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Resumen and Abstract IX

Abstract

Mesoporous materials are attractive supporting structures for heterogeneous catalysis as
they facilitate access and mobility of large molecules, thus improving yields in a variety of
chemical reactions. Among different materials, Starbon® materials are mesoporous
carbons which can be advantageously synthesized from biobased sources, be further acid-
activated to be used as catalysts in esterification reactions. Conventionally, Starbons® are
produced using a high-amylose-content starch, which guarantees a high mesopore volume
due to the arrangement of amylose molecules during the synthesis process. Looking for
the valorisation of waste streams and low-cost raw materials, the use of starch derived from
common roots and tubers needs to be studied. According to Colombian National Planning
Department, nearly 5 Mton of roots and tubers are produced in the country, nevertheless,
nearly 30% are discarded during production stages as they do not meet quality standards.
In this regard, this work focused on understanding and optimizing the surface properties of
Starbon® materials derived from cassava starch for its subsequent use as catalyst in long-
chain esterification reactions. The synthesis of Starbon materials involves gelatinization,
retrogradation, solvent exchange and carbonization steps, which conditions were
assessed, firstly by an exploratory analysis, and subsequently by a Factorial 32 and Box-
Behnken experimental designs, taking surface area, pore volume and pore size as
response variables. A method for the synthesis of cassava-derived Starbon was proposed.
The obtained cassava-Starbon exhibited a surface area of 263 m?/g, with a mean pore
diameter of 3.7 nm and a pore volume of 0.2cm®/g. Subsequently, the material was
sulfonated and tested in the batch esterification of stearic acid with isopropyl alcohol,
considering the growing market in fatty acid esters industry. Cassava-Starbon catalyst
enabled slightly higher conversion and higher turn-over number (0.15 mol/s H'EQ)

compared to widely used ion exchange resins.

Key-words: Carbon, catalyst, cassava starch, esterification, mesoporous, porosity,
Starbon.
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Resumen

En la catdlisis heterogénea, materiales mesoporosos son soportes atractivos al facilitan el
acceso y la movilidad de moléculas de gran tamafio, mejorando asi los rendimientos en
diversas reacciones. Entre diferentes materiales, los materiales Starbon® son carbones
Mesoporosos que pueden sintetizarse ventajosamente a partir de fuentes biobasadas, y
luego activarse con &cido para utlizarse como catalizadores en reacciones de
esterificacion. Convencionalmente, los Starbons® se producen utilizando almidén con alto
contenido de amilosa, lo que garantiza un alto volumen de mesoporos debido a la
disposicién de las moléculas de amilosa durante el proceso de sintesis. En busca de la
valorizaciéon de corrientes de residuales, es de interés estudiar el uso de almidén derivado
de raices y tubérculos comunes en la sintesis de estos materiales. Segun el Departamento
Nacional de Planeacion de Colombia, se producen casi 5 millones de toneladas de raices
y tubérculos en el pais, sin embargo, cerca del 30% se descartan durante las etapas de
produccién por no cumplir con los estandares de calidad. En este sentido, este trabajo se
centr6 en comprender y optimizar las propiedades superficiales de los materiales Starbon®
derivados del almidén de yuca para su uso posterior como catalizador en reacciones de
esterificacion de cadenas largas. La sintesis de los materiales Starbon implica
gelatinizacion, retrogradacion, intercambio de solventes y carbonizacion de los almidones.
Estas condiciones fueron evaluadas para la sintesis empleando almidén de yuca, primero
mediante un analisis exploratorio y luego mediante un disefio Factorial 32 y Box-Behnken,
tomando la superficie, el volumen de poros y el tamafio de poros como variables de
respuesta. De esta manera, fue posible proponer un método para la sintesis de Starbon
derivado de yuca. El Starbon de yuca obtenido mostré una superficie de 263 m2/g, con un
didmetro de poro promedio de 3.7 nmy un volumen de poro de 0.2cm®/g. Este material fue
sulfonado y probado en la esterificacién batch de acido estearico con alcohol isopropilico,
considerando el creciente mercado en la industria de ésteres de acidos grasos. El

catalizador Starbon de yuca permitié una conversién ligeramente superior y un TOF mas
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alto (0.15 mol/s H+Eq) en comparacion con las resinas de intercambio ibnico ampliamente

utilizadas.

Palabras clave: Carbén, catalizador, almidén de yuca, esterificaciébn, mesoporoso,

porosidad, Starbon.
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Prologue

This document is structured in four chapters, each dedicated to exploring the synthesis of
Starbon®-type materials from Colombian cassava starch and its catalytic application in the
esterification of long-chain fatty acids. For this purpose, in Chapter 1 a solid theoretical
framework is established, providing essential insights necessary for comprehending topic
presented in subsequent chapters. Chapter 2 focus in the understanding and adaptation of
relevant variables in the Starbon® synthesis process, specially emphasizing on tailoring
these processes to the use of Colombian cassava starch as precursor. Once this
understanding was completed, Chapter 3 is dedicated to present a systematic optimization
process aimed at enhancing the surface properties of the cassava starch derived Starbon®
material. Finally, Chapter 4 brings together the insights gained from the previous chapters,
wherein the synthesized Cassava-Starbon is tested as a catalyst for the esterification of
long-chain fatty acids. This chapter is dedicated to presenting the results of these tests,
coupled with a comparative analysis against commercially available heterogeneous
catalysts. Written in the format of scientific papers, Chapters 2, 3, and 4 seamlessly
integrate relevant portions of the introduction. The document concludes with a summary of
the key findings and implications of the research. The closing chapter provides insights for

future exploration and advancements in this field.






Introduction

Fatty acid esters (FAEs) are important oleochemicals employed in the manufacture of
personal care, pharmaceutical and food products. FAEs constitute a global market valued
at $ 2.4 billion USD per year, projected to reach $ 3.2 billion USD by 2027 (Grand View
Research, 2020). These compounds are typically synthesized through esterification
reactions, often employing homogeneous catalysts such as sulfuric acid, p-toluenesulfonic
acid (p-TSA), or methanesulfonic acid (Chandane et al., 2017). Nevertheless, the use of
these catalysts involves energy- and materials-intensive separations and downstream
processing for neutralization and disposal. Alternatively, following to green chemistry
principles, heterogeneous catalysts as ion exchange resins and zeolites have been
explored for esterification of fatty acids in the pursuit of minimizing waste generation. The
use of heterogeneous catalysis not only intends to increase productivity, but also to reduce

or eliminate generation of hazardous substances (Diaz et al., 2000).

Among the variety of heterogeneous catalysts used for esterification, mesoporous acid
catalysts are of special interest as they can facilitate the access of large molecules (e.g.
fatty acids) to active sites, thereby enhancing reaction yields. In particular, mesoporous
carbons have emerged as favorable catalyst supports for this reaction as their high surface
area and extended porous matrix enable high conversions despite the presence of water
in the reactive medium. These mesoporous carbonaceous materials are typically
synthesized by using sacrificial templates to induce the required porosity, followed by
carbonization al high temperatures to eliminate the template and preserved the desired
structure. However, this conflicts with the above-mentioned green chemistry principles,
particularly waste prevention and design for energy efficiency. Consequently, investigations
into the production of template-free mesoporous carbon have boosted during recent years.
As a result, the synthesis of aerogels, xerogels and cryogels was found as a template-free
alternative due to the mechanical resistant and high surface area per volume unit of the

obtained materials (Cztonka et al., 2018). The most common precursor materials used for
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the synthesis of organic gel structures are resorcinol-formaldehyde (RF) polymers, which
are thermally treated to obtain the desired mesoporous carbons. Nevertheless, RF does
not allow an easy optimization of carbonaceous material characteristics due to the limited
availability of its physicochemical properties; also, RF materials are non-renewable (Tamon
et al., 1999).

In this context, polysaccharides have emerged as a sustainable alternative precursor for
the synthesis of mesoporous carbons considering their natural abundance, low cost,
functional groups, and its possibility to form aqueous gels. All these characteristics are well
aligned with the principles of green chemistry: less hazardous synthesis, and use of
renewable feedstock. In their natural state, polysaccharides exhibit low surface area and
poorly developed porosity. However, when aqueous gels are formed, they expand,
increasing the surface area per unit volume, which is suitable for the production of
mesoporous carbons (White & Clark, 2015). Particularly, when the polysaccharide used for
mesoporous carbon production is starch, the resulting material is commercially known as
Starbons® (starch-derived mesoporous carbons). Starbon® materials were developed at
the Green Chemistry Centre of Excellence at the University of York in England, in
conjunction with the Department of Organic Chemistry at the University of Cordoba in

Spain.

Starbons® can be considered promising biobased mesoporous materials that can be
activated by mean of sulfonation to be used as catalyst in esterification, particularly of large
acid or alcohol molecules. Advantageously, the hydrophilic-hydrophobic character of
Starbon® can be tuned by controlling the degree of carbonization, enhancing catalytic
properties and water removal capacity. As a result, when tested on different reactions,
Starbon® has shown higher reaction rates than other commercial acid catalysts.
Additionally, it has demonstrated to be stable and reusable in petrochemical and fine
chemical reactions (Mena & Macquarrie, 2014). It is worth mentioning that despite the fact
that the use of sulfonation agents (e.qg. sulfuric acid, oleum, SOs) is not completely aligned
with green chemistry principles, such agents are cost-effective and readily available for the
activation of Starbon® catalysts (Clark, 2002). To minimize their potential environmental
impacts, the sulfonating agents used during the activation process could be recycled and

reused in the preparation of the sulfonated materials.
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To promote a circular economy in the catalytic sector and to employ more sustainable
processes based on green chemistry principles, Starbon® production can also be carried
out using residual biomass. In this case, waste products and residual streams containing
starch could be treated for starch extraction and further transformation into suitable catalytic
materials. Colombia, as an agricultural country (contributing to 21% of national exports),
has a significant production of starch-rich farm products —especially roots and tubers—.
According to Colombian National Planning Department, 38.1% of the total area cultivated
in the country is dedicated to produce around 5 Mton of roots and tubers annually (DPN,
2016). However, one of the main challenges in the production and marketing of tubers is
their degradation, which typically occurs 48 hours after the extraction from the soil
(Folgueras et al., 2012). In addition, only products of a certain size can be sold into the
market due to consumers’ preferences. Because of the previously mentioned,
approximately 30% of the roots and tubers produced are discarded during production
stages or sold at a value that does not cover production costs, as they fail to meet quality
standards. Moreover, industrial processing of some tubers, such as flour production,
precooked foods, and snacks, generates waste streams with a high content of usable
starch. Some of those are aqueous waste streams which are rich in non-precipitated starch
that are disposed in sewage (Garcia et al., 2020). Therefore, exploring utilization
alternatives for these agricultural residues, especially those with high valorization, is

important for economic growth of the country.

Consequently, this project focuses on the study of a suitable method for the production of
Starbon® materials using Colombian starch as feedstock, and in their further activation to
produce effective catalysts for fatty acid esterification. Particularly, cassava starch was
chosen due to its commercial availability in the country and the extensive use in the food
industry which implies the existence of associated residual streams (Canales & Truijillo,
2021). In this regard, the project will apply the green chemistry concept to develop active
solid-acid catalysts based on renewable materials. The synthesis process for the Starbon®-

type materials follows previous reports using corn-based starches as precursors.

The Starbon® production method, developed using Hylon VIl starch (corn-based 70%-
amylose starch), take advantage of starch’s expansion capacity to form a mesoporous

structure, which is subsequently carbonized under an inert atmosphere. This process
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involves a gelatinization stage in water to get expanded starch, followed by retrogradation
and drying to obtain an aerogel mesoporous structure, which is finally carbonized. As
Starbons® are tunable materials, changes introduced in the synthesis method can affect
their characteristics including their final mesoporosity, total volume pore, and surface area.
Those characteristics also depends on the nature of the starches, and their content of
amylose and amylopectin. The use of low amylose content starches as precursors has been
reported as a limitation in the surface properties of Starbon® materials, as amylose chains
are responsible of prompting porosity when they leave the granule in the expansion stage
(White et al.,, 2008). Nevertheless, no studies have delved into the understanding of
production nuances when low amylose content starches are employed. This is the case of
cassava starch, which has approximately 70% amylopectin and 21% of amylose content
(depending on the variety). Therefore, to assess the impact of low-amylose content
starches in the synthesis of Starbon® materials, this project aims to assess different
operating conditions -such as gelatinization temperature and mass ratio, retrogradation
time, and carbonization temperature- in the production of cassava-based Starbons®.
Considering the previously mentioned and in order to establish a suitable preparation
method, a preliminary study on the synthesis of cassava based Starbon® is carried out

focusing on understanding pore’s structure and surface characteristics.

Once a basic understanding of the relation between the synthesis variables and the surface
characteristics of the cassava-Starbon® is acquired, it will be possible to focus on a greener
synthesis for its use as catalyst in fatty acid esterification. In this regard, the mesoporosity
of the material will be optimized by a factorial design of experiments and a Box-Behnken
methodology, looking for pore sizes that allow big molecules to reach active sites. Finally,
the material obtained under the most suitable conditions will be subjected to sulfonation,
characterized for its surface parameters and exchange capacity, and tested in the
esterification of fatty acids. As a benchmark, a comparison will be done by performing

esterification reactions using commercial homogeneous and heterogeneous catalysts.



1.Background and Theoretical Framework

1.1 Carbon Materials

After oxygen, carbon is the most abundant element in the biosphere. Carbon materials,
including diamond, graphite, carbon nanotubes, fullerenes, carbynes and graphene, share
a common carbon composition, but exhibit varying degrees of crystallinity and macro- and
micromorphology, which influence their physical properties (Inagaki & Kang, 2016).
Naturally, carbonaceous materials are derived from the thermal degradation of fossil-
derived precursors and biomass, under high energy-intensive conditions (Titirici et al.,
2015). The process primarily occurs through thermal decomposition (e.g., pyrolysis) at
temperatures of 800 — 1500°C under inert atmospheres (Inagaki, 2013), and it can take

place in gas, liquid, and solid phases, leading to diverse carbon materials (Table 1-1).

As a result of the carbonization process, different morphologies are generated at the
nanoscale which are highly responsible for the porous characteristics of the material. The
nanotexture in carbon materials is classified as oriented and non-oriented according to their
origin, with oriented further divided into planar, axial, and point schemes. Each nanotexture
results in different types of carbon materials, such as glass-like carbon, kish graphite,
pyrolytic carbons, cokes, carbon fibres, activated carbons, and carbon blacks (Figure 1-1).
Many of these carbon materials consist of anisotropic particles, of which the orientation
creates another variety of microtextures in bulk materials (Inagaki & Kang, 2016). In solid-
phase carbonization, resins (e.g. phenol-formaldehyde and of furfuryl alcohol) and biomass
(e.g. cellulose-rich materials) can be converted to carbon materials. Fast carbonization
results in porous carbon, represented by activated carbons, while slow carbonization results

in glass-like carbons, containing significant closed pores (Inagaki, 2013).
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Table 1-1: Carbon materials obtained by gas, liquid and solid phase carbonization (Inagaki,

2013).
Precursors Carbon Material Characteristics
Hydrocarb_o_n gases, Carbon black Fine particles
- decomposition in space
o
= Hydrocarbon gases . Various textures, preferred
© o ’ . ; ’
N deposition on substrate Pyrolytic carbon orientation
c
_g Hydrocarbon gases with Vapor-grown carbon fibers | Fibrous morphology, various
© metal catalysts Carbon nanofibers nanotextures
) . - 5
o Hydrocarbon gases, without Diamond-like carbon Thin film, sp® bond, amorphous
c catalyst structure
o
(cD(g Carbon nanotubes Tubular, single-wall and multiwalled
Carbon vapor
Fullerenes Spherical, molecular nature
Plants, coals, and pitches Activated carbons Highly porous adsorptivity
c
)
9 .2 Furfuryl alcohol (FA), phenol Glass-like carbon Amorphous structure, conchoidal
g_ 8 | resin, cellulose fracture, gas impermeability
T C
= g | Poly(acrylonitrile), pitch, Carbon fibers Fibrous morphology, high mechanical
8 5 | cellulose, and phenol resin properties
o
Polyimide films Carbon films Film wide range of graphitizability
o S . Cokes . .
é % Pitch, coal tar Mesocarbon microbeads Spherical particles
o N
S5 Polycrystalline graphite : iy _
= O
3—-(85 Cokes with binder pitches blocks, including high Xﬁlgr(])tliigsnsmes, various degrees of
-0 density isotropic graphite

Oriented Nanotexture
Planar Orientation Axial Orientation Point Orientation

Multi-walled carbon Buckminsterfullerenes,
nanotubes, various various carbon blacks,
carbon fibers mesocarbon microbeads

=

Random Orientation

Random Nanotexture

Single crystal graphite,
highly-oriented graphite,
various cokes

Glass-like carbon
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Figure 1-1. Nanotextures in carbon materials. Adapted from: Inagaki, 2013.
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1.1.1 Activated Carbons

Activated carbons, known by their high porosity and extended surface area, find extensive
industrial applications as adsorbents in water treatment (Mohan & Pittman, 2006), carbon
capture (Choi et al., 2009), energy storage (Pandolfo & Hollenkamp, 2006) and
heterogeneous catalysis (Auer et al., 1998; Rodriguez, 1998). In all these applications the
pore texture is the most important property to be controlled (Inagaki, 2013). Considering
the standardized classification of The International Union of Pure and Applied Chemistry
(IUPAC) presented in Table 1-2, porous carbons can contain micropores (<2 nm),
mesopores (2 - 50 nm), and macropores (>50 nm). The pores in such structures are
interconnected in bi-dimensional and tri-dimensional patters as schematically illustrated in
Schematic representation of the structure of porous carbon tridimensional (left) and

bidimensional (right)

Figure 1-2.

Table 1-2: IUPAC classification of pore size, condensation mechanism, and application
(Sing et al., 1985).

Poretype Size/nm  Condensation mechanism Application
Micropore <2 Tridimentional Adsorption in liquid phase and gas phase
Mesopore 2_50 Capillary Liquid phase — heterogeneous catalysis or

chromatographic separation

Macropore >50 No Condensation Filtration of a system

Macropore

/

Micropore

Mesopore

Figure 1-2. Schematic representation of the structure of porous carbon tridimensional
(left) and bidimensional (right).
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Similar to other solids, the characterization of the porous structure in carbonaceous
materials is carried out by mean of adsorption of a probe gas. Nitrogen adsorption is
commonly employed in most commercial equipment and the adsorption isotherms enable
to determine features such as surface area and pore volume of the materials. As the
adsorption mechanism differs for microporous, mesoporous, and macroporous materials,
this is manifested in the isotherm profiles which enables to elucidate porous types and some
morphology features. Microporous materials undergo tri-dimensional adsorbate
condensation within a strong electromagnetic field induced by narrow pores. In contrast,
mesoporous materials rely on the formation of successive layers of adsorbate ending with
capillary condensation. In the case of the macroporous materials, they exhibit properties
similar to conventional flat surfaces unfilled by capillary condensation (Gregg & Sing, 1982).
The above indicates that absorption isotherms could be used to elucidate the effects of
different synthesis variables in the pore distribution and morphology of the starch-based

carbons before and after activation.

Besides synthesis, activation has also a major impact in the structure of carbonaceous
materials. Typically, commercial activated carbons are derived from low-cost renewable
materials (e.g. nut shells, wood ships), and the activation can be carried out by using
physical/thermal treatments or by chemical methods. Physically activated carbon involves
selective gasification using CO2 or steam at temperatures between 800-900°C, while
chemically activated carbon results from impregnation of reagents such as NaOH, HsPOy.,
ZnCl,, etc., followed by carbonization, commonly at temperatures above 650°C (White &
Clark, 2015). Both routes lead to economical and highly microporous carbons from various
organic precursors. Regardless the synthesis and activation methods, understanding of the
process is paramount to enable obtaining controlled morphology and surface
characteristics for the desired applications. Commercial activated carbons span from
catalytic supports to adsorbents for separation applications (e.g. adsorption, bleaching,
chromatography) also including their use in electrochemistry applications. In general, they
are obtained by physical and chemical methods from various organic precursors, offering
a wide range of properties, with a high degree of microporosity and being economically
viable (De et al., 2015). Nevertheless, the scope of activated carbons is somewhat limited
in applications such as large-molecule catalysis, fuel cells, biomedical devices, and

automotive components because of small pore sizes and morphology. This underscores
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the need for developing novel precursors and methods to obtain tunable mesoporous

carbon materials.

1.1.2 Mesoporous carbons

Mesoporous materials correspond to solid matrixes with an interconnected network filled
with either gas or liquid, with pores sizes ranging from 2 nm to 50 nm (Sing et al., 1985).
When the network is constituted of a carbonaceous material it is considered a mesoporous
carbon, and such type of materials have gained attention for their versatility in preparation
from relatively inexpensive precursors. The main advantage of such structures is that their
pore sizes facilitate high loadings of chemicals to the active sites, and an efficient
diffusion/mass transfer of analyte or substrate in liquid-phases. This enables a more
effective adsorption of a wide range of molecules than in conventional micropore-activated

carbons.

Recently, different carbonization processes have been proposed for the synthesis of
mesoporous carbons, including the replication of a porous inorganic template (hard
template method), self-assembly and carbonization of polymer blends (polymer blend or
soft template method), defluorination of fluorinated hydrocarbons, and carbonization of a
preformed organic polymer aerogels. The template carbonization initially developed for thin
oriented graphite films, reveals high potential to control morphology by selecting suitable
template materials (Inagaki, 2013). The hard template approach involves replicating various
ordered inorganic templates generating ordered mesoporous carbons. However, this
method results in the loss of particle morphology and low micropore content. The synthesis
steps include the preparation of an inorganic template with a controlled pore structure, the
impregnation/infiltration of the sacrificial template with a carbonizable or polymer precursor,
followed by a thermal carbonization leading to the crosslinking and condensation of organic
precursors, forming the carbon material. The last step is typically performed at
temperatures above 600 °C to chemically toughen the carbon product against the acidic or
caustic solutions used in dissolving the inorganic matrix (White & Clark, 2015). To control
the pore structure in carbon materials, various templates were developed as summarized
in Table 1-3. As observed, different carbon precursors, and characteristics of the pore

structure are obtained in the resultant carbons from the different templates.
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Table 1-3: Reported studies on the synthesis of mesoporous carbon by template method.

Template Carbon precursor Carbon obtained Ref.
Mesoporous MCM-48, MCM-41, Impregnation _of sucrose, FA, PF, Ordered or disordered
- mesophase pitch. Chemical vapor mesopores. Channel- [1]
silica SBA-1, SBA-15 S . .
infiltration of acetylene. like.

MgOZ Mg acetate, Mixing W|th polyvinyl alcohol (PVA), Disordered
MgO Mg citrate, coal Tar pitch, polyethylene Mesopores [2]

Mg(OH)2 terephthalate (PET), polyimide (PI) P ’

Diblock and triblock  Mixing with RF, triethyl orthoacetate Ordered or disordered

Surfactants copolymers (EOA) mesopores.

(3]

' Bazuta et al., 2008; Joo et al., 2001; Jun et al., 2000; Kruk et al., 2000; Peng et al., 2010.
(2 Morishita et al., 2010; Morishita, Ishihara, Kato, Tsumura, et al., 2007; Morishita, Ishihara, Kato, & Inagaki, 2007.
BIKosonen et al., 2006; Liang et al., 2004; Tanaka et al., 2005; Zhang et al., 2005.

The hard template approach is attractive due to the potential to generate a wide range of
accessible mesophases and morphologies, coupled with chemical inertness, stability, and
advantages over classical microporous activated carbons. However, it involves sacrificial
templates, necessitating high carbonization temperatures for their removal and to render
the carbon structure inert. In contrast, the soft template method results in carbons with small
mesopore size (<10 nm) and developed microporosity. However, challenges related to
mass transfer/diffusion limitations and active-site accessibility often persist (Li et al., 2013;
Saha et al., 2013).

An alternative involves the preparation of porous carbon materials without using templates,
creating aerogels, xerogels, and cryogels, based on the thermal carbonization of
organic/polymeric gel precursors. These non-fluid networks are primarily composed of
interconnected colloidal particles in a gas (Kistler, 1932), exhibiting low densities (=100 kg
m-3) surface areas in the region of 1000 m2 g—1 and very high resistance (Pekala, 1989).
These gels are typically obtained through the polycondensation of resorcinol-formaldehyde
mixtures. The gel can be dried under atmospheric conditions and temperatures below 100
°C forming xerogels. When using supercritical drying above the liquid's critical point
aerogels are produced. In the case of freeze drying the liquid to prevent its crystallization,

cryogels are produced (Tamon et al., 1999).

Aerogels and cryogels present various types of porosity depending on the synthesis

process and subsequent treatment (Hanzawa et al., 1996). Carbonization under non-



Chapter 1: Background and Theoretical framework 11

oxidizing conditions yields high-surface-area carbon structures with interconnected
interparticle mesopores (Bekyarova & Kaneko, 2000). The resultant carbon aerogels often
show adsorption isotherms of type IV with clear hysteresis, influenced by precursor gel
composition, drying method, time, and carbonization temperature (Pekala et al., 1991).
While the porous dimensions of parent organic gels do not automatically transfer into
carbon aerogels, the shrinkage, pore closure, and pseudo-graphitization that may occur

during carbonization are crucial considerations (Yamamoto et al., 2001).

1.1.3 Carbon materials as acid catalysts

The use of acid catalysts is widespread in the chemical and pharmaceutical industries and
traditionally they correspond to homogeneous inorganic acids difficult to recover or remove.
Instead, solid acids, including mixed oxides, acidic clays, zeolites, and hybrid organic—
inorganic materials, offer a greener alternative to concentrated acid solutions due to lower
corrosiveness, their environmental friendliness, ease of separation, and minimized
hazardous waste generation. As a result, nowadays solid-acid catalysts like zeolites are
well-established in the petrochemical industry (Clark, 2002; Marziano et al., 1998). In
addition to zeolites, activated carbons are also widely used in different applications, either
as catalysts or as supports of other active species. Carbon-based solids have demonstrated
remarkable catalytic activity for acid-catalyzed reactions such as hydration, hydrolysis, and
esterification of higher fatty acids (Mena, 2014). In particular sulfonated carbons are widely
used for these applications. Sulfonated carbons are primarily synthesized through
incomplete carbonization of sulfoaromatic rings (Hara et al.,, 2004), sulfonation of
microporous or mesoporous carbons, by treatment of char using sulfuric acid (Okamura et
al., 2006; Suganuma et al., 2008; Toda et al., 2005), and hydrothermal carbonization (Hu
et al., 2008).

Generally, the catalytic activity of sulfonated carbons depends on the precursors used.
Carbonization is usually done at high temperature under an inert atmosphere for a long
time to form polycyclic aromatic carbon sheets. Several studies have explored the synthesis
of carbon-based acid catalysts from different precursors, employing methods like
incomplete carbonization, thermal treatment, and hydrothermal carbonization. Such
catalysts, derived from diverse sources such as glucose, starch, sucrose, and cellulose,

exhibit significant catalytic activities in esterification reactions and have potential
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applications

in biodiesel

production,

hydrolyzing cellulose,

and other

organic

transformations. Table 1-4 summarizes some studies for the synthesis of carbon-based

acid catalysts mentioning the precursor employed, synthesis method and performance in

reaction.

Table 1-4: Reported studies on the synthesis of carbon-based acid catalysts from different
biobased precursors.

Precursor Synthesis method Performance Ref.
Remarkable for the esterification (Okamura et al:,
N . . - 2006; Takagaki
Incomplete carbonization at 300-  of higher fatty acids. Higher ;
D-glucose o LS . . et al., 2006;
450°C. activity than commercial acid Zong et al
catalysts for biodiesel production. 2007)
Thermal treatment of the mixture Higher catalytl_c activity th_an
X . sulfonated active carbon in the (B. Zhang et al.,
D-glucose of p-toluenesulfonic acid (p- : -
o reaction of esterification of 2010)
TSA)/glucose at 180 °C. o S
succinic acid with ethanol.
Heating a mixture of D-glucose, Good activity for esterification
. . . - : . (Zhan et al.,
D-glucose p-toluenesulfonic acid and reaction of carboxylic acids with 2014)

diphenyl- ammonium tosylate.

acid-sensitive alcohols.

D-glucose and
starch in
aqueous
solution

Carbonized at 400 °C under Na.
Sulfonated using concentrated
sulfuric acid at 150-160°C under
No.

Highest acid density and
esterification activity was
obtained from mixture of glucose
and corn powder.

(Chen & Fang,
2011)

Sucrose and
alumina

y-Al203 impregnated with
aqueous solutions of sucrose.
carbonized at 600 °C under Na.
Immersed in hydrofluoric acid
(HF) solution. Mixed with
aqueous solution of 4-BDS in HCI
at5 °C.

High efficiency for the
esterification of oleic acid with
methanol. Higher TOF than
sulfonated activated carbon and
Amberlyst-15 (109h™ vs. 44h-1
vs. 15h71).

(Geng et al.,
2011)

High amylose
corn starch

Heated in water. Cooled to 5°C.
Doped with a catalytic amount of
an organic acid. Heated under
vacuum at a 180 °C. Suspended
in H2S04 99.999% purity for 4 h
at 80°C.

Active and reusable catalysts for
the aqueous phase esterification
of dicarboxylic acids

(Budarin, Clark,
Luque,
Macquarrie,
Koutinas, et al.,
2007)

Heated at 450°C under N2. Boiled

Highly active in hydrolyzing
cellulose: up to 68.9% of reducing

(Suganuma et

Cellulose in fuming sulfuric acid (15 wt% sugars in a ionic liquid medium al., 2008)
SO3) at 80°C under No. (130 °C for 3 h) and 51% in "
aqueous medium (180 °C for 9 h).
Heated at 600°C under Na. Highly selective in hydrolyzing
Cellulose Sulfonated by the addition of 98%  cellulose under hydrothermal (Pang et al.,
sulfuric acid at 150 °C. Cl- ions conditions. Active groups have no  2014)
adsorb onto cellulose. leaching problem.
Wood powder L@Eﬁéﬁlmtw;nglaqﬁsgéz for 1 High catalytic performance for the  (Kitano et al.,
with ZnCl = esterification of acetic acid 2009)

h at 250-600°C in a furnace.
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Precursor

Synthesis method

Performance

Ref.

Heated in fuming sulfuric acid at
80°C under Na.

(70°C). High catalytic activity for
the benzylation of toluene.

Camphor tree

Immersed with10% sulfuric acid.
Carbonized in toluene at high

Excellent performance in the
ketalization of cyclohexanone

(Ouyang et al.,

branches temperature. with glycol 2014)
. Good activity for the
Waste of Imprggnated W'th HsPO4 aqueous transesterification of methyl
. solution. Carbonized at 250-450 . ;
Bahia pulp o . acetate with butanol. Higher (Fuetal., 2012)
X C under N2. Heated in H2SO4 at
fibers 90 °C under N performance than Amberlyst and
i H-ZSM-5.
Hydrothermal carbonization of a . L e
mixture of furfural—sodium Highly active in esterification
Furfural reactions involving bulky organic (Jia et al., 2014)

dodecylbenzene sulfonate at 180
°C in an autoclave.

acids.

Incomplete carbonization.

Sulfoaromatic S : - High activity in the esterification (Hara et al.,
hydrocarbons gggflcr:lg in sulfuric acid at 200— of acetic acid. 2004)
Comparable and higher catalytic
Reaction of 4-benzene-diazonium  activities than commercial
Activated sulfonate (4-BDS) with activated catalysts in esterification of (X. Liu et al.,
carbon carbon using hypo-phosphorous aliphatic acids with long carbon 2010)
acid (HsPOy). chains. Leaching of SO3H group
during the reactions.
Reduced with 80% hydrazine . . S
Graphene hydrate at 100°C. Mixed with 4- E'gh catglytlc activity in the . .
; - : ydrolysis reaction. Keep their (Jietal., 2011)
oxide Benzene-diazonium-sulfonate

and HsPO2 aqueous solution.

activity through several cycles.

1.2 Starbon® materials

Starbon® are mesoporous structures obtained by carbonizing starch and other expanded
polysaccharide forms under inert atmospheric conditions by the methods described in
Table 1-4. Those materials were developed at the Green Chemistry Centre of Excellence
at the University of York in England, in collaboration with the Organic Chemistry Department
at the University of Cérdoba, Spain. In 2006, Budarin et al. reported a novel approach for
the generation of a new family of mesoporous carbonaceous materials with surfaces
ranging from hydrophilic to hydrophobic, which is controlled by the degree of carbonization
(Budarin et al., 2006). Aligned with the principles of green chemistry, Starbon® materials
offer biogenic origins and reduced environmental impact in both usage and preparation. A
notable characteristic is their independence from sacrificial templates, as they inherently
form a mesoporous network. Additionally, these materials enable the production of pore
sizes ranging from 8 to 16 nm, surpassing those achieved with templating methods (Lu et
al., 2005).



14  Development of a Colombian starch based Starbon® type material for its use as
catalyst in fatty acid esterification

Mechanically stable and featuring controllable electrical conductivity, Starbons® exhibit
remarkable versatility in functional groups, modifiable based on the carbonization degree.
This allows the production of polysaccharide-like structures with abundant hydroxyl groups,
akin to starch at low carbonization temperatures. Conversely, higher temperatures yield
more aromatic, graphite-like materials. This adaptability ensures stability across a broad
spectrum of conditions, from polar solvents like alcohols to acidic and basic solutions. The
tunable hydrophilic/hydrophobic balance of Starbon® is a direct outcome of carbonization
degree control (Budarin et al., 2006). Given these properties, Starbon® materials find
applications in diverse fields such as nanotechnology, heterogeneous catalysis, energy
storage, water treatment, and phase separation (chromatography). In nanotechnology
frame, investigations have explored applications with palladium and ruthenium supported
on Starbons® as catalysts (Luque et al., 2009). In chromatography studies, efficiency has
been demonstrated in the separation of enantiomers, including substituted ferrocene
compounds (Okamoto & Yashima, 1998). Areas such as water treatment and energy
storage continue to be under study and hold promising applications for the future (Parker
etal., 2013).

Commercial nomenclature of Starbons® provides insights into the synthesis process; for
instance, Starbon®-400-SOzH indicates sulfonation with sulfuric acid and carbonization at
400°C. Specifically, this material boasts a BET surface area of 386 m?g?, a BJH pore

diameter of 4.1 nm, and a BJH pore volume of 0.62 cm3g? (Clark et al., 2008).
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Figure 1-3. Starbon® functional groups, stability and applications range according to
carbonization degree. Adapted from: Budarin et al., 2006.

Starbon® are synthesized through the inert atmosphere carbonization of biobased
matrices. The utilization of low-cost or residual biomass aligns with the green principles
governing their synthesis. Particularly, polysaccharides, have garnered attention due to
their inherent advantages, including natural abundance, cost-effectiveness, and the ability
to form expanded aqueous gels with diverse functional groups (-OH, —C (O) OH, —NHa. In
their native form, polysaccharides have a low surface area and underdeveloped porosity.
However, as polysaccharides are composed of microscopically clustered networks; by
converting them into expanded gels the polysaccharide opens up through reassociation
and rearrangement of chains to generate a porous "aqueous" gel with a large surface area
per unit volume (White & Clark, 2015) .

The preparation of Starbon® materials has been extensively studied not only using starch
but also employing other polysaccharides such as alginic acid and pectin as precursors
(Luque et al., 2012). These biopolymers exhibit distinctive properties that make them
intriguing candidates for the development of advanced catalyst materials. The exploration
of starch, alginates, and pectin as precursors underscores the commitment to sustainable
and eco-friendly practices in catalyst design and production. The textural and
physicochemical properties of the final material obtained are influenced by preparation

conditions such as the of polysaccharide employed, the heating mechanism (microwave or
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conventional), the gelatinization temperature, the solvent and drying mechanism, as well

as the carbonization temperature.

1.2.1 Synthesis of Starbon® materials from starch

Starch composed of amylose and amylopectin, is a neutral polysaccharide suitable for the
synthesis of Starbon® materials. Native starch granules, however, do not yield mesoporous
materials upon carbonization. The synthesis process involves the formation of expanded
starch as a precursor to Starbon® utilizing a sol-gel method. This method takes advantage
of the expansion capacity of the polysaccharide to create a mesoporous structure, which is
then preserved and carbonized in an inert atmosphere. Aerogels and cryogels are prepared
from starch through a process involving thermal gelatinization in water and partial
recrystallization through retrogradation, where the gel is cooled to 5°C producing a porous
gel. Subsequently, the trapped water is exchanged with a solvent of lower surface tension,
such as t-butanol, to prevent the structural collapse during the drying. The last can be
carried out through vacuum or by freeze drying (White et al., 2009). The choice of starting
materials is crucial, as high amylose content in polysaccharides is responsible for the
formation of the expanded network and mesoporosity. Hylon VII starch extracted from high
amylose corn (70% amylose) is an example of a suitable precursor, resulting in expanded
mesoporous starch with a surface area of approximately 180 m2g-1 and an average pore
diameter of around 6 nm (White et al., 2008). The final step involves carbonization and
sulfonation. The expanded starch is doped with an organic acid, such as p-toluenesulfonic,
and heated under vacuum for rapid carbonization, fixing the mesoporous structure. After
carbonization, the pore size distribution indicates a predominance of mesopores with a
volume between 0.4 and 0.6 cm3g?® and a pore diameter ranging from 8 to 16 nm (White et
al., 2008). A summary of the Starbon® synthesis process is represented in Figure 1-4
(Luque et al., 2012).
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Figure 1-4. Starbon® synthesis method using starch as precursor. Adapted from: Luque
etal., 2012.

For the activation of the mesoporous carbon obtained after carbonization, the synthesized
Starbon® is suspended in pure sulfuric acid for 4 hours at 80°C to anchor SO3H groups to
the carbon surface. Subsequent washes with distilled water are performed to remove
residual acid until achieving a neutral pH (Mena, 2014). The carbons are then conditioned
with boiling toluene at 150°C for 4 hours and then with water at 80°C for 3 hours to remove
free organic or sulfonated compounds. Finally, oven drying is carried out at 100°C for
approximately 8 hours, resulting in a material with a BET surface area of 386 m2g-1, a BJH
pore diameter of 4.1 nm, and a BJH pore volume of 0.62 cm3g-1 is obtained (Budarin et
al., 2006).

1.2.1.1 Starch

Starch is a plant-derived polysaccharide widely used in the industry, as it serves various
purposes in stabilizing processed foods, coating for paper, and acting as an adhesive. Its
applications extend to the textile industry, ethanol production, and concrete applications,
showcasing its versatility.(Intriago & Mufioz, 2014). Starch is abundantly present in various
plant varieties such as cereal grains, tubers, leaves, legume seeds, and fruits. For instance,

cereal grains contain between 60 and 75% of their dry weight as starch. The concentration
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of starch varies with the maturity state of these sources (Hernandez et al., 2008).
Structurally, starch is a high-molecular-weight macromolecule composed of biopolymer
chains of amylose and amylopectin (Figure 1-5 and Figure 1-6). Amylose, a linear polymer
of glucose units linked by a (1-4) bonds, can form hydrated micelles through hydrogen
bridges, generating a helical structure. On the other hand, amylopectin, a branched polymer
of glucose units, exhibits partial solubility in hot water and is composed of 94-96% a (1-4)
bonds and 4-6% a (1-6) linkages (Guan & Hanna, 2004).

CH,OH / CHOH CH,OH Y CHOH

o} .."I y O
I\ (e N e N H(f Hooo\f
b \ \ "
/) < ] } ) \ {
J\\OH Hy LO\ NoH /L o INor H/L o |
III 1

H  OH \ H  OH H  OH );" H  OH
N, /

Figure 1-5. Amylose. x(1—4) glycosidic bonds are represented in blue (Zobel, 1988).
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Figure 1-6. Amylopectin. «(1—4) glycosidic bonds are represented in blue, and «(1—6)
glycosidic bonds are represented in red (Zobel, 1988).

The rheological and functional properties of starch are influenced by the ratio of amylose to
amylopectin in its structure. The amylose content is particularly associated with the
gelatinization process of starch crystal aggregates and serves as the mesopore former
(White et al., 2008). Table 1-5 presents the amylose content in starch from different plant
sources.
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Table 1-5: Amylose content in starch from different sources (Hernandez et al., 2008).

Starch source Amylose content (%wt.)
Plantain 25.0-30.0
Sweet potato 19.6
Cassava 159-224
Achira 22.7
Corn 23.9-325
Potato 16.0-28.0
Andean potato 26.0

The physicochemical and functional properties of native starches, including gelatinization
and retrogradation are influenced by their granular and molecular structures. Starch
granules are part of a semicrystalline polymeric system characterized by concentric
alternating rings of crystalline and amorphous region. Typically, starch granules have a
specific surface area (Sger) of s <10 m?g? in their native extracted form (Juszczak et al.,
2002). The crystallinity of native starch granules ranges from 14% to 45%, and different
polymorphs with distinct crystalline structures are identified. Starch can exhibit A-type, B-
type, or C-type crystalline structures depending on the source. A-type crystalline structure
is common in cereal starches, featuring left-handed parallel-stranded double helices in a
monoclinic unit cell. B-type crystalline structure characterizes high-amylose starches found
in tubers, fruits, and stems, exhibiting six left-handed parallel-stranded double helices in a
loosely packed hexagonal unit cell. C-type crystalline structure is presentin starch extracted
from legumes or plant roots, showing coexisting A- and B-type crystallites (Figure 1-7)
(Bekyarova & Kaneko, 2000).
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Figure 1-7. Schematic representation of starch structure from granules to glucosyl units.
Adapted from: Dome et al., 2020.

In the early 2000s, research done at the Centre of Excellence in Green Chemistry at the
University of York demonstrated that corn starch, when prepared under microwave
conditions, has the potential to yield xerogels with low density, surface areas around 120
m2g?, high mesoporosity (95%), and a mesopore volume exceeding 0.6 cm3g? (White et

al., 2008). This discovery opened avenues for novel applications of starch-based materials.

1.2.1.2 Gelatinization

The transformation of low-surface native starches into expanded gels involves a critical
process known as gelatinization. This process aims to create a porous "aqueous" gel
characterized by a large surface area and volume. The crystalline structure inherent in
starch necessitates breaking it down to form gels. Gelatinization is initiated by the addition
of excess water, promoting the expansion of starch granules. Heat is then applied to

increase the solubility of starch granules, leading to water absorption (Figure 1-8).
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Figure 1-8. Scheme of starch gelatinization. Adapted from: Knorr et al., 2006.

During gelatinization, starch granules swell due to water absorption in the amorphous
region, causing the growth ring structure to disintegrate. Simultaneously, the crystalline
regions undergo melting, with amylose leaching out and amylopectin undergoing reordering
through the breaking of hydrogen bonds. The result is an increase in particle size, re-
association of solubilized amylose, and the formation of a gel with increased viscosity.
Continued heating leads to the breaking of the granular envelope, causing dispersion (Knorr
et al., 2006).

The entire gelatinization process is endothermic, with each type of starch having a
characteristic gelatinization temperature. This temperature is primarily determined by the
glass transition of the amorphous fraction of the starch. Differential Scanning Calorimetry
(DSC) studies have shown that approximately 10 mJ mg of starch is required to complete
the gelatinization process (Biliaderis et al., 1985). Table 1-6 provides insights into the
thermodynamic properties of starches from different precursors during the gelatinization
stage. The properties include the Initial Temperature (T;), Peak Temperature (Tp), Final
Temperature (T;), and gelatinization enthalpy (AH), all determined through DSC
(Hernandez et al., 2008).
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Table 1-6: Thermodynamic properties of starch in the gelatinization stage (Hernandez et
al., 2008)

Starch type Ti/°C Tp I°C T¢ /°C AH /kJ kg*
Sweet potato 55.2 61.3 68.2 14.9
Yam 55.2 61.3 68.2 9.2
Corn 62.3 66.3 72.9 10.3
Taro 72.5 78.4 84.0 14.9
Potato 60.0 69.0 80.0 4.6
Plantain 65.0 79.0 100.0 9.4
Canna 62.2 74.9 89.2 12.5
White sorghum 66.2 71.0 75.5 111
Cassava 57.8 65.2 75.3 10.0

For Starbon® material synthesis, the polysaccharide is heated in water above the
gelatinization temperature as it is needed to reach the critical point of swelling for the starch
granule to produce a disordered coil polymer solution (White et al., 2016). Higher
gelatinization temperatures are desirable to avoid remnants of the starch granule structure
that could act as nucleation points for the recrystallizing porous polysaccharide phase
during gel preparation (White et al., 2014) . Figure 1-9 is a schematic representation of the
reported starch gelatinization process in Starbon® materials synthesis. There are two
possible pathways: by common thermal gelatinization and the use of microwaves (Budarin,
Clark, Lugue, Macquarrie, Koutinas, et al., 2007). The gelatinization stage significantly
influences the final Starbon® porosity. Variables such as gelatinization temperature, starch
precursor, and mass ratio (starch: water) directly impact swelling conditions, resulting in

differing textural properties in the resulting dried expanded starch.
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Figure 1-9. Diagram of the gelatinization process employed by Budarin and coworkers in

the obtention of expanded starch gel.

1.2.1.3 Retrogradation

Following gelatinization, starch gels undergo retrogradation, involving the reorganization

and association of amylose and amylopectin chains in the gel. Retrogradation occurs during

cooling, promoting the restoration of hydrogen bonds and the establishment of localized

ordered polymer associations, producing a predominantly amorphous aqueous gel phase

(White et al., 2016). A schematic representation of expansion of granule in water and

subsequent retrogradation is shown in Figure 1-10. Generally, retrogradation implies an

increased degree of crystallinity with the appearance of B-type crystalline polymorphs

(Figure 1-7) (S. Wang et al., 2015).
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Figure 1-10. Schematic representation of changes in molecules arrangement during
expansion of granule in water and subsequent retrogradation. Adapted from: Wang et al.,
2015.

The long-range order present in the starch granule is lost during gelatinization and not
recovered during retrogradation. The new network formed during retrogradation is a result
of short-range inter- and intra-molecular interactions. Amylose retrogradation influences the
initial hardness of a starch gel, while amylopectin is more responsible for long-term changes
(Sandhu & Singh, 2007). When high temperatures are used during the gelatinization, the
recrystallization of the amylopectin serves as seed upon which a highly mesoporous,
amylose-rich phase is deposited, leading to the formation of regularly sized (~5 mm),

mesoporous xero- or aerogel spheres (White et al., 2014).

Various factors can influence starch retrogradation including water content, starch source,
and storage conditions. The optimum saccharides size range for retrogradation is reported
to be between about 14 and 24, with chains that are too short or too long not favouring
retrogradation (Shi & Seib, 1992). Water content plays a crucial role, with retrogradation
not observed for corn starch when the water content is below 20% or above 90%. Maximum
retrogradation occurs in starch gels at 40% to 45% water content (S. Wang & Copeland,
2013). Storage conditions also impact retrogradation, with longer storage times facilitating
the formation of more starch crystallites with a higher degree of perfection. Lower storage

temperatures induce faster crystallization of amylopectin (S. Wang et al., 2015).
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Understanding starch retrogradation can be aided by techniques such as Fourier transform
mid-infrared (FTIR) spectroscopy, where bands at 1047 and 1022 cm™ reflect the amounts
of ordered and amorphous regions, respectively (van Soest et al., 1994). The ratio between
infrared bands 1047 cm™/1022 cm™ increases during retrogradation, indicating an
increased organization of the structure (S. Wang et al., 2015).

1.2.1.4 Solvent exchange and drying

After the synthesis of the retrograded gel, the next crucial step in the production of
Starbons® is solvent exchange and drying. This process aims to transform the retrograded
gel into either aerogel or cryogel while preserving the gel structure. Solvent exchange is
vital to prevent the collapse of the pore structure during drying by reducing the high surface
tension of pore-bound water (White et al., 2014). Different solvent exchange and drying
methodologies for the synthesis of Starbons® are presented in Table 1-7. Two main
pathways are proposed for drying the retrograded gel: vacuum drying to produce an aerogel

or freeze-drying for cryogel formation.

Table 1-7: Reported solvent exchange method on the synthesis of Starbon® materials.

Solvent Exchange Method Solvent  Drying method Ref.
Vacuum oven  (Parker et al., 2012)
5 solvent exchanges Ethanol '
g (Parker et al., 2013)
i Vacuum oven
Budarin and coworkers patented Ethanol (White et al., 2016)
method Acetone
Addition de TBA and mixing. TBA Freeze drying (Borlsz%vlas)et al,
No solvent exchange. Direct Freeze drying (Borisova et al
gelation of the polysaccharide in TBA N
2015)
aqueous TBA

In 2007, Budarin and coworkers patented a method involving solvent exchange through
several washes using ethanol and acetone, schematized in Figure 1-11. It was found that
the choice of solvent and the number of exchanges were variables that affected the final

porosity of the materials.
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Figure 1-11. Solvent exchange method patented by Budarin and collaborators.

Freeze-drying is an alternative method for obtaining expanded porous starch by adding an
organic solvent to the retrograded gel, deep freezing it, and sublimating the solvent to
preserve the pores. This approach helps to overcome surface tension issues related to
liquid-vapor interfaces (Elkhatat & Al, 2011). Particularly, tert-butyl alcohol (TBA) was found
to be an adequate solvent for generating hierarchical porosity. The mesoporosity increased
towards the eutectic points, where maximum values were achieved. The increase in
mesoporosity was associated with the presence of very fine microstructured eutectic
phases preserving the mesopores. An aqueous solution of tert-butanol (25% w/v) resulted
in the formation of fine crystals, leading to better preservation of mesoporous structures in

the freeze-dried gels (Borisova et al., 2015).

1.2.1.5 Carbonization

Once the porous material derived from polysaccharides is obtained, it undergoes a
carbonization process to transform it into more stable carbonaceous forms. The principal
reactions in carbon precursors involves pyrolysis up to about 800°C and carbonization

above 800°C. These processes continuously overlap, collectively referred to as
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"carbonization”. The carbonization of starch-based materials involves the release of
aliphatic and aromatic hydrocarbons, cyclization, and aromatization. From around 600°C,
foreign atoms such as oxygen and hydrogen are released. Above 800°C, the main evolved
gas is Hz due to polycondensation of aromatics (Inagaki, 2013). As the carbonization
temperature increases, carbon materials become harder due to the growth and stacking of
carbon chains. The elemental composition of starch-derived materials is dependent on the
carbonization temperature, transitioning from a starch-like material at low temperatures to

a graphitic-like structure at high temperatures (Okamura et al., 2006).

Two principal carbonization/decomposition transitions occur:

= |n the range 180-300 °C: Induced via intermolecular crosslinking/dehydration of
hydroxyls leading to ethers and carbonyls. Heterolytic scission of glycosidic linkages
yields levoglucosan and shortened “dehydrated” polysaccharide chains.

= In the range 300-550 °C: Intramolecular dehydration induces the formation of C=C
(olefinic) double bonds conjugated with a carbonyl group. Condensation of sugars (i.e.
glucose, levoglucosan) with their decomposition products such as furfural and

hydroxymethylfurfural.

At the final transition above 550 °C, the conversion of 1D linear conjugated groupings to
2D (surface plane) increasingly condensed aromatic structures, results in the formation of
structures with increased long-range order typical of classical carbon materials (White &
Clark, 2015). The thermal decomposition products of starch at different temperatures are
illustrated in Figure 1-12. For Starbon® synthesis, the porous material derived from starch
undergoes carbonization through thermally catalyzed decomposition facilitated by acid.
Expanded starch is doped with an organic acid enabling fast carbonization and fixing of the

mesoporous structure (Budarin et al., 2006).
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Figure 1-12. Products of thermal decomposition of starch at different temperatures.
Adapted from: White & Clark, 2015.

Transmission electron microscopy (TEM) performed on Starbon® during carbonization
reveals the structural evolution at different temperatures (Figure 1-13). Image A shows
expanded starch with a homogeneous structure around the mesopore. Images B to F show
Starbons® prepared at progressively higher temperatures. Dark areas around the
mesopores in B and C indicate small carbon particles, suggesting the carbonization process
begins around the pores. Images from D to F demonstrate how the carbonization reaction
gradually moves towards the rest of the material (Budarin et al., 2006). The material
morphology of the carbonized Starbon® resembles the nanoscale morphology of the parent
porous starch before carbonization. It results in maintenance of the total pore volume
around 0.4 to 0.6 cm®g™? with a predominance of mesopores (8 to 16 nm) (White & Clark,
2015). The correlation between carbonization temperature and the porosity of the final
material is observed. Interconnected network structures and increased microporosity are
evident in Starbons® carbonized at 300°C or lower temperatures. Temperatures higher than
300°C promote interconnection between pores, and temperatures exceeding 600°C result
in well-defined micropores with 500 m?g™ (White & Clark, 2015). The selection of a
carbonization temperature is crucial and depends on the final application. For catalyst
applications, Starbon® carbonized in the range from 300°C to 700°C can be utilized based

on the specific reaction requirements (Figure 1-3).
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Figure 1-13. TEM of starbons® produced at a range of temperatures: A) expanded starch;
B) 100°C; C) 150°C; D) 220°C; E) 300°C; F) 450°C (Budarin et al., 2006).

1.2.1.6 Sulfonation

When Starbons® are treated with sulfuric acid, a solid acid with promising properties as a
heterogeneous catalyst is obtained. Different routes for the sulfonation of Starbons® have
been proposed, involving the submersion of the carbon on concentrated sulphuric acid.
This contact should be carried out at temperatures above 35°C to achieve a proper
anchoring of the SOzH sites on the surface. The resulting mesoporous sulfonated carbon
must be washed until a neutral pH is achieved, removing residual acid. Subsequent
conditioning with boiling toluene and hot water may be performed before final drying (Luque
et al., 2012; Mena, 2014). The functionalization of carbons is intricately tied to the initial
structure, influencing the surface and properties of sulfonated carbons. Sulfonated carbons,
containing SOsH groups, retain all the textural properties and defects of the original carbon
support. This enables the production of both hydrophilic and hydrophobic acidic carbons
with a wide range of superficial SOzH acidity, porosity, and carbon framework structures.

Acidic carbons, especially those derived from incompletely carbonized materials, possess
various oxygen functional groups such as -COOH and OH-, which contribute to the
material's ability to adsorb or retain significant amounts of hydrophilic molecules, in addition
to the SOsH groups attached to the flexible carbon structure. Lower carbonization
temperatures result in smaller carbon sheets. Consequently, lower temperatures lead to
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higher —SOsH densities, primarily located at the edges of the carbon sheets (Konwar et al.,
2019). Hence, it is pertinent to understand some characteristics of different types of SOzH-
functionalized acidic carbons obtained through sulfonation of diverse carbon supports, as
highlighted in Table 1-8. As observed, sulfonation of Starbon® materials results in acidic
carbons with varying properties, including SO3H acidity, porosity, and carbon framework
structures. The resulting materials can be tailored for specific applications based on their
properties.

Table 1-8: Overview of different types of SO3H-functionalized acidic carbons (Konwar et
al., 2019).

SOsH Acidity Specific Surface  Average Pore Size
Carbon . Jrta :
/mmol g™ Area /m4g™: /nm:
Non-Porous ~
Sulfonated Carbons 0.56 - 4.90 <2 Not specified
Macroporous
Sulfonated Carbons 0.56 - 4.90 Up to 120 >50
Mesoporous
Sulfonated Carbons 0.14-1.88 75-1191 31-281
Microporous
Sulfonated Carbons 0.50-1.10 800-2000 <2
Nanostructured 0.68 — 2.00 215500 Not specified

Sulfonated Carbons

1.2.2 Starbon® materials as catalysts

The mesoporous nature of Starbon® implies lower surface energies compared to
microporous materials. This characteristic enhances accessibility to active sites and
facilitates efficient mass transfer, resulting in higher diffusion rates and mass transfer
coefficients. Starbon®, as a mesoporous catalyst, is well-suited for the conversion of larger
molecules, particularly in petrochemicals and fine chemistry (Luque, 2010). The ability to
tailor its structure and functional groups makes it valuable for controlling selectivity in
reactions, especially in liquid-phase applications (White & Clark, 2015). This type of
material has been tested for its activity as a heterogeneous catalyst in various acid-
catalysed reactions under thermal or microwave conditions. Additionally, various studies
have shown that reaction rates obtained with acid Starbon® are considerably higher than
those achieved with commercial solid acids, and it also exhibits greater selectivity.
Furthermore, Starbon® acids have demonstrated exceptional stability and reusability in the

investigated reaction medium. It can be easily recovered from the aqueous reaction mixture



Chapter 1: Background and Theoretical framework 31

and has been reused up to three times, maintaining reaction rates almost identical to the

original ones.

1.2.2.1 Performance in esterification, transesterification, and other reactions

Treating Starbon® with sulfuric acid yields a solid acid with promising properties as a
heterogeneous catalyst in esterification and transesterification reactions. In esterification, it
demonstrates significantly higher reaction rates compared to alternative commercial solid
acid catalysts. For diacid esterification, the rates are 5 to 10 times higher, with an improved
diester selectivity. The reaction time is notably shorter for Starbon-400-HSO3, ranging from
3-5 hours compared to over 12 hours for other carbonaceous solid acids (Budarin, Clark,
Luque, Macquarrie, Koutinas, et al., 2007). Moreover, in simultaneous esterification of free
fatty acids and transesterification of triglycerides for second-generation biodiesel
production, it has been verified that Starbon® surpasses other commercial solid acid
catalysts, showcasing remarkable activity and reusability. Despite a decline in activity with
successive use, the catalyst maintains effectiveness, especially under microwave-assisted

processes (Luque & Clark, 2011).

In a recent study conducted by Clohessy and Witold in 2020, carbonaceous catalysts were
compared to traditional catalysts in the context of biodiesel production. The research
demonstrated that partially carbonized materials such as glucose, sucrose, cellulose, or
starch exhibit superior reaction rates and activity compared to conventional catalysts like
Amberlyst 15 ion exchange resins and sulphated zirconias. Remarkably, starch proved to
be the most effective polysaccharide in both esterification and transesterification reactions,
exhibiting activities approaching to those achieved with sulfuric acid, a potent traditional

catalyst (Clohessy & Kwapinski, 2020).

Starbon® also excels in other liquid-phase reactions, such as the acylation of alcohols and
alkylation of aromatic compounds under microwave conditions. In the acylation of benzyl
alcohol with acetic acid, Starbon-400-SO3H exhibited reaction rates 5 to 10 times higher
than commercial catalysts and twice as fast as similar sulfonated microporous carbon
materials. In the alkylation of aromatic compounds with benzyl chloride, sulfonated Starbon
provided high yields and selectivity, outperforming various tested catalysts, including

zeolites and mesoporous Al-MCM-41 materials (Luque et al., 2011).






2. Understanding Starbon® synthesis using
cassava starch as precursor

2.1 Introduction

Starbons® represent a class of porous materials derived from renewable resources. Its
name stands for "starch-derived mesoporous carbon" as they were originally obtained using
starch as precursor. The synthesis process entails the controlled pyrolysis of
polysaccharides, resulting in materials characterized by high porosity, large surface areas,
and the ability to adsorb a diverse range of molecules (Budarin et al., 2006). While natural
polysaccharides possess low surface areas and poorly developed porosity, Starbons® can
be obtained by expanding polysaccharides through the production of aqueous gels. As
these materials are derived from renewable resources, they present an environmentally
sustainable alternative to conventional materials and catalysts derived from fossil fuels.
Additionally, owing to the abundance of polysaccharides and cost-effective production
processes, Starbons® are economically viable compared to other porous materials. This
characteristic positions them as potential replacements for conventional materials in
various applications, leading to more sustainable, cost-effective, and efficient processes
(Budarin et al., 2006). Various Starbons® have been produced primarily using high amylose
corn starch (Hylon VII) as a raw material for diverse applications, as summarized in Table
2-1.

Different factors in each stage affect the final surface properties of the Starbon® materials.
Among them, the type of starch used for the synthesis influences the final pore volume
according to the amylopectin content of the starch: lower amylopectin contents promote
higher porosity as the amylose leaches the granule and forms higher pores (White et al.,
2008).
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Table 2-1: Reported studies of applications for Starbon® materials.

Research Starch type Application Ref.
Towards a Bio-Based Industry: Benign Catalytic High amviose (Budarin,
Esterifications of Succinic Acid in the Presence of 9 y Catalysis Luque, et al.,
corn starch
Water 2007)
Water-tolerant Ru-Starbon® materials for the High amylose Catalvsis (Luque &
hydrogenation of organic acids in aqueous ethanol corn starch Y Clark, 2010)
Use of Starbon for the Adsorption and Desorption High amylose Organic (Parker et al.,
of Phenols corn starch adsorption 2013)
Mesoporous Carbons from Polysaccharides and hgan;z?ozr;dch?]h Batteries (Uriburu-Gray
Their Use in Li-O2 Batteries y et al., 2020)
starch
The role of surface functionality of sustainable High amvlose (Milescu et
mesoporous materials Starbon® on the adsorption 9 y Gas adsorption
corn starch al., 2020)

of toxic ammonia and sulphur gasses

To valorise waste streams and second-generation raw materials, the utilization of waste
starches becomes of primary interest for industrial applications. In Colombia, major starch
sources include potatoes, cassava, and bananas. Despite producing nearly 5 million tons
of roots and tubers, approximately 30% are discarded due to quality standards (DPN,
2016). These materials present an opportunity for valorization through starch extraction,
with subsequent transformation into high-value products such as bio-based catalysts.
Specifically, cassava starch contains 17-20% amylose. It is differentiated from other
starches by its low residual content (1.2% lipids, 0.1% protein, 0.08% ashes), lower
amylose compared to other varieties, and high molecular weights of amylose and
amylopectin (Manrique, 2006). As cassava starch content of amylopectin is around 73%,
there are limitations on the production of Starbon® by the conventional method and the
synthesis conditions need to be studied. Therefore, the gelatinization, retrogradation,
solvent exchange, and carbonization conditions must be assessed to adapt them for low-

amylose content starches.
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2.2 Materials and methods

2.2.1 Materials

Cassava starch was purchased from a local supplier (Yucarina, Unilever®). Deionized water
used for the gelation process was obtained in the laboratory. Tert-butyl alcohol (99.7% wt.,
PanReac AppliChem ITW Reagents) and ethanol (99.5% wt., PanReac AppliChem ITW
Reagents) were employed for solvent exchange, and p-toluenesulfonic acid monohydrate

(97% wt., Fisher Scientific) was used as a carbonization promoter.

2.2.2 Methods

2.2.2.1 Cassava starch characterization

The amylose and amylopectin content in cassava starch was determined using the
enzymatic method K-AMYL 06/18 (Megazyme, 2018). Additionally, the morphology of
starch granule was analysed by Scanning Electron Microscopy (SEM) using FEI Quanta

200 equipment.

2.2.2.2 Conventional synthesis

Expanded cassava starches were synthesized according to the conventional method
reported in the literature (Borisova et al., 2015; Budarin et al., 2006). A defined amount of
starch was added to deionized water in a 1:10 mass ratio, and the mixture was heated at
80°C under atmospheric pressure for 1 hour. Subsequently, the resulting gel was
retrograded at 5 °C for 48 h. A solvent exchange was performed by adding tert-butyl alcohol
up to 25% wt. in the mixture and p-toluenesulfonic acid (5% wt.) as a doping agent. The
material was then freeze-dried at -107°C and 1mbar to yield the expanded starch. The

procedures are schematically presented in Figure 2-1.
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Stirring speed: 350rpm RETROGRADATION SOLVENT, EXCHANGE DEINIG
AT ; e Solvent: Tert-butyl alcohol Freeze drying.
Time: 60 min — Temp:4°C = PR = _
R N Amount: 30% vol Time: 4 days
Tempe 80-5 Times 2 days Mixed and filtered Temp:-107°C Pres: 1mbar
Mass ratio (S:W): 1:10 i i

Figure 2-1. Conventional synthesis method for Starbon® production, until drying step for
expanded starch obtention.

2.2.2.3 Study of synthesis variables

Gels were synthesized by stirring 15g of cassava starch in 150 ml of water for 1h at 110°C
and 125°C, in a three-neck round-bottom flask using a half-moon overhead stirrer. The
obtained sample was divided into 3 beakers and put in a freezer for its retrogradation at
4°C. The first sample was taken out after 4 days, the second after 8 days and the third after
16 days. When samples were removed from the fridge, they were immediately subjected to
solvent exchange using two proposed methods, namely using ethanol or TBA.

When solvent exchange was performed using ethanol, 100 ml of ethanol were added to the
gel, blended, and subsequently stirred magnetically at 500 rpm for 1h at room temperature.
It was filtered under vacuum to remove water-ethanol solvent. New ethanol (100 ml) was
added, and the procedure was repeated. The number of solvent exchanges was evaluated.
Samples were then placed in a vacuum oven at 30°C for 24h. When solvent exchange was
done using freeze drying method, TBA was heated at 30°C for melting, as it crystallizes at
room temperature. It was observed that rapid addition to the mixture separated it in two
phases, so it was compared to slow addition, at 2ml every 10 minutes until reaching 20%
wt. with respect to the initial water used for gel preparation. Subsequently, it was pre-frozen
using liquid nitrogen and freeze-dried in an Alpha 3-4 LSC basic Christ freeze-dryer for 48
hours. A portion of dried materials in both routes was doped using 5% wt. of p-TSA solved

in a small volume of acetone as promotor of carbonization. Carbonization was executed at



Chapter 2: Understanding Starbon® synthesis using cassava starch as 37
precursor

450°C and 700°C in a Thermo Scientific Lindberg/Blue Mini-Mite tubular oven, at different
ramps as presented in Figure 2-2 (Mena, 2014). A schematic representation of the steps in

the synthesis, their conditions and the assessed variables is presented in Figure 2-3.

25°Cto 170°C 170°Cto 400°C
10 Kmin+ 5 Kmint
]
v
400°Ct0450°C/700°C 450°C/ 700°C
1 Kmint 60 min

Figure 2-2. Temperature ramps for carbonization in Starbon® synthesis.

GELATINIZATION | RHRngEﬁ?QT'ON
Stirring speed: 300rpm Time: 4, 8 and 16 days
Time: 60 min | — I
Temp: 110°C, 125°C
M tio (S:W): 1:10 SOLVENT EXCHANGE TBA
ass ratio (SW) SOLVENT EXCHANGE EtOH Solvent amoant: 25%ut
Volume ratio (Gel-Solvent): 1:2 Addition time: direct, 2ml/10 min
Stirring time: 60 min 1
Times: 3, 5
DRYING
: Freeze drying.
DRYING ) Time: 4 days Temp:-107°C
Vacuum Oven Drying Pres: 1mbar
Time: 24 hours Temp: 30°C i
! ]
CARBONIZATION
Reduction Oven
Temp: 450°C, 700°C
Pretreatment: Acid, no pretreatment

Figure 2-3. Modified synthesis method for Starbon® production using cassava starch.
Assessed variables are highlighted in green.

2.2.2.4 Expanded cassava starch and Cassava-Starbon characterization

Expanded starch samples and carbonized samples were characterized using nitrogen
adsorption at 77K using Quadrasorb (Quantachrome Instruments). The expanded starch
samples were outgassed using a vacuum degasser for 24 h at 50 °C and subsequently
analysed, while the carbonized starch samples were outgassed at 250°C. The surface area
was calculated using Brunauer, Emmett and Teller (BET) method in the relative pressure
range from 0.05 to 0.30, and the pore volume was determined using the Barrett-Joyner-
Halenda (BJH) model. Pore size distributions were calculated using the non-linear density

function theory (DFT) model for slit-cylindrical pores on carbon materials, from the
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adsorption and desorption branches of the isotherms. Organic compounds on the materials
were characterized by Fourier transform infrared spectra (FT-IR), obtained by a Perkin
Elmer FT-IR 1760 Spectrometer in the wavenumber range from 2000 cm™ to 500 cm™. The
thermal stability of the cassava starch was tested by thermogravimetric analysis (TGA). The
analysis was conducted using a simultaneous DSC-TGA TA Instruments STD 2960 V3.0F.
The operation was performed from 30 -C to 600 -C at a heating rate of 10 -C/min under

nitrogen. A sample mass of 19.4 mg was kept throughout the test.

2.3 Results and discussion

2.3.1 Cassava starch characterization

The amylose content of Colombian cassava starch was determined to be 20.75% wt., while
the amylopectin content was estimated in 79.25% wt., which is consistent with literature
values for this starch (Fallahi et al., 2016). Based on SEM images, it was observed that
cassava starch granules were spherical and truncated, with an average size of 16 um and

a range of 8 to 22 um (Figure 2-4).

HY  Mag [Sig WD — 100.0pm
Universidad Nacional de Colombia

Figure 2-4. SEM image of native cassava starch granules.
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2.3.2 Conventional synthesis

The conventional synthesis method as reported by Budarin and colleagues (2006) was
implemented, including drying by freeze drying proposed by Borisova (2015) using
Colombian cassava starch as the precursor. However, some steps in the synthesis remain
unclear due to the patent on the Starbon® production process, such as the stirring speed
and the type of mechanical stirrer used during gelatinization. Moreover, it may be beneficial
to provide additional details regarding the process of mixing the obtained gel with t-butyl
alcohol prior to freeze drying, particularly given its solid state at atmospheric conditions.
The absence of such information has been found to pose challenges during the synthesis
process, as even minor variations can significantly impact the final porosity of the material.
Consequently, although several attempts in the production of the material were done, those
conducted to expanded cassava starch samples with inadequately developed porosity and
a negligible surface area (approx. 1.3 m?g?). Nitrogen adsorption isotherms for the
expanded cassava starch samples synthesized via the conventional method revealed a
structural collapse during the synthesis process, leading to a loss of intrinsic porosity

compared to the native cassava starch, as illustrated in Figure 2-5.
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Figure 2-5. Nitrogen isotherm of expanded cassava starch produced by conventional
synthesis (red) compared to native cassava starch (black).
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Similar challenges were encountered by other researchers attempting to produce Starbon®
materials, underscoring the critical need for a detailed understanding of synthesis variables.
Brouwer in 2017, at Wageningen University in the Netherlands, synthesized starbons®
under different conditions including freeze-drying and vacuum oven drying, finding that the
starbons® and dried gels contained significantly lower values for the BJH mesopore
volumes compared to literature (Brouwer, 2017) Similar results were obtained by Sreedhar
and coworkers, in the Department of Chemical Engineering at BITS Pilani Hyderabad
Campus, Hyderabad, India, who carried out Starbon® synthesis for its implementation on
carbon capture. They followed the method reported by Budarin and collaborators (2006),
and obtained surface areas around 2 m?g* when carbonizing at 350°C, with a maximum of
13 m?g* when increasing carbonization temperature until 550°C (Sreedhar et al., 2019). In
this regard, a systematic study of the synthesis variables and adapting them to cassava

starch is important for achieving the valorization of Colombian biomass.

The observed reduction in porosity during synthesis can be attributed to several synthesis
variables. One hypothesis posits that a low gelatinization temperature may have left the
starch granules partially intact, creating nucleation sites that facilitate the alignment of
amylose and amylopectin chains, thereby reducing porosity. A second hypothesis concerns
the retrogradation time; given that cassava starch contains less amylose compared to other
starches, it may exhibit a diminished propensity for retrogradation, necessitating a longer
duration than starches with higher amylose content, such as Hylon VII. A third hypothesis
suggests that the incorporation of TBA during the solvent exchange phase could reduce
porosity achieved during gelatinization and retrogradation, as the rapid addition of TBA
induces phase separation within the gel. Furthermore, it is proposed that doping with p-
TSA may lead to the collapse of the porous structure. Based on these hypotheses,
modifications were implemented in the synthesis process, and various conditions were

systematically evaluated.

2.3.3 Study of synthesis variables

The optimization of the synthesis process for cassava starch involved testing different
gelatinization temperatures, retrogradation times, and solvent exchange methods. Cassava
starch is considered a waxy starch due to its high amylopectin content. As a result, waxy

starches generally have a greater capacity to form transparent and viscous gels compared
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to other starches that contain higher levels of amylose. This characteristic was
demonstrated during the gelatinization of cassava starch. When a starch gel is formed with
amylose-based networks, it achieves elasticity and resistance to deformation. In contrast,
softer gels with amylose-free aggregates tend to be more penetrable, exhibiting higher
stickiness and adhesion. These characteristics make such gels easier to penetrate, sticky
to the touch, and prone to adhering to surfaces. The reduced content of amylose groups to
form hydrogen bonds between molecules in the gel disrupts long-distance interactions
within the gel structure, leading to a decrease in gel cohesion. Consequently, soft gels
containing aggregates without enough amylose networks are likely to have lower cohesion,
making them more penetrable, sticky, and adhesive. As cassava starch gel is less cohesive
and more penetrable, it became more susceptible to collapsing or losing its porous structure
during drying, resulting in lower porosity. Experimentation with different drying conditions
and adjustments to the gel formulation becomes crucial for obtaining aerogels with the

desired porosity.

The influence of gelatinization temperature was previously studied, increasing it so as to
ensure the complete expansion of the starch granules and reorganization of the amylose
and amylopectin chains (White et al., 2008). Additionally, the influence of retrogradation
time on the final porosity was examined considering that longer retrogradation times
promote a better organization of the network (Tian et al., 2011). Solvent exchange and
drying by both routes proposed in literature (using EtOH and vacuum oven, and TBA and
freeze-drying) were compared (Borisova et al., 2015; Budarin, Clark, Luque, Macquarrie,
Milkowski, et al., 2007). The expanded starches under those conditions were characterized
by its surface properties. Subsequently, carbonization was done at 450°C and 700°C
adding p-TSA as doping agent and without the use of p-TSA for understanding its function

during the process.

Based upon the preliminary results, and the conditions previously evaluated in the gelation
and retrogradation stages, a complete set of experiments was carried out to explore the
impact on the surface characteristics of expanded cassava starch. As observed in Table
2-2 , and differently from the preliminary tests, the variations in the synthesis method were

successful in achieving an expansion of the granule and the preservation of the pores
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produced in expanded gels. Additional results are presented in Figures 2-6 to 2-13, and the

corresponding analysis on each variable is presented in the following sections.

Table 2-2: Synthesis parameters and textural properties of expanded cassava starch
materials.

Gelatinization  Retrogradation Solvent Surface P(_)re Pore
temperature /°C time /days exchange arzea}l size volusmfle

method /m“g /nm /cm®g

110 4 EtOH 17 135 0.07

125 4 EtOH 14 9.4 0.05

110 8 EtOH 6 5.7 0.01

125 8 EtOH 10 8.8 0.01

110 16 EtOH 6 4.7 0.03

125 16 EtOH 7 4.6 0.01

110 4 TBA 32 4.0 0.08

125 4 TBA 56 4.6 0.13

110 8 TBA 19 4.4 0.01

125 8 TBA 43 7.3 0.02

110 16 TBA 26 6.7 0.06

125 16 TBA 13 8.4 0.03
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Figure 2-6. Nitrogen isotherms of expanded cassava starch samples obtained by EtOH
solvent exchange method.
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Figure 2-7. Surface area of expanded cassava starch samples obtained by EtOH solvent

exchange method.

0,08

0,06

Pore volume /cm®g™”!
o
o
5
1

o

o

LS
1

i

0,00

—= 110°C Pore volume
— = 125°C Pore volume

8'1|0'12'14'16
Retrogradation time /days

Figure 2-8. Pore volume of expanded cassava starch samples obtained by EtOH solvent
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Figure 2-9. Pore size of expanded cassava starch samples obtained by EtOH solvent
exchange method.

T T T 240 T T T
180 ["w 4d_110°C_TBA A) 220 | ® 4d_125°C_TBA ®)
= 8d_110°C_TBA LI = 8d_125°C_TBA g

140 200 T
o120 o o] |
“g | "‘g 160 |
= 100 A r o 1404
N o 140
% g0 £ 120 .
? ' ? 100 - a

60 . .
E = 5 80 i
< a0 b £ 60 x ”

| |
40 wafl
4 1L ] mmEE e
® c AL A 1 20 L "
as -
0] B e Ee s S o e 04 e e T T T
- : ; ; r : - r ; : : ;
0,0 02 04 06 08 1,0 00 02 04 06 08 1,0
P/Po P/Po

Figure 2-10. Nitrogen isotherms of expanded cassava starch samples obtained by TBA
solvent exchange method.
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Figure 2-11. Surface area of expanded cassava starch samples obtained by TBA solvent
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Figure 2-13. Por size of expanded cassava starch samples obtained by TBA solvent
exchange method.

2.3.3.1 Gelatinization temperature

Gelatinization is the main and most important step in Starbon® synthesis as it is responsible
for the dispersion of amylose and amylopectin chains as granule swells and water is
integrated in the structure. The gelatinization temperature is therefore an important variable,
as it affects the diffusion of water into the granule and the polymer recrystallization
behaviour. Cassava starch gelatinization temperature ranges from 62°C to 86°C,
presenting a peak at 68°C (Cheng et al., 1998). This range was surpassed in the selected
gelatinization temperatures (110°C and 125°C). It was possible to evidence that increasing
the gel temperature could have promoted the complete solution of the granule in the
mixture, avoiding the loss of porosity related to partial crystallization of the net. Two
temperatures: 110°C and 125°C were studied, nevertheless, it is possible to evidence in
Figures 2-7, 2-8, 2-9, 2-11, 2-12 and 2-13 that there are no clear trends of surface area,
pore volume and pore size mainly because temperature ranges were closely clustered. In
this sense, this variable had minor influence on the final porosity of the material in the

assessed range.
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Starbon® materials have generally been produced using high-amylose corn starch known
as Hylon VII, which gelatinization temperature ranges from 130°C to 150°C. White et al.
used Hylon VII starch for preparing gels by microwave gelatinization at different
temperatures from 100°C to 180°C to understand the influence of gelatinization
temperature on final porosity of the dried expanded starch (White et al., 2008). They found
that when temperature was higher than gelatinization range for Hylon VII at 180°C, the
formation of regular spherical particles with a higher order of polysaccharides was
observed. It was suggested that, at this temperature, amylopectin melts and then
depolymerizes through a hydrolysis of 1-6 bonds. Consequently, similar phenomenon
should be taken place in the cassava starch studied. As the synthesis temperatures used
are much higher than gelatinization temperature of cassava starch, at 110°C and 125°C,
breaks in amylopectin chains have occurred and the formation of spheres conducts to the
no-significant effect of the variable in the assessed range. TGA was performed to cassava
starch to understand its depolymerization temperature. The results suggested that the
decomposition of chains when starch is still on its granule form starts at around 180°C,
nevertheless, when the granules are dispersed in water the envelope has been remove,
the structure is less crystalline and the depolymerization of amylopectin molecules should
start at lower temperatures. Contrasting with literature, for Hylon VII starch, the TGA results
suggested that the decomposition of starch starts at 275°C (Labelle et al., 2023), and White
et al. are reporting the depolymerization in water at 180°C (White et al., 2008).
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Figure 2-14. TGA and DTG curve for cassava starch.
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2.3.3.2 Retrogradation time

After retrogradation, cassava starch gels were sticky and soft due to the starch's high
amylopectin content In contrast to the firm gel obtained when amylose is abundantly
present in starch, waxy starch pastes on retrogradation form a soft gel, which contains
aggregates but no network (Tang & Copeland, 2007). Since cassava starch has a lower
amylose content compared to other starches, it may have a lower tendency to retrograde
and harden over time. The amylose's tendency to reorganize promotes nucleation in
retrogradation, making the gel firmer in less time. Being a linear molecule, it is more prone
to organize itself and form crystals, while branched starch is less likely to do so, and

therefore will be pasty.

The retrogradation time was manipulated, revealing a notable impact on porosity. According
to Tian et al., 2011, who studied the starch retrogradation by thermogravimetric analysis on
different starches including low-level amylose starches, there is a correlation between the
retrogradation time and the order of the chains on the expanded starch. As a result, shorter
retrogradation times are desirable to promote the formation of pores. Itis possible to confirm
the previous mentioned on the isotherms obtained for both solvent exchange methods,
where for both gelatinization temperatures, higher nitrogen adsorption is evidenced when
gels were retrograded in shorter times (4 days) (Figure 2-6A and B, Figure 2-10A and B),
which is an indicative of increased mesopore formation. Ethanol solvent exchange
exhibited a decrease in surface area, pore volume, and pore size with extended
retrogradation times (Figures 2-7, 2-8 and 2-9). In contrast, TBA solvent exchange resulted
in an increased pore size with longer retrogradation times, suggesting that more ordered
networks enhances the mixing between the water in the gel and the TBA added, promoting
easy formation of microstructured eutectic phases and preserving the mesopores (Figures
2-11, 2-12 and 2-13) (Borisova et al., 2015).

2.3.3.3 Solvent exchange and drying method

Two synthesis routes employing ethanol and TBA as solvents were compared, focusing on
the solvent exchange step. Both methods leaded to porous expanded materials. In the first
route, wherein TBA was employed as solvent, the formation of a unique phase between t-
butanol and water was the key of mesopores production. Consequently, the solvent addition

must guarantee a final composition in which the eutectic point is reached (Borisova et al.,
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2015). It was observed that the gradual addition of this solvent may be crucial in generating
an emulsion that preserves the pore structure, while the fast addition of the solvent leaded
to phase separation and the destruction of the porosity (Figure 2-15).
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Figure 2-15. Surface area, pore size and pore volume of dried cassava gels prepared by
TBA method, with TBA added directly (left) and at 2ml/10min (right).

Furthermore, during the exchange utilizing ethanol as solvent, it was concluded that both
the number of exchange cycles significantly impacted the final porosity of the material, in
contrast with the porosity obtained when three exchanges were made, the increase to five
exchanges conducted to higher surfaces and pore volumes with an small reduction in pore

size (Figure 2-16).
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Figure 2-16. Surface area, pore size and pore volume of dried cassava gels prepared by
EtOH method, with solvent exchange done 3 times (left) and five times (right).

When retrograded for 4 days, the ethanol method conducted to mesoporous materials with

higher pore sizes (9-13 nm) than the obtained by TBA method (4nm). Consequently,



50 Development of a Colombian starch based Starbon® type material for its use
as catalyst in fatty acid esterification

smaller pores but similar pore volumes implies that surface area available in samples
exchanged by TBA method was higher than the obtained by ethanol method (33% higher).
Additionally, it has been demonstrated that pores reduce their size during carbonization,
leading to higher surface areas and the appearance of microporosity in carbons (White &
Clark, 2015). Having that on mind, the recommendation of one of the two routes will be
linked to the final application of the Starbon® material. Materials prepared by TBA method
will be suitable for applications in the adsorption or reaction of small molecules and will
have a high surface area which will enhance the acidity or adsorption capacity of the
material. On the other hand, materials synthesized by EtOH method will be suitable for

applications involving larger molecules such as long chain fatty acids esterification.

2.3.3.4 Carbonization pretreatment and temperature

During the carbonization process, it was observed that the presence of an acidic agent (p-
TSA), enabled carbonization initiation within the pores of the expanded material, resulting
in the formation of carbonized powder. In contrast, the absence of this acid leads to foam
production, yielding to a coke-like material (Figure 2-17). When the acid is not used,
carbonization results in melting of the polysaccharide network before the necessary
dehydration-initiated mechanism (required to maintain the porosity) occurs. The use of the
acid catalyst allows the decomposition mechanism to proceed at lower temperatures (e.g.
< 150 °C) before the network melting, and the successful conversion of the porous starch

phase into stable nanostructured, porous carbonaceous materials (White & Clark, 2015).

Figure 2-17. Product of carbonization of expanded starch: without doping with acid (A)
and with doping with acid (B).
Once proved the effect of acid pretreatment and its importance during synthesis, all
materials were pretreated before carbonization. Yield during this process resulted in around

22-35% of the weighted material remaining after carbonization. Higher carbonization
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temperatures promoted the decomposition of material, leading to smaller yields. In Table
2-3 are presented the surface area, pore size and pore volume for cassava starch
gelatinized at 110°C and retrograded for 4 days.

Table 2-3: Synthesis method, carbonization temperature and textural properties of
Cassava-Starbon materials.

Solvent exchange Carbonization . o Surface  Pore size Pore volume
o Yield /% 201 3-1
method temperature /°C area /m-g /nm /lem®g
EtOH Before carbonization NA 17 13.5 0.07
EtOH 450 29.9 92 4.3 0.10
EtOH 700 23.9 360 2.4 0.21
TBA Before carbonization NA 32 4.0 0.08
TBA 450 31.6 202 1.8 0.17

When samples were carbonized, an increase on its surface occurs thanks to the formation
of microporosity resulting of the degradation of the starchy matrix. Thus, producing a
decrease in average pore size and an increase in the pore volume of the samples. This is
also related to carbonization temperature. Higher carbonization temperatures produce a
significant reduction in pore sizes (Figure 2-18A). This limits the use of materials carbonized
at 700°C in applications with large molecules but make then suitable for adsorption of small

molecules.

IR spectroscopy in Fourier transform mode (FTIR) spectroscopy of expanded cassava
starch and its corresponding carbonized samples at 450°C and 700°C is presented in
Figure 2-18B. Through the obtained spectra it is possible to evidence the conversion of the
hydrophilic hydroxyl-rich polysaccharide precursor into carbonyl and aromatic rings in the
surface. Hydroxyl groups (OH) are identified at the range of 1000-1100cm™ in expanded
starch precursor. Subsequently, when carbonized at 450°C ether and carbonyl groups are
evidenced at 1209cm* and 1700cm? respectively, remaining hydrophilic and hydrophobic.
Finally, in the sample carbonized at 700°C the conversion into aromatic structure is done
and aromatic groups are predominant in the band of 700-950cm?, being mainly
hydrophobic (Shuttleworth et al., 2013).
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Figure 2-18. Nitrogen isotherm and FTIR spectra for Cassava-Starbon materials produced
by EtOH method. Before carbonization and carbonized at 450°C and 700°C.
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Figure 2-19. Nitrogen isotherm for Cassava-Starbon materials using EtOH and TBA
synthesis method, carbonized at 450°C.

Through Figure 2-19 it is possible to compare the nitrogen isotherm of carbonized samples
al 450°C synthesized by ethanol solvent exchange and TBA solvent exchange. Both
samples present a behaviour of a type lll isotherm with hysteresis, which demonstrates
pores are slit shaped. The higher volume adsorbed in TBA isotherm is associated to the
presence of a higher microporosity than in material obtained with EtOH as solvent. While
EtOH remain mesoporous (av. pore size of 4.0 nm), most of the surface area in TBA

material is associated to a microporous surface (av. pore size of 1.8 nm).

2.4 Conclusions

Conventional synthesis method reported by Budarin and coworkers (2006) for the
production of Starbon® materials was implemented using Colombian cassava starch as
precursor. Nevertheless, samples exhibit poorly developed porosity and insignificant
surface area which was expected as the reported methodology was developed for high-
amylose starches. In the case of Colombian starches, it was verified that they had 20.75%
wt. amylose and 79.25% wt. amylopectin. Therefore, new conditions for the gelatinization,
retrogradation, solvent exchange and carbonization steps were proposed according to
literature and different experimental conditions were assessed. The obtained materials

were characterized by their surface area, pore volume and pore size distribution. As a
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result, suitable synthesis parameters were defined for obtaining high mesopore volumes

and surface areas in the low-amylose-starch-derived Starbons®.

No clear influence of gelatinization temperatures above 110°C was observed, but further
analysis of this variable is suggested considering the narrow range of temperatures
evaluated in this study. In contrast, increasing the retrogradation time leaded to striking in
porosity and a loss of surface. Nonetheless, by using a four-days retrogradation was
suitable for cassava starch, despite it was expected that longer times were required to
obtain organization of the polysaccharides’ chains. Regarding the solvent exchange
method, it was found that using ethanol and vacuum oven enable to obtain materials with
higher pore sizes. In comparison, the use of freeze-drying and TBA leaded to the formation

of smaller pores but with higher surfaces.

During the carbonization, the use of acid precursor demonstrated to avoid the melting of
polysaccharide and formation of foam, leading to a porous carbonized powder.
Carbonization temperature affected the functional groups in the surface of the cassava-
Starbon® material, changing its hydrophobic-hydrophilic ratio. Additionally, when higher
temperatures were used, the micropore content in the cassava-Starbon® increased.
Consequently, the selection of the solvent exchange/drying method and the carbonization
temperature should be done considering the final application of the cassava-Starbon®
material. Once carbonized at 450°C the cassava-derived Starbon® synthesized using EtOH
solvent exchange, it was possible to achieved remarkable surface areas of approximately
160 m?g?* and a pore volume of 0.13 cm3g* with pore sizes of 4nm. These materials are
still susceptible to improve its porosity as common Starbon® materials can reach until 400
m2gt. Nonetheless, the developed procedure was found successful considering that the

precursor had a very low amylose content.



3. Optimization of the surface properties for
Colombian cassava starch based Starbon®

3.1 Introduction

Starbon® materials are mesoporous carbons obtained from polysaccharides, originally
discovered at the Green Chemistry Centre of Excellence at the University of York in
collaboration with the University of Cérdoba in Spain (Budarin et al., 2006). Due to their
unique surface properties, these materials have gained industrial significance for their
mechanical resistance and versatility, finding applications in water treatment,
nanotechnology, energy, and catalysis (Luque et al., 2009; Okamoto & Yashima, 1998;
Parker, 2013). The name "Starbon" is a combination of "starch" and "carbon," highlighting
the material's origin from starch, which transforms into carbon upon carbonization. Starch,
particularly high-amylose starch like Hylon VII, has been the primary precursor for Starbon®
synthesis, leading to notable porous materials (Budarin, Luque, et al., 2007; Luque & Clark,
2010; Milescu et al., 2020; Uriburu-Gray et al., 2020). However, to broaden the application
and value of the agroindustry, there is growing interest in studying second generation, lo

cost and low-amylose raw materials for Starbon® production.

Exploiting roots and tubers that may not meet the required standards and specification for
the food industry (including cassava) for starch extraction could enhance agro-industrial
capabilities in countries like Colombia. Cassava starch, with its lower amylose content,
holds potential yet to be explored as a precursor for Starbon® materials. Today, Colombian
agricultural and industrial processes generate large amount of cassava residues that can
be valorised through such endeavours (DPN, 2016). However, challenges persist as most
typically Starbon® based mesoporous carbons are produced from high amylose content
starches. The process involves starch expansion in water, followed by retrogradation,
drying to preserve a porous network, subsequently carbonization, and final activation when

the material is intended for catalytic purposes. In this chapter, an exploratory analysis was
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conducted on described process using cassava starch as the precursor. Initial attempts led
to materials with negligible porosity, prompting adjustments in retrogradation, solvent
exchange, and drying conditions. Therefore, a general method was devised to create
porous materials, nevertheless, further studies on gelatinization during starch expansion
and final carbonization were suggested for optimizing surface properties, especially when

considering their application as catalysts for large-molecules conversion.

Given the boost of the cosmetics and food industries in recent years, production of fatty
esters for these markets is of particular interest mainly for countries like Colombia which
has vast oleaginous resources. Nonetheless, suitable materials must be developed to
enable an effective transformation of fatty acids into value-added esters. In the esterification
of large fatty acids with linear or branched alcohols there is need for highly active acid
catalysts with a lipophilic surface and suitable porous structure to facilitate accessibility and
high mass transfer rates. For this application, mesoporous materials such as ion exchange
resins might seem promising, however they are mostly hydrophilic, and the porous matrix
shrinks under organic media. Alternatively, biobased mesoporous carbons such as
sulfonated Starbon® can become promising catalysts for the synthesis of fatty esters.
Specifically, fatty acids esters obtained from lauric, palmitic, and stearic acid have kinetic
diameters in the range of 0.8-1.5 nm (Dimian & Rothenberg, 2016). In general, it is required
pore diameters of at least five times the kinetic diameter of a molecule to avoid diffusional
issues, but smaller than 100 nm, which could result in poor activation of the material
(Bosley, 1997). Consequently, mesoporous Starbon® materials with pore sizes exceeding
the kinetic diameters of fatty acids and fatty esters would be desired, as those would ensure
unimpeded access to active sites without steric hindrance while maintaining high surface
areas for optimal catalytic performance. In this regard, this study delves into a
comprehensive analysis of the synthesis process of Cassava-Starbon materials for its use

as catalyst in the industry of fatty acid esters.

3.2 Materials and methods

3.2.1 Materials

Cassava starch was purchased from a local supplier (Yucarina, Unilever®). Deionized water

used for the gelatinization process was obtained in the laboratory. Ethanol (99.5% wt.,
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PanReac AppliChem ITW Reagents) was employed for solvent exchange, and p-
toluenesulfonic acid monohydrate (97% wt., Fisher Scientific) was used as a carbonization

promoter.

3.2.2 Methods

3.2.2.1 Variables selection and experimental design

In preliminary experiments it was found that gelatinization temperature, starch to water
ratio, type of starch (i.e. nature and molecular weight), and carbonization temperature play
a key role in the morphology of the Starbon® materials. The gelatinization of cassava starch
starts at 60°C and finish at 80°C (depending on the variety and cultivation conditions of
each specie) (Cruz et al., 1996). In the preliminary study, temperatures above 110°C were
found to have no significant effect on the porosity obtained at the end of the starch
gelatinization process as the complete dispersion of the granule occurred. Therefore, a
lower range is investigated in the current research (70, 90, and 110°C). In the case of
mass ratios starch to water (S:W), different values have been employed in Starbon®
material preparation ranging from 1.5 to 1:20 (Borisova et al., 2015; Budarin et al., 2006;
Budarin, Luque, et al., 2007; Luque et al., 2012; Parker et al., 2013; White et al., 2016).
The molecular weight of starch influences the starch-water interaction during gelatinization,
making it a variable to consider when establishing a mass ratio. Specifically, molecular
weight in starches is influenced by the amount of amylose and amylopectin on its structure,
as well as their chain length and ramifications, which varies for one starch to another.
Consequently, to consider the effect of the molecular weight in the interaction between
amylose, amylopectin and water molecules during gelatinization, the mass ratio should be
studied, and determining the most suitable to enhance the porosity in cassava-derived
Starbon®. Therefore, the influence of using 1:5, 1:10, and 1:20 S:W ratios in the final

porosity of Starbon® from cassava starch will be evaluated.

Furthermore, carbonization temperatures were investigated at 450°C and 700°C. Although
higher carbonization temperatures leaded to higher surface in the materials, they became
predominantly microporous at 700 °C, making them not adequate for its use in esterification
reactions. According to the surface groups in the Starbon® material, the carbonization in

the range from 300°C to 500°C is suitable for its use in esterification reactions, also



58 Development of a Colombian starch based Starbon® type material for its use as
catalyst in fatty acid esterification

promoting the removal of water from the active sites thanks to the hydrophobicity obtained
at this temperatures, enhancing the reaction rates (White & Clark, 2015). Three
carbonization temperatures (300°C, 400°C and 500°C) were assessed to determine the

surface properties of the Cassava-Starbon.

A 23-factorial design of two independent variables and 3 levels was implemented to assess
the gelatinization conditions. In this design the influence of gelatinization temperature and
mass ratio starch to water (S:W) over the pore size, surface area and pore volume was
evaluated for a total of 18 experiments (9 tests and their duplicates). Additionally, the
factorial design was combined with a standard Box-Behnken design (BBD) with three
independent variables at three levels, to add the carbonization temperature as variable and
analyse the impact of carbonization on the previously synthesized gels (15 trials). The
experimental design is schematized in the Figure 3-1, and the runs performed for the
experimental design are presented in Table 3-1 and Table 3-2. In order to determine if there
is a significant effect of the variables selected on the final porosity of the material, and to
understand potential interactions, an analysis of variance (ANOVA) was implemented,
followed by and Tukey test for means comparison. Before ANOVA analysis, hormality was
verified using the Shapiro-Wilk test. Statistical software such as Minitab® 18.1 and R
Studio® were used for the data processing and analysis.
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Figure 3-1. Scheme of the experimental design for gelatinization and carbonization
conditions. Factorial 32 (left) and Box-Behnken (right).



Chapter 3: Optimization of the surface properties for Colombian cassava starch

based Starbon®

59

Table 3-1: Levels and variables for factorial 32 experimental design.

Run Mass ratio S:W (X1) Teel I°C (X2)
F1 1:5 70
F2 1:10 70
F3 1:20 70
F4 1.5 90
F5 1:10 90
F6 1:20 90
F7 1:5 110
F8 1:10 110
F9 1:20 110

Table 3-2: Levels and variables for three factor Box-Behnken experimental design.

Run Mass ratio S:W (X1) Teel /°C (X2) Tearb I°C (X3)
BB1 1:5 70 400
BB2 1:20 70 400
BB3 1.5 110 400
BB4 1:20 110 400
BB5 1.5 90 300
BB6 1:20 90 300
BB7 1.5 90 500
BB8 1:20 90 500
BB9 1:10 70 300
BB10 1:10 110 300
BB11 1:10 70 500
BB12 1:10 110 500
BB13 1:10 90 400
BB14 1:10 90 400
BB15 1:10 100 400

3.2.2.2 Samples preparation

Gels were synthesized stirring 10g, 20g and 40g of cassava starch in 200 ml of water for

1lhat 70°C, 90°C and 110°C in a three-neck round-bottom flask using a half-moon overhead

stirrer. The obtained sample was put in a freezer for its retrogradation at 4°C for 4 days.
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When samples were removed from the fridge, they were immediately subjected to solvent
exchange using ethanol. In this case, 400 ml of ethanol were added to the gel, blended,
and subsequently stirred magnetically at 500 rpm for 1h at room temperature. It was filtered
under vacuum to remove water-ethanol solvent. Afterwards, more ethanol (400 ml) was
added and the procedure was repeated until five solvent exchanges were performed.
Finally, samples were placed in a vacuum oven at 30°C for 24h. Once dried, the materials
were doped using 5% wt. of p-TSA dissolved in a small volume of acetone as promotor of
carbonization. Carbonization was executed at 300°C, 400°C and 500°C in a Thermo
Scientific Lindberg/Blue Mini-Mite tubular oven, at different ramps as presented in Figure

3-2 (Mena, 2014). A schematic representation of the synthesis steps, their conditions, and

levels is presented in Figure 3-3.

A 25°Cto 170°C 170°Cto400°C 300°C
) 10 Kmin* 5 Kmin! 60 min
B) 25°Cto 170°C 170°Cto400°C 400°C
10 Kmin* 5 Kmin* 60 min
C) 25°Cto170°C | | 170°Cto400°C | | 400°Cto500°C N 500°C
10 Kmin'* 5 Kmin*t 1 Kmin* 60 min

Figure 3-2. Temperature ramps for carbonization in Cassava-Starbon synthesis. A) for

CS-300, B for CS-400 and C for CS-500.

Figure 3-3. Synthesis method for expanded-starch samples and carbonized samples.

Vacuum Oven Drying
Time: 24 hours
Temp:30°C
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3.2.2.3 Samples characterization

Expanded starch samples and carbonized samples were characterized using nitrogen
adsorption isotherms at 77K using Quadrasorb (Quantachrome Instruments). The
expanded starch samples were outgassed using a vacuum degasser for 24 h at 50 °C and
subsequently analysed, while the carbonized starch samples were outgassed at 250°C.
The surface area was calculated using Brunauer, Emmett and Teller (BET) method in the
relative pressure range from 0.05 to 0.30, with a correction proposed for samples exhibiting
a type lll isotherm (c<2) (Lowell et al., 2004). Pore size distributions were calculated using
the non-linear density function theory (DFT) model for slit-cylindrical pores on carbon
materials. From the adsorption and desorption branches of the isotherms, the pore sizes
distributions, the average pore size in mesopore region and the total pore volume were

obtained.

3.3 Results and discussion

3.3.1 Effect of gelatinization conditions on expanded cassava
starches

The pore surface results for the factorial experimental design are presented in Table 3-3,
detailing the behaviour of the porosity of expanded starch at different conditions. A and B

refers to the duplicates in the experiments.

Table 3-3: Factorial experimental design response data for porosity of expanded starch.

Av. Mesopore size

Sger /m2gt (Y1) Total Pyoi.a /cm3g™(Y3)

Run X1 Xz Inm (Y2)
A B A B A B
F1 1:5 70 54 51 14.7 14.6 0.031 0.029
F2 1:10 70 9.6 10.6 14.3 14.8 0.083 0.084
F3 1:20 70 1.4 1.4 22.4 20.8 0.085 0.082
F4 1:5 90 5.8 5.0 15.4 14.6 0.055 0.056
F5 1:10 90 10.0 9.3 14.5 13.6 0.099 0.100
F6 1:20 90 9.7 10.5 14.5 14.1 0.089 0.089
F7 1.5 110 3.3 4.8 18.1 19.8 0.049 0.049
F8 1:10 110 11.2 13.2 14.9 13.3 0.120 0.121

F9 1:20 110 7.5 8.5 13.7 13.1 0.069 0.070
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Figure 3-4. Nitrogen isotherm for expanded cassava starch samples in factorial
experimental design. P/Po is x-axis of inside plots, and volume @STP in cm®g?is y-axis.

Nitrogen isotherms presented in Figure 3-4 exhibit type Il and Il isotherms with hysteresis
which are characteristic of meso and macroporous structures. Although most of the
samples look like type Il isotherm, it was reported that when C coefficient proposed by
Brauner-Emmett-Taylor equation is less than 2, the isotherm corresponds to a type Il. This
behaviour suggests that a high cohesion force between adsorbate molecule and samples
is taking place, and high pressure is required so as to start the adsorption, being associated
to macroporous materials. Additionally, samples which present hysteresis imply the
existence of mesopores in the materials. In contrast, negligible micropore volume is

presented in the expanded starch samples.

Statistical tests were performed to understand the influence of mass ratio and gelatinization

temperature on the porosity of the expanded cassava starches. Data was validated to follow
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a normal distribution (Appendix C). ANOVA results for surface area, pore volume and pore
size are presented in Table 3-4. For each factor and its interactions, p-value resulted to be
lower than the significance level defined (0.05), consequently, the means are different for
employed mass ratio, gelatinization temperature and their interaction. In this regard, at least
one of the levels studied for gelatinization temperature, for mass ratio and one of the
interactions between the levels of this factor is having a significant effect over the surface

area, the pore volume, and the pore size of the expanded starch materials.

Table 3-4: Results of ANOVA for expanded cassava starches in factorial experimental
design.

Source Degree of  Sum of Mean F value P value
Freedom  squares square
Surface area (Y1)
Mass ratio 2 105,7 52,8 94,086 <0.0001 Significant
T gel 2 28,36 14,2 25,246 <0.0001 Significant
Interaction 4 63,68 15,9 28,344 <0.0001 Significant
Model 8 197,7 24,7 44,005 <0.0001 Significant
Residuals 9 5,055 0,568
Total 17 202,3
Pore size (Y2)
Mass ratio 2 17,52 8,76 15,402 0,0012 Significant
T gel 2 18,67 9,33 16,413 0,0009 Significant
Interaction 4 85,33 21,3 37,499 <0.0001 Significant
Model 8 1215 15,2 26,704 <0.0001 Significant
Residuals 9 5,120 0,569
Total 17 126,6
Pore volume (Y3)
Mass ratio 2 0,0097 0,0048 4877,7 <0.0001 Significant
T gel 2 8,884E-4 4,44E-4 444,22 <0.0001 Significant
Interaction 4 0,0016 3,99E-4 398,89 <0.0001 Significant
Model 8 0,0122 0,0015 1529,9 <0.0001 Significant
Residuals 9 9,00E-6 1,00E-6

Total 17 0,0122
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The effect of each factor and their influence over the surface properties was deeper studied
through Tukey test, presented in Table 3-5 and Table 3-6. The mean values that share the

same letter are not significantly different.

Table 3-5: Tukey test results for individual effects of mass ratio and gelatinization
temperature over surface area, pore volume and pore size.

Mean Surface Mean Pore Mean Pore volume

area /m?g*t size Inm lcm3g?

15 4.9 (A) 16.2 (A) 0.044 (A)

Mass ratio 1:10 10.7 (B) 14.2 (B) 0.101 (B)

1:20 6.5 (C) 16.4 (A) 0.081 (C)

S 70 5.6 (A) 16.9 (A) 0.066 (A)

Gelatinization 4, 8.4 (B) 14.4 (B) 0.081 (B)
temperature

110 8.1 (B) 15.5 (B) 0.079 (B)

Table 3-6: Tukey test results for individual effects of mass ratio and gelatinization
temperature over surface area, pore volume and pore size.

Mass ratio Gelatinization Mean Surface Me_an Pore Mean Pore
temperature area /m?g? size Inm volume /cm3g™?
10 110 12,2 (A) 14.1 (B) 0.120 (A)
10 70 10,1 (A, B) 14.6 (B) 0.084 (D)
20 90 10,1 (A, B) 14.3 (B) 0.089 (C)
10 90 9,65 (A, B) 14.0 (B) 0.100 (B)
20 110 8 (B,C) 13.4 (B) 0.070 (E)
5 90 5,4 (C,D) 15 (B) 0.056 (F)
5 70 5,25 (C,D) 14.6 (B) 0.030 (H)
5 110 4,05 (D,E) 18,95 (A) 0.049 (G)
20 70 1,4 (E) 21,6 (A) 0.084 (D)

As observed from results, samples exhibited a reduced surface area and a wide pore size
distribution in the range of mesopores and macropores. This is interesting considering that
a reduction in pore size and the formation of smaller pores might take place when samples

are further carbonized, so the macropores can lead to formation of mesopores.

Regarding the ANOVA analysis and analysing the influence of mass ratio on surface area,

the means of the three levels studied exhibit significant differences. The use of a mass ratio
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of 1.5 results in smaller surfaces compared to mass ratios of 1:10 and 1:20 (1:5 < 1:10 <
1:20). Regarding pore size, there is no significant difference between the means for the 1:5
and 1:20 mass ratios. However, the 1:10 mass ratio shows a significantly smaller pore size
(2:20 < 1:5 = 1:20). For the pore volume, the means of the three levels studied are
significantly different. A mass ratio of 1.10 presents the highest pore volume, followed by
1:20, with the smallest pore volumes observed for 1:5 (1:5 < 1:20 < 1:10). These results
suggest that the optimal ratio for synthesizing cassava starch is 1:10. The use of a higher
amount of starch may affect final porosity, as the network formed when gelatinization
concludes could consist of several entangled and dispersed amylopectin chains, leaving
less space for pore formation. Conversely, dilute starting solutions, such as a 1:20 mass
ratio, produce a low-viscosity gel, resulting in higher pore volume due to the increased

space available for pore formation but also leading to smaller surfaces.

Concerning gelatinization temperature, no significant differences were found between
samples synthesized at 90°C and 110°C, while samples prepared at 70°C exhibited lower
surface areas and pore volumes but higher pore sizes. This can be attributed to granule
dispersion during gelatinization. Although the gelatinization peak is reached at
temperatures lower than 70°C, at this point, the granule has not completed its dispersion in
water, and some parts of the envelope remain organized and non-porous. Additionally, the
lack of a significant difference between the porosity of materials obtained at 90°C and
110°C could be associated with the total dispersion of the granule at 90°C; therefore, an

increase in temperature does not further promote porosity.

The observed interactions demonstrate that the optimal gelatinization conditions that
promote higher surface areas and pore volumes are a mass ratio of 1:10 at 110°C.
Nevertheless, most interactions between the factors do not exhibit a significant effect on
pore size. In addition to Tukey test, the contour plots obtained for the three response
variables allow for a visualization of the previously discussed results (Figure 3-5, Figure
3-6, and Figure 3-7).
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Figure 3-5. Contour plot for surface area as response variable, with mass ratio and
gelatinization temperature as factors.
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Figure 3-6. Contour plot for pore size as response variable, with mass ratio and
gelatinization temperature as factors.
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Figure 3-7. Contour plot for pore volume as response variable, with mass ratio and
gelatinization temperature as factors.

3.3.2 Effect of carbonization conditions on Cassava-Starbon®
synthesis

Previously obtained results regarding expanded cassava-starch samples are
complemented with the analysis of their behaviour after carbonization. Surface area, pore
volume and pore size results for the Box-Behnken experimental design (BBD) are
presented in Table 3-7. Additionally, in Figure 3-8 , Figure 3-9, and Figure 3-10 are
presented the nitrogen adsorption isotherms obtained for the carbonized materials at
300°C, 400°C and 500°C, respectively.

Isotherms for carbonized samples are a Type Il and present an open hysteresis loop.
According to Maziarka et. al. 2021, this behaviour is typical for carbonized organic polymers
with a flexibility in the framework which causes the gas to not desorb completely during
desorption process. Additionally, this shape is common when narrow slit pores or bottle
shaped pores are present. Those characteristics causes that the N> molecules at 77 K are
very slowly moving, and the use of another adsorbent such as CO, would be recommended
(Maziarka et al., 2021).
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Table 3-7: BBD experimental design response data for porosity of Cassava-Starbons.

run rari/lc?fss:w Tee I°C Tean /°C Sger/m?g?  Av.Psgze/nm  Total Puoy /cm3g™
(X2) (X2) (X3) (Y2) (Y2) (Ys)
BB1 1:5 70 400 2.43 5.7 0.025
BB2 1:20 70 400 <1 ND 0.035
BB3 1:5 110 400 27.8 4.7 0.056
BB4 1:20 110 400 28.04 4.9 0.056
BB5 1:5 90 300 <1 ND 0.012
BB6 1:20 90 300 <1 ND 0.026
BB7 1:5 90 500 76.77 2.7 0.069
BB8 1:20 90 500 1.44 3.2 0.004
BB9 1:10 70 300 <1 ND 0.005
BB10 1:10 110 300 <1 ND 0.013
BB11 1:10 70 500 131.97 2.4 0.230
BB12 1:10 110 500 251.67 2.9 0.175
BB13 1:10 90 400 89.81 4.3 0.135
BB14 1:10 90 400 112.33 3.9 0.143
BB15 1:10 0 400 93.19 4.1 0.140

16
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Figure 3-8. Nitrogen adsorption isotherm for samples carbonized at 300°C.
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Figure 3-9. Nitrogen adsorption isotherm for samples carbonized at 400°C.

Figure 3-10. Nitrogen adsorption isotherm for samples carbonized at 500°C.
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Although it was expected an increase in the pore volume and the creation of microporosity

when samples were carbonized, it was found that samples carbonized at 300°C exhibited

a decrease in the surface properties, in comparison to the expanded starch precursor.

Connected with the isotherm shape, it is possible that those samples suffered a shrinkage
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of pores during carbonization and exhibited a porosity which cannot be measured by N
sorption. As mesoporosity is the main goal in the synthesis for its use in fatty acid
esterification, those materials which might have micro or macroporosity, are analysed as if
their surface area and pore sizes were negligible. Similar to conventional Starbons® that
typically present higher micropore content as a function of T, samples carbonized at 400°C

and 500°C do exhibited higher surface areas and pore volume.

The effect of the gelatinization temperature, the mass ratio and the carbonization
temperature over the surface area, pore size and pore volume of carbonized materials was
analysed using a surface response method. ANOVA including orthogonal polynomials for
lineal and quadratic part of the factors is presented in Table 3-8, Table 3-9 and Table 3-10.
In the case of ANOVA results for surface area, quadratic interactions between mass ratio,
gelatinization temperature and carbonization temperature prove to be relevant with a
significant level of 0.05. Additionally, regarding pore size, p-value resulted to be lower than
the significance level defined for linear interactions. Nevertheless, in case of pore size the
model is not significant and nor linear or quadratic interactions between factors prove to

have an effect on this response variable.

Table 3-8: Results of ANOVA for cassava-starbons surface area in BBD experimental
design.

Sum of Mean

Source DF F value P value
squares square
Model 7 50792,0 7256,0 49,20 0,020 Significant
Linear 3 2119,2 706,4 4,79 0,178
Mass ratio S:W 1 1,2 1,2 0,01 0,936
Gel. Temp 1 147,9 147,9 1,00 0,422
Carb. Temp 1 517,8 517,8 3,51 0,202
Square 2 30856,4 15428,2 104,61 0,009 Significant
Mass ratio S:W*Mass 1 29949,5 29949,5 203,07 0,005 Significant
ratio S:W
Gel. Temp*Gel. Temp 1 38,9 38,9 0,26 0,659
Interactions 2 2945,3 1472,6 9,98 0,091
Mass ratio S:W*Gel. 1 22245 22245 15,08 0,060
Temp
Mass ratio S:W*Carb. 1 434,6 434,6 2,95 0,228
Temp
Error 2 295,0 147,5

Total 9 51086,9
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Table 3-9: Results of ANOVA for cassava-starbons pore size in BBD experimental
design.

Sum of Mean

Source DF F value P value
squares square
Model 7 10,3251 1,47501 38,68 0,025 Significant
Linear 3 3,3985 1,13283 29,71 0,033 Significant
Mass ratio S:W 1 1,0331 1,03309 27,09 0,035 Significant
Gel. Temp 1 0,1245 0,12449 3,26 0,213
Carb. Temp 1 2,8512 2,85121 74,77 0,013 Significant
Square 2 0,1182 0,05911 1,55 0,392
Mass ratio S:W*Mass 1 0,1098 0,10977 2,88 0,232
ratio S:W
Gel. Temp*Gel. Temp 1 0,0186 0,01856 0,49 0,558
Interactions 2 0,7303 0,36514 9,58 0,095
Mass ratio S:W+*Gel. 1 0,6154 0,61544 16,14 0,057
Temp
Mass ratio S:W+*Carb. 1 0,6851 0,68513 17,97 0,051
Temp
Error 2 0,0763 0,03813
Total 9 10,4014

Table 3-10: Results of ANOVA for cassava-starbons pore volume in BBD experimental
design.

Source DF Sum of Mean F value P value
squares square
Model 9 0,056955 0,006328 2,20 0,199
Linear 3 0,018753 0,006251 2,17 0,209
Mass ratio S:W 1 0,014820 0,014820 5,16 0,072
Gel. Temp 1 0,000798 0,000798 0,28 0,621
Carb. Temp 1 0,005874 0,005874 2,04 0,212
Square 3 0,026769 0,008923 3,10 0,127
Mass ratio S:W*Mass 1 0,025532 0,025532 8,88 0,031 Significant
ratio S:W
Gel. Temp*Gel. Temp 1 0,000319 0,000319 0,11 0,753
Carb. Temp*Carb. Temp 1 0,002200 0,002200 0,77 0,422
Interactions 3 0,005501 0,001834 0,64 0,622
Mass ratio S:W*Gel. 1 0,000007 0,000007 0,00 0,963
Temp
Mass ratio S:W*Carb. 1 0,004494 0,004494 1,56 0,267
Temp
Gel. Temp*Carb. Temp 1 0,001000 0,001000 0,35 0,581
Error 5 0,014373 0,002875
Lack of fit 3 0,014334 0,004778 249,39 0,004  Significant
Pure Error 2 0,000038 0,000019
Total 14 0,071328

Multiple regression analysis on the experimental data was conducted for the three
assessed variables. The coefficient of determination (R?) value were 0.994, 0.993 and

0.923 for surface area (Y1), pore size (Y2) and pore volume (Y3), respectively.
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Y, = —138 — 1.8X; — 3.92X, + 0.446X; — 2.706X2 + 0.0122X2 + 0.472X, X, (3.1)
+0.0439X, X5
Y, = 27.61 — 1.674X; — 0.1136X, — 0.3306X; + 0.00518X2 + 0.000266X2 (3.2)
+0.00784X, X, + 0.001745X, X5
Y; = —1.444 + 0.0586X; + 0.0073X, + 0.00368X5 — 0.001705X2 (3.3)
+0.000023X2 + 0.000002X2 + 0.000009X, X,
— 0.000043X, X5 — 0.000008X,X5

It is essential to test accuracy to get an adequate model. The model accuracy was checked

by comparing experimental and predicted surface property respectively (Figure 3-11).
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Figure 3-11. Pareto diagrams of model predicted response against experimental response
for the surface area, pore size and pore volume.
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3.3.3 Optimization of surface parameters of cassava-Starbon

In order to enhance the surface properties of the cassava-starbons, an optimization was
conducted considering the three response variables studied. A ponderation of values was
proposed. As the obtained pore volume for cassava-starbon materials was limited due to
its amylose content, this is the most important variable to maximize through the synthesis
conditions and a value of 0.5 was assigned. Subsequently, as it is needed that pores range
within the mesoporous region being higher than 4nm so as to avoid the steric hindrance, it

was pondered in 0.3. Finally, surface area was assigned with a value of 0.2.

Mass rat Gel. Tem Carb. Te
High 20,0 110,0 500,0
Act [11,8182] [104,7475] [461,6162]
Low 50 70,0 300,0
L - v = _ 1
Total Pv —
y = 0,1580

Av. Psiz —’___:,-A-"'/—//—J __/_7_,_ — p

y = 42673
SBET, A 7_ ______ P
y- 15&8443 /

Figure 3-12. Surface properties optimization for Cassava-starbon materials.

Optimization results are presented in Figure 3-12. It was found that a mass ratio of 1:12,
gelatinized at 105°C and carbonized at 450°C will maximize the surface properties of the

cassava-starbon. This is consistent with the results obtained by the study of factorial design,
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which suggests that the higher porosity in the expanded-starch precursor can be obtained
when material is synthesized at 1:10 mass ratio at a gelatinization temperature of 110°C.
Further studies under these conditions will be carried out to verify the results from the model
and to synthesize a suitable cassava-based starbon® for its catalytic application in

esterification reactions.

3.4 Conclusions

Factorial 32 experimental design and a Box-Behnken experimental design were conducted
for assessing the effect of gelatinization and carbonization conditions on Cassava-Starbon
synthesis. The comprehensive analysis of experimental data and statistical tests revealed
key insights into the factors influencing the porosity of cassava based Starbon® materials.
The factorial design demonstrated that a mass ratio of 1:10 and a gelatinization temperature
of 110°C are crucial for achieving higher surface area and pore volume. In contrast, smaller
and larger mass ratios led to a decrease in porosity. The Tukey test supported these
findings, emphasizing the significance of these factors. Additionally, carbonization results,
demonstrated that low carbonization temperatures affect the porosity, therefore
temperatures of 400°C of higher are desirable. Finally, optimization for maximum surface
properties indicated that a mass ratio of 1:12, gelatinization at 105°C, and carbonization at
450°C are the recommended conditions to achieve optimal porosity in cassava-starbons.
This aligns with the factorial design results, providing a consistent and suitable method for
synthesizing cassava starch based Starbon® materials with enhanced porosity for further

use as catalysts in fatty acid esterification.



4. Sulfonated cassava starch-based Starbon®
as catalyst for fatty acids esterification

4.1 Introduction

Fatty acid esters (FAEs) are important oleochemicals widely used in the manufacture of
food and personal care products, pharmaceuticals, cosmetics, solvents, and biofuels
among many other applications. Currently, the global market of FAEs is around $ 3
billion/yr., and it is expected to reach $ 4.5 billion by 2030 (Grand View Research, 2020).
FAEs can be produced by Fischer esterification of fatty acids with different alcohols
generally using homogeneous catalysts such as sulfuric acid, p-toluenesulfonic acid
(PTSA), or methanesulfonic acid (MSA) (Chandane et al., 2017; de Jong et al., 2009;
Kastratovic & Bigovic, 2018). To comply with the required specifications of commercial
FAEs, complete removal of the homogeneous catalysts is required, and this involves
intensive downstream separations, neutralization, and waste generation. Also,
homogeneous catalysts promote equipment corrosion and undesired side reactions such
as etherification of alcohols, and organics dehydration and oxidation inducing product
darkening. As an alternative, commercial heterogeneous acid catalysts such as ion
exchange resins have been used in FAE production (Paterson et al., 2013; Yalginyuva et
al., 2008). As the kinetic diameter of FAEs is around 0.8-1.5 nm (Dimian & Rothenberg,
2016), mesoporous macroreticular crosslinked resins are preferred. This is the case of
Amberlyst 15 which has an average pore size of 28-30 nm (DuPont de Nemours, 2019;
Kunin et al., 1962). Such mesoporosity enhances mobility within the polymeric matrix and
accessibility to the active sites. However, polymeric exchange resins exhibit high and
selective water absorption, which is a drawback for the synthesis of FAEs considering that
esterification conversion is limited by chemical equilibrium. Additionally, and despite they
enable easier recovery and reuse, most ion exchange resins can operate up to 120-130°C
to avoid degradation of the polymeric matrix and its deactivation, thus limiting achievable

reaction rates.
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In this regard, in recent years heterogeneous catalysts have been increasingly tailored to
overcome operating limitations such as those previously mentioned. In particular, biobased
feedstocks have been spotted as flexible and functionalized raw materials for the synthesis
of catalysts with specific properties. By exploiting the natural structures of different biobased
sources (e.g., seed shells, fibres, husks, bones, seashells, polysaccharides, etc.), or by
shaping them into tailored porous matrices, it has been possible to obtain solids with
suitable morphologies for different catalytic applications. Besides enhancing activity and
selectivity, the use of biobased precursors aids in reducing catalyst life cycle impacts and

mitigating issues with used catalyst disposal, thus improving sustainability indicators.

Among the large variety of biobased catalysts, acid-activated carbons have been
successfully synthesized and used in the esterification of different carboxylic acids (Borges
& Diaz, 2012; Clark et al., 2008; De et al., 2015; Mahajan & Gupta, 2020; Peng et al., 2010;
Wenchao et al.,, 2019; White et al., 2009). In addition to better thermal stability, their
hydrophobic nature enables them to reach high conversions despite the presence of water
in the reaction media (Peng et al., 2010; Wenchao et al., 2019; White et al., 2009).
Particularly, certain activated carbons have demonstrated excellent catalytic performances,
notably in biodiesel production, leading to high yields within remarkably short reaction
times, typically less than 0.5 hours (Yang et al.,, 2023). Another alternative approach
involves the utilization of biochar catalysts. Those have been obtained from marine
macroalgae subjected to thermochemical treatment (180-900°C), followed by activation
through physical methods such as steam and CO2 activation, as well as chemical
treatments including alkaline, acidic, and oxidative processes. The yields obtained in
biodiesel production using these biochar catalysts have proven to be significant, with
reaction times varying from 1 to 5 hours depending on the synthesis method and reaction
conditions (Yameen et al., 2023). Despite the promising results, further development of
synthesis methodologies for carbon-based catalysts is essential to achieve more
sustainable alternatives, particularly given the elevated temperatures involved in their
production (Yameen et al.,, 2023; Yang et al., 2023). As a result, several sustainable
synthesis approaches have been investigated. Biochar catalysts synthesized via
thermochemical treatment of lignin-derived monomers at low temperatures (80°C) have
shown promising high yields. However, it is worth noting that the reaction time still extends

to approximately 6 hours (Huang et al., 2022). Nonetheless, reaction times using carbon-
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based catalysts can be reduced by using combined intensification approaches such as
sonication or microwaves. For instance, it has been demonstrated that the reaction time for
producing canola-based biodiesel using activated carbon derived from calcinated lime

could be reduced to 15 minutes by using microwaves (Bokhari et al., 2019).

As presented in Table 4-1, mesoporous-activated carbons have demonstrated to be
effective catalysts in the synthesis of FAEs. Such mesoporous structures have been
produced via controlled carbonization of organic materials using sacrificial inorganic
templates (e.g., mesoporous silica or alumina) or by direct carbonization of pre-formed
structures. In the first case, carbonization at high temperatures is generally required for the
chemical digestion of the inorganic template. However, besides destroying the complexity
and entropy embedded in the inorganic template, this last step involves the use of
hazardous hydrofluoric acid and a large generation of waste making this approach

unsustainable for further industrialization.

Table 4-1: Reported studies on the synthesis of biobased mesoporous carbon catalysts
for the esterification of fatty acids.

Biobased Synthesis Area Dpt Vp ¥ Acidity  Fatty acid

- 2 3 Activation (meqg. esterification Ref.
source conditions m4/g (nm) (cm3/g) H*/g) case
Sucrose Impregnation 808 3.9 0.47 Sulfonation with 2.3 Oleic (Peng et
of H2SO4 acid:Methanol al., 2010)
mesoporous 1:10 mol, Cat
silica, 0.7% wt. 353
calcination, K, X - 60%,
activation, 10h
template 318- 2.8- 0.04- Attachment of 1.7-2.6 Oleic (Geng et
removal with 805 6.8 0.25 benzenesulfonic acid:Methanol  al., 2011)
HF acid 1:56 mol, Cat
2.9% wit.
338K, X -
90%, 2.5h
Starch Sulfonation of  66- 11- - Sulfonation with  1.1-2.3 Oleic (Aldana et
Starbon® 300 77 15 H2SO4 acid:Ethanol al., 2012)
1:10 mol, Cat
1.3% wt. 353
K, X - 90%,
10h
Cleargum Gelling, 32 30 0.16 Sulfonation with 0.82 Lauric (Mena &
starch drying, H2S0q4 acid:Methanol Macquarrie,
carbonization, 1:15 mol, Cat 2014)
activation 3% wt. 343
K, X = 77%,

12h
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- Impregnation  493-  3.3- 0.35-  Phosphorylation  0.56- Oleic (L. Wang et
of 616 3.8 0.44 with HaPOa4 1.12 acid:Methanol al., 2014)
mesoporous 1:15 mol, Cat
y-alumina, 1.8% wt. 353
calcination, K, X - 70%,
activation, 5h
template
removal with
HF
Pongamia Activation- 483 4.7 0.58 Sulfonation with 3.62 Acid (Konwar et
galabra carbonization, 4-benzene- oil:Methanol, al., 2019)
seed sulfonation diazonium 1:40 mol, Cat
cake sulfonate 0.9% wt. 393
K, X - 93%,
2h
Bamboo  Carbonization, 226 10- 0.12 Attachment of 1.69 Oleic (Niu et al.,
activation 20 sulfanilic acid acid:Ethanol 2018)
1:7 mol, Cat
5.6% wt. 358
K, X - 96%,
3h

§ Average pore diameter

¥ Pore volume

Cat — Catalyst loading with respect to total weight
X — Conversion

To prevent this, the generation of template-free mesoporous carbons has been achieved
via pre-formation and subsequent carbonization of organic aerogels, xerogels, and
cryogels. This approach has enabled to obtain catalysts of improved mechanical resistance
with high surface area per volume unit (Cztonka et al., 2018; F. Liu et al., 2016; Mena,
2014). Whereas they were initially obtained from fossil-based resources (Cztonka et al.,
2018), they were eventually produced from storage and structural polysaccharides such as
starches, glycogen, cellulose, chitin, and pectin. Such biobased materials are widely
available at low cost, they contain useful functional groups, and they can form structured
aqueous gels. Recently, starch-based mesoporous activated carbons became commercial
and are currently traded under the name Starbon® (Budarin, Clark, Luque, & Macquatrrie,
2007). They have been tested in different acid-catalyzed reactions exhibiting high stability,
reusability, and high reaction rates, conversions, and selectivity (Budarin, Luque, et al.,
2007; Mena, 2014; White et al., 2009).

An additional advantage of Starbons® is that they can be produced using second-
generation starches coming from food wastes, thus enabling to exploit circular economy
principles. This is of paramount importance for countries like Colombia, where nearly 30%
(i.e., 1.5 Mt) of starch-rich roots and tubers produced annually are discarded and wasted

because they do not meet quality standards (DPN, 2016). Also, large starchy waste streams



Chapter 4: Sulfonated cassava starch-based Starbon® as catalyst for fatty 79
acids esterification

are discarded in some agro-industrial processing, particularly in the processing of cassava
(Manihot esculenta) (Garcia et al., 2020; Torres et al.,, 2005). Then, as a suitable
valorization alternative for such food wastes, this work explored the synthesis of sulfonated
Starbon® catalysts using cassava and corn starch as feedstock. The aim is to use them in
the esterification of fatty acids, particularly for the production of cosmetic FAEs such as
isopropyl stearate. The process involved gelation and retrogradation of starches, aqueous
to organic solvent exchange, freeze drying, and final carbonization under controlled
temperature. Subsequently, the biobased carbon was subjected to activation via
sulfonation with sulfuric acid, and the obtained materials were characterized and further
evaluated as catalysts in the esterification of stearic acid with isopropanol. For comparison
purposes, a set of commercial homogeneous (H2S04, p-toluene sulfonic acid, methane
sulfonic acid) and heterogenous (Lewatit K2629 and Amberlyst 15, 35, and 70) catalysts

were also evaluated in the esterification processes under equivalent acid loadings.

4.2 Materials and methods

4.2.1 Materials

Corn starch was purchased from an industrial supplier (Hylon VII, Ingredion®) and it
contained 68-70% wt. amylose and ~30% wt. amylopectin. Cassava starch corresponded
to a commercial product (Yucarina, Unilever®) and it was used without further purification.
Deionized water used for the gelation process was obtained in the laboratory. Ethanol
(99.7% wt., PanReac AppliChem ITW Reagents) was used for solvent exchange, and p-
toluenesulfonic acid monohydrate (97% wt., Fisher Scientific) was used to dope the material
before carbonization and also as homogeneous catalysts. Triple-pressed stearic acid (95%
wt., Legaquimicos) and isopropy! alcohol (99.90% wt., J.T. Baker) were used in the
esterification tests. Solutions of 0.1 and 0.25 M NaOH (99% wt., PanReac AppliChem ITW
Reagents) were prepared for ion exchange capacity measurement and acid value
monitoring, respectively. Ethanol (99.5% wt., PanReac AppliChem ITW Reagents) and
toluene (99.5% wt., PanReac AppliChem ITW Reagents) were used as solvents during acid
value determination. Sulfuric acid (98% wt., PanReac AppliChem ITW Reagents), p-
toluenesulfonic acid monohydrate (97% wt.,, Thermo Fisher Scientific), and

methanesulfonic acid (70% wt., Fisher Scientific) were also used as homogeneous
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catalysts during esterification. Commercial heterogeneous catalysts used in the
comparative assessment of esterification were Amberlyst 15 (Dow Chem.), Amberlyst 35
(Dow Chem.), Amberlyst 70 (Dow Chem.), and Lewatit K 2629 (Lanxess). Some
physicochemical properties of the assessed heterogeneous catalysts are reported in Table
4-2.

Table 4-2: Properties of the heterogeneous catalysts tested in the esterification of stearic
acid with isopropanol (Dow Chemical Company, 2020; Lanxess Energizing Chemistry,
2011; Rohm & Haas, 2005; Rohm and Haas, 2006).

™ ™
Catalyst Amlté%[/lé.srt Am;’;,:}éit Amberlyst™ 70  Lewatit® K2629
Moisture (%) 52-57 51-57 53-59 50-55
BET surfzace 53 50 36 40
area (m</g)
Average pore 30 30 22 40
diameter (nm)
Total pore 0.40 0.35 Not reported 0.30

volume (cm®g)

4.2.2 Methods

4.2.2.1 Preparation of Starbon® type materials

As the specification was not available, commercial cassava starch used as precursor was
initially characterized to determine amylopectin and amylose content using an enzymatic
method (i.e., K-AMYL 06/18) (Megazyme, 2018). High amylose corn (HACS) mesoporous
carbons were synthesized according to a method reported in the literature for conventional
Starbons® (Budarin et al., 2006; Mena, 2014). Initially, a defined amount of the HACS was
added to deionized water in a 1:10 mass ratio, and the mixture was heated at 140°C under
atmospheric pressure for 1 hour. Subsequently, the resulting gel was retrograded at 4 °C
for 48 h. Later, a solvent exchange was done by adding tert-butyl alcohol up to 30% wt. in
the mixture and p-toluenesulfonic acid (5% wt.) as a doping agent. Then, the material was
freeze-dried at -107°C and 1 mbar to yield the expanded starch. Once obtained, the
resulting material was carbonized at 450 °C (from 25°C to 170°C at 10 K-mint), from 170°C
to 400°C at 5 K-min* and from 400°C to 450°C at 1 K-mint), under an inert atmosphere of
nitrogen to enable suitable hydrophobicity/hydrophilicity characteristics for esterification

reactions (Cztonka et al., 2018).
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Cassava-based mesoporous carbon was synthesized following the route proposed as
result of the optimization in previous chapters. Gels were synthesized stirring cassava
starch in deionized water in a 1:10 mass ratio, for 1h at 110°C in a three-neck round-bottom
flask using a half-moon overhead stirrer. The obtained gel was put in a freezer for its
retrogradation at 4°C for 4 days. Subsequently, solvent exchange using ethanol was
performed, 1:2 volume ratio of ethanol respect to the initial water was added to the gel,
blended, and subsequently stirred magnetically at 500 rpm for 1h at room temperature. It
was filtered under vacuum to remove water-ethanol solvent. New ethanol (1:2 vol.) was
added, and the procedure was repeated. Five solvent exchanges were performed. Sample
was then placed in a vacuum oven at 30°C for 24h. Dried material was doped using 5% wit.
of p-TSA dissolved in a small volume of acetone as promotor of carbonization.
Carbonization was executed at 450°C (from 25°C to 170°C at 10 K-min, from 170°C to
400°C at 5 K-min?! and from 400°C to 450°C at 1 K-min?), in a Thermo Scientific
Lindberg/Blue Mini-Mite tubular oven. Herein, these Starbon® type materials are referred to

as S450 for corn-based material, and CS450 for cassava-based carbon.

4.2.2.2 Functionalization

The obtained Starbon® type materials were sulfonated in concentrated sulfuric acid (98%
wt. purity) in a ratio of 10:1 volume (ml) of acid to mass (g) of carbonized material at 80°C
for 8 hours. The sulfonated material was washed several times with distilled water until
sulphates were no longer detected in the washing water through a test with barium chloride.
Finally, it was dried overnight in an oven at 100°C. The corresponding activated carbons
are referred to as S450-SO3H for corn-based starch and CS450-SO3H for cassava-based

material, respectively.

The complete preparation and functionalization protocol is schematically described in

Figure 4-1.
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Figure 4-1. Cassava-starbon catalyst preparation methodology.

4.2.2.3 Determination of ion exchange capacity

The ion exchange capacity of sulfonated Starbons® and the other heterogeneous catalysts
was determined by back titration by adding 1g of the dried material in a solution of NaOH
0.1 M and stirring for 5 hours at room temperature. Subsequently, the solution was filtrated
to remove the catalyst and titrated to determine the final concentration. The ion exchange
capacity of sulfonated Starbons® was also tested after their use as catalysts in esterification.
In this case the catalysts were filtered out from the reactive medium, washed using

anhydrous ethanol and dried until constant weight.

4.2.2.4 Characterization

The surface area and porosimetry of sulfonated Starbons® were determined by
measurement of nitrogen adsorption isotherm at -195.5 °C using an ASAP 2020 V4.02
volumetric adsorption analyser (Micromeritics). Samples were degassed for 24 hours
before absorption measurements. Data interpretation was done by the application of the
multi-point Brunauer-Emmett-Teller (BET) equation and the pore size distribution was
determined via the Barrett, Joyner, and Halenda (BJH) model. The morphology and pore

structure of the solids were analysed by scanning electron microscopy (SEM) using FEI
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Quanta 200 equipment. The catalyst sample was sputter-coated with a thin gold film, and

micrographs were obtained at different magnifications (5000X, 10000X).

The nature of the organic groups in the carbon-based materials were characterized by
Fourier-transform infrared spectra (FT-IR). In this case a Perkin Elmer FT-IR 1760
Spectrometer was used, and the spectra were measured in the wavenumber range from
4000 cm-1 to 500 cm-1. The thermal stability of the material was tested by
thermogravimetric analysis (TGA). The analysis was conducted using a Mettler Toledo TGA
1/SF/1100/268, and a 4.5 mg sample was used in all tests. The operation was performed
from 30 to 1000 °C at a heating rate of 10 °C-min-1 under nitrogen atmosphere.

4.2.2.5 Esterification tests

Esterification of stearic acid with isopropyl alcohol (1:2 molar ratio) was carried out at 70°C
and atmospheric pressure for 5 hours. The reaction was carried out in a 200 ml jacketed
three-necked glass reactor under total reflux, connected to a 200 mm 19/26 Graham

condenser, and stirred with a teflon-coated magnet at 450 rpm (Figure 4-2).

Condenser
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Figure 4-2. Scheme of reactor for esterification tests.
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Initially, preliminary experiments were carried out with H.SO4 as a benchmark catalyst. It is
the most typical homogeneous catalyst used in industrial esterification at loadings of 0.5%
wt. and 1% wt. with respect to the stearic acid. Subsequently, esterification experiments
with all other catalysts were done using the same number of acid equivalents to a 1% wit.
sulfuric acid loading. Acid equivalents were calculated considering the corresponding ion
exchange capacity of the solid catalysts. The reaction was followed by taking samples from
the reactor at different time intervals using a preheated pipette to avoid stearic acid
solidification during sampling. Collected reaction samples were characterized by measuring

acid value (AV) according to ISO 660 E (International Organization for Standatization,

2009). Reaction conversion (X) along time was determined with Equation 4.1

_ AVy-AV
A

X (4.1)

Here, AV, is the initial acid value of the triple pressed stearic acid (207.11 mg KOH/g
sample), and AV is the acid value of the reaction sample on an alcohol- and water-free
basis. In the particular case of commercial ion exchange resins, prior use they were washed
with EtOH in a stirred glass container for 2 h using a volumetric ratio EtOH/resin of 4:1, and
the washing process was repeated three times. Subsequently, the catalysts were rinsed
with deionized water, filtered, and dried under vacuum at 60°C until constant weight. The

dry materials were stored in dark and hermetic containers within a desiccator before use.

4.3 Results and discussion

4.3.1 Characterization of biobased activated carbons

Based upon the initial characterization of the commercial cassava starch, it was found that
it contains 20.7% wt. amylose and 79.3% wt. amylopectin. This represents a challenge
because high amylose starches are preferred for Starbon® synthesis (Budarin et al., 2006;
Clark et al., 2008; White et al., 2009). Nevertheless, it has been reported that low amylose
starches could also be used as feedstock, but they generally produce activated carbons
with lower pore diameters and surface areas (Brouwer, 2017; Uriburu-Gray et al., 2020). In
this regard, the corresponding nitrogen adsorption isotherms for high amylose corn-based

(S450) and cassava-based (CS450) carbons are presented in Figure 4-3A.
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Figure 4-3. Nitrogen adsorption isotherms (A) and porosity histogram (B) for sulfonated
cassava-based (CS450-SOszH) and corn-based (S450-SOsH) carbon materials.

As observed, isotherms of both Starbon®-type materials can be classified as type Il, with a
H3-type hysteresis. This behaviour reveals a mixed microporous-mesoporous structure of
slit-shaped pores, which is typical for this type of carbons (Leofanti et al., 1998). Both
materials exhibited a wide pore distribution, being predominantly mesoporous (Figure
4-3B). Conventional Starbon® from HACS exhibited a BET surface area of 281 m?g?, with
an average BJH pore size of 5.2 nm and a pore volume of 0.36cm3g?, while cassava-
Starbon® exhibited a surface area of a surface area of 263 m?g, with an average BJH pore
size of 3.7nm and a total pore volume of 0.20 cm®g™. The complete set of results from the

surface and porosity analysis are presented in Table 4-3.

Table 4-3: Surface area and porosity of assessed sulfonated corn-based (S450-SOzH)
and cassava-based (CS450-SOsH) carbons catalysts.

Property S450-SO3zH CS450-SOzH
BET surface area /m?g* 281 263
BJH average pore diameter /nm 5.2 3.7
Micropore content /cm3g? 0.08 0.04
Total pore volume /cm3g? 0.36 0.20

The morphology and particle sizes for CS450-SOsH and S450-SOsH can be observed on
the SEM micrographs of Figure 4-4.
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Figure 4-4. SEM micrographs obtained at different magnifications (5000X left and 10000X
right) for S450-SO3H (A, B) and CS450-SO3H (C, D)
For HACS-based Starbon® (Figure 4-4A and Figure 4-4B), the particle morphology
preserves the granulated form of the starting starch, whereas, in the case of the Cassava
Starbon® (Figure 4-4C and Figure 4-4D), the granular shape completely disappeared.
Considering the scaffolding action of amylose, its lower content in cassava generated a
lack of supporting action causing the collapse of the gel structure during the solvent
exchange and drying process. This collapse generated a filament- and sponge-like material
with a lower surface. Subsequent sulfonation of such a weak structure probably generated
additional damage and degradation of the material. Then, it is expected for CS450-SO3sH
catalysts to have issues of reduced mechanical strength and lower recoverability after
reaction due to erosion. Additionally, the particle size from SEM images for S450-SO3H is

estimated in the range of 12-20 um, and the formation of agglomerates will lead to a more
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stable material in comparison with CS450-SO3H, whose particle size varies from 4 to 18

gm.

FT-IR spectra of CS450-SOsH and S450-SOsH are presented in Figure 4-5. The one
corresponding to CS450 is also included to enable identifying alterations occurred in the
material after sulfonation. In all cases, the broad band at the range of 3200-3600 cm™ is
attributable to the O-H stretching vibrations (Silverstein & Webster, 1996) arising from
carboxylic acids, the hydroxy groups from the original saccharides present in the starch-
based material. Also, this broad band comes from the hydroxyls in phenolic groups formed
during the carbonization of the starch precursor, and from adsorbed water (Chen & Fang,
2011). Notably, both CS450-SO3H and S450-SOsH exhibit a distinct peak at 1024 cm™,
which corresponds to the vibrational mode of SO3- groups (Silverstein & Webster, 1996),
confirming the successful acidification of the material. This is also verified by the large
increase around 1150 cm*, which correspond to S=0 groups. Vibrational bands associated
with carbonyl C=0 and C=C stretching vibrations assigned to 1705 cm™ and 1600 cm™?,
respectively (Silverstein & Webster, 1996), are observed in all three materials. Furthermore,
peaks at 1456 cm™ correspond to the C-C skeleton stretching vibrations of aromatic rings

(Silverstein & Webster, 1996). All these are typical characteristics of sulfonated carbons.
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Figure 4-5. FT-IR spectra for CS450 (A), CS450-SO3H (B) and S450-SO3H (C)
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The corresponding ion exchange capacities of the different assessed catalysts are reported
in Table 4-4. Despite the values for the commercial ion exchange resins are reported in the
technical data sheets, they were measured on a dry basis for confirmation and comparison
purposes. As observed, the sulfonation of the starch-based materials was less effective in
the case of the cassava catalysts. As the gel structure collapsed during the synthesis of
CS450-SO3H, there were less stable anchoring sites for the sulfonic groups within the
mesoporous structure. Besides, even if produced, sulfonic groups were most probably
bonded to structures that detached from the solid during the sulfonation process and were

leached during the rinsing step.

Table 4-4. lon exchange capacity of assessed heterogeneous catalysts

Exchange capacity — dry basis

Catalyst (Eq H'/kg)
Amberlyst 15 4.56
Amberlyst 35 3.85
Amberlyst™ 70 2.78
Lewatit® K2629 4.33
S450-SOsH 2.31
CS450-SOsH 1.64

4. 3.2 Reaction tests

As a preliminary assessment of the process, kinetic profiles during the esterification of
stearic acid with isopropanol using H>SO4 as catalyst are presented in Figure 4-6. For
comparison purposes, these profiles were obtained with catalysts loading of 0% (i.e. self-
catalytic), 0.5% and 1% wt. with respect to stearic acid. As observed, using H>SO, as
catalyst, the reaction reaches equilibrium condition in 5 h of reaction. Comparatively, the
uncatalyzed reaction remains below a 4% conversion during the same period. To obtain a
guantitative indicator, reaction rates were calculated at time zero with respect to the acid
equivalents of the catalyst. This enabled to verify an increase in the turnover frequency
(TOF) from 0.49 to 0.79 mol/s H*Eq when changing from 0.5 to 1% wt. H.SO, loading, and
those were one or two orders of magnitude higher than the corresponding for the self-
catalytic reaction.



Chapter 4: Sulfonated cassava starch-based Starbon® as catalyst for fatty 89
acids esterification

70 -
60 - 4
A [ ]
A °
—~ 50 ] A
g . N
5 301 b e
2 o x Catalyst-free
8 20 1 e o H2S04 0.5% wit.
K 4 H2S04 1% wi.
10 1,
0 3)()(X>I<x x>|( )l( lx T T xl T T T T T T T )|(
0 100 200 300
Time (min)

Figure 4-6. Effect of H,SO, catalyst loading on the esterification of stearic acid (SA) with
isopropyl alcohol (IPA) (T=70°C, molar ratio 1:2 SA/IPA)

This behavior was similar to that observed in the synthesis of isopropyl myristate (de Jong
et al., 2009), so the self-catalytic effect could be neglected at the assessed temperature
when using H,SO, as catalyst. Despite a higher loading could be used, it has been reported
that industrial esterification of fatty acids is carried out with H,SO. up to 1% wt. to avoid
product darkening and equipment corrosion (Markley, 1983). Then, subsequent
experiments with other homogeneous and heterogeneous catalysts were carried out using
the same acid equivalents of a 1% wt. H.SO4 loading. The required amount of each catalyst
was determined based on the corresponding ion exchange capacities reported in Table 4-
4. The kinetic profiles during the esterification of stearic acid with isopropyl alcohol using

the different assessed catalysts are presented in Figure 4-7.
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Figure 4-7. Kinetic profiles during esterification of stearic acid (SA) with isopropanol (IPA)

(T=70°C, molar ratio 1:2 SA/IPA) using homogeneous (a) and heterogeneous commercial

(b) catalysts. Catalyst loading corresponding to acid equivalents of H,SO. at 1% wt. with
respect to fatty acid

As expected, all homogeneous catalysts enabled to obtain higher reaction rates and
conversions. Interestingly, methanesulfonic acid (MSA) enabled similar and slightly better
results in comparison to H,SO4, but with lower colour degradation in the final product. This
can be related to a lack of affinity of H.SO4 for the mostly organic reactive media, which
could allow only a partial dissociation of the second proton in sulfuric acid, thus reducing
their catalytic activity. In comparison, MSA and p-Toluene sulfonic acid contain an organic
structure with a better affinity for the reactive media (i.e. fatty acid and alcohol), and they
can dissociate their only proton. The corresponding TOF of MSA and p-Toluene sulfonic
acid, calculated with respect to the initial reaction rate, were 0.47 and 0.49 mol/s H*Eq,

respectively.

Comparatively, commercial macroreticular ion exchange resins showed very poor catalytic
activity in reaction. In this case, all resins enabled to obtain only slightly better results than
the self-catalytic process, with conversions below 10% in 5 h, and TOFs below 0.05 mol/s
H*Eq. This result has been previously observed in the esterification of fatty acids (de Jong

etal., 2009; Yalcinyuva et al., 2008), and similar to those reports, no pore diffusion limitation
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was expected to hinder reaction rates considering that pore openings lie within the
mesoporous region. Then, the poor catalytic activity was related to the selective absorption
of produced water preventing reagents from accessing the active sulfonic groups. Also, a
slight shrinking effect of the polymeric matrix can occur when put in contact with organic
compounds, and this might induce a steric hindrance for the adsorption/desorption of the

long alkyl chain fatty acid into the active sites of the catalysts.

As observed in Figure 4-8, corn-based sulfonated Starbon® (S450-SO3H) showed the best
performance among the assessed heterogeneous catalysts. The reaction rate was three
times higher due to the available surface area, which is considerably larger than the
obtained for other macroporous commercial resins. Additionally, the pore diameter profile
of the material allows the fatty acid molecules to reach active sites. Correspondingly, the
TOF for this catalyst was 0.08 mol/s H*Eq. On the other hand, the performance obtained
by using the sulfonated cassava Starbon (CS450-SOsH) on reaction is still poor and similar
to the obtained using the tested ion exchange resin. Nonetheless, the TOF for CS450-SO3H
was higher than the obtained for the other heterogeneous catalysts (i.e. 0.15 mol/s H*EQ).
This indicates that while activity is good, further explorations are required to improve the

structural stability of cassava-based Starbons.
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Figure 4-8. Kinetic profiles during esterification of stearic acid (SA) with isopropanol (IPA)
(T=70°C, molar ratio 1:2 SA/IPA) using corn- (S450-SO3H) and cassava-based (CS450-
SO3H) catalysts
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The corresponding results of the thermogravimetric analysis (TGA) of the sulfonated
materials is presented in Figure 4-9. Both, S450-SO3H and CS450-SO3H, exhibited an
initial stage of moisture elimination from room temperature to 100°C (10.98% and 14.43%,
respectively). The residual dry weight of both samples remained constant until reaching
200°C. Subsequently, in the temperature range of 200°C to 1000°C, the loss of mass is
associated with the degradation of organic compounds on the surface of the material and
the formation of aromatic rings. Upon reaching a temperature of 1000°C, a substantial
transformation of the samples into a carbonaceous structure was observed. Specifically,
for S450-SO3H, 56.81% of the dry mass remained after thermal treatment, while for CS450-
SO3 it remained 55.13% of the original material. These results indicate that the catalysts
could be used in reactions up to 200°C in order to preserve the sulfonic groups in the

surface, the hydrophilic-hydrophobic ratio and the mechanical structure of the materials.
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Figure 4-9. TGA and DTG curves for S450-SO3H (A) and CS450-SO3H (B).

In order to assess the potential reusability of the Starbon® type catalysts, the acidity of the
sulfonated materials was measured after the esterification process. The corresponding
acidity decreased to 2.26 Eq H*/kg in the case of S450-SO3H (a reduction of 2.25%) and
to 1.59 Eq H*/kg in the case of CS450-SO3H (a reduction of 3.11%). These slight reductions
indicate that the materials remained relatively stable and that they could be used in further
reaction cycles. Nevertheless, only the corn-based material (i.e. S450-SO3H) seems
suitable for further exploration, and the synthesis procedures could be further optimized to

enhance the performance in the esterification of fatty acids.
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4.4 Conclusions

Starbon®-type activated carbons were produced using HACS and cassava starches as
feedstock and they were activated via sulfonation for catalytic purposes. The obtained
materials exhibited a highly mesoporous structure with average pore diameters above 8
nm. The area and pore volume of the cassava-based catalysts (CS450-SO3zH) was lower
(263 m?/g, 0.2 cm®/g) than for the corn-based (S450-SO3H) (281 m?/g, 0.4 cm?/g), the pore
volume was lower (0.22 cm®/g). Based upon the SEM characterization, it was verified that
the S450-SO3H activated carbon retained the mesoporous structure of the gelled starch
while the CS450-SO3;H material collapsed. This was related to the lower content of amylose
that affected the stability of the gel structure after the solvent exchange, drying and
carbonization. Also, sulfonation was less effective in the cassava material mainly due to the
lack of stable anchoring points that leached during the rinsing process. This resulted in an
ion exchange capacity of 1.64 Eq H*/kg which was lower in comparison with the corn-based
catalysts (2.31 Eq H*/kg). After a further evaluation of the synthesized catalysts in the
esterification of stearic acid with isopropanaol, it was found that S450-SOzH enabled higher
rates of reaction than more commercial ion exchange resins. Nonetheless, they were still
well below most typical homogeneous catalysts, in particular methanesulfonic acid which
exhibited the best performance in reaction. In the case of the CS450-SOzH catalyst, it
exhibited slightly better performance than all heterogeneous catalysts, but its activity was
much lower in comparison with the conventional Starbon® catalyst. The thermal analysis of
the materials suggests a similar stability for S450-SOzH and CS450-SOsH, which can be
used in reactions up to 200°C. Additionally, there was no significant decrease on the acidity
of the materials after their use in reaction (~ 3%). Results indicate that while CS450-SOsH
has a high TOF compared with other heterogeneous catalysts, there is a need for further
improve the synthesis of the cassava-based material, mainly focusing on preserving the gel
structure and the sulfonation process and to enhance the activity for fatty acids

esterification.






5.Conclusions and perspectives

5.1 Conclusions

This research endeavors to advance the synthesis of Starbon® material using cassava
starch as a locally abundant and sustainable precursor in Colombia, thus aligning with the
principles of circular economy and green chemistry. The experimental phase unfolded in
three segments. Initially, the conventional synthesis method, as reported by Budarin and
colleagues (2006), was implemented using Colombian cassava starch. However, the
resulting samples lacked the expected porosity and surface area due to the high-amylose
nature of the reported methodology, which did not suit the low-amylose content (20.75%
wt.) of Colombian cassava starch. To overcome this challenge, a meticulous exploration of
gelatinization, retrogradation, solvent exchange, and carbonization conditions was

conducted.

In case of gelatinization, the results suggested that the best conditions are related to the
use of a 1:10 mass ratio at temperatures between 90°C and 110°C, as lower temperatures
lead to incomplete dispersion of starch network and higher temperatures could promote the
amylopectin depolymerization also destroying the network. Subsequently, retrogradation
was found to produce a pore shrinkage due to the increase of organization of molecules
during the cooling. Particularly for cassava starch, samples retrograded longer times
resulted in lower surface areas, so shorter retrogradation times are desirable. Regarding
solvent exchange, two methods were assessed, and it was interestingly found that the use
of each method conducted to materials with different surface properties. Ethanol and
vacuum oven utilization produced materials with higher pore sizes, while freeze-drying and
TBA led to smaller pores with higher surfaces. During carbonization, the use of an acid
precursor proved effective in preserving the material's porous structure. Additionally, it was
found that at 300°C the produced porosity was nulled by the carbonization process and

higher synthesis temperatures were needed for obtaining porous materials from cassava.
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The optimized conditions for cassava-derived Starbon® synthesis included a gelatinization
mass ratio of 1:10, a gelatinization temperature of 110°C and a carbonization at 450°C,
supported by both factorial and Box-Behnken designs. The resulting cassava-derived
Starbon® exhibited notable surface area (263 m#/g), pore volume (0.2 cm?/g), and pore
sizes (4 nm) at 450°C with ethanol solvent exchange. While these properties fell short of
the capabilities of conventional Starbon® materials, the methodology proved successful,

especially considering the low amylose content of the cassava precursor.

Furthermore, sulfonation was employed for the use of the synthesized starch for catalytic
purposes, for the esterification of long chain fatty acids. However, although the cassava-
Starbon® catalysts (CS450-SO3H) exhibited an ion exchange capacity of 1.64 Eq H+/kg,
the cassava material demonstrated slightly better catalytic performance than other
heterogeneous catalysts in the esterification of stearic acid with isopropanol, therefore

being susceptible to improvements.

In conclusion, this research provides valuable insights into the synthesis and optimization
of cassava-derived Starbon® materials. The adapted methodology showcases its
applicability to low-amylose starches, contributing to the utilization of agricultural waste in
Colombia. Additionally, the proposed methods result in an easier and cheaper route for the
production of Starbon® materials which can be implemented without the requirement of
complex equipment. The comprehensive exploration of experimental variables and
statistical analyses offers a robust foundation for further advancements in catalytic
applications, fostering sustainability in the Colombian agro-industry. Nevertheless, the
material still is susceptible to modifications and improvement for making it suitable for

catalyzing esterification reactions.

5.2 Perspectives

For a better understanding, the cassava-derived Starbon® prepared and sulphonated under
the conditions previously defined could be assessed as catalyst for different reactions with
smaller molecules to understand the cause of their poor performance in the esterification

of isopropanol. Additionally, changes in the reaction conditions such as increasing the
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amount of alcohol used in the esterification can lead to higher conversions and a better

understanding of the catalyst.

Moving forward, there is a need for continuous refinement of the synthesis process to
enhance the porosity and surface characteristics of cassava-derived Starbon®. This
involves exploring additional factors influencing the synthesis, such as variations in the
solvent exchange method by changing the amount of EtOH used or preparing the starch

gel directly in TBA.

Regarding the lack of available information for the prediction of gels formation or surface
properties, mathematical and computational modelling of the behaviour of porosity for

different starch and stages is needed for promoting the use of this material.

On the other hand, while cassava starch has proven to be a viable precursor, future
research could investigate the use of other local starches such as canna starch. Exploring
a variety of precursors may provide opportunities to develop Starbon® materials with

diverse properties, catering to specific applications in catalysis or other fields.

Additionally, scaling up the synthesis process for cassava-derived Starbon® is crucial for
practical applications and industrial adoption. Investigating the feasibility of large-scale
production, cost-effectiveness, and reproducibility will be essential for integrating this

material into industrial processes.






A. Appendix: BET modification for
the determination of surface area in
materials with Type lll isotherm

Typically, for mesoporous materials, BET surface area is calculated through the use of the

following equation:
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Where Py is the relative pressure at which a monolayer is formed on the material's surface,
P is the adsorption pressure, W correspond to the weight of N> adsorbed, Wy, refers to the
adsorb weight in a monolayer, and C is a constant determined from the slope of the

isotherm in the monolayer region.

Therefore, when 1/W[Po/P -1] is plotted vs. P/Po, it will yield to a straight line, where the

slope m and intercept i are, respectively:
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C and Wm can be obtained through equations A.2 and A.3. Then, the total surface area

can be calculated as:
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Where Ax is the cross-sectional adsorbate area, MW is the adsorbate molecular weight,

and Na is Avogadro's number. This method is applicable in the range of P/Po of 0.05to 0.3.

When type Il isotherm is presented, the BET surface method should be corrected. This is
noticed when C constant is lower than 2 (C<2). In those cases, W=W, and (P/Po)m need

to be estimated as:

P Ve -1
(—) - (A.5)

Py,  C—1
At this monolayer relative pressure, the adsorbed weight in monolayer is obtained from raw

data and used in equation A.4 for the determination of BET surface (Lowell et al., 2004)



B. Appendix: Statistical analysis
supports

Statistical analysis presented in Chapter Il were validated. Verification of normality was

performed for result variables of factorial and Box-Behnken experimental designs.
32 Factorial Experimental Design
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Figure B-1. Normal plot of residuals for Area BET results in factorial 32 experimental
design.
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Figure B-2. Normal plot of residuals for pore size results in factorial 32 experimental

design.
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Figure B-3. Normal plot of residuals for pore volume results in factorial 32 experimental
design.

According to normal probability plots presented in Figure B-1, Figure B-2 and Figure B-3,
most of the values for surface area, pore size and pore volume are located over the normal
probability line. Therefore, validating that data follow a normal distribution. Shapiro-Wilk test
was performed to verify the assumption with a significant level of 0.05. P-values were found

to be 0.299, 0.872 and 0.600 for surface area, pore size and pore volume respectively. As
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p-value is higher than the significance level defined, there is no evidence to reject the Hg
and the data fits a normal distribution.

Box-Behnken Experimental Design (BBD)
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Figure B-4. Normal plot of residuals for Area BET results in BBD experimental design.
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Figure B-5. Normal plot of residuals for pore size results in BBD experimental design.
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Figure B-6. Normal plot of residuals for pore volume results in BBD experimental design.

According to normal probability plots presented in Figure B-4, Figure B-5 and Figure B-6,
most of the values for surface area, pore size and pore volume are located over the normal
probability line, validating that data follow a normal distribution. Shapiro-Wilk test was
performed to verify the assumption with a significant level of 0.05. P-values were found to
be 0.012, 0.032 and 0.026 for surface area, pore size and pore volume respectively. As p-
value is higher than the significance level defined, there is no evidence to reject the Hpand

the data fits a normal distribution.
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