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Resumen

Se sintetiz6 carburo de silicio a partir de residuos agricolas, semilla de aguacate sin almidon
y aceite de cocina reciclado, como materia prima, y dopado con Zn/Co (II) o Pd (II). El
material fue sintetizado via el método HIPE (Emulsién de Alta Fase Interna) seguido de
un proceso de pirdlisis en un horno de tubo a 900 °C por un periodo de 6 horas con una
rampa de calentamiento de 1 °C/min. Los materiales resultantes fueron caracterizados
por ATR-FTIR (Espectroscopia Infrarroja por Transformada de Fourier con Reflexién To-
tal Atenuada), XRD (Difraccién de Rayos-X), XPS (Espectroscopia de Fotoelectrones de
Rayos-X) y XRF (Fluorescencia de Rayos-X). El material resultante fue una mezcla entre
silice y carburo de silicio mecanicamente fragil, con un aspecto brillante en la capa ex-
terna y un color opaco en las capas mas internas. Las mejores muestras, con respecto a
contenido de carburo de silicio, fueron las sintetizadas con el mayor contenido de semilla
de aguacate. Los monolitos fueron exitosamente funcionalizados con los metales respec-
tivos y fueron probados como adsorbentes y catalizadores en la adsorcién de Cr(VI) y la
foto-reduccién del 4 nitrofenol (4-NP), respectivamente. Los monolitos funcionalizados con
metales mostraron mejor capacidad de adsorcion de Cr(VI). Asi mismo, los monolitos con
metales mejoraron la estabilidad en la reaccién de foto-reduccién de 4-NP en presencia de
un agente reductor fuerte, con lo cual se pueden conducir estudios adicionales para deter-

minar su viabilidad en la produccién de hidrégeno.

Palabras Clave: carburo de silicio, HIPEs, adsorbentes, produccion de hidréogeno, biomasa,

paladio.



Abstract

Silicon carbide was synthesized from agricultural residues, starch-less avocado seed and
recycled cooking oil, as raw materials and doped with Zn/Co (II) or Pd (II). The material
was synthesized via the HIPE (High Internal Phase Emulsion) method, followed by a pyrol-
ysis process in the tube furnace at 900 °C for 6 hours with a heating rate of 1 °C/min. The
resulting material was characterized by ATR-FTIR (Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy), XRD (X-Ray Powder Diffraction), XPS (X-Ray Pho-
toelectron Spectroscopy) and XRF (X-Ray Fluorescence). The material obtained was a
mixture of silica and silicon carbide, mechanically fragile and with a shining outer layer
and an opaque color in the inside layers. The best samples with respect to silicon carbide
content were the ones synthesized with the highest content of avocado seed. The monoliths
were successfully functionalized with the respective metals and were tested as adsorbents
and catalysts in the adsorption of Cr(VI) and the photoreduction of 4-nitrophenol (4-NP).
The metal-functionalized monoliths showed a better Cr(VI) adsorption capacity. Likewise,
the metal-containing monoliths enhanced the photoreduction of 4-NP in the presence of a
strong reducing agent, with which additional research can be conducted in order to deter-

mine their feasibility in hydrogen production.

Keywords: silicon carbide, HIPEs, adsorbents, hydrogen production, palladium.
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Chapter 1

Introduction

The tendency of focusing research in the development of environmentally sustainable mate-
rials and the harnessing of agricultural waste products is ever increasing [2]. In particular,
it has prompted the usage of alternative carbon sources for the production of advanced
materials for various applications. The synthesis of hierarchically porous silicon carbide
from different underemployed waste products, introduces an opportunity for material de-
velopment in a sustainable manner [3]. The material produced (silicon carbide) displays
distinctive structural and chemical properties, rendering it fitting for diverse applications
such as water remediation, catalysis and energy storage [4]. This thesis focuses on the
production of hierarchically porous silicon carbide from avocado seed and recycled cook-
ing oil as environmentally-friendly sources of carbon, with the main objective of giving
an added value to this ceramic material with prospective applications in metal adsorption
and hydrogen production. The study is centered on the effective synthesis of silicon car-
bide, its subsequent characterization, and evaluation of its performance in the applications

aforementioned.

1.1 Problem statement

The majority of industries generate tons of waste, in both solid and liquid form, which can
represent an environmental burden if not appropriately treated [5]. These volumes of waste
have the potential to be repurposed as materials with an added value [6]. In particular, the
oil industry generates a significant amount of waste in the form of seeds, peels, seed husks

and pulp that are usually discarded or employed for low-value applications [7]. Ecuador as



a country, is a producer of avocado that satisfies the national demand; however it does not
excel in avocado and avocado derived products exports [8]. Nonetheless, the production
of avocado crops and derived products is still a significant producer of organic waste;
therefore, the avocado oil industry presents a great opportunity for taking advantage of
this agroindustrial waste and transforming it into higher-value materials, namely, as a
carbon source for the synthesis of silicon carbide that can be employed in applications
such as sorption, catalysis and electrochemistry [9]. Additionally, recycled cooking oil
represents yet another form of waste repurposing and an additional source of carbon. It
is worth noting that the avocado seed source was the starch-less remnants of a CEDIA-
funded previous project ("Hacia un modelo sistémico para la creacién de emprendimientos
de base cientifico — tecnolégico en las instituciones de educacién superior del Ecuador”),
which further serves the goal of repurposing material.

Particularly, the synthesis of hierarchically porous silicon carbide structures is of great
interest as it can further provide a special structure for sorption and catalysis applications
[9]. In this manner, this thesis focuses on the synthesis of porous silicon carbide from
avocado seed and recycled cooking oil as renewable and sustainable sources of carbon, for
the production of added value materials with potential applications in industries such as

energy, environmental remediation, and catalysis.

1.2 Objectives

1.2.1 General Objective

To develop an efficient method for the synthesis of hierarchically porous silicon carbide

materials using avocado seed waste and recycled oil.

1.2.2 Specific Objectives

o To employ the HIPE (High Internal Phase Emulsion) method and pyrolysis for the
synthesis process of porous silicon carbide from avocado seed and recycled oil as

carbon source.

o To characterize the physico-chemical properties of the material obtained, using tech-



niques such as XRD (X-ray Diffraction), XPS (X-ray Photoelectron Spectroscopy),
XRF (X-ray fluorescence), AAS (Atomic Absorption Spectroscopy) and FTIR (Fourier

Transform Infrared Spectroscopy).

To explore the use of silicon carbide as an adsorbent for environmental remediation
applications, with a focal point on the capability to remove polluting elements, such

as chromium, in water.

To examine the possible applications of the porous silicon carbide in hydrogen pro-

duction as an alternative source of energy.



Chapter 2

Theoretical Background

2.1 Silicon carbide

Silicon carbide or carborundum (SiC) is a ceramic material that consists of the interlocking
of sheets of silicon and carbon that are covalently bound together. SiC is composed of a
tetravalent element (carbon) that is connected to a semiconductor element (silicon). Three
silicon atoms are linked to a carbon atom inside the double layer and linked to a silicon atom
below it forming a strong tetrahedral structure with sp?-hybridized bonds, which confer
outstanding chemical and thermal stability. The distance that separates adjacent silicon
from carbon atoms is about 3.08 A among all types of crystallographic structures. Likewise,
the distance that separates silicon and carbon atoms from each other is around 1.89 A for
all Si-C bonds [10-13]. The crystallographic structures of SiC comprises closely packed
bi-layers of silicon and carbon atoms; different structures, denominated polytypes, arise
from the formation of different stacking sequences of said bi-layers [10-13]. Considering
the first double layer in the sequence as position A, the following double layer as position
B or C, the different polytypes can be obtained by permuting these positions [12]. SiC
has numerous polytypes, however it is usual to refer to 3C-SiC as $-SiC and the non-cubic
structures (4H-SiC, 6H-SiC, 9R-SiC, and 15R-SiC) as a-SiC. Additionally, the former are
categorized as low temperature polytypes as the nucleation and growth processes require
lower temperatures than those of a-SiC. There around 250 polytypes of SiC from which
the most common ones are cubic 3C, hexagonal 4H and 6H, and rhombohedral R and

depending on the polytype of SiC, different optical, electrical and thermal properties can



be tailored upon the material [11,13].

Silicon carbide has interesting properties such as high breakdown electric field, high
thermal conductivity, good chemical inertness, high hardness, high electron drift velocity,
low thermal expansion coefficient, wear resistance, high strength, oxidation resistance as
well as remarkable thermal, chemical and mechanical stability [10-16]. Since SiC has a
wide bandgap refractory (2.39 eV for 3C-SiC, 3.02 eV for 6H-SiC), the material is able to
be used for semiconductor devices showing efficient functionality even at high temperatures
up to 600 °C [12]. SiC is also capable of harvesting light in the visible light and ultraviolet
spectrum [15], making it suitable for applications such as high power electronics, photonic
devices, catalyst supports in harsh environments, sensors, quantum computing, functional
ceramics, composites and heterogeneous catalyst supports [12-14, 16].

Amongst SiC’s physical and mechanical properties, it can be noted that it shows a
hardness of approximately 46 GPa; a Mohs hardness that measures at 9.2; modulus of
elasticity of 425 GPa; coefficient of friction of 0.16; Vickers microdensity hardness that
ranges from 3000 to 3300 kg mm 2 and Knoop hardness between 2670 and 2815 kg mm 2.
This material sublimates at around 2700 °C instead of melting and forms a strong surface
film of silicon dioxide when exposed to heat in the presence of air; the latter causing its
resistance to oxidation up to 1850 °C and 1500 °C for short and long periods of time re-
spectively [12-14,16]. In terms of other chemical properties, silicon carbide exhibits good
chemical resistance and oxidation resistance amid various alloys and chemical compounds
that are heat-resistant. This material shows significant oxidation above 800 °C by concen-
trated acids and overall high chemical conditions compared to amorphous ceramics with
more limited thermal stability. All of these assets and applications represent an important
challenge for researchers to further investigate and develop approaches that are econom-
ically feasible and effective for the synthesis of silicon carbide-based materials [12]. In
particular, silicon carbide-based nanomaterials are of great interest among researchers due
to the higher surface area of SiC nanoparticles when compared to its bulk counterparts.
Moreover, such characteristics impact their homogeneity, chemical stability and overall

applications, such as the production of stable colloidal solutions and ceramic slurries [11].



2.2 Synthesis of silicon carbide

Silicon carbide can be scarcely found in nature in the form of moissanite; it was discovered
as a component analyzed within a meteorite in Arizona in 1905 by Dr. Ferdinand Henri
Moissan. This material is vastly found outside the planet in the form of stardust among
stars that are rich in carbon [17]. Owing to the fact that silicon carbide rarely occurs in
nature, the synthesized version of the material is employed. Edward Goodrich Acheson
pioneered the commercial synthesis of SiC in 1892 by creating diamonds from clay and
powdered coke which are rich in aluminum silicate and carbon respectively. The outcome
exhibited crystals denoted as carborundum due to its similar hardness to that of corundum.
The process was later patented and, although it had a synthesis temperature of about 2500
°C, it was one of the most prominent synthesis methods for production of silicon carbide
[17]. Several routes have been employed to synthesize mesoporous SiC including sol-gel,
direct reaction of silicon and carbon, hydrothermal acid leaching, carbothermal reduction
of silica, microwave sintering, pyrolysis, pyrohydrolysis, siliconizing, thermal evaporation,
sputtering, Chemical Vapor Deposition (CVD) among others [11,12]. Amongst the most
common techniques are the sol-gel technique, the carbothermal reduction method and
the pyrolysis technique. For instance, the sol-gel technique was employed by [18] in the
synthesis of SiC nanopowder. TEOS, which is high in silicon content, was employed along
Resol, which is high in carbon content, and hydrochloric acid as a catalyst agent by being
hydrolysed and gelated in mixture [11,12]. $-SiC nanoparticles with high surface area and
large particle size were obtained as a result. Moreover, pH was found to be a factor in the
stabilization of the solution with higher pH values giving a less stable solution [18].
Another example is the method presented by [19] for synthesizing SiC from solid residue,
as carbon source, and sandstone powder, as the silicon source. The materials were sintered
at temperatures in the range of 1300 and 1600 °C in an argon atmosphere resulting in the
production of SiC whiskers and SiC particulates. Rajarao et al. used a similar approach
for the synthesis of porous -SiC nanoparticles with particle size in the range of 20-80 nm
employing using waste macadamia shells as the carbon source alongside silica at the rela-
tively low synthesis temperature of 800 °C in an inert atmosphere [11]. A different synthesis

method was utilized in the creation of highly crystallized SiC whiskers from calcining tis-



sue and glass microspheres at high temperatures, which proved to enhance the crystallinity
and lack of impurities of the yielded materials when compared to lower temperatures. In
another study, an approach was devised to employ printed circuit boards as a source of
both silicon and carbon for the development of SiC nanoparticles. Furthermore, an alter-
nating current multi-arc plasma device was created for the synthesis of SiC nanoparticles
with particle size of 7-10 nm by a reaction of decomposition of triethylsilane [12].

Lee and Cutler developed a method for synthesizing silicon carbide based on biomass
utilizing rice husk as the main source [20]. The “green”- or plant-based precursors of
carbon that come from waste biomass are a great alternative as carbon sources for the
synthesis of silicon carbide. Among the studies carried out with biomass-based silicon
carbide, many crop residues and cereal straws are used [21]. Many studies have employed
rice husks to develop silicon carbide nanoparticles. Rice husks as a by-product are usually
disposed via soil burning or calcination processes; however, it can be given added value
by leveraging its potential due its lignin, cellulose and hydrated silica content. Su et al.
synthesized silicon carbide nanoparticles by magnesiothermic reduction using rice husks
and operational temperature of 600 °C. The rice husk and magnesium were mixed in the
form of powders, reduced in a furnace in an inert atmosphere and, as a result, green powder
(-SiC nanoparticles were obtained [21].

Other examples of carbon precursors are: barley husk, wheat, macadamia shells, corn
cobs, etc [3,11,22]. Studies such as that of [3] showcases an effective approach to use
sandstone and corn cobs to create nanoporous [3-SiC via carbothermal reduction, which
is an eco-friendly alternative to conventional SiC synthesis as well as added value to agri-
cultural waste materials [3,11,22]. All of these are high in cellulose from which carbon
can be obtained, as well as a moderate amount of silica, from the outer epidermis when it
is assimilated during the regeneration of the cell wall. Besides, their great potential also
relies on the accessibility, availability and low costs of these materials [10].

Furthermore, as the synthesis of silicon carbide requires a source of carbon, the present
project proposes the usage of an additional source through the employment of recycled
cooking oil as the oil phase of the emulsion process that is to be used for the preparation
of the monoliths. This is proposed with the objective of ensuring the formation of silicon

carbide and adding value to an otherwise wasted product.



2.3 Applications of SiC

Since 1994, when SiC nanorods were first synthesized, many advances have been made
in the synthesis of SiC-based nanomaterials. The latter can be classified according to
morphology dimension in 0D, e.g. nanocrystals; 1D, e.g. nanorods; 2D, e.g. nanofilms;
and 3D, e.g. bulk SiC materials or SiC-based composites. Among the applications that
these structures can have are: optoelectronics (for 0D), applications in mesoscopic physics
and nanometric scale devices (for 1D), applications in light emitters, sensors, solar cells (for
2D), and energy conversion and storage applications (for 3D) [23]. Owing to its biological
and chemical inertness, resistance to oxidation and corrosion by body fluids, flexibility,
moldability, high hardness, bio-compatibility and adaptability, silicon carbide has been
used in the biomedical industry [11,23]. SiC as a biomaterial has been used both in-
vitro and in-vivo in biomedical applications such as: hip implants and hip replacements,
ortho implants, artificial heart valves and prosthetic bone replacements; furthermore, SiC
is also apt for biosensing, due to its capability to prevent electron-hole pairs, generated
across the bandgap due to activation, from recombining [11,24]. For instance, silicon
nanoparticles have been employed in detection of superoxide in superoxide dismutase in
conditions of brief periods of time and low detection limit [23]. Other related applications,
such as lab-on-chip, medical devices, RNA purification, dental implants, cell imaging,
DNA transformation, DNA sensing, etc., have implied the usage of SiC [11,23,24]. SiC
is an outstanding technology for high power electronics, especially in high temperature
conditions due to its wide bandgap and thermal stability [13]. These materials exhibit
significant advantages over other electronic components, namely a high power rating and
lower switching losses, tolerance to harsh thermal conditions, lower leakage current of
the junctions and higher efficiency. Theoretically, the junction temperature of SiC-based
devices is at 600 °C and the range of operating temperature is between 200-300 °C [25].
SiC diodes are apt for operation at high ratings of current density and lower size of cooling
systems, compared to its Si counterparts. Electric vehicles, systems of renewable energy,
sensors, detectors, aircraft and other aerospace applications are some of the devices that
benefit from this technology [25]. SiC is also a rising technology for photonics integrated
circuits (PICs) and quantum photonic integrated circuits (QPICs). When compared to



other semiconductors, the mature growth and processing of SiC for power electronics is
greater for photonic devices. SiC as a wide band gap material highly resistant to radiation
is appealing as a solid medium for detection of radiation. The nuclear and subnuclear
applications that require these sorts of materials leverage on their radiation hardness as
the high fluxes of radiation are extremely damaging to the performance of the detectors [26].
Silicon carbide is usually combined with other compounds such as boron and carbon in
order to enhance properties such as creep resistance [23]. Similarly, natural resources
such as plants are used to modify its physical and chemical properties; namely stiffness,
flexibility, abrasion resistance and other mechanical properties; for potential biomedical
and biological applications [11].

SiC is also used in membrane technology for applications such as wastewater treatment.
Wastewater pollutes both water and soil and this ongoing issue is present in a variety of
industries [11,24]. There have been many approaches to solve this problem, namely sedi-
mentation, separation by gravity, flocculation, skimming, among others. These techniques
can be of physical or chemical nature, nonetheless, they have some limitations in common,
such as low economical feasibility, high sludge generation and relatively low efficiency [23].
In comparison, ceramic membranes employ techniques such as ultra-, macro- and nano- fil-
tration for the treatment of wastewater, conferring a better efficiency and an intermediate
energetic cost [23]. The main disadvantage to this method is fouling; however, this effect
can be minimized by fouling reduction hydrophilicity, which is achieved through coating
with nonpolar tides; hence, the creation of silicon carbide ultra-filtration hydrophilic mem-
branes, which depict lower degrees of fouling, homogeneity of pore size, good porosity, high
fluxes and a large lifespan [23]. Nonetheless, silicon carbide as a bulk material presents
advantages over nanomaterial structures due to factors such as separation of the pollutant
from the material and scalability.

The chemical stability, high surface area and porous structure of silicon carbide confer
this material the suitability for Cr(VI) adsorption [27]. Chromium(VI) is a toxic and
carcinogenic heavy metal that is a significant pollutant in water bodies [28,29]. Not only
is this an environmental issue but an economic and health issue that threatens all living
beings. The presence of such components in the industries of wood preservation, textile

dyes, leather tannings, electroplating, among others, represents a high risk [29]. On that



account, the removal of this metal from aqueos solutions is of great significance and can

be performed through the usage of porous structure of silicon carbide.

2.4 Hierarchically Porous Materials

The general definition of hierarchically porous materials is materials whose composition
contains organized structural pores on various length scales. This involves three different
length pores, among which there are micro- (<2 nm), meso- (2-50 nm) and macroscopic
(>50 nm) pores [30]. However there are many kinds of classification of hierarchical porosity
that can be found in the literature such as: according their availability to an external fluid
(IUPAC) there are open and close pores, pore shape (cylindrical, ink bottle shaped or
funnel shaped) and roughness surface with depth and width of pore. Hierarchical porous
materials are employed to obtain excellent structures for novel application materials in
the fields of catalysis, sorption, separation, energy storage and conversion, sensing and
biomedicine [31].

In the last decade, numerous investigations have focused on the fabrication of hierarchi-
cally porous materials. There are many methods such as: the dual surfactant templating,
colloidal crystal templating, polymer templating, bioinspiring process, emulsion templat-
ing, freeze-drying, phase separation, selective leaching, replication, zeolithization, sol-gel
controlling and post treatment [31]. Depending on the research to be carried out, these
methods can be classified as follows: combining chemical and physical supplementary meth-
ods or on the bases of introducing macro-porous templates in the reaction media together
with small scale templates. Furthermore, a synthesis strategy has been developed based on
the self-formation phenomenon which takes advantage of the chemistry of the metal alkox-
ides and metal alkyls to produce a porous hierarchy without the use of external templates.
In the same way this process involves only procedures based on chemical processes such
as phase separation, zeolithization, self-formation phenomenon and emulsion templating,
high internal phase emulsion (HIPE) [32], from which the latter is of interest in the present

work.



2.5 High Internal Phase Emulsions (HIPEs)

High Internal Phase Emulsion or HIPE is a method that consists of the production of hier-
archically structured porous monoliths that present a controlled shape and pore size [33].
The HIPE method is characterized by an internal phase volume fraction, which indicates
the maximum volume that spheres can achieve when effectively and densely packed within
a stated space, that exceeds the packing limit (over 74%) which determines under certain
conditions the droplets may adopt polygonal shapes due to them being tightly packed to-
gether [30,34]. HIPEs are involved in the application of hierarchically porous monolithic
materials, such as silica monoliths, with a high level of porosity that can be attributed to
the great magnitude of interconnection between the pores [35]. The homogenization con-
ditions and composition of HIPEs are strongly related to the dimensions of the droplets
within their matrix and typically the droplet size decreases when the homogenization time
increases and increasing surfactant concentration [35,36]. HIPEs as all emulsions, which
are mixtures of immiscible solutions that consists of a droplet phase dispersed in a matrix
or continuous phase, can be classified as water-in-oil (W/O) or oil-in-water (O/W) types in
function on the polarities of the external and internal phase. The former emulsion is formed
when an aqueous solution is dispersed in the form of droplets in an organic solvent, and the
latter is the opposite. In order to create an emulsion, a surfactant is needed to combine the
immiscible fluids; this substance, known as emulsifier, serves to promote the stabilization
of the fluids [30,36]. The stabilization of these types of emulsions is a key step in the
development of hierarchical porous materials in view of the fact that it prevents the sepa-
ration or inversion of phases. For this matter, surfactants are the most employed because
of their capability to stabilize effectively in various types of emulsions. Surfactants such
as detergents and emulsifiers help lower the surface tension between the immiscible liquids
that form an emulsion [37]. Commercially, these surfactants are known as poloxamers or
Pluronics, which are a group of triblock copolymers formed by amphiphilic polypropylene
oxide (PPO) and hydrophilic polyethylene oxide (PEO) ((PEO),, — (PPO),, — (PEO),,).
The different types of Pluronics available are a result of the change in relative composition
of those main blocks in order to adjust the hydrophilic-lipophilic balance (HLB), that is,

adjusting the structure. Additionally, these surfactants are applied in the pharmaceuti-



cal, food, and cosmetic industries because of their non-toxic, dispersant, solubilization and
emulsifying properties [38,39]. Pluronic® P123 (PEQOyy — PPOry — PEQOyy) is one of the
most commonly used polymeric. It is worth noting that the Pluronics employ a name code
that starts with a letter L (liquid), P (paste) and F (flake) that indicates the physical state
of the compound at room temperature. Subsequently, there are two or three digits, from
which the first one or two represent the molar mass of the PPO when multiplied by 300;
likewise, the last number reflects the amount in percentage of PEO when multiplied by
10. The hydrophilic part of the linear structure has great affinity with water owing to its
capability to form hydrogen bonds with molecules of water. Meanwhile, the hydrophobic
segments of PPO of the structure link to nonpolar components. The amphiphilic character
of this compound is what allows it to form micelles that are composed of a hydrophobic
core and hydrophilic outer shell. These micelles can be exhibited in hexagonal, spherical
or tubular forms [39-41]. Originally the HIPE method was devised by Backov et al. in
2009 [33]; the research team employed a molecular surfactant as an stabilizing agent for the
direct stabilization of O/W high internal phase emulsion. Subsequently, the oil droplets
serve as a template to develop macropores in the sol-gel method; analogously the surfactant
micelles induce the formation of mesopores. The templates applied are then removed in
order to release the porosity; this is done by solvent extraction or by calcination. Therefore,
with this approach, a dual template structure can be obtained: a direct emulsion at the
macroscopic level and micellar templates at the mesoscopic level [37]. Furthermore, based
on the arrangement of pore sizes, multilevel porous compositions provide exceptional prop-
erties upon materials. For example, the combination of micropores and mesopores results
in large surface areas and pore volumes, which in turn, confers tailoring of size and shape
of pores. Meanwhile, the use of macropores implies the reduction of transport limitations

and eases the mass transport to the active sites upon materials [30].

2.6 Preparation of HIPEs

There are many methods for the preparation of HIPEs; amongst them there are: the
one-step method, which is the most common and consists of using an emulsifier usually

dissolved or dispersed in the continuous phase prior to homogenization and blending oil and



water. The two-step method can be used to reduce the size of the droplets within HIPEs,
in this case it is necessary to use a high-shear mixer to blend water and oil. Another
method is the phase inversion method, which involves the conversion of an O/W into
W/O or viceversa; for this method it is necessary to tune the oil water/oil ratio, pH, ionic
strength, temperature or surfactant type [36]. Finally, the last technique is the mold curing
method, the HIPEs can be used as templates to form porous materials with adjustable pore
size and morphologies, also an organic solvent is usually employed as the oil phase and a
gelling polymer is dissolved in the aqueous phase [36]. The research group of Backov et
al. [33] conducted the synthesis of a high internal phase emulsion of oil-in-water. The
system involved a silica precursor, tetraethyl-orthosilicate (TEOS), water as the aqueous
phase, dodecane as the oil phase and tetradecyltrimethylammonium bromide (TTAB) as
the surfactant or stabilizing agent. The study yielded a material with macro/mesoporous
structure with an average mesoporosity and high specific surface area of 800 m?g~!.

The results were contrasted with the monoliths of change pH in order to analyze the
impact of the latter in the structure of the monoliths, which resulted to be a highly in-
fluential factor. Additionally, Backov’s team suggested that the oil volume fraction is
another important influential factor in the resulting texture of the monoliths [33]. Som-
mer et al. [42] followed an analogous “nearly one-pot” approach for the synthesis of silica
monoliths functionalized with particles of metal hexacyanoferrate (MHCF). The materi-
als employed included TEOS for the silica precursor, cyclohexane as the oil phase and
Pluronic P123 as the surfactant. The selection of the oil phase and the surfactant is due to
the volatile nature of cyclohexane and biocompatibility and non-toxicity of Pluronic P123.
After a calcination step and prior to the impregnation with MHCF, the outcome yielded
silica monoliths with macro- and meso porosity and high specific surface area (571 m?g~1).

Thereby, this method of preparation was decided to be employed for the preparation

of SiC to confer the desired porosity employing biomass residues and recycled cooking oil.



2.7 Biomass residues

2.7.1 Avocado seed

The organic waste produced from the avocado fruit lies mainly in the seeds, peels, pulp
and rotten fruit that are produced in all its processing industries. These byproducts
are usually disposed as animal feedstock, with a low nutritional value, and directly to
landfills [43]. In the case of the seed, the extracts that it contains, such as starch, oil,
antioxidants among others, represent a remarkable opportunity to generate added value
products for potential applications, including textiles, biopolymers, bioenergy, cosmetic,
brewery and so forth [43]. Ecuador is one of the many avocado producers and exporters
in the continent. Despite being developed as a producer of the raw fruit, the avocado oil
industry is not highly developed in the country. Uyama Farms is an ecuadorian company
placed in Carchi, Imbabura, that specializes in avocado oil extraction, with its leading
product named "MIRA”, an extra virgin avocado oil. The company has an impact in the
avocado production market and generates avocado seed waste daily [44]. Therefore, this
biomass could be given an added value by being repurposed.

As previously mentioned, the Si/C ratio synthesis is 1:1, therefore an increased amount
of carbon content represents a higher probability to obtain SiC. Monoliths synthesized
by high internal phase emulsion can be obtained with different oily ohases (cyclohexane,

n-hexane, dodecane and even recycled oil) [42,45-52]

2.7.2 Recycled oil

Used cooking oil or waste cooking oil is a waste generated at large scales in industries and
domestically. Its disposal is of immense importance, as it has the power to pollute bodies
of water and soil. Therefore, ever since the 90’s, research has been conducted to study the
potential usage of used edible vegetable oil. Mainly, waste cooking oil has been used in
soap production, the oleo-chemical industry and biofuels such as biodiesel and hydrogen
gas [53,54]. Waste cooking oil is composed of mostly triglycerides and its physicochemical
properties depend on the process it undergoes when used for cooking; with longer usage
resulting in higher acidity and viscosity [54]. In Ecuador, used cooking oil is usually

collected by companies such as "PROGEDE OIL-NATURA?”, that recycle and transform



the waste material into raw material for biodiesel production [55]. Likewise, there are
other authorized environmental manager companies that are responsible for the collection
and recycling of this waste material. Private companies such as "La Fabril”, further this
task with various storage sites located in key provinces of Ecuador to collect the used oil
for its exportation to European countries and further usage in biodiesel production [56].
Waste cooking oil has the potential to be used in other applications that also grant it
an added value, therefore, the present work broadens the scope of the raw material as a
carbon source for catalyst synthesis. To accomplish the goal of this project the following

methodology was employed.



Chapter 3

Methodology

3.1 Materials and Reagents

The reagents employed on the synthesis of the silica monoliths and subsequent silicon car-
bide, were the following and were acquired from Sigma Aldrich: tetraethoxy-orthosilicate
(TEOS) (SiCsHo00y, purity 98%), Pluronic P123 (purity 99%), hydrochloric acid (HCI,
purity 37%), zinc nitrate hexahydrate (Zn(NOs3)s-6H20, purity 98.5%), cobalt(II) nitrate
hexahydrate (Co(NOs)s - 6H20, purity 98%), palladium(II) nitrate dihydrate (Pd(NOs3)s -
2H,0), sodium fluoride (NaF, purity 99%). The recycled palm oil was obtained from a
nearby fast food restaurant; and the starch-less avocado seed was kindly donated by Uya-
mafarms S.A. and previously employed in the project "CEPRA XV-012-2021. Hacia la
Economia Circular: Desarrollo de Eco-empaques a partir de residuos Agroindustriales”; in
which the seed’s starch was removed for their aim.

The reagents employed for the reduction of 4-nitrophenol (4-NP) were the following: 4-
nitrophenol (CsH; N O3, purity 99%), hydrochloric acid (HCI, purity 37%), distilled water,
sodium borohydride (NaBH,, purity 98%)

For the kinetic studies on the adsorption of chromium(VI) were the following: potassium

dichromate (K2Cry07, purity 99.5%) and distilled water.

3.2 Synthesis of Silica Monoliths

The method employed for the synthesis of the silica monoliths functionalized with cobalt,

zinc and palladium was based on the work of Vaca and Sommer [51] with some alterations,
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employing avocado seed and recycled cooking oil as the carbon sources, metals as func-
tionalizing agents and a PRO25D digital homogenizer to enhance the emulsion formation
process. A 20% (w/w) P123 acidic solution of pH=2 was prepared and mixed with TEOS
dropwise and stirred at 400 rpm at room temperature. The metallic nitrates and avocado
seed were added simultaneously with the P123 in the aqueous phase for better dilution.
This procedure originally takes 30 minutes, however, the current work required a period
of about an hour and a half for the majority of the metal-functionalized silica monoliths.
Once the hydrolysis of the silica precursor was finished, the solution was taken to a homog-
enizer and mixed with recycled palm oil (oil phase) dropwise after having NaF (8 gL™!)
added to improve the polymerization process and the pH regulation. The resulting content
was deposited in 5 mL storage vials and kept at room temperature for a week for aging.

See Figure 3.1 for an schematic representation of the aforementioned procedure.

P113
Metallic nitrate
Avocado seed

Recycled oil

| NaF
y 3500 rpm

——
90 min K i
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e, "

aging (7 days) CVD

ETto 900°C,6h
1 °Cimin

Ar atmosphere

Storage in 5 mL vials

Figure 3.1: Schematic diagram of the experimental setup

3.3 Synthesis of Silicon Carbide

The aged monoliths were pyrolyzed in the Chemical Vapor Deposition (CVD) equipment,
which is a MTI Co. OTF-1200X tube furnace with a quartz tube, with a temperature ramp



from room temperature up to 900 °C and heating rate of 1 °C/min for a period of 6 hours in
an argon atmosphere. The resulting calcined monoliths were restored into its original vial
containers and kept at room temperature. This procedure not only produces silicon carbide
from the silica precursor (TEOS) and the carbon precursor (avocado seed and recycled oil)
but also frees the mesoporosity of the monoliths by eliminating the remaining P123. A
variety of samples were synthesized and functionalized with different metals, oil phases
and quantity of avocado seed; Table 3.1 compiles the most revelant of the synthesized

monoliths.

Table 3.1: Nomenclature for the synthesized SiC monoliths and their main characteristics

Code Oil phase  Seed quantity (mg) M (II)
cSiC cyclohexane - -
cSiCZC cyclohexane - Zn, Co
cSiC5h0 cyclohexane 50 -
0SiC recycled oil - -
0SiC50 recycled oil 50 -
oSiC50ZC  recycled oil 50 Zn, Co
0S5iC50P recycled oil 50 Pd
05iC100 recycled oil 100 -
0S5iC100ZC  recycled oil 100 Zn, Co
0SiC100P recycled oil 100 Pd

3.4 Characterization Techniques

The techniques used for this work were: X-ray Photoelectron Spectroscopy (XPS), At-
tenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR), X-ray
Fluorescence (XRF), X-ray Powder Diffraction (XRD), UV-Vis Spectroscopy (UV-Vis)
and Atomic Absorption Spectroscopy (AAS).

3.4.1 UV-Vis Spectroscopy (UV-Vis)

UV-Vis Spectroscopy is a technique for the analysis of solids and powders to obtain molec-
ular spectroscopic information. It is used in the ultraviolet, visible and infrared regions of
the light spectrum and requires limited sample preparation [57]. This technique outcasts

the absorption or reflectance spectra of a sample when exposed to light in a determined



range of the electromagnetic spectrum [58]. In order to perform this characterization tech-
nique, the PerkinElmer LAMBDA 1050+ UV /Vis/NIR Spectrophotometer was used with

the liquid samples module in the range of 250 em™! to 500 cm ™!,

3.4.2 Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

Infrared Spectroscopy (IR) is a technique highly employed for the determination of molec-
ular composition and structure. The ATR-FTIR technique helps provide this information
with a higher sensitivity to the surrounding fluctuations without the need for extensive
sample preparation as in the case of conventional FTIR spectroscopy [59]. The technique
was used employing the Agilent Cary 630 FTIR Spectrometer with Attenuated Total Re-
flectance (ATR) as the sampling module with diamond tip, and in the infrared region

between 650-4000 ¢m~1t.

3.4.3 X-ray Powder Diffraction (XRD)

XRD spectroscopy is a technique that allows the examination of the chemical composition
and structure of solids by means of radiating an x-ray beam onto the surface of a sample
to obtain quantitative information about the crystallinity of the material [60]. The XRD
characterization was carried out employing the MiniFlex600 X-ray diffractometer from
Rigaku with D/tex Ultra2 detector. The diffraction patterns were obtained in the 26
range of 15° 60°with a step of 0.005. It is important to consider that, for this technique

only the calcined samples were tested.

3.4.4 X-ray Photoelectron Spectroscopy (XPS)

XPS spectroscopy is a technique for surface analysis by irradiating the surface of a solid with
x-rays and analyzing the released electrons by energy. This is handy in the identification
of elements, analysis of chemical composition and identification of chemical state [61]. The
equipment employed for the characterization technique was a PHI Versa-Probe III 5000
photoelectron spectrometer under high power mode. The spectra was obtained using Al

Ka X-rays with a photon source energy of 148.66 eV and high vacuum conditions.



The SiC monolith samples were evaluated for two main applications: Cr(VI) adsorption
and hydrogen production, so as to corroborate its main properties, previously described in

Section 2.3.

3.4.5 X-ray Fluorescence analysis (XRF)

X-ray fluorescence spectrometry is a non-destructive technique that determines the chemi-
cal composition of compounds. It is highly accurate and usually used in elemental compo-
sition analysis in fields such as geology and materials [62]. This analysis was performed in
the Otavalo installations of UNACEM, a well-established cement factory that kindly lend
their equipment for the study. The device employed was a high Performance Wavelength
dispersive S8 TIGER Series 2 WDXRF XRF spectrometer.

3.4.6 Atomic Absorption Spectroscopy (AAS)

The AAS is a technique that qualitatively and quantitatively determines the presence of
elements in a sample, by applying the absorption of radiation by free atoms in a gaseous
state [63]. The AAS characterization was carried out employing the Analytik Jena contrAA
700 Atomic Absorption Spectrometer, model 161K0915.

3.5 Chromium (VI) adsorption evaluation

A set of sorption experiments were conducted to examine the effect of time of contact as
a variable. In broad terms, the experiments consisted on the adsorption of Cr(VI) from a
10 ppm potassium dichromate solution by silicon carbide (~20 mg) during a determined
set of time intervals. With the help of an atomic absorption spectrometer, a calibration
curve was first constructed as a means to relate the absorbance of the treated solution to
its concentration, thus performing a quantitative analysis of the adsorption reaction. Refer
to Figure 3.2 to observe a block diagram with the main details of the procedure.

Then for the adsorption kinetics were performed analogous to the work of [64], the
amount of chromium (VI) adsorbed per gram of adsorbent through time (q) was calculated

with Equation 3.1.
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Figure 3.2: Block diagram of the experimental procedure for adsorption evaluation

qg= (CO :nCt)v (3.1)

Where Cj and C; refer to the initial and final concentrations (mgL~"') of the chroumium
(VI) solution; V (L) refers to the volume of the solution and m to the mass (mg) of the
adsorbent employed.

Subsequently, the data obtained was fitted to two kinetic models, pseudo-firs-order
(PFO) and pseudo-second-order (PSO), which would determine if the adsorbate and ad-
sorbent interact through chemisorption or physisorption. The linearized equation for PFO

is shown in Equartion 3.2, and the linearized equation for PSO, in Equation 3.3 [65,66].

In(g; — qi—1) = In(q) — kqt (3.2)
1 1 1 1
i .4 3.3
q kq* t q (3.3)

Where k; and ko refer to the equilibrium rate constant (Lmin~') of the PFO and PSO

model, respectively.



3.6 Photoconversion of 4-nitrophenol (4-NP)

N02 NO2 NH2
NaBH,4 0 Catalyst
acid media
H H
4-Nitrophenol Sodium 4-Nitrophenolate 4- Aminophenol

Scheme 1: Reduction of 4-nitrophenol to 4-aminophenol.

The catalyst-assisted photoconversion of 4-nitrophenol in the presence of sodium boro-
hydride (Scheme 1) was performed to analyze the reduction capacity of SiC as a catalyst.
The catalyst’s aid in the reduction reaction implies that it acts as an intermediate in the
transfer of hydrogen from sodium borohydride to 4-NP. This alludes to the existence of
active sites in the catalyst that can adsorb and activate hydrogen species. Consequently,
such a catalyst is potentially effective in reactions that entail the production of hydro-
gen [67,68]. Therefore, the photocatalytic capacity of silicon carbide was studied for the
aforementioned reaction.

The reaction was performed following the procedure of Hernandez-Gordillo [69], with
certain variations. The photocatalytic conversion reaction was carried out in a 250 mL
borosilicate glass bottle containing 200 mL of a 7.5 ppm 4-NP acidic solution, 0.5 M of
NaBH, and 0.075 gL' of photocatalyst (SiC). The mixture was agitated with a magnetic
stirrer (600 rpm) for 30 minutes at room temperature and in the absence of light (covered by
tin foil). Subsequently, the container was irradiated with UV light in a UV-lamp chamber
with a high-pressure Hg lamp emitting 356 nm of 4400 pWWem ™2, without the tin foil cover
and with no cap for better exposure. A series of 3 mL samples were extracted from the
solution in intervals of 10 minutes until reaching 60 minutes. Afterwards, the concentration
of the samples were estimated through UV-Vis spectroscopy in the range of 250-500 nm
to follow the disappearance of the absorption band at around 400 nm or the appearance

of the absorption band at around 290 nm, which would indicate the reduction of 4-NP.



Chapter 4

Results and Discussion

The raw materials employed for the synthesis of the silicon carbide, namely starch-less
avocado seed and recycled palm oil, were greatly leveraged in the synthesis process of the
material and given the characterization techniques and the applications for which the SiC

samples were evaluated, the following results were obtained.

4.1 Characterization of raw materials

4.1.1 Avocado seed

In Figure 4.1, the appearance of the starch-less avocado seed is portrayed. As previously
mentioned, the seed was obtained from a previous research project after its utilization in

the production of starch-based polymers.

Figure 4.1: Physical aspect of avocado seed (raw material).
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Figure 4.2 showcases the spectra of starch-less avocado seed. The band at 3300 cm ™!

represents the O-H group from the hydrogen bonds of alcohols in lignin and cellulose; at
2924 em ™1 is attributed to C-H stretching; the peaks at 1614 em ™! and 1516 cm ™! are the
stretching vibrations of the C=0 group and the structural vibrations of the C=C bonds of
lignin [70]. The peak at 1438 ¢cm ™! is assigned to aliphatic bending vibrations, while the
peaks in the range of 1374 cm ™! to 1015 em ™! correspond to the C—O stretching vibrations

of alcohols, phenols, ethers and esters groups [70].
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Figure 4.2: ATR-FTIR spectrum of avocado seed.

Due to the powder form of the avocado seed, an XRD diffractogram was also obtained
as a mean of further characterization. Figure 4.3 presents the aforementioned diffratogram.
There is a broad peak at around 22°that denotes a major amorphous phase of the com-
pound, mainly it is related to polysaccharides found in avocado seed, such as cellulose,
hemicellulose, lignin among other non-starch polysaccharides; on the contrary, there are

two peaks of sharper nature, which could be ascribed to crystalline cellulose regions [71-73].
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Figure 4.3: XRD diffractogram of starch-less avocado seed.

4.1.2 Recycled cooking oil

In Figure 4.4, an image of recycled palm oil employed can be appreaciated. The material

was kindly supplied by a local restaurant and filtered of solids.

Figure 4.4: Physical aspect of recycled palm oil (raw material).



Recycled palm oil’s FTIR spectrum has been previously reported [74]. Figure 4.5
represents the ATR-FTIR spectra of the recycled oil employed in the synthesis process.
The organic molecule exhibits C-H symmetrical and asymmetrical stretching vibrations in
the 3009-2845 cm~! region. From 1464 cm~! to 1380 cm ™!, there are peaks corresponding
to bending vibration of the alkane group (C-H). In the lower region of the spectrum,
there is a peak that is ascribed to the rocking vibration of C'Hy groups. In the 1464-1380

! region, the presence of C-H group is observed through the elucidation of scissoring

cm”
vibration in C'Hy groups, bending vibrations in C'Hs groups and symmetric bending of
CHj groups [75].

Additionally, the ester groups present in triglycerides appear at 1745 em ™1, 1236 em ™1,
1165 em™!, 1119 em ™! and 1093 em~!; peaks that are assigned to stretching vibrations of

C=0 groups, C-O stretching or C-C stretching, belonging to the fatty acid chains, and
asymmetric C-O stretching vibrations [75].
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Figure 4.5: ATR-FTIR spectrum of recycled palm oil.

Once the main properties and characteristics of the raw materials were studied, a

comparison between agitation method, oil-phase and seed quantity was carried out.



4.2 Synthesis Analysis

4.2.1 Silica Monoliths (5i0-)

The first silica monoliths synthesized with cyclohexane as the oil phase were mostly white
with a chalk-like appearance. Figure 4.6 exhibits ¢SiC monoliths made with (upper left)
and without (upper right) the help of a homogenizer for the mixing of the oil phase, as
well as a ¢SiC50 monolith. All of which display the characteristics mentioned as well as
fine cracks that generated during the drying and aging process due to the evaporation
of the cyclohexane. Particularly, the monolith shown in the upper right, obtained with a
magnetic stirrer in a hot plate, has a wrinkled aspect, which could be attributed to an early
evaporation of the oil phase from the solution during the mixing process, due to the more
extended time the process took in the homogenizer. It was noticed that the amount of seed
could not be increased to 100 mg per monolith with cyclohexane as the oil phase owing to
its early evaporation and to the great water absorption capacity of avocado seeds (more
than twice its weight) which turned out in the completely absorption of the water phase,
thus hindering the emulsion performance. From then on, all monoliths were synthesized
employing recycled cooking oil as the oil phase because it was generating an oily layer

around the avocado seed preventing aqueous phase to be absorbed.

Figure 4.6: Image of ¢SiC (above) and ¢SiC50 (below) monoliths

The synthesized oil-based silica monoliths displayed an orange-ish color due to preva-

lence of the intrinsic color of the oxidized avocado seed, with the exception of the silica



monoliths functionalized with palladium, which gray color prevailed over the orange. Over-
all, these monoliths are sturdier than the ones synthesised before.The physical character-
istics mentioned can be better appreciated in Figure 4.7. The texture of the mixture of
the monoliths previous to aging was thicker when increasing the amount of avocado seed
and in comparison with the cyclohexane-based silica monoliths. Therefore, recycled palm

oil was employed as the oil phase for the SiC synthesis.

Figure 4.7: Image of 0SiC (left) and 0oSiCZC (right) before calcination.

4.2.2 Silicon Carbide (SiC)

Considering that all pyrolyzed monoliths are oil-based, which results in a higher carbon
content, the resulting oSiC monoliths depicted a shiny outside with an opaque inside and a
moderate brittleness; this was congruous among all the samples and compositions. Figure
4.8 presents the images of 0SiC and 0SiC50 monoliths, from with small differences between
them can be pinpointed. Primarily, there is a more lustrous look to the 0SiC50 monolith,
likely due to the higher content of carbon thanks to the addition of avocado seed.

Figure 4.9 depicts 0SiC50 and 0SiC100 monoliths, at first sight these share the same
aspect, therefore, their differences are further studied with different characterization tech-

niques.



Figure 4.9: Image of 0SiC50 (above) and 0SiC100 (below) monoliths

4.3 Characterization of SiC monoliths

4.3.1 Composition
X-ray photoelectron spectroscopy (XPS)
The surface elemental composition was analyzed via XPS. All the samples analyzed from

the pyrolyzed monoliths and displayed the presence of three main elements: Cls, Ols
and Si2p, which are expected of both SiO, and SiC [76]. The characteristics peaks of Ols



appear at 978.11 eV and 529.95 eV, for Cls a less prominent peak appears at around 282.62
eV and two small-intensity peaks at 151.84 eV and 102.87 eV elucidate the presence of Si2p
[61]. Tt is pertinent to mention that due to the reaching extent of the technique (50-70 A)
and the low concentration of the metals in the material (0.01 M/Si molar ratio; M=Zn/Co,
Pd), the metal oxides were not observable. Further characterization was performed to
confirm the presence of the metallic species in the compound.

Figure 4.10 highlights the full-range spectra of 0SiC50, 0SiCZC50 and 0SiCP50 mono-
liths. The 0SiC50 monolith presents Cls, Ols and Si2p percentage composition of 6.9%,
68.1% and 25% respectively. The 0SiCZC50 a composition of 49%, 38.9% and 12.1%; and
0SiCP50 a content of 39%, 45.2% and 15.8% respectively. The significant O 1s content
difference between 0SiC and 0SiCM (M=Zn/Co, Pd) could be attributed to the formation
of metal oxides, which would lead to the decrease of the amount of detectable O 1s in the
surface of the material.

Figure 4.11 showcases the elemental composition of 0SiC100, 0SiCZC100 and oSiCP100
monoliths. A different behaviour is observed in this case, as the monolith with lesser
amount of O 1s is 0SiCZC100 with a percentage composition of 37.8%, 45.5% and 16.7%
for Cls, Ols and Si2p respectively. For 0SiC100 and oSiCP100 the percentages are 41.5%,
42.1%, 16.4% and 43.9%, 41.2%, 14.9% respectively.

A deconvolution analysis was performed for each constituent. Regarding the spectrum
of Cls, four peaks are proposed at around 282.6 eV, 284.8 eV, 286 eV and 288 eV respec-
tively. These are ascribed to Si-C, C-C, C-O and C=0 groups, with all carbon-containing
groups being attributed to adventitious carbon contamination [77-79]. Table 4.1 illustrates
the B.E.s values at which the characteristic Cls groups are found in the spectrum, as well
as the percentage of area of each peak. Comparing the monoliths containing 50 mg and 100
mg of avocado seed, the content of carbon rises with avocado seed content, as expected.
The deconvolution and area of the peaks can be better appreciated in Figure 4.12 and
Figure 4.13.

The spectrum of Ols, shown in Figure 4.12 and Figure 4.13, proposes two peaks at
around 530 eV and 533 eV that correspond to M,0, (M=Zn/Co, Pd) due to metal-oxygen
interactions and Si-O groups, respectively [79,80]. Likewise, the spectrum for Si2p shows

two peaks at around 100 eV and 103 eV that can be associated with Si-C and Si-O groups



Table 4.1: XPS B.E.s, chemical group and area percentage of all SiC samples

Sample 05iC50 05iC100

Element Group B.E. (eV) Area (%) Group B.E. (eV) Area (%)
Si-C 282.60 22.09 Si-C 282.80 35.82
C-C 284.80 55.47 C-C 284.20 55.07

cls C-0O 286.20 9.42 C-0O 286.00 4.97
C=0 287.70 13.02 C=0 288.00 4.15
O1s MxOy  530.40 17.86 MxOy  530.40 22.11
Si-O 533.50 82.14 Si-O 531.90 77.89
Si2p Si-C 100.70 17.23 Si-C 101.30 34.45

Si-O 104.10 82.77 Si-O 102.70 65.55
Sample 0SiCZCH0 05iCZC100

Si-C 282.60 51.74 Si-C 282.80 65.21

C-C 284.30 37.31 C-C 284.30 28.08

Cls
C-0 286.00 5.45 C-0 286.00 1.82
C=0 288.00 5.51 C=0 288.00 4.89
o1 MxOy  530.29 38.75 MxOy  529.80 22.87
S
Si-O 532.01 61.25 Si-O 531.30 77.13
Si-C 100.70 24.42 Si-C 100.90 43.39
Si2p

5i-O 102.20 75.58 5i-O 102.20 56.61
Sample 0SiCP50 0SiCP100

Si-C 283.00 45.19 Si-C 282.90 77.94

C-C 284.80 35.63 C-C 284.50 10.30

cls C-0 286.00 11.61 C-0O 285.90 6.63
C=0 288.00 7.57 C=0 288.00 5.14
Ols MxOy  531.40 57.83 MxOy  530.40 25.52
Si-O 533.00 42.17 Si-O 531.40 74.48
Si2p Si-C 100.70 50.92 Si-C 101.00 23.66

Si-O 102.30 49.08 Si-O 102.00 76.34




Counts (s)

[79,81].

Figure 4.12 illustrates the content of each group per constituent for the monoliths with
50 mg of avocado seed. In particular, the content of adventitious carbon found in the SiC
material is greater for the 0SiC50 monolith, which could be credited to a higher level of
contamination due to a longer exposure to the environment coupled with a lower content of

crystalline SiC. The content of Si-O in both Ols and Si2p constituents is at its maximum
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Figure 4.10: XPS spectra of a) 0SiC50, b) 0SiCP50 and ¢) 0SiCZC50.

for the same sample, which would be in accordance with the low levels of Si-C.
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As expected, Figure 4.13 and Table 4.1 highlight larger area Si-C peaks for the mono-
liths composed of 100 mg of avocado seed. Therefore, at larger amount of carbon in the

composition, there is a more significant conversion of Si0, to SiC.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

The silica monoliths were studied through ATR-FTIR before and after calcination; Figure
4.14 showcases the spectra obtained for the samples synthesized with 50 mg of avocado
seed before and after pyrolyzation. Before calcination, at 3300-3028 c¢m ™! there is a broad
band that corresponds to the stretching vibration of the O-H group. The group that is
characteristic of water it is also seen at around 1639 cm ™! and 1337 cm ™! but is attributed
to water of crystallization that is embedded in the compound’s structure. In the region of
2922 em ™! to 2850 em ™!, the doublet can be attributed to the symmetric and asymmetric
stretching of C-H in methylene (C'Hjy) groups. Particularly, the symmetric stretching
vibrations can be attributed either to the surfactant (P123) or the recycled palm oil, both
organic molecules. The peak at 1736 cm ™! can be ascribed to the stretching of ester group
(C=0) and the peak at 1143 em™', to C-O stretching. At 1456 em™!, 1371 em~! and
719 em™!, the observed peaks correspond to the scissoring vibration of the C-H bonds in
methylene groups, symmetric bending of C' Hz groups and rocking vibrations of methylene
groups, respectively. The region from 1071 em ™! to 797 em ™! comprises the presence of Si
bonds, particularly Si-O-Si stretching and Si-OH groups [75].

After the calcination process, a low intensity, moderately-sharp peak can be observed at
around 803 em~!; the band could correspond either to Si-C or Si-O-Si stretching vibrations.
On account of the previous results from the XPS analysis, the presence of Si-C could be
suggested and is also in accordance with the wavenumber values reported for bulk SiC [82].
It can also be inferred that there is still a high prevalence of silica (Si03) in the pyrolyzed

! which may refer

monoliths due to the high intensity of the peak at around 1065 c¢m™
to the Si-O-Si bond of the amorphous silica that remained unchanged after the thermal
treatment. Contrarily, the Si-OH groups disappeared after the thermal treatment, which

further supports the presence of Si-C groups [75].
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Figure 4.14: ATR-FTIR spectra of 0SiC50, 0SiCZC50 and oSiCP50 a) before calcination
and b) after calcination.

Figure 4.15 displays the same characterization for the monoliths containing 100 mg
of avocado seed. The monoliths before calcination show the same characteristic peaks of
organic molecules (P123, oil and avocado seed). Analogously, the presence of Si-O-Si and
Si-C is prevalent in the pyrolyzed monoliths. Additionally, a weak peak can be discerned
at around 2097 em~! and 1575 em ™!, which are proposed to correspond to C-H and C=C

stretching vibrations. These are common unreacted carbonaceous materials [75].
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Figure 4.15: ATR-FTIR spectra of 0SiC100, 0SiCZC100 and 0SiCP100 a) before calcina-
tion and b) after calcination.

From the ATR-FTIR characterization method, no further conclusions could be drawn.
However, it can be denoted that there is a difference in the intensity of the Si-C peak,

which is heightened with a higher amount of carbon, which favours the generation of SiC.

X-ray Fluorescence (XRF)

The XRF analysis shown in Table 4.2 exhibited the high silicon content of the majority of
the samples and confirmed the presence of metals. The 0SiCP100 monolith had the highest



percentage of palladium (II) and 0SiCZ100 the highest content of cobalt (II), although a
small amount for the overall composition. The rest of the elements appearing in the
analysis are a result of the several treatment procedures that the avocado seed underwent
in the previous project it was employed in. Additionally, contamination was most likely
to happen in the industry plant due to the raw material used. It is worth noting that an
analysis to look for organic compounds was conducted on one of the monoliths, 0SiC50,

and revealed a high carbon content (see Table 6.1 in Chapter 6).



Table 4.2: XRF elemental analysis

Concentration (%)

Element
0S5iC50  0SiCP50  0oSiCZC50 0SiC100 oSiCZC100 oSiCP100

Si 95.47 92.41 67.75 91.71 12.23 45.47
Al 0.09 0.13 0.47 0.60 0.01 0.22
Fe 0.74 1.21 5.22 2.20 0.66 1.83
Ca 2.04 2.69 14.60 3.55 0.13 3.93
P 1.22 2.60 0.45 0.40 0.04 0.30
K 0.16 0.27 0.89 0.77 0.15 1.07
Cr 0.10 0.15 0.55 0.38 0.08 0.25
S 0.07 0.12 0.40 0.15 0.01 0.17
Ti 0.04 - - - - -
Mn 0.03 0.04 0.14 - 0.01 -
Mo 0.02 - - - - -
Cu 0.02 0.02 - 0.05 - 0.55
Zn 0.01 0.04 0.10 0.03 - 3.38
Na - 0.04 0.10 0.12 - -
Co - 0.30 - - 0.48 -
Pd - 8.97 - - - 42.26
Ni - - 0.07 - - -
\Y% - - 0.10 - - -
Mg - - 0.19 - - -
Ru - - - 0.05 - -
Rh - - - - - 0.50

As - - - - - 0.07




4.3.2 Structure of SiC

X-ray Powder Diffraction (XRD)

The XRD spectra for 0SiC50 monoliths shown in Figure 4.16 exhibits, primarily, a broad
peak that is distinctive to the amorphous phase of silicon oxide [83]. In 0SiCP50, there is a
clear peak at around 24.14°, which could correspond to unreacted Si [84]. With respect to
the presence of crystalline silicon carbide, there are two main peaks at 32.26° and 35.31°,
that could be attributed to -SiC [84], observable with high intensity values for 0SiCP50
and almost imperceptible low intensity peaks for 0SiC50 and oSiCZC50. For the 0oSiCP50
monolith there are also strong peaks that could be ascribed to palladium (II) oxide [85].
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Figure 4.16: XRD spectra of 0SiC50, 0SiCZC50 and 0SiCP50.

In the case of 0Si100 monoliths, which spectra is shown in Figure 4.17, there is a
perceptible increase in the intensity of the peaks shown in all samples. Despite the higher
carbon content, the amorphous phase is still present in the form of the broad band at 26
values around 22°. A strong peak is shown at around 37.5° for 0oSiC100 and oSiCP100,
which could be assigned to §-SiC [84]. Similarly, a peak at around 43.71° shows great
intensity and sharpness and could also be attributed to the characteristic peaks of (-

SiC [84]. Both peaks are shifted in the spectrum of the 0SiCZC100 monolith. Additionally,



in the particular case of 0SiCP100 shows a moderately sharp peak at around 41.73° which

could signify the prevalence of palladium (II) oxide in the material [85].
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Figure 4.17: XRD spectra of 0SiC100, 0SiCZC100 and oSiCP100.

Following the characterization techniques to determine the composition and structure of
the silicon carbide monoliths, the application evaluation results are present in the following

sections.

4.3.3 Applications of SiC

Chromium (VI) adsorption evaluation

Figure 4.18 shows the chromium (VI) adsorbed by the monolith through time. Most
samples show similar results, at low adsorption levels; however, 0SiCZC100 monolith was
the one that had the greatest adsorption capacity among all the monoliths and had a high
accuracy between samples from the same batch. The kinetic behavior of the data for all

monoliths is mostly not consistent through time thus, the fitting to the PFO and PSO

kinetic models is presented in Figure 4.19 and Figure 4.20.
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Figure 4.18: Adosption kinetic data for a) 0SiC50, b) 0SiCZC50, ¢) 0SiCP50, d) 0SiC100,
e) 0S3iCZC100, f) oSiCP100.

The kinetic behavior of the data showed a moderately good fitting for the PSO model,
specifically for monoliths 0SiCZC100 and oSiCP100. This suggest that there is a better
chromium (VI) adsorption capacity from metal-functionalized silicon carbide monoliths.
The fit was of polynomial nature and did not suit the 0SiC50 monoliths. The outcome
showcases that the monoliths better fit a kinetic model that implies the chemisorption of

chromium (VI) in the material as the type of adsorbate/adsorbent interaction [65,66].
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Figure 4.19: PFO model fit to adsorption capacity data.
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Figure 4.20: PSO model fit to adsorption capacity data.

Photoconversion of 4-nitrophenol (4-NP)

Figure 4.21 and Figure 4.22 depict the catalyst-assisted photodegradation of 4-NP, which
showcases a characteristic absorption band at around 317 nm, to 4-aminophenol (4-AP).
The left side graphs encompass the experiments performed without NaB H, while the right
side is composed of experiments performed with the reducing agent. The experiments
performed without NaBH,4 only show the absorption band of 4-NP after the irradiation

time (up to 60 min). This is expected as the conversion of this molecule is usually performed



in the presence of excess reducing agent [69].

The experiments performed with NaBH,4 show a red shift from the band at 317 nm
to 400 nm upon addition of the reducing agent into the acid solution. The appearance
of the new band could be caused by the formation of an intermediate compound in the
degradation reaction from 4-NP to 4-AP, most likely sodium 4-nitrophenolate (Scheme
1) [69,86]. Following, there is a decrease in the intensity of the absorption band at 400
nm. This occurs subsequent to the addition of the catalyst (monolith). Thereafter, the
behavior of the UV-Vis absorption is not linear with the passing of the time intervals
thus, a regression linear fitting is performed to study the impact of the catalyst in the
photodegradation reaction. It is worth noting that the reaction performed in the presence
of NaBH, without catalyst (See Figure 6.1 in Chapter 6), the behaviour is analogous
and to determine the difference between assisted and non-assisted reaction evolution, this

experiment was taking into consideration later in Figure 4.23.
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Figure 4.21: UV-Vis spectra of the catalyst-assisted (0SiC50’s) photodegradation of 4-NP
a-c) without NaBH, and d-f) in the presence of NaBH,.
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Figure 4.22: UV-Vis spectra of the the catalyst-assisted (0SiC100’s) photodegradation of
4-NP a-c) without NaBH, and d-f) in the presence of NaBHj.



Figure 4.23 represents the fitting for the absorption evolution through time at 400 nm,
with and without the addition of SiC catalyst to the acid 4-NP solution. When comparing
the R? (Coefficient of Determination) values of the various fittings, it is evident that all
the values for the catalyst-assisted reaction are closer to 1 than those of the experiments
without it. This is a possible indicator that the addition of the catalyst in the 4-NP
solution enhances the stability of the reduction reaction compared to that of the non-
assisted process.

Furthermore, the best fits for the data are those of 0SiCP50 and oSiCZC100, which

suggests that said monoliths show the best catalytic performance in the conversion of 4-NP.
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Figure 4.23: Linear fitting model of UV-Vis absorption in the photoreduction of 4-NP
at A=400 nm. Materials employed: 0SiC50, oSiCZC50, oSiCP5, 0SiC100, oSiCZC100,
0S5iCP10 and no catalyst.

As seen in the work of Hernandez (2014) [69], the photoreduction of 4-NP was performed
in the presence of hydrazine as the reducing agent, with 770, functionalized with silver
nanoparticles. The best and most adequate conditions and concentrations for the afore-
mentioned experiment were taking into account for the analogous experiment performed in
the present work. Additionally, the positive impact of the catalyst in the photoconversion

of 4-NP, as previously stated, implies that the catalyst acts as an intermediate in the hy-



drogen transfer from reducing agent to 4-NP, which indicates the existence of active sites
in the catalyst that can adsorb and activate hydrogen species. Therefore, as there was a
positive impact in the stability of the reaction, the catalyst (SiC) is a potential catalyst
for reactions that entail the production of hydrogen [67,68].



Chapter 5

Conclusions

5.1 Synthesis Analysis

The appearance of the monoliths synthesized with cyclohexane as the oil phase was vastly
different to that of the recycled oil-based monoliths in texture, color and consistency. The
¢SiC monoliths exhibited a higher level of brittleness and higher amount of cracks along
their structure, due to the rapid evaporation of the oil phase. The 0SiC monoliths had
a significantly different color, due to the orange-ish/ochre color of the raw material; the
consistency of them was more viscous, which was evident since the homogenization process,
and the resulting material was overall more sturdy and crackless.

When comparing the monoliths with different amount of seed, the best appearance re-
sults were from 0SiC50, however, the characterization techniques showed a better synthesis

outcome for the 0SiC100 monoliths.

5.2 Characterization

5.2.1 Composition of SiC

X-ray photoelectron spectroscopy (XPS)

The XPS analysis was succesfull in the elucidation of the obtention of the SiC at a relatively
low temperature, which was the main objective of the project. Nevertheless, due to the
superficial scope of the chacarterization technique, the elucidation of the metals embedded

in the structure of the SiC was not made possible.

ol



The deconvolution of each element encountered in the chemical composition of the
material derived in outstanding data fits for the peaks proposed. Consequently it was
determined that the material was primarily composed of silicon dioxide, silicon carbide,

adventitious carbon and metal oxides.

X-ray Fluorescence (XRF)

The XRF elemental analysis corroborated the presence of metals in the metal-funcionalized
monoliths, particularly significant for the ones containing palladium (II). Owing to the fact
that the XRF technique verified the presence of metals and not the XPS, which is a surface

technique, this proved that the metals are farther embedded in the structure of the material.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

Prior to pyrolysis, the oSiC showed prominent peaks characteristic to the organic raw
material employed in the synthesis process. These peaks disappear after the pyrolysis
process with the rise of a peak in the region of Si-C, which was attributed to SiC instead
of silica due to the XPS results.

The results were similar in the case of all silica monoliths, with the exception of the

appearance of carbonaceous residues in 0SiC100 monoliths.

5.2.2 Structure of SiC

X-ray Powder Diffraction (XRD)

The XRD analysis of the calcined 0SiC monoliths further confirmed the presence of silicon
carbide and, to a larger extent, the prevalence of silica (Si03). The 0SiCP monolith had a
more significant degree of crystallinity, made evident from the stronger and more intense

peaks displayed in its spectrum.



5.2.3 Applications of SiC

Photoconversion of 4-nitrophenol (4-NP)

The UV-Vis spectra obtained for the evolution of the photodegradation of 4-NP to 4-AP
did not evidence the influence of the 0SiC monoliths as a catalyst in the reduction reaction
in presence of NaBH,. Subsequent to the linear fitting model, it apparent that there was
indeed an effect from the catalyst. The improvement was perceived in the stability of the
reduction reaction, successfully assisting the reducing agent most commonly employed for
4-NP to 4-AP conversion. In particular, the metal-functionalized monoliths were the ones
that provided the better stability to the reaction, in particular the ones with palladium.
This discovery could be further studied in applications such as the evolution and production

of hydrogen.

Chromium (VI) adsorption evaluation

After the adsorption capacity analysis performed through AAS, the metal-functionalized
monoliths were the ones that exhibited the highest chromium (VI) adsorption capacity and
as these materials better fitted the PSO model, the interaction between the adsorbate and
adsorbent is expected to be chemisorption.

In general:

o It was proved that the synthesis conditions and the employed raw material turned

out into [-SiC by the HIPE method.

o It was confirmed that the obtained SiC and the functionalized SiC monoliths have
the potential to be used as catalyst for Hy generation reactions and adsorbent but

further work has to be performed.
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Chapter 6

Appendix A

Table 6.1: XRF organic analysis of 0SiC50

Concentration (%)

Element 0SiC50
Si 11.030
Al 0.018
Fe 0.032

CH, 88.737
Ca 0.096
P 0.065
K 0.012
S 0.005
Cr 0.004
Cu 0.001
Ni 0.001
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Figure 6.1: UV-Vis spectrum of the photodegradation of 4-NP in the presence of NaBH,
without catalyst.



NH,

e

Figure 6.2: Proposed reaction mechanism for the catalyst-assisted photoreduction of 4NP.
Scheme created using MarvinSketch (ChemAxon, version 24.3.163-demo-site.1) [1].
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