done in a 50 mL round-bottom flask in which 6.3 mL of
butanol, 1 mL of levulinic acid (1:7 mole ratio of LA to butanol based on the literature)
were mixed, and the proper loadings of the catalysts were added (5 weight percent of
levulinic acid initial weight) at 120 °C. The catalyst loading will be shortened to wt%.
the reaction proceeded under reflux using an oil bath placed on a magnetic hot plate at

500 rpm.
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The reaction was conducted for 24 hours in which samples of 60 puL were
collected from the reaction medium at 0, 2, 4, 6, 8 and 24 hours using an electronic
pipette. The samples were diluted by adding them to 2 mL of n-heptane/octanol solution
with a known octanol concentration. The diluted solution was then filtered using 0.2 um
PTFE filter to remove any catalyst particles present. The filtered samples were put in

1.5 mL GC for analysis.

After knowing the best performing catalyst, the reaction parameters (catalyst
loading, and temperature) were studied to choose the best conditions. The catalyst
amount was changed between 1, 2.5 and 5 wt% of the levulinic acid initial weight,
which is equivalent to 11.34, 28.35 and 56.7 mg of catalyst respectively. Following this,
the temperature was varied between 110, 120, and 125 °C. The rest of the reactions
(MFCs, room temperature MOFs) were performed under the best reaction parameters.
Each reaction was repeated three times, and the average including the error bars was

represented.

F. Gas Chromatography Sampling (GC)

The samples were analyzed using gas chromatography (Thermo Scientific, Trace
GC Ultra, Gas Chromatograph), associated with a flame ionization detector (FID). The
column used was Teknokroma capillary wax column (30 m X 0.32 mm X 0.25 pum).
The inlet and detector temperatures were programmed to be 280°C. Hydrogen was used
as the carrying gas, the volume injected was 1 pL, and the split ratio was 100:1.

While working with GC, it is essential to have an internal standard (IS) that

ensures the proper calibration and accuracy of the standards and the precise running of
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the machine. Herein, octanol is the used IS, and heptane is the solvent in which octanol
and butyl levulinate were dissolved in for calibration and testing samples. The octanol
concentration was 10 mg/mL (3.03 mL of octanol dissolved in 250 mL volumetric flask,
followed by heptane till the line mark). A set of seven standards for butyl levulinate
were prepared ranging from 0.05 g/mL to 0.25 g/mL based on the minimum and
maximum conversion of LA to BL. Each standard was dissolved in the same amount of
octanol/heptane solution as the samples were dissolved to have same systematic study.
Each sample was tested three times and the average area for each one was represented.
The concentrations of the standards and the peaks related to them are represented in
Table 2.2; whereas the calibration curve representing them in terms of X and Y ratios is
shown in Figure 2.2.

Table 2.2 Calibration curve standards and their corresponding peak area (average over 3
runs)

Butyl
Standards Octanol
Levulinate
Injected Injected
Average Peak
Concentration Concentration  Peak Area
Area
(mg/mL) (g/mL)
1 10 178063617 0.05 17514681
2 10 177370528 0.1 34560709
3 10 180321318 0.15 52034976
4 10 178114030.5 0.18 65023457.5
5 10 171568443.5 0.2 66311541.5
6 10 169842294.5 0.225 77601062.5
7 10 1773732135 0.25 83298209.5
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In fact, Xatio cOrresponds to the ratio of the concentration of the sample (Cis) to
that of the standard (Cs), and Yatio IS the ratio of the peak area of the sample (PAis) to

that of the standard (PAs).
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Figure 2.2 Calibration curve based on Y and X ratios.

Using the equation of the calibration curve and knowing the exact peaks of the

IS and that of the ester, the concentration of the produced ester can be calculated

through simple substitution in the equation.
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G. Catalyst Recycling

The reaction medium containing the best performing catalyst among the studied
MOFs was chosen. After centrifugation to separate the catalyst from the supernatant, the
catalyst was washed with methanol 3 times, then dried at 100 °C in the vacuum oven
overnight to be used for other two reactions. The samples were taken only at the
beginning and at the end of the reaction (24 hour) for the sake of comparing the activity
of the catalyst after being regenerated. Moreover, PXRD pattern of the regenerated

MOF was collected to ensure that the crystallinity of the MOF is reserved.
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CHAPTER I1lI
RESULTS AND DISCUSSIONS

A set of techniques were used to characterize the MOFs, these techniques are the

following:

A. Powder X-Ray Diffraction (PXRD)

The experimental PXRD patterns of all solvo-thermally synthesized MOF-74
samples, and the various MFCs in addition to the room temperature synthesized MOFs
are shown in Figure 3.1 (A), (B) and (C) respectively. The patterns are identical
especially for the first two main peaks, with the exception of peak intensities that are
linked to the variable orientation, and in great agreement with the simulated one
reported in the literature assuring the high phase purity and crystallinity of the

samples.*8?

The peaks of the solvothermal synthesized MOFs and the MFCs are sharp
narrow peaks different than that of the room temperature MOFs that are broader. This is
explained by the fact that room temperature MOFs have nano-scaled particles (22.5 nm
for RT-Zn-MOF74, 12 nm for RT-Co/Mg-MOF-74, and 19 nm for RT-Zn/Mn-MOF-
74) whereas the size of solvothermal samples are in the micro range (144 pum for Zn-

MOF-74).
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Figure 3.1 PXRD patterns of (A) solvothermal synthesized MOFs, (B) MFCs, and (C)
room temperature synthesized MOFs.

B. Thermogravimetric analysis (TGA)

In order to investigate the thermal stability of the studied samples, TGA was
performed and the resulting curves representing the weight loss as function of the

temperature are represented in Figure 3.2.
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Figure 3.2 TGA curves for (A) solvothermal synthesized MOFs, (B) MFCs, and (C)
room temperature synthesized MOFs.

In general, all the samples have similar thermal behavior, in which two main
weight losses can be observed. The first one takes place below 200 °C, which
corresponds to the evaporation of the water and other solvents. The second loss occurs
between 200 to 500 °C, and it is attributed to the decomposition of the framework which
agrees with the values reported in the literature. Beyond these temperatures, the
remaining mass corresponds to the metal oxides formed.

Concerning Figure 3.2 (B), the FesO4 nanoparticles showed negligible decrease
in their weight loss throughout the entire process indicating their stability even at
elevated temperatures. By comparing the remaining weight percent of the metal oxides

for each sample at the end of the analysis, the percentage of the nanoparticles contained
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within each composite can be calculated. The magnetite loading for each composite was

found to be 6.16, 7.80 and 15.72 wt% for MFC1, MFC2 and MFC3 respectively.

C. Atomic Adsorption (AA)

To have the accurate percentage of iron found in the composites, the composites
were dissolved in aqua regia followed by dilution with water, then the supernatants were
investigated through AA spectroscopy. Iron concentrations were found to be 3.73, 7.16,

11.86 wt% for MFC1, MFC2 and MFC3 respectively.

Moreover, the room temperature mixed metals were analyzed by AA to calculate
their metal percentages. Even though the samples were prepared by equal metal
amounts, the actual percentages incorporated within the frameworks were completely
different; RT-Zn/Mn-MOF-74 contained 80% zinc and 20% manganese, whereas RT-

Co/Mg-MOF-74 contained 85% cobalt and 15% magnesium.

D. Scanning Electron Microscopy (SEM)

SEM images of the different samples were collected, and representative images
were depicted in Figure 3.3. The images are unique and homogenous for each sample
reflecting the purity of the studied MOFs and composites. All of the solvothermal
MOFs showed the same rod-like structures with hexagonal aperture in agreement with
the hexanol symmetry of the crystals except for the Ni-MOF-74 that had aggregated
crystals in small rice-like structures. In addition, the difference in the particle sizes can
be noticed in which Ni-MOF-74 was the smallest, followed by Mg, Cu, and Co-MOFs
that showed similar sizes smaller than that of Mn, that is in return smaller than that of

Zn sample.
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Figure 3.3 SEM images of (A) Zn-MOF-74, (B) n-MOF-74, (C) Ni-MOF-74, (D) Co-
MOF-74, (E) Mg-MOF-74, and (F) Cu-MOF-74.

Following so, the morphologies of magnetic magnetite particles and the

composites were studied and represented in Figure 3.4 and Figure 3.5 respectively.

500 pm 2
< "-’

Figure 3.4 SEM images of magntite Fe30s.
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Figure 3.5 SEM images (A) Zn-MOF-74 free of any nanoparticles, (B) MFC1, (C)
MFC2, and (D) MFC3, taken at different scales.
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All composites obtained retained the rod-like structure of solvothermal Zn-
MOF-74. The only change was in the number of magnetic nanoparticles present where
it increased while moving from MFC1 to MFC3. As expected, the nanoparticles’
distribution wasn’t homogenous, where certain areas contained magnetite aggregates,

others had moderate amounts of particles and some had very low magnetite distribution.

Moreover, to confirm the presence of nanoparticles within the composites, the
three samples were subjected to energy dispersive X-ray (EDX) mapping microanalysis.
The results are shown in Figure 3.6. The results confirmed the presence of iron with the

framework assuring the incorporation of magnetite with the crystals.

Spectrum 3

Spectrum B

Spectrum 8

Figure 3.6 EDX mapping for (A) MFC1, (B) MFC2 and (C) MFC3. Color code: green
dots represent Zn element, and red dots represent Fe element.
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In addition, the morphology of room temperature MOFs was investigated and presented

in Figure 3.7. Homogenous nano-scaled crystalline aggregated in the form of clusters

are formed.

L 3 » el
500im 500 npA 500 nm po %
(s a i — S

Fgure 3.7 SE image f nano-scaled MOFs (A) RT-ZnMOF-74, (B) RT-Zn/Mn-
MOF-74 and (C) RT-Co/Mg-MOF-74.

E. Brunauer—-Emmett-Teller (BET)

The surface areas for the samples were evaluated by the BET method after their
degassing at 120 °C. The nitrogen adsorption desorption isotherms are represented in
Figure 3.8, and the BET surface area, and pore volume are summarized in Table 3.1.

All solvothermal MOFs and MFCs displayed type | isotherms, whereas the
nano-scaled samples showed type IV. This is due to the use of triethylamine (TEA)
while synthesizing the room temperature MOFs, that acts as an etching agent for the
wall of the pores by coordinating to the metal cluster and thus giving the MOF the

mesoporous character.
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Figure 3.8 N isotherms for (A) solvothermal MOFs, (B) MFCs and (C) room
temperature MOFs.
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Table 3.1 BET surface areas and pore volumes for the tested catalysts.

MOF BET surface area (m?/g)  Pore volume (cm®/g)
Mg-MOF-74 1205 0.547
Mn-MOF-74 1174 0.533
Co-MOF-74 1123 0.510
Ni-MOF-74 1021 0.464
Cu-MOF-74 949 0.431
Zn-MOF-74 868 0.403
MFC1 781 0.363
MFC2 738 0.343
MFC3 677 0.315
RT-Zn-MOF-74 638 0.974
RT-Zn/Mn-MOF-74 371 0.912
RT-Mg/Co-MOF-74 582 0.630

F. Esterification Reaction of Butyl Levulinate

The esterification reaction of butyl levulinate starting from levulinic acid and
butanol took place under the effect of different catalysts. All the catalysts were selective
in a way that no byproducts beside butyl levulinate were formed. The conversion

progress as a function of time was supervised and plotted.
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1. Different Solvothermal MOFs
The first study included exploring the effect of the five solvothermal prepared
MOFs (Mn-MOF-74, Ni-MOF-74, Co-MOF-74, Mg-MOF-74, and Zn-MOF-74) in
comparison to each other and to the conventional used sulfuric acid (H2SQO4) in addition
the control reaction deprived of any catalyst (blank). In this study, 5 wt% catalyst
loading (corresponding to 56.7 mg) were added to the reaction containing (6.3 mL
butanol and 1 mL LA), and the reaction was allowed at a temperature of 120 °C. each

run was repeated three times, and the results are shown in Figure 3.9.

As shown in Figure 3.9, all the MOFs showed relatively fast transformation in
which the MOFs’ activity followed a certain trend between the conventional sulfuric
acid, and the no catalyst blank reaction. In the case of the blank, the formed ester is
related to the autocatalysis of LA up to a certain level. By investigating the catalysts,
sulfuric acid had the highest rate and conversion percentage (97%), followed by the Zn-
MOF-74 that was the best among the MOFs with a 93% final conversion which is very
slightly lower than sulfuric acid conversion, but over wider range of time (24 h instead
of 4 h for H2SO4). After that, Mn-MOF-74 came the second-best performing MOF
(78%), followed by Ni-MOF-74 as the third (74%), then Co-MOF-74 (72%), to finally

end the series with Mg-MOF-74 of the lowest rate and conversion percentage (69%).

As the reaction proceeded, the rate gradually decreased with time until the
reaction reached equilibrium after 24 h. This rate decline is attributed to the decrease in
the reactants’ concentrations, which is a kinetic factor, once decreases, the rate of the
reaction decreases. Another factor can also be responsible for this drop, which is the
blockage of the catalysts’ active sites as a result to the increasing product amounts, that

ends up by decreasing the MOFs’ accessibility for the reagents.
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Figure 3.9 Conversion of butyl levulinate for the different catalysts as function of time
(hour).

1. Changing Parameters

Following this, reaction parameters were studied to investigate the best temperature
and loading for the esterification reaction. Therefore, the most performing catalyst was
chosen (Zn-MOF-74), and three different loadings were used: 1, 2.5, and 5 wt%
corresponding to 11.34, 28.35 and 56.7 mg. The obtained data are represented in Figure

3.10.

61



100

80 |
S 60}
[
(@)
1z
S 40t
S
O
20 B 1%
o 25%
A 5%
0 1 1 1 1 1
0 5 10 15 20 25

Time (hour)

Figure 3.10 Butyl levulinate conversion under the effect of different Zn-MOF-74
loading.

The increase in the catalyst loading from 1 wt% to 5 wt% caused an increase in
conversion rate and percentage from 76% to 93%. The explanation behind this behavior
is the fact that increasing the loading leads to intensifying the number of active acid
sites, that in return increases their accessibility for LA and butanol to form more butyl

levulinate in faster way.
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Figure 3.11 Butyl levulinate conversion under the effect Zn-MOF-74 at different
temperatures.

Following this, temperature effect was studied under three different
temperatures: 110, 120, and 125 °C and the results are shown in Figure 3.11. The
lowest conversion rate and percentage were attributed to 110 °C, that increased to the
maximum when the temperature increased to 120 °C, to further drop slightly at 125 °C.
The system was under reflux, and the boiling point of butanol is around 118 °C, which
means that the reaction necessitated such an elevated temperature to run normally. A
temperature lower than butanol boiling point make the reaction slower with lower
conversion and more needed time as observed. In addition, 120 °C is the closest
temperature to the butanol boiling point making it the perfect choice for the process,
whereas 125 °C showed lower conversions due to the troubles faced in the system that

allowed the evaporation of some of the butanol leading to lower results.
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Since higher conversion was obtained using 5 wt% loading at 120°C, these

conditions will be used throughout the rest of the study.

2. Catalyst Recycling
While examining the reusability of a heterogenous catalyst, two main factors
must be studied: activity and stability. Concerning stability, it can be studied by
examining the PXRD pattern of the MOF after each recovery cycle, and the activity is

studied through running the same used catalyst in a new esterification reaction.

Therefore, after each run, Zn-MOF-74 was separated from the reaction medium
through centrifugation, then the MOF was washed and activated again to be ready for
testing. First, PXRD pattern of the catalyst was investigated to assure that the MOF

preserved its crystallinity and stability and the patterns are shown in Figure 3.12 (A)
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Figure 3.12 (A) PXRD pattern of Zn-MOF-74 before and after testing. (B) butyl
levulinate conversion after two regeneration cycles.
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As noticed, zinc MOF retained its crystallinity by having the same PXRD
pattern before the reaction, where all the peaks were maintained confirming the rigidity
and strength of the framework in addition to its suitability to be a perfect heterogenous
catalyst. It is noteworthy to mention that the peaks of the post reaction PXRD were
wider than those before, this can be due to the effect of the magnetic stirrer on the
catalyst’s morphology, in which continuous stirring leads to damaging the MOFs’

morphology and thus decreasing their particle size.

After confirming the crystallinity, the activity of the samples must be studied
and compared to the freshly used ones. Figure 3.12 (B) represents the conversion of
levulinic acid to butyl levulinate using Zn-MOF-74 as fresh and as recovered over two
cycles. By comparing the conversion percentages, it is observed that the catalyst
presented minor activity loss which is due to the minor loss of the catalyst amount
during regeneration. However, even after the third run, the conversion was still high
(82%) and could be higher if the mass was preserved. Moreover, absence of any major
deactivation was recorded, and this is a very crucial trait for heterogenous catalysts
where its deactivation prevents it from being reused and being reused is one of the
properties heterogenous catalysts surpass homogenous catalysts with. In fact, even if
dealing with heterogenous catalysts is much more easier than dealing with homogenous
ones, where the latter necessitates the refinement of the ester from the catalyst itself
through separation units, but having to use new catalyst in every run isn’t cost effective

and leads to many economical losses.

Therefore, the stability, and high activity of Zn-MOF-74 allowed it to be a

perfect candidate as a heterogenous catalyst for butyl levulinate production.
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3. Nano-Scaled Room Temperature MOFs
Another important factor that could influence the esterification rate is the
particle size of the catalyst. In general, large particle sizes cause reaction diffusion
control as a result to impacting the mass transport characteristics. Moreover, as the
particle size increases, the number of external actives sites decreases. Therefore, in
order to investigate this effect, nano-sized MOFs were synthesized at room temperature.
In addition, mixed metal MOFs were also synthesized to investigate the effect of the

different metals as well.

Because zinc MOF proved to be the best performing MOF, followed by
manganese MOF, whereas magnesium and cobalt MOFs showed the lowest activity,
three different room temperature MOFs were prepared. Pure zinc MOF (RT-Zn-MOF-
74), mixed metal of the best two performing catalysts (RT-Zn/Mn-MOF-74), and the
lowest performing two MOFs (RT-Co/Mg-MOF-74). These three samples were studied

on the same system and the results are depicted in Figure 3.13.

Herein, three different observations can be made, the first concerns RT-Co/Mg-
MOF-74 that showed the lowest conversion (64%) as expected, with a lower conversion
rate and percentage than that of solvothermal Co-MOF-74 (72%) and Mg-MOF-74
(69%) even when the cobalt percentage was 85% with respect to the magnesium (15%).
The second one is related to the activity of RT-Zn-MOF-74 and RT-Zn/Mn-MOF-74
that were almost the same but the latter should a little bit lower conversion that can be
due to systematic error or to the fact that RT-Zn/Mn-MOF-74 contains around 20% Mn
metal (lower activity than the zinc) compared to 80% Zn amount. Finally, the third

observation is related to the fact that all these systems had very similar but little lower
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conversions than the solvothermal Zn-MOF-74, even the room temperature pure zinc

MOF of smaller size.
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Figure 3.13 Butyl levulinate conversion with the catalysis of nano-scaled MOFs.

4. Magnetic Framework Composites (MFCs)

Because of the problem faced concerning the separation of the catalyst from the
reaction medium, enhanced functionalization was done to the MOFs to make them
magnetic for easier separation. This included the incorporation of previously
synthesized magnetic nanoparticles (FesO4) within the framework of the best
performing MOF, which is the solvothermal Zn-MOF-74, forming magnetic framework
composites (MFCs) that allows the facile separation of it from the reaction medium

through the usage of magnetic field.
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Three composites were prepared of increasing magnetite’s loading: MFC1,
MFC2, and MFC3 in which MFC3 were the easiest to separate from the reaction
medium. Figure 3.14 represents the conversion percentage under the catalysis of these

different composites in addition to the naked Fe3O4 nanoparticles.
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Figure 3.14 Conversion to butyl levulinate with the various composites and the
magnetite nanoparticles.

Among themselves, the three composites had very close and almost overlapping
results, and while comparing them with the Zn-MOF-74, they started almost identically
with a slight difference in the final percentage. It is noteworthy to mention that the
naked magnetite had no significant effect on the catalysis of the reaction assuring that

the only catalytic active sites are those of the MOFs. The rate and percentage of
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conversion were high for the studied composites, even with all the nanoparticles
attached and embedded within the MOFs; therefore, it can be deduced that the

magnetite facilitated the usage of the MOFs without blocking any of their active sites.

G. Mechanism of Esterification Reaction

As in all esterification reactions, the presence of an acidic catalyst acting as a
proton donor is mandatory to efficiently produce levulinate esters. The first step in the
mechanism is the protonation of the carboxylic acid by the acid catalyst; however, in the
case of our reaction, the oxygen of the carboxyl group of levulinic acid would adsorb
onto the acidic open metal site, thus increasing the electrophilicity of the carboxylic
carbon atom. Following so, nucleophilic addition takes place in which butanol (lone pair
of oxygen in particular) attacks the positively charged protonated carbon. After that
water loss occurs preceded by proton transfer, resulting in an oxonium ion intermediate

that will undergo deprotonation to release butyl levulinate.

H. Discussion of Results

In the first study where all solvothermal MOFs were compared with each other,
a certain trend was followed: Zn-MOF-74 > Mn-MOF> Ni-MOF-74 > Co-MOF-74 >
Mg-MOF-74. The main factor governing this trend is the acidity of the metals
incorporated, in which Mg metal has the lowest acidity since it has belong to raw I11
elements, whereas the rest belong to raw IV elements, and as the number of energy
levels increase, the acidity increase. In addition, within the same raw, the acidity
increases as the atomic number increases, this explains the case of Ni, Co and Zn.

However, Mn has lower atomic number than Co and Ni, yet it showed higher acidity,
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indicating that the acidity of the metal wasn’t the driving force in this case, but rather
other properties that can be due to the BET surface area, particle size, distribution of the
acidic sites on the sample, and so on. In addition, higher catalyst loading gave better
results since it increased the acidic active sites, and a temperature close to the boiling
point of the alcohol was the best suitable one since it allowed the evaporation and
condensation of the reagents in the best way.

Concerning the nao-scaled MOFs synthesized through room temperature, it was
noticed that all these MOFs showed close but lower results than the Zn-MOF-74. These
observations assure that the catalytic activity is independent of the size of the particles
and no diffusion control was observed. The conversion depends on the activity of the
metal incorporated within, whereas the higher the acidity of the metal, the higher the
conversion. However, it is important to mention that that the conversion remains high in
comparison to other catalyst, and the fact that these MOFs were synthesized at room
temperature, thus decreasing the energy and the cost needed for their synthesis, making
them perfect candidates for the job.

Moving to the composites, the high rate of conversion of MFCs even with the
high magnetite loading, proved the effectiveness of using magnetite for a better catalyst
separation without blocking any of the MOFs’ active sites.

It is important to mention, that in all the studied samples, there were no relation
between the BET surface area and the pore volume with the conversion activity

indicating that the surface area isn’t the driving force in this study.

The conversion to butyl levulinate under the effect of all the studied catalysts
after 24 hours are represented in Figure 3.15. by comparing the results of this study

with the catalysts of the same reaction reported previously in the literature in Table 3.2,
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it can be noticed that the tested MOFs are among the best performing ones and gave

high conversion with respect to the relatively moderate conditions.
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Figure 3.15 Conversion to butyl levulinate under 5 wt% of the tested samples.

Table 3.2 Various catalyst used for butyl levulinate synthesis.'8

. Temperate Yield
Catalyst Loading °C) (%)
ClO4/SiO2 nanoporous solid 10 wt% 100 90
acid
Tungsten oxide 05¢g 250 94
incorporated SBA-16
Amberlyst-15 20 wt% 124 97
Ammonium co-doped 1.5% 120 99
phosphotungstic acid
Micro/Meso-HZ-5 catalyst 20wt% 120 96
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Fex(S0a4)3
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CHAPTER IV
CONCLUSION AND FUTURE WORK

This thesis has covered a full study on 11 MOF-74 catalysts tested as
heterogenous catalysts for esterification reaction of levulinic acid and butanol to

produce butyl levulinate, an eco-friendly, highly effective bio-additive fuel.

The relationship between the structure of the MOFs and their properties have
been explored, to allow a better understanding of their catalytic performance in this eco-

friendly cost-effective worldwide project.

In brief, 11 MOF-74 catalysts were synthesized where through solvothermal or
room temperature conditions, then they were characterized to assure their high purity
and crystallinity. Following so, these MOFs were tested as acid catalysts for the
esterification reaction of butyl levulinate. Among the MOFs differing only in the metal
cluster, zinc MOFs showed the highest activity, and magnesium MOFs showed the
lowest. After that, the recyclability of the best performing catalyst was investigated, and
great results were obtained for the stability and the catalytic activity of the sample,

making it a perfect candidate for heterogenous catalysis.

The second study was related to the effect of particle size on the reaction
conditions, so nano-scaled pure and mixed metal MOFs were prepared at room
temperatures, the conversion was the highest for the pure zinc MOF (RT-Zn-MOF-74)
among the nano-sized MOFs, and was very close for the solvothermal Zn-MOF-74.
This is of great advantage, since these nanosized samples are prepared in a fast way (1

hour), and at room temperature, making them more cost-effective than the solvothermal
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ones even with the slightly lower conversion. However, yielding lower conversions in
lower rates assures that the particle size in this case isn’t the driving force for the

reaction.

After that, magnetic framework composites containing different magnetic
nanoparticles loading were tested, to allow better separation of the catalyst from the
reaction medium. The results were impressive, where high conversion yields were
obtained, assuring the effectiveness of this composite, without any blockage of the

MOFs’ active sites by the nanoparticles aggregates.

MOFs have proved their uniqueness with all the high potentials they offer in the
field of catalysis, that allows them to be the upcoming catalyst generation in the bio-fuel
industry. This small research is the first step for a bigger future work, that includes
studying new MOFs on the same system for the sake of comparison, and additional
treatments for the MOFs, to enhance their acidity and thus their catalytic properties. In
addition, further tests will be done, including acidity test, theoretical calculations,
kinetic modeling for a better understanding to the mechanism of these reactions. This
work is a great step toward our great aim in developing a worldwide eco-friendly

environment.

In addition, micro-wase synthesized MOFs have been successfully developed that
include MW-AUBM1, MW-MIL-88B and Ti-MOF-74 where they were partially
characterized. PXRD and SEM of MW-AUBML1 are represented in Figure 4.1 (A), and

Figure 4.1 (B) respectively. SEM images of MW-MIL-88B and MW-Ti-MOF-74 are
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shown in Figure 4.2 (A), and Figure 4.2 (B) respectively. MW-MIL-88B has been
tested on the same reaction to produce butyl levulinate, as shown in Figure 4.3, the
conversion rate and percentage were high but not high enough to overcome Zn-MOF-
74. However, MW-AUBM1, Ti-MOF-74 and Cu-MOF-74 will be tested on

photocatalytic CO. reduction reactions in the future.
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Figure 4.1 (A) PXRD and (B) SEM of MW-AUBML.
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Figure 4.2 SEM images of (A) MW-MIL-88B and (B) MW-Ti- MOF 74
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Figure 4.3 Conversion Percentage for MW-MIL-88B compared to Zn-MOF-74.
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