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Abstract
Carbon materials are widely used in fields of adsorption, catalyst and chromatography.
The need for more sustainable carbon materials led the formation of starbons. These
materials are synthesized from starch and are known to predominantly contain pores
with a diameter between 2 and 50 nm, called mesopores. It is furthermore known that
the amylose double helical structures in retrograded starch are involved in mesopore
formation. However the influence of the starch amylose content on the amount of
mesopore surface area formed in starbons has not been researched yet. The main goal of
this research was to investigate how the pore size and especially the mesoporosity of
starbons was affected by the starch amylose content. Control over the pore size
distribution is relevant because it is a feature that determines for which applications a
carbon material can be used. In a more general way, research focussed on how the initial
starch structure influenced the porous properties of starbons. In this context also the
effect of starch crystal type as well as the influence of lipids in native corn starch, on the
mesoporosity of starbons, were researched.
This research was performed using a variety of starches with different amylose contents,
ranging from 28%-100%. The dried starch gels and starbons synthesized from these
starches were analysed using physisorption, XRD, FTIR ATR and TGA. Starbons were
synthesized via vacuum oven drying and freeze drying. To date, the freeze drying
method has not been used in the synthesis starbons.
All dried starch gels and starbons synthesized were predominantly microporous, however
it was found that mesopore surface area of dried starch gels was preserved in the
subsequently synthesized starbons. This preservation was also influenced by the freezing
rate of the starch gels. The highest mesoporosity was measured in the starbon
synthesized from starch with the highest amylose content. The lowest and the highest
mesopore surface areas were respectively measured in the starbons synthesized from
starches with the lowest and the highest amylose content. An starch precursor containing
100% amylose is thus successful for the synthesis of a starbon with relatively high values
for the mesopore surface area and the mesoporosity. It was further found that a starbon
synthesized from high amylose corn starch, of which approximately half of the total
amount of lipids was removed, did not contain higher values for the mesopore surface
area and the mesoporosity. Relatively low values for these mesopore characteristics were
measured in a starbon synthesized from a freeze dried starch gel containing less B-type
crystals. Therefore this crystal type is likely to be involved in the formation of mesopores.
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1. Introduction
1.1 Intro
A major part of worldwide energy sources and materials are based on fossil fuels.
Because of the increasing price of fossil resources, their uncertain availability and their
environmental concerns, the feasibility of oil exploitation is predicted to decrease in the
near future. Therefore, alternative solutions which reduce the consumption of fossil fuels
and counter climate change should be developed according to (Cherubini 2010).
Renewable resources such as biomass, wind energy and solar energy as alternative for
fossil based products are preferable because of their inexhaustible availability and due to
their neutrality towards greenhouse gas production according to (van Dam, de KlerkEngels et al. 2005). In other words, there should be a shift from a fossil-fuel based
economy towards a more biobased economy. The biobased economy encompasses
agriculture, forestry, fisheries, food technology, biotechnology and industrial sectors.
Biomass can be a promising renewable resource in these several sectors. It can not only
be used for energy supply but it can also be functional as precursor in the of production
materials and chemicals. It is important that these products are made from renewable
resources to reduce further CO2 emissions according to (Vandamme, Anthonis et al.
2011).
1.2 Carbon materials
Because of their applications in energy storage and energy conversion, special attention
should be paid to carbon materials. Examples of applications in these fields are hydrogen
storage, electrodes in storage devices and catalytic support materials. Furthermore,
these materials can also be used in waste water treatment and CO2 capture and
therefore contribute directly to reduction of environmental concerns. Carbon materials
are suitable for this functions because of their high surface areas created by internal pore
structures, their thermal stability and electrical conductivity. The important functions of
carbon materials are widely described in several studies (Titirici, White et al. 2015)
(Coelho, Furtado et al. 2008) (Mosher, Liu et al. 2011). Control over surface functional
groups and the pore size distribution are important aspects of these materials since these
features determine the application of a carbon material. The internal pore structures are
classified in to three classes, based on pore size: micropores(<2nm), mesopores(250nm) and macropores(>50nm).
1.2.1 Template method
A common way to obtain carbon materials is by using a silica template with the desired
pore diameter. Examples of these materials are carbon nanotubes(CNTs) and carbon
nanofibers(CNFs). This template is filled with sucrose and subsequently heated under the
absence of oxygen, in a process called pyrolysis, as described by (Titirici, White et al.
2015). Although a renewable resource can be used in this template method, there are
drawbacks associated with processing such as usage of strong acids and upscaling.
According to (Ryoo, Joo et al. 1999) another drawback is that only hydrophobic carbon
structures are obtained. Therefore the range of applications remains limited.
1.2.2 Chemical vapor depositon
Carbon materials such as the mentioned CNTs and CNFs can also be produced via
Chemical Vapor Depositon(CVD). CVD involves a volatile carbon precursor such as
methane, benzene or toluene that is introduced into a reaction chamber containing one
or more heated objects to be coated according to (Park and Sudarshan 2001). Chemical
reactions occur on the hot surface of these object resulting in the deposition of a thin
2

film. Often a synthetic catalyst, such as a metal salt, is loaded on this surface. Deposition
of carbon molecules occurs around the catalyst particles. According to (Nessim 2010) the
catalyst influences the resulting growth of a carbon material in such a way that the size
of the catalyst dot, loaded on the substrate, determines the diameter of this synthesized
carbon material. According to (Park and Sudarshan 2001) CVD is a technique which can
be scaled to industrial production, however the most important disadvantage of this
technique is the formation of corrosive and toxic and by-products.
1.2.3 Pyrolysis and activation
Another class of carbon materials produced on industrial scale are activated
carbons(AC’s). This class contains mainly micropores, is produced from biomass and has
proven application in catalysis, energy storage and water treatment. AC’s are produced
via pyrolysis, but the formation of porous structures is induced by the use of hot steam
or acids and bases. According to (Titirici, White et al. 2015) several drawbacks are
associated with AC production. No control over material characteristics including porosity,
morphology and surface functional groups is possible.
According to (Budarin, Clark et al. 2006) the several drawbacks mentioned for the
conventional routes to produce carbon materials led to the development of a new class
of carbon materials, called starbons. These carbon materials predominantly contain
mesopores and are made from starch, to be more specific, from corn starch with a high
amylose content. According to (White, Shuttleworth et al. 2016) the amylose molecules
in starch are important for the formation of these mesopores in starbons.
2.1 Starch
Starch can be found in many plants and is very densely packed in native state to serve
as energy carrier for the long term. It mainly consist of two polymers built from glucose
units, named amylose and amylopectin. Furthermore minor components are present in
native starch, such as: proteins, lipids, and phosphorus.
2.1.1 Major components of native starch
Starch mainly consists of glucose polymers called amylose and amylopectin. Amylose is a
linear chain in which glucose units are bound to each other via α-1,4-glycosidic bonds.
Amylopectin is a more branched polymer of which the backbone consists also of α-1,4glycosidic bonds, branches are created by α-1,6-glycosidic bonds. These molecules are
shown in figure 1 below.

Figure 1: schematic representation of amylose and amylopectin molecules
Adapted from: (Amira El-Fallal, Mohammed Abou Dobara et al. 2012)
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The ratio of amylose and amylopectin(Am/Ap) present in starch differs per botanical
source but also varies within. As mentioned by (Ke, Sun et al. 2003) several native corn
starches exist with different Am/Ap ratios, such as: waxy corn(0/100), regular
corn(28/72), Hylon V(50/50) and Hylon VII(70/30).
According to (Pérez and Bertoft 2010), all native starch granules are build-up of both
amorphous and semi-crystalline shells, within these shells crystalline and amorphous
lamellae can be distinguished, as shown in figure 2a and 2b. The crystalline lamella are
made up of amylopectin molecules associated in double helical structures, whereas the
amylopectin branch points which connect these structures are present in the amorphous
zones, as shown in figure 2c. A more detailed representation of amylopectin double helix
can be seen in figure 2d.

Figure 2: Examination of starch on different levels. Adapted from: (Pérez and Bertoft 2010)
a: Detailed representation of a waxy maize starch granule after 7 days of H2SO4 hydrolysis and
staining with uranyl acetate and lead citrate.
b: Schematic representation of alternating semi-crystalline and amorphous shells.
c: Amylopectin chains as present in the semi-crystalline and amorphous shells.
d: Amylopectin double helix.

Three different crystal types can be distinguished in native starch, which are formed by
the amylopectin double helical structures stacked in different ways. These include the A-,
B-, and C-crystal type. The C-crystal type is formed in starches which both contain the Aand B-crystal type such as pea starch. Most native corn starches contain the A-crystal
type while potato starches contain a B-crystal type. According to (Pérez and Bertoft
2010) environmental conditions influence the crystal type formed in native starches.
Hydrogen bonds are responsible for the double helix pairing and a very close association
is possible since the double helixes are shifted 0.52 nm on the longitudinal axis, as
shown in figure 3 below.

4

Figure 3: schematic representation of double helical structures formed by amylopectin chains.
Adapted from: (Pérez and Bertoft 2010)

The double helical structures in both A- and B-crystal type have the same structure, both
are left-handed and almost perfectly sixfold structures, with a fibre repeat of 2.10 nm
according to (Pérez and Bertoft 2010). The amorphous regions containing the branch
points are formed by the α-1,6-glycosidic bonds, extending over a region of about 2.5
nm. However, a difference between the A- and B-crystal type can be obtained in the
stacking of double helices and the number of water molecules within the crystalline
structure, as shown in figure 4. In this figure, the unit cells of respectively the A- and Bcrystal type are shown from top view. A unit cell represents the order of molecules in a
crystalline material. The crystal structure of a material is build-up of many repeats
containing such unit cells, giving information about the stacking of molecules in crystal
structures. As defined by (Pérez and Bertoft 2010), the B-crystal type is formed by
hexagonal unit cells, contains a void in its crystal structure with 36 water molecules and
has single chains build-up of 18 glucose units(6.3nm). The A-crystal type consists of
monoclinic unit cells, contains only 4 water molecules in its crystal structure and has
single chains build-up of 12 glucose units(4.2 nm).

Figure 4: schematic and detailed representation of unit cells in the A- and B-crystal types from top
view perspective. Circles indicate double helices in both represenations. In the detailed
representation, water molecules are indicated with dark closed circles and broken lines indicate
hydrogen bonds. Adapted from: (Pérez and Bertoft 2010).
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As the amylose content is the main parameter studied in this thesis, information of these
molecules in native state is required as well. A study conducted by (Morrison, Tester et
al. 1993) on the state of amylose in native starch showed that most of these chains are
located in the amorphous layers of native starch. Two amorphous forms of amylose are
present: lipid-free amylose and amylose-lipid complexes. It was further stated that the
majority of the amylose chains, in native starch, are in single helical state. However,
larger amylose chains can form double helical structures with amylopectin in the
crystalline regions.
2.1.2 Minor components of native starch
Next to the glucose polymers, which form the major components in starch, several minor
components are present of which proteins, lipids and phosphorous are the most
abundant. The protein content of starches can reach 0.7% by weight, lipids are found in
amounts up to 1.5% by weight and phosphorous up to 0.089% by weight according to
(Pérez and Bertoft 2010). Minor components can have significant effects on the
properties of starch during processing. Of the minor components present in starch, lipids
will be discussed in more detail since it was found in literature(Morrison, Milligan et al.
1984) (Vasanthan and Hoover 1992) that corn starches contain a relatively large amount
of them. Furthermore lipids can associate with amylose and form complexes as will be
explained in the next section.
2.1.2.1 Lipids
Research conducted by (Morrison, Milligan et al. 1984) on isolated cereal starch granules
showed that lipids can be associated with the surface as well as with inside of the starch
granule. The surface lipids consist of triglycerides (TG), mono-acyl lipids in the form free
fatty acids (FFA), glycolipids (GL) and phospholipids (PL). The internal lipids of cereal
starches are predominantly mono-acyl lipids, consisting mainly of FFA and
lysophospholipids (LPL). According to (Shogren, Fanta et al. 2006) the main FFAs in corn
starch were palmitic acid and linoleic acid. The structural formula of palmitic acid is
shown in figure 5a, it consist of a carboxylic head and a aliphatic chain. In native starch,
phospholipids and mono-acyl lipids can participate in the formation of complexes with
single amylose chains according to (Vasanthan and Hoover 1992). The non-polar part of
the lipid is involved in the interaction with amylose resulting in a complex of a lefthanded amylose single helix. The complex is shown in figure 5b. Its cavity is hydrophobic
containing methylene groups but the complex is hydrophilic on the outside since hydroxyl
groups are located here.

Figure 5(a): structural formula of palmitic acid. Adapted from Sigma Aldrich. (b): representation of
an amylose single helix(blue) which forms a complex with a ligand(grey). It could be derived from
this figure that the polar head of the ligand is located outside the helix . Adapted from: (Putseys,
Lamberts et al. 2010)
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Amylose-lipid complexes can be present in amorphous form as well as in crystalline form.
The amorphous forms can be found in native starches while crystalline form can be
created during heating of starch in water, leading to a V-crystal type. Other research
conducted by (Biliaderis, Page et al. 1985) showed that amylose-lipid complex formation
is a reversible process, meaning that heating in water is required to dissociate it again.
Both the surface and internal lipids can be present in free state as well as associated with
starch components, either in the form of amylose inclusion complexes or linked via ionic
or hydrogen bonding to hydroxyl groups of the starch components. However, according
to (Vasanthan and Hoover 1992) most free lipids are present in the surface fraction, and
most bound lipids could be found in the internal fraction. The surface lipids can be
extracted at ambient temperature while the internal lipids can be removed only with hot
alcoholic solvents or by applying acid hydrolysis. Slight disruption of the starch granule,
such that the degree of penetration of the solvent in the granule structures increases, is
required to remove internal lipids. Further research conducted by (Vasanthan and Hoover
1992) on corn starches showed that it mainly consists of bound lipids, only 5% of the
total lipid content consists of free lipids. According to (Morrison, Milligan et al. 1984) the
mono-acyl lipid content is closely related to the amylose content of native corn starches.
In waxy corn starches, mainly free lipids are found while with increasing amylose content
the bound lipid fraction increases. As mentioned earlier, according to (Vasanthan and
Hoover 1992) phospholipids and mono-acyl lipids have a high tendency to form
complexes with amylose molecules. As mono-acyl lipids occur in both the surface and
internal lipid fraction of corn starches, these class of lipids is proposed to have the largest
contribution in amylose-lipid complex formation. In corn starch these mono-acyl lipids
are mainly FFA and LPL.
2.1.3 Gelatinisation:
During heating in the presence of excess water, starch granules swell because water is
taken up in the amorphous regions, amylose leaches out and finally disruption of the
natural starch structure occurs. The granule structure collapses due to melting of
crystallites, unwinding of double helices and breaking of hydrogen bonds as researched
by (Wang, Li et al. 2015). This process is called gelatinisation. It can roughly be divided
in two phases: in the first step water diffuses through the starch granule and in the
second step melting of the starch crystallites takes place. The gelatinisation temperature
for corn starch is circa 58 °C according to (Jenkins and Donald 1998). At this
temperature water is taken up in the amorphous regions and the granule starts swelling.
2.1.4 Retrogradation:
Retrogradation is the process that occurs during a subsequent cooling step. According to
(Wang, Li et al. 2015), starch retrogradation is a process in which separated amylose and
amylopectin chains in a gelatinized starch solution re-associate to form more ordered
structures. Physical changes that occur during retrogradation are an increased viscosity
of solution, gel formation, exudation of water and an increased degree of crystallinity.
This increased degree of crystallinity is mainly created by amylose double helices.
A study conducted by (Shimada, Handa et al. 1996) showed that an amylose double helix
has an entrance diameter in the range of 0.60–1.04 nm and that within this structure a
cavity like structure is present. As explained for the amylopectin double helices, the
amylose double helices can stack in different ways too, therefore after retrogradation
gels can be formed containing the either the A- or B-crystal type. According to (Shamai,
Bianco-Peled et al. 2003) this crystal type formation after retrogradation can be
7

inﬂuenced by the retrogradation temperature. At a relatively high temperature(95°C) the
A-crystal type is formed, while at a relatively low temperature(40°C) the B-crystal type is
formed. This temperature dependent formation of crystal types only applies if the
concentration of starch in water is constant.
Retrogradation can be retarded by lipids present in native starch according to (Wang, Li
et al. 2015). Amylose that is free of lipids is able to leach out from a native starch
granule during gelatinisation easily, in contrast to lipid complexed amylose. Hence, as
mentioned in the previous section, for corn starch the phospholipids and mainly the
mono-acyl lipids can reduce dispersion of the granules and therefore the solubilisation of
amylose. During retrogradation this can lead to retardation of amylose double helical
formation. This activity can be compared to emulsifiers used in the food industry, which
will complex with the amylose and make the product less soluble and more sticky.
In addition, the formation of amylose-lipid complexes during gelatinisation could inhibit
the cross-linking and formation of double helical structures between amylose molecules,
which would also slow their retrogradation according to (Wang, Li et al. 2015).This was in
accordance with research conducted by (Jeong and Lim 2003). In this mentioned
research it was found that by defatting of native Hylon VII, the melting enthalpy for the
amylose double helices was increased. This result indicated that the lipids inhibited the
amylose double helical formation.
2.1.5 Debranched Etenia 457
In this thesis, Etenia 457(4,4-α-glucanotransferase-treated potato starch) is also used as
precursor for starbon synthesis. 4,4-α-glucanotransferase(amylomaltase) is an enzyme
found in bacteria where it plays a role in metabolism of glycogen as well as in plants
were it is involved in the synthesis of amylopectin. This isolated enzyme of Thermus
thermophilus is used to convert native starch
into derivatives for food industrial
purposes. According to (van der Maarel and Leemhuis 2013) it transfers fragments of
amylose or parts of amylopectin side chains to the non-reducing end of amylopectin with
the formation of new α-1,4-glycosidic linkages. The non-reducing end is the
monosaccharide of a oligosaccharide that is not involved in a glyosidic bond. This process
is shown in figure 6, dots represent monosaccharides. The derivative formed when
potato starch is treated with amylomaltase is called Etenia 457. It is free of amylose and
contains amylopectin with short chains( ≤15 glucose units) and relatively long side
chains, with an average chain length of 55 glucose units according to (van der Maarel
and Leemhuis 2013).
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Figure 6: Synthesis of Etenia 457 from amylopectin and amylose molecules. Adapted from (van der
Maarel and Leemhuis 2013).

Etenia 457 was debranched in this thesis in order to obtain linear polymers containing
only α-1,4-glycosidic bonds. As the amylose content was determined to be important for
the formation of mesopores in starbons, it would be interesting to synthesize a starbon
from a substrate containing only fully linear chains. The debranching reaction, in which
α-1,4,6-glycosidic bonds are hydrolysed, is catalysed by the iso-amylase enzyme. Its
function is shown in figure 7 below.

Figure 7: Hydrolysis of α-1,4,6-glycosidic bonds in an branched starch molecule. Adapted from:
(van der Maarel and Leemhuis 2013).

3.1 Starbons
3.1.1 Synthesis of starbons
Synthesis of starbons consists of the following steps: gelatinisation, retrogradation,
drying and pyrolysis. In the previous section it was explained how molecules within
starch rearranged themselves after gelatinisation and retrogradation. After these
processes the obtained gel has a different molecular structure compared to native
starch. This natural ability of starch molecule rearrangement, the formation of amylose
double helices, is the basis for mesopore formation in the obtained gel. According to
(Titirici, White et al. 2015), the porous structure in the gel after retrogradation is also
called expanded structure of starch, since the densely packing of native starch is lost. So
in this context the gel can also be called expanded starch. In order to synthesize
starbons from this expanded starch, drying and pyrolysis are required.
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Several drying methods can be used to dry the obtained gel after retrogradation, such as
vacuum oven drying, supercritical drying using CO2 or freeze drying as mentioned by
(García-González, Camino-Rey et al. 2012). Of the existing drying methods, vacuum
oven drying and freeze drying are used in this thesis. In case vacuum oven drying is
used, one extra step is added to the starbon synthesis, called solvent exchange. This
step is needed prior to vacuum oven drying. It is used to replace water inside the
mesoporous gel structure created by amylose double helices for a lower surface tension
solvent like ethanol, acetone or butanol. Otherwise, the surface tension of water in the
mesoporous structures of the gel creates a capillary pressure gradient in the pore walls,
collapsing them, as described by (García-González, Camino-Rey et al. 2012).
By performing freeze drying, dehydration occurs via sublimation. Samples should be
frozen prior to drying and under vacuum there will be a transition of water directly from
the solid to the gas phase, without passing through the intermediate liquid phase.
Therefore collapse of the mesoporous structure by surface tension is prevented. However
the mesoporous structure can also be damaged by expansion of ice during freezing
according to (Borisova, De Bruyn et al. 2015). Research conducted by (Ferrero, Martino
et al. 1993) focussed on the influence of freezing rate on the size of crystals formed
when gelatinised corn starch was frozen. Results showed that a higher freezing rate
results in less expansion of ice crystals and formation of ice crystals with a different
shape. Although in this thesis the retrograded starch is frozen, a smaller crystal size
perhaps has a positive influence on the preservation of mesoporous structures obtained
after gelatinisation and retrogradation. The expansion of ice crystals can also be reduced
by adding cryopotectants which reduce the size of growing ice crystals, an example of an
cryoprotectant is glycerol. Research conducted by (Lee and Komarneni 2005) showed
that a volumetric expansion of ice can be reduced from 9% to 5% by using a 20%
glycerol solution. Another way to reduce expansion of ice crystals is by addition of tertbutanol as researched by (Borisova, De Bruyn et al. 2015). An aqueous solution of tertbutanol(25% w/v) resulted in the formation of fine crystals and therefore resulted in a
better preservation of mesoporous structures in the freeze dried gels.
After drying, pyrolysis follows, in this process the dried starch gel is thermochemically
decomposed in the absence of oxygen. An acid catalyst, called p-Toluenesulfonic acid,
was added to the expanded starch. This catalyst induces crosslinking processes at
temperatures lower than the melt of the hydrogen bond polymer network, resulting in
the acid catalysed decomposition of organised structures formed by amylose double
helixes according to (Titirici, White et al. 2015). The role of the acid catalyst during the
thermochemical decomposition process of dried starch gels was studied in more detail by
(Shuttleworth, Budarin et al. 2013). It was concluded that the acid catalyst plays an
important role at pyrolysis temperatures between 180–300 °C in inducing intermolecular
crosslinking(dehydration) of hydroxyls, to generate ethers and carbonyls.
3.1.2 The importance of starbons
Economically speaking, it is attractive to use starch as resource for the synthesis of
starbons since it is abundant, has relatively low costs and can be obtained from waste
streams to compete less with food production according to (Titirici, White et al. 2015).
From a more ecological point, it can be concluded that starbons are sustainable variants
of carbon materials since a renewable resource is used, together with a relatively simple
production process in which only catalytic amounts of acid is required, according to
(Titirici, White et al. 2015). The production process of carbon materials, including that of
starbons, generally is energy intensive due to the drying step and pyrolysis.
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This production process can be made more sustainable if the required energy is derived
from a renewable resource as well. The starbon production process is however relatively
simple compared to for example the template method, since starch molecules have a
natural ability to rearrange themselves during gelatinisation and retrogradation. Several
studies have been done on the production process of starbons (Budarin, Clark et al.
2006) (Budarin, Clark et al. 2007) (Borisova, De Bruyn et al. 2015) (White, Shuttleworth
et al. 2016). Noteworthy is that all studies use corn starch with a high amylose content.
However, an explanation for the choice of this precursor is not given. Therefore it would
be interesting to investigate how the starch amylose content influences the mesoporosity
of starbons. Mesoporosity is defined as the amount of surface area created by the
mesopores relative to the total surface area of the starbon. Starbons attracted attention
because of their wide applicability in fields of catalysis, adsorption and storage due to
their predominant mesoporous structures. Control over the mesoporosity is important
for diffusion and separation of molecules in these fields. This importance will be explained
in case the starbon functions as a catalytic support material. In order to interact with the
active sides of the catalyst, reactants first need to diffuse through the pores of the
catalytic support material. Thereafter the products should be released soon to prevent
side reactions. To create optimal diffusion circumstances for reactants and products
through these pores, control over pore size is crucial and therefore optimizes the function
of the carbon material according to (Coelho, Furtado et al. 2008).
Research in this thesis focuses on how the initial starch structure influences the porous
properties of starbons. The main goal researched in this thesis is to investigate how the
pore size and especially the mesoporosity of starbons is affected by the starch amylose
content.
4.1 Analytical techniques
4.1.1 Physisorption
In order to determine the physical properties such as surface area, pore size and pore
volume of solid materials, physisorption can be used. This technique works via gas (N2)
adsorption and desorption on solid surfaces and in pore structures. Physisorption results
are presented as adsorption and desorption isotherms. These are measurements of the
molar quantity of gas taken up, or released, at a constant temperature by a solid surface
as a function of gas pressure according to (Webb and Orr 1997). On the y-axis the
amount of gas absorbed at standard conditions of temperature and pressure (0 °C and 1
bar) is shown. On the x-axis, the pressure is expressed as a relative pressure which is
the actual pressure P divided by the vapour pressure P 0 of the adsorbing gas at the
temperature at which the physisorption is performed. The shape of the isotherm gives
information about the physical properties of the analysed material. According to (Webb
and Orr 1997), isotherms can generally be divided in to six forms which are shown in
figure 8.
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Figure 8: different types of physisorption isotherms. Adapted from: (Webb and Orr 1997)

As described by (Webb and Orr 1997) , type I is characteristic for materials containing
predominantly microporous(< 2nm) structures. Type II is obtained for nonporous
materials as well as for materials containing macropores(>50 nm). Type III and type V
are obtained if conditions are present causing the adsorptive molecules to have larger
affinity for each other than for the sample. Type IV is expected for mesoporous
materials(having pores between 2nm and 50nm) and a type VI indicates a nonporous
material with an uniform surface. From the physisorption data, the specific surface area
can be determined using the Brunauer–Emmett–Teller (BET) model. To obtain the pore
size distribution and the mesoporous characteristics, the Barrett–Joyner–Halenda (BJH)
model can be used. Physisorption was performed on freeze dried gels and on starbons
during this thesis.
4.1.2 XRD
Crystal structure as well as crystal phase can be studied by X-ray diffraction (XRD)
since it detects the local ordered structures formed by double helices in semi crystalline
areas, according to (Blazek and Gilbert 2011). X-rays, a form of electromagnetic
radiation, are diffracted into many directions by crystalline structures. A detector moves
in a circle around the sample and the detects the diffracted X-rays. The position of the
detector is recorded as the angle 2theta (2θ), which is shown on the X-axis. The detector
records the number of X-rays observed at each angle 2θ, called the intensity. This
intensity is shown on the y-axis in counts per second. XRD was used in this thesis to
determine crystal type in native starches and in the obtained freeze dried gels. It can
also be used in a quantitative way to estimate the crystallinity of a sample, the obtained
X-ray pattern should therefore be fitted to an X-ray pattern of a completely amorphous
sample according to (Cairns, Bogracheva et al. 1997).
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4.1.3 FTIR ATR
Fourier Transform Infrared Spectroscopy (FTIR) is an analytical method which can be
used to identify chemical bonds in a sample by producing an infrared absorption
spectrum. A type of FTIR, called Attenuated Total Reflection (ATR) was used in this thesis
to determine which functional groups are present in the freeze dried gels and in the
starbons. With FTIR ATR an IR beam is directed onto a crystal on which the sample need
to be loaded. Changes that occur if IR radiation is reflected after it has been in contact
with the sample loaded crystal are detected. On the y axis the absorbance is shown as
percentage, this is the fraction of light that is passed through the sample. On the x axis
the
wavelength is shown in cm-1. As reviewed by (White, Budarin et al. 2008),
quantitative analysis using this technique is also possible by calculating peak area ratios.
In this way the level of polysaccharide ordering can be determined which is related to
amylose double helical content.
4.1.4 TGA
Thermal Gravimetric Analysis(TGA) can be used to determine the weight loss of materials
as a function of temperature. Changes in physical and chemical characteristics that occur
during pyrolysis of dried starch gels can be studied in this way. On the X-axis pyrolysis
temperature is displayed and on the Y-axis the mass percentage is shown.
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2. Aim
The formation of mesopores in starbons has been researched in several studies. Based
on previous research it was concluded that the amylose double helical structures
obtained after retrogradation were responsible for this formation. However, no literature
could be found explaining the effect of the starch amylose content on the mesoporosity
of starbons. Therefore the following main question was formulated:
“What is the influence of the starch amylose content on the mesoporosity of starbons?”
This thesis more generally focussed on what for effect the initial starch structure has on
the porous properties of starbons. Therefore also the effect of starch crystal type as well
as the influence of lipids in native corn starch, on the mesoporosity of starbons were
researched. The following sub-questions were formulated:
“How does starch crystal type influence the mesoporosity of starbons?”
“What is the effect of
starbons?”

the lipids present in native corn starch on the mesoporosity of

In order to answer these question, dried gels and starbons were synthesized from variety
of starches. These dried gels and starbons were analysed with XRD, physisorption, FTIR
ATR and TGA.
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3. Materials
Four commercially available corn starch samples, containing different AM/AP ratios
(normal: 28:72; high-amylose Hylon V: 50/50; high-amylose Hylon VII: 70/30) as well
as Etenia 457 were obtained from Avebe. Etenia 457 was debranched using the isoamylase enzyme, obtained from Sigma Aldrich. In order to obtain the desired conditions
a buffer was made from sodium acetate(≥99%) and acetic acid(≥99%).
For the lipid extraction, solutions of chloroform(≥99.9%) plus methanol(99.8%) and npropanol(≥99.5%) plus water were used. For the solvent exchange, both ethanol(100%)
and the acetone(>97%) were used. The acid catalyst p-Toluenesulfonic acid(≥98.5%)
was added to the expanded starch prior to pyrolysis. All chemicals were obtained from
Sigma Aldrich.

4. Methods
4.1 Debranching Etenia 457
In order to obtain the desired pH for the iso-amylase enzyme, a buffer solution was
prepared containing 2.09 mM acetate and 7.19 mM acetic acid in a 1000 ml volumetric
flask. Subsequently, an Etenia 457/buffer solution(2.5% w/v) was made using a 500 ml
volumetric flask. In order to completely dissolve the Etenia 457, the solution was heated
at 80 °C and rotated. The solution was transferred to a 1000 ml Erlenmeyer and sealed
with wool and aluminium foil. This Erlenmeyer was autoclaved at 120 °C for 15 minutes,
also pipette points were autoclaved to make them sterile. Thereafter the Etenia 457
solution was cooled on ice to a temperature below 50 °C in a sterile area. Then 100
microliters of iso-amylase enzyme was added to this cooled solution. An incubation of 72
hours at 37 °C followed, while rotation at 100 rpm. During this incubation a suspension
formed which was filtered using a Buchner filter and vacuum pump. This residue was
thereafter divided in a part that was freeze dried and a part that was vacuum oven dried.
4.2 Formation of dried gels via vacuum oven drying
A solution of native starch in deionised water(5% w/v) was prepared in a 100 ml
volumetric flask. This content was transferred to a 300 ml Erlenmeyer, which was placed
in an autoclave and heated at 120 °C for 30 minutes. The obtained starch solution was
transferred to a pre-weighted 400 ml beaker and placed in the refrigerator at 10 °C for at
least 48 hours. This beaker was pre-weighted in order to determine the amount of acid
catalyst, p-Toluenesulphonic acid, that should be added to expanded starch in the last
step of solvent exchange. Gels were first solvent exchanged with ethanol. An initial
volume of 10 ml (10% v/v of initial deionised water volume) was added to the gel while
stirring for 1 hour. A second volume of ethanol (20 % v/v (20 ml)) was then added,
followed by another hour of stirring. This was followed by a further addition of ethanol
(30 % v / v (30 ml)) and continued stirring for 1 hour.The resulting suspension was
filtered using a Buchner filter and a vacuum pump. The residue was immersed with
stirring in a volume of ethanol(100 ml) equivalent to the volume of water used in the
gelatinisation step and filtered. This last step was once repeated. Ethanol was
subsequently exchanged with acetone and the same solvent exchange procedure, as
described previously, was followed. The last acetone addition step was used to mix the
expanded starch with p-Toluenesulfonic acid, therefore the weight of the expanded starch
should first be determined. In order to get a constant weight, the expanded starch was
dried in the fume hood for circa 1 hour. A solution containing p-Toluenesulfonic acid and
acetone(0.5 g acid to 1 ml acetone), was prepared.
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The acid catalyst was added by 5%(w/w) of the weight of the expanded starch, together
with the last volume of acetone and stirred. The acetone was left evaporated overnight in
fume hood. The expanded starch was then placed in the vacuum oven at 50 °C for 2
hours.
4.3 Formation of dried gels via freeze drying
A solution of native starch in deionised water(5% w/v) was prepared in a 100 ml
volumetric flask. This content was transferred to a 300 ml Erlenmeyer and heated at 120
°C for 30 minutes in an autoclave. The starch solution was transferred to a pre-weighted
400 ml Pyrex beaker and placed in the refrigerator at 10 °C for at least 48 hours. This
beaker was pre-weighted in order to determine the amount of acid catalyst, pToluenesulfonic acid, that should be added to the freeze dried gel.
In order to form A-type crystals also one starch solution was retrograded at 95 °C in an
oven. In this experiment an initial starch concentration of 9.1% was used. The starch
solution was transferred to a pre-weighted 500 ml flask which was heated at 120 °C for
30 minutes in an autoclave. Thereafter this flask was transferred to the oven and heated
at 95 °C for 24 hours, the flask was closed prior to heating.
After retrogradation the obtained gels were frozen using liquid nitrogen prior to freeze
drying. This method was called flash freezing. Gels were also frozen by placing these gels
in the freezer at -80 °C prior to freeze drying, this method was called slow freezing.
Freeze drying was performed on a α 1-2 LDplus Entry freeze dryer(Martin Christ,
Germany) for at least 24 hours(Main drying: minimal 16 hour at -60 °C 0.011 mbar.
Final drying: minimal 8 hours at -76 °C, 0.001 mbar). A solution containing pToluenesulfonic acid in acetone(0.5 g acid to 1 ml acetone) was prepared. The weight of
the freeze dried gel was determined and acid catalyst was added by 5%(w/w) of this
weight. The acetone was left evaporated overnight in the fume hood. In table 1 below,
the initial starch concentrations, the freezing methods performed and the duration of the
freeze drying cycles of all synthesized freeze dried gels, are shown. These freeze dried
gels were labelled, from this label it can be derived which starch precursor was used and
which freezing method was performed. For G-HV-95°C-LN2 and G-HV-10°C-LN2 also the
retrogradation temperature is shown.
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Table 1: Overview of synthesized freeze dried gels, showing the initial starch concentrations, the
freezing method used and the duration of the freeze drying cycle.
Sample name
dried gel

Precursor

Initial
concentration

Freezing
method

Main drying

Final drying

Sample name
dried gel

Precursor

Initial
concentration

Freezing
method

Main drying

Final drying

G-Rc--80°C

Regular corn

5%(w/v)

32 h

13.5 h

G-HV--80°C

Hylon V

5%(w/v)

32 h

13.5 h

G-HVII--80°C

Hylon VII

5%(w/v)

32 h

13.5 h

G-Rc-LN2

Regular corn

5%(w/v)

62 h

25.5 h

G-HV-LN2

Hylon V

5%(w/v)

62 h

25.5 h

G-HVII- LN2

Hylon VII

5%(w/v)

62 h

25.5 h

G-DE-LN2

Debranched Etenia 457

5%(w/v)

16 h

8h

G-HVII-PELN2
G-HVIICM/PW-LN2

Defatted Hylon VII PE

5%(w/v)

62 h

25.5 h

Defatted Hylon VII CM
plus PW

5%(w/v)

Slow
freezing
Slow
freezing
Slow
freezing
Flash
freezing
Flash
freezing
Flash
freezing
Flash
freezing
Flash
freezing
Flash
freezing

62 h

25.5 h

G-HV-95°CLN2
G-HV-10°CLN2

Hylon V

9.1%(w/v)

16 h

8h

Hylon V

9.1%(w/v)

Flash
freezing
Flash
freezing

16 h

8h

4.4 Physisorption
Physisorption isotherms of the dried gels were measured on the tristar II porosimeter
(Micromeritics, US). Circa 100 milligram of sample was used, these samples were
crushed and sieved prior to this analysis. For the dried gels prepared from regular corn, it
was required to freeze the sample with liquid nitrogen in order to crush the dried gel. All
gels were degassed for 1 hour at 50 °C prior to analysis. Physisorption of the starbons
was performed on the ASAP 2020 porosimeter (Micrometrics, US) with circa 100
milligram sample. Starbons were not degassed prior physisorption as these materials
were directly transferred to closed vessels after pyrolysis. The BET model was used to
determine surface areas and the BJH model was used to determine the (meso)-porous
volumes, as explained in the introduction. Physisorption data was analysed using
Microsoft Excel.
4.5 Lipid extraction
Circa 10 gram of native Hylon VII was used for the lipid extraction. Extraction with 200
ml
chloroform-methanol(2:1v/v)(CM)
was
performed
overnight
at
ambient
temperature(25 °C) while shaking the solution in a 250 ml beaker. The CM extracted
starch was filtered using a Buchner filter and vacuum pump. The CM was transferred to a
pre-weighted distillation flask and dried via rotary evaporation. Subsequently, vacuum
oven drying was performed at 80 °C for 32 hours.The CM extracted starch was
transferred to a pre-weighted filter and a soxhlet extraction was performed for 4 hours
with 200 ml of n-propanol-water(3:1v/v)(PW) at circa 90 °C. Another soxhlet extraction
was performed with circa 10 gram of native Hylon VII, added to a pre-weighted filter,
using 200 ml petroleum ether (PE) at circa 60 °C for 4 hours. The filters with the
extracted starch were dried in the fume hood for 48 hours whereafter vacuum oven
drying was performed at 50 °C overnight.
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PW and PE were transferred to pre-weighted distillation flask and dried via rotary
evaporation. Thereafter the lipid extracts were dried in the vacuum oven at 80 °C for 32
hours.
4.6 XRD
XRD was performed on a Bruker D2 phaser operating at 30 kv and 10 mA with Cobalt
radiation(λ=0.1788). XRD spectra were obtained at a range of 2θ from 5 to 30°, with a
step size of 0.02°. The counting time was 384s per step. A detector slit of 2 mm was
used. Circa 80 mg of vacuum oven or freeze dried gel was added to the XRD sample
holder. XRD spectra were compared to those obtained by (Shamai, Bianco-Peled et al.
2003). It should be taken into account that copper radiation was used as source for XRD
in the mentioned research. Therefore the positions of the peaks were recalculated, this
calculation is shown in appendix 1. Raw XRD data was exported as background data as
well as sample data by using DIFFRAC.EVA.4.1.1. The DIFFRAC method was used to
obtain the background for the sample data. This method was described in the
DIFFRAC.EVA manual. In Microsoft Excel, the lowest value of the sample data was
determined and subsequently subtracted from all sample data. The sum of this resulting
data, from which the lowest value was subtracted, was determined and used to divide
these data with. Now normalised sample data were obtained which could be plotted
against the diffraction angel(degrees 2θ). Also from the background data, the lowest
value was determined and subsequently subtracted from all the background data. From
the resulting data, the sum was determined and subsequently used to divide these data
with. So, also normalised background data were obtained which were multiplied with a
scale factor in order to obtain an amorphous part that could be manually fitted to
normalised sample data.
4.7 Pyrolysis
Circa 1 gram of dried gels were thermally decomposed at temperatures of 300 °C, 400
°C and 600 °C, starting at room temperature, with a heating rate of 25 °C per hour.
Pyrolysis was performed in an oven (Nabertherm, Germany). Prior to this heating
samples were flushed for 30 minutes, using N2 as inert gas.
4.8 TGA
Thermal gravimetric analysis (TGA) was performed on TGA/DSC1 (Mettler Toledo, US)
with circa 5 mg of sample. These samples were heated from room temperature to 500 °C
at a rate of 20 °C in Alumina crucibles. Obtained data was plotted using Microsoft Excel.
4.9 FTIR ATR
FTIR ATR was performed on the freeze dried gels as well as on starbons using a Varian
1000 FTIR scimiter series (Agilent, US). Samples of circa 10 mg were used. Obtained
data was plotted using Microsoft Excel.
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5. Results
During this thesis gels were dried via two methods: solvent exchange with vacuum oven
drying and freeze drying. Starbons were synthesized from these dried gels via pyrolysis.
Physisorption results of the solvent exchange with the vacuum oven method will be
presented first. Thereafter, physisorption and XRD results of the freeze drying method
will be presented. A subdivision was made in this last section for gels frozen at -80 °C
and those frozen with liquid nitrogen, prior to freeze drying. As mentioned in the
Materials and Methods section, these methods were respectively named slow freezing
and flash freezing. In the following two sections, FTIR ATR results of respectively dried
gels and starbons synthesized via the freeze drying method will presented. In the last
section, TGA results of both vacuum oven dried gels and freeze dried gels will be
presented.
5.1 Solvent exchange with vacuum oven drying
5.1.1 Vacuum oven dried gels
Porous gels were synthesized via solvent exchange and vacuum oven drying from Hylon
VII and debranched Etenia 457 according to a protocol described by (Budarin, Clark et al.
2007) (Budarin, Clark et al. 2006) (White, Shuttleworth et al. 2016). These vacuum oven
dried gels were respectively labelled as: G-HVII-VD and G-DE-VD. The BET surface areas
and the mesopore characteristics of these gels are given in table 2. As shown in this
table, G-HVII-VD contained a BET surface area of 0.27 m²/g and a BJH mesopore surface
area of 0.06 m²/g, which resulted in a mesoporosity of 22.5 %. These results showed
that G-HVII-VD contained hardly any internal pore structures. A larger amount of internal
pore structures was measured in G-DE-VD. For this vacuum oven dried gel a BET surface
area of 10.8 m²/g and a BJH mesopore surface area of 6.6 m²/g were found, leading to a
mesoporosity of 61.3 %.
Table 2: Physisorption data of G-HVII-VD and G-DE-VD, showing the BET surface areas and the
mesopore characteristics.
Sample name
dried gel

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

G-HVII-VD

Hylon VII.
Vacuum oven dried,
5%(w/v), 5% acid
Debranched Etenia 457.
Vacuum oven dried,
2.5%(w/v), 5% acid

0.27

0.06

0.3*10-3

22.5

10.8

6.6

0.02

61.3

G-DE-VD

5.1.2 Starbons from vacuum oven dried gels
The starbon synthesized from the vacuum oven dried gel of Hylon VII, was labelled as SHVII-VD. The physisorption isotherm and the BJH pore size distribution of this starbon
are shown in figure 9. From this figure it was derived that a type I isotherm was
obtained, indicating that this starbon predominantly contained micropores. A BET surface
area of 211 m²/g and a BJH mesopore volume of 0.01 cm³/g were measured for S-HVIIVD, as shown in table 3. A corresponding average diameter in the mesopore region of
3.7 nm was found.
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Figure 9: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-HVII-VD

The starbon synthesized from the vacuum oven dried gel ofdebranched Etenia 457, was
labelled as S-DE-VD. The physisorption isotherm and the BJH pore size distribution of this
starbon are shown in figure 10. Although the isotherm was of type IV, from the
hysteresis between the adsorption and desorption isotherms it was derived that this
starbon also predominantly contained micropores.

Figure 10: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-DE-VD

As shown in table 3, a BET surface area of 245 m²/g and a BJH mesopore volume of
0.08 cm3/g were measured for S-DE-VD. The average diameter in the mesopore region
was measured to be 8.7 nm, this was the highest value found for a starbon.
Table 3: Physisorption data of S–HVII-VD
mesopore characteristics.

and S-DE-VD , showing the BET surface areas and the

Sample name
Starbon

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

BJH average
pore size
(nm)

S–HVII-VD

Hylon VII.
Vacuum oven dried,
5%(w/v), 5% acid
Debranded Etenia 457.
Vacuum oven dried,
2.5%(w/v), 5% acid

211

11.0

0.01

5.2

3.7

245

34.5

0.08

14.0

8.7

S-DE-VD
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5.2 Freeze drying method
Freeze dried gels synthesized from regular corn, Hylon V, Hylon VII were prepared via
the slow freezing method as well as via the flash freezing method. Physisorption and XRD
results of the freeze dried gels and starbons prepared via the slow freezing method, will
be presented first.
5.2.1 Slow freezing method
5.2.1.1 Freeze dried gels of starches with various amylose contents
Freeze dried gels of regular corn, Hylon V and Hylon VII prepared via the slow freezing
method, were respectively labelled as: G-Rc--80°C, G-HV--80°C and G-HVII--80°C. The
physisorption isotherms of these freeze dried gels are shown in figure 11. From this
figure it was derived that the first part of the isotherms was around zero. This result
showed that the freeze dried gels prepared by the slow freezing method hardly contained
any internal pore structures.

Quantity Adsorbed(cm³/g
STP)

2,5
2
1,5

Hylon VII

1

Hylon V

0,5
Regular
corn

0
0

0,2

-0,5

0,4

0,6

0,8

1

Relative Pressure (p/p°)

Figure 61: Physisorption isotherms of G-R--80°C, G-HV--80°C and G-HVII--80°C.

The pore characteristics of these freeze dried gels are summarized table 4. Values not
higher than 0.6 m²/g and 0.06 m²/g for the BET surface areas and the BJH mesopore
surface areas were measured respectively on these freeze dried gels. Because the
inaccuracy of the analysis is relatively high for such low surface areas, physisorption was
performed with 10x larger sample mass as well. However, roughly the same values were
obtained for the BET surface areas and the BJH mesopore surface areas. This result
showed that the freeze dried gels prepared via the slow freezing method indeed hardly
contained any internal pore structures.
Table 4: Physisorption and XRD data of G-Rc--80°C, G-HV--80°C and G-HVII--80°C, showing the BET
surface areas, the mesopore characteristics and the crystallinity.
Sample name
dried gel

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

Crystallinity
(%)

G-Rc--80°C

Regular corn.
Freeze dried, 5%(w/v),
frozen at -80 °C
Hylon V.
Freeze dried, 5%(w/v),
frozen at -80 °C
Hylon VII.
Freeze dried, 5%(w/v),
frozen at -80 °C

0.6

0.02

0.2*10-3

3.6

51.0

0.1

0.007

0.09*10-3

6.2

53.0

0.4

0.06

0.04*10-3

16.2

61.0

G-HV--80°C

G-HVII --80°C
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In table 4, also the values for the crystallinity of these freeze dried gels are shown.
From this table it was derived that the crystallinity of freeze dried gels increased for the
native starch precursors with a higher amylose content. However, the differences in
crystallinity between the freeze dried gels prepared via the slow freezing method were
small. Diffractograms of these freeze dried gels are shown in figures 35-37 of appendix
2. Peaks obtained in these diffractograms were determined to be characteristic for both
the B- and V-crystal type. It was further derived that more pronounced peaks were
obtained in the diffractograms for the native starch precursors with a higher amylose
content.
5.2.1.2 Starbons from freeze dried gels of starches with various amylose
contents
The starbons synthesized from the freeze dried gels of regular corn, Hylon V and Hylon
VII, prepared via the slow freezing method, were respectively labelled as: S-Rc--80°C, SHV--80°C and S-HVII--80°C. Pore characteristics of these starbons are shown in table 5.
From this table it was derived that differences in the BET surface areas and the BJH
mesopore surface areas between these starbons were small, resulting in a comparable
mesoporosity of ± 5%. Also the pore size distributions were similar, an average diameter
in the mesopore region of ± 3 nm was found. The physisorption isotherms and the BJH
pore size distributions of the mentioned starbons are shown in figures 38-40 of appendix
3. All isotherms of these starbons were of type I, indicating that predominantly
micropores were formed.
Table 5: Physisorption data of S-Rc--80°C, S-H--80°C and S-HVI--80°C, showing the BET surface
areas and the mesopore characteristics.
Sample name
Starbon

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

BJH average
pore size
(nm)

S-Rc--80 °C

Regular corn.
Freeze dried, 5%(w/v),
frozen at -80 °C
Hylon V.
Freeze dried, 5%(w/v),
frozen at -80 °C
Hylon VII.
Freeze dried, 5%(w/v),
frozen at -80 °C

390

20.0

0.01

5.1

2.8

376

18.8

0.01

5.0

2.6

397

21.9

0.02

5.5

3.0

S-HV--80 °C

S-HVII --80 °C
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5.2.2 Flash freezing method
Freeze dried gels and starbons synthesized from regular corn, Hylon V and Hylon VII
were also prepared via the flash freezing method. Besides, also freeze dried gels and
starbons synthesized from debranched Etenia 457 and defatted Hylon VII were
synthesized via this method. Furthermore a freeze dried gel and starbon were
synthesized from Hylon V, retrograded at a higher temperature, which was subsequently
flash frozen prior to freeze drying.
5.2.2.1 Freeze dried gels of starches with various amylose contents
The freeze dried gels synthesized from regular corn, Hylon V and Hylon VII, prepared via
the flash freezing method, were respectively labelled as:G-R-LN2, G-HV-LN2 and G-HVILN2. The isotherms of these freeze dried gels are shown in figure 12. From this figure it
was derived that far less internal pore structures were present in G-Rc-LN2.
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1
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Figure 12: Physisorption isotherms of G-R-LN2, G-HV-LN2 and G-HVII-LN2.

The pore characteristics of these freeze dried gels are shown in table 10 of appendix 4. It
was derived from this table that significantly lower values for the BJH mesopore surface
area and the mesoporosity were measured for G-Rc-LN2 compared to the other freeze
dried gels. A BET surface area and a BJH mesopore surface area of respectively 0.8 m²/g
and 0.3 m²/g were found for G-Rc-LN2. For G-HV-LN2 and G-HVII-LN2, BET surface
areas and BJH mesopore surface areas of respectively 7.7 m²/g and 4.6 m²/g and
respectively 5.8 m²/g and 3.6 m²/g were measured. Also the values found for the
crystallinity of these freeze dried gels are shown in table 10 of appendix 4. From this
table was derived that the crystallinity of freeze dried gels increased for the native starch
precursors with a higher amylose content. However, the values found for the crystallinity
only slightly differed. The physisorption results of G-Rc-LN2, G-HV-LN2 and G-HVII-LN2
were compared to those obtained for the freeze dried gel synthesized from debranched
Etenia 457, prepared via the flash freezing method, labelled as G-DE-LN2. As mentioned
in the introduction, debranched Etenia 457 can be seen as a precursor with an amylose
content of 100%. The physisorption isotherm of this freeze dried gel is shown in figure
13. From this figure it was derived that a type IV isotherm was measured. Mesopores
were formed predominantly, as can be derived from the hysteresis between the
absorption and desorption isotherms at relative pressures higher than 0.7.
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Quantity Adsorbed (cm³/g
STP)
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Figure 13: Physisorption isotherm of G-DE457-LN2.

In table 10 of appendix 4, the BET surface area and the mesopore characteristics of GDE-LN2 are shown. This freeze dried gel contained a BET surface area of 44.2 m²/g and a
BJH mesopore surface area of 39.3 m²/g, leading to a mesoporosity of 89%. These
values were the highest found for a dried gel synthesized via either the solvent exchange
with vacuum oven drying method and the freeze drying method. Sadly, due to different
optics (slit size) for the XRD measurement, the crystallinity of G-DE-LN2 could not
compared to values found for other freeze dried gels.

BJH Mesopore surface area(m²/g)

In figure 14 below, the relation between the starch amylose content and the BJH
mesopore surface area in the mentioned freeze dried gels is shown. From this figure it
was derived that the lowest BJH mesopore surface area was measured for the freeze
dried gel synthesized from the starch with the lowest amylose content. The freeze dried
gel synthesized from the starch with the highest amylose content also contained the
highest BJH mesopore surface area. The freeze dried gels synthesized from starches with
intermediate amylose contents contained similar values for the BJH mesopore surface
area.
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Figure 14: Relation between the starch amylose content and the mesopore surface area of G-RcLN2, G-HV-LN2, G-HVII-LN2 and S-DE-LN2.
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Diffractograms of G-Rc-LN2, G-HV-LN2, G-HVII-LN2 and G-DE-LN2 are shown in figures
15-18. Peaks measured in the diffractograms for the corn starches were determined to
be characteristic for both the B- and V-crystal type. From the diffractogram of G-DE-LN2
it was derived that pronounced peaks were found at circa 19.6° and 26.6°. Peaks at
these positions were determined to be characteristic for the B-crystal type. From figures
15-18 it was further derived that more pronounced
peaks were obtained in the
diffractograms for the native starch precursors with a higher amylose content.
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Figure 15: Diffractogram of G-Rc-LN2.
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Figure 16: Diffractogram of G-HV-LN2.
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Figure 17: Diffractogram of G-HVII-LN2.
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Figure 18: Diffractogram of G-DE-LN2.

5.2.2.2 Freeze dried gels of defatted starch
In order to determine the effect of lipids present in native corn starch on the
mesoporosity of starbons, lipids were extracted based on a protocol defined by
(Vasanthan and Hoover 1992). In this mentioned research, lipids were separated in a
surface fraction using chloroform-methanol(2:1 v/v) (CM) at ambient temperature and in
an internal fraction with n-propanol-water(3:1 v/v) (PW) at 95 °C. In this thesis, lipids
were furthermore extracted by using petroleum ether (PE) to determine the effect of a
more non-polar solvent. Native Hylon VII was used for all performed extractions. Freeze
dried gels were prepared via the flash freezing method. These dried gels synthesized
from Hylon VII defatted with PE and with both CM plus PW were respectively labelled as:
G-HVI-PE-LN2 and G-HVII-CM/PW-LN2. In table 6, the values found for the initial mass
of starch and the mass of starch and lipids after extraction with various solvents are
shown. The mass of starch after extraction with CM was not determined as this extracted
starch was used in the subsequent extraction with PW. As shown in table 6, extraction
with sequentially CM and PW gave a lipid yield of 0.8%(w/w). This yield was calculated
by dividing the obtained lipid mass by the initial sample mass of starch. Extraction with
CM alone and PE did not result in a measurable amount of extracted lipids, as shown in
table 6.
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It was furthermore observed that the solution of PW turned yellow during extraction
whereas this was not the case for CM and PE. In figure 41 of appendix 4, a picture of the
soxhlet extractions of both PW and PE is shown. As mentioned in the introduction,
surface lipids can be extracted at ambient temperatures with CM. As the extraction with
petroleum ether did not result in a measurable amount of extracted lipids as well,
probably also only surface lipids were extracted.
Table 6: Lipid extraction with different solvents on native Hylon VII. The yield of lipids is given in
gram per gram of initial starch used.
Type of solvent

Sample

Sample mass (gr)

Dried residue(gr)

Lipid mass(gr)

petroleum ether

Hylon VII

9.98

8.98

≈0

Yield
(gr/gr)
-

Chloroform and
methanol(2:1)(CM)
n-propanol and
water(3:1)(PW)

Hylon VII

10.097

-

≈0

-

Hylon VII

10.097

8.70

0.085

0.0084

The physisorption isotherms of G-HVI-PE-LN2 and G-HVII-CM/PW-LN2 are shown in
figures 42 and 43 of appendix 4 respectively. Both the isotherms show some hysteresis
but these freeze dried gels were found to be predominantly microporous. As shown in
table 7, G-HVII-PE-LN2 contained a BET surface area of 2.7 m²/g, a BJH mesopore
surface area of 0.6 m²/g and a crystallinity of 57%. For G-HVII-CM/PW-LN2 a BET
surface area of 3.3 m²/g, a BJH mesopore surface area of 1.2 m²/g and a crystallinity of
58% were found. These obtained physisorption and XRD results were compared with
those found for the freeze dried gel synthesized from native Hylon VII, which was
labelled as G-HVII-LN2. It was concluded that defatting did not result in higher values for
the BJH mesopore surface area and the mesoporosity. Also the values found for the
crystallinity were not higher.
Table 7: Physisorption and XRD data of G-HVI-PE-LN2 and G-HVII-CM/PW-LN2, showing the BET
surface areas, the mesopore characteristics and the crystallinity.
Sample name
dried gel

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

Crystallinity
(%)

G-HVII-PE-LN2

Defatted Hylon VII PE.
Freeze dried, 5%(w/v),
frozen with liquid N2
Defatted Hylon VII CM
plus PW.
Freeze dried, 5%(w/v),
frozen with liquid N2

2.7

0.6

0.003

23.3

57.0

3.3

1.2

0.004

35.6

58.0

G-HVII-CM/PWLN2

In figure 19, the diffractograms of the mentioned freeze dried gels are shown. In the
diffractogram of G-HVII-PE-LN2, two pronounced peaks at circa 19.6° and 23.1° were
measured, as well as two small peaks at 15.5° and 26.3°. These peaks were determined
to be characteristic for the B- and V-crystal type and were also obtained in the
diffractogram of G-HVII-LN2, shown in figure 17. This result showed that lipids involved
in amylose-lipid complex formation were not removed after extraction with PE. In figure
19, also the diffractogram of G-HVII-CM/PW-LN2 is shown. Compared to that of G-HVIIPE-LN2, the peak at circa 23° was reduced heavily in intensity and the small peak at
15.5° could no longer be measured. Therefore peaks at these positons were likely to be
caused by the V-crystal type.
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Figure 19: Diffractorgrams of G-HVII-CM/PW-LN2(green) and G-HVI-PE-LN2(blue).
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5.2.2.3 Freeze dried gels of starch retrograded at 95 °C and 10 °C
In order to determine the effect of starch crystal type on the mesoporosity of the
starbons, an experiment was designed based on (Shamai, Bianco-Peled et al. 2003).
According to this article, freeze dried gels with A- and B-type crystals were synthesized
by performing retrogradation at 95 °C and 10 °C respectively. Freeze dried gels
synthesized from Hylon V, retrograded at these temperatrues, prepared via the flash
freezing method were labelled as: G-HV-95°C-LN2 and G-HV-10°C-LN2. In figure 20, the
physisorption isotherms of these freeze dried gels are shown. From this figure it was
derived that both isotherms were of type IV. More hysteresis was measured for the
physiorption isotherm of G-HV-95°C-LN2.
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Figure 20: Physisorption isotherm of G-V-95°C-LN2 and G-HV-10°C-LN2.

A BET surface area of 6.5 m²/g and a BJH mesopore surface area of 5.3 m²/g were found
for this freeze dried gel, as shown in table 8. For G-HV-10°C-LN2, a BET surface area of
5.9 m²/g and a BJH mesopore surface area of 5.0 m²/g were found. These results
showed that predominantly mesopores were formed in these freeze dried gels.
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However, the differences in the BET surface areas and the BJH mesopore surface areas
between these freeze dried gels were small. Therefore the corresponding values found for
the mesoporosity were almost equal. As shown in table 8, the freeze dried gels were also
equally crystalline.
Table 8: Physisorption and XRD data of G-HV-95°C-LN2 and G-HV-10°C-LN2, showing the BET
surface areas, the mesopore characteristics and the crystallinity.
Sample name
dried gel

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

Crystallinity
(%)

G-HV-95°CLN2

Hylon V.
T= 95°C
Freeze dried, 9.1%(w/v),
frozen with liquid N2
Hylon V.
T= 10°C
Freeze dried, 9.1%(w/v),
frozen with liquid N2

6.5

5.3

0.009

81.4

58.0

5.9

5.0

0.008

85.1

58.0

G-HV-10°CLN2

In figure 21, the diffractogram of G-HV-10°C-LN2 is shown. The peaks measured at
19.7° and 26.3° showed the presence of the B-crystal type according to (Shamai,
Bianco-Peled et al. 2003) and taking into account the peak shift due to the difference in
radiations source. The peaks at circa 15.5° and 23° were likely to be caused by the Vcrystal type as explained in the previous section. In figure 21, also peaks at circa 6.7°
and 17.2° were obtained. It was possible that these peaks arose from a crystalline
fraction present in native starch(Hylon V). The duration of gelatinisation was shortened
due to error which could have led to less crystalline melting of the native starch. The
diffractogram of native Hylon V is shown in figure 45 of appendix 5.
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Figure 21: Diffractogram of G-HV-10°C-LN2.

In figure 22, the diffractogram of G-HV-95°C-LN2 is shown. The peaks at 8.8°,15.2° and
23.1° were determined to be characteristic for the V- crystal type. The peaks
characteristic for the A-crystal type should be located at 17.4° and 30.3° according to
(Shamai, Bianco-Peled et al. 2003) and taking into account the peak shift due to the
difference in radiations source. In figure 22, a small curvature at circa 17.3° was found,
however at circa 30.3° no peak was obtained. The peaks at circa 19.6° and 26.2° were
likely to be derived from the B-crystal type. Based on the diffractogram in figure 22, it
could thus not be concluded that retrogradation of Hylon V at a temperature of 95 °C led
to formation of A-type crystals.
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However compared to the diffractogram of G-HV-10°C-LN2 in figure 21, reduced
intensities of peaks at circa 19.6° and 26.2° were measured, indicating that less B-type
crystal were formed in G-HV-95°C-LN2.
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Figure 22: Diffractogram of G-HV-95°C-LN2.

30

5.2.2.4 Starbons from freeze dried gels of starches with various amylose
contents
The starbons synthesized from freeze dried gels of regular corn, Hylon V, Hylon VII and
debranched Etenia 457, prepared via the flash freezing method, were respectively
labelled as: S-Rc-LN2, S-HV-LN2, S-HVII-LN2 and S-DE-LN2. The physisorption
isotherms and the BJH pore size distributions ofthese starbons are shown in figures 2326 respectively. All isotherms measured for the starbons synthesized from the corn
starches were of type I, indicating that these starbons predominantly contained
micropores. The average pore size in the mesopore region was ± 3 nm for all these
starbons, as shown in table 11 of appendix 6. For S-DE-LN2, a type IV isotherm was
measured. Although this isotherm is characteristic for mesoporous materials, it was
found that this starbon predominantly contained micropores as well. A corresponding BJH
mesopore surface area of 56.8 m²/g, a mesoporosity of 14.6% and an average pore
diameter in the mesopore region of 5.2 nm were found. These values were the highest
obtained for a starbon synthesized via the freeze drying method.

Figure 23: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-Rc-LN2.

Figure 24: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-HV-LN2.
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Figure 25: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-HVII-LN2.

Figure 26: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-DE-LN2.

In figure 27 the relation between mesoporosity of these mentioned starbons and the
amylose content of the starch precursor is shown. It was derived that the mesoporosity
found for S-DE-LN2 was significantly higher than values found for the other starches.
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Figure 27: Relation between the starch amylose content and the mesoporosity of S-Rc-LN2, S-HVLN2, S-HVII-LN2 and S-DE-LN2.

Also the relation between the BJH mesopore surface area of the mentioned starbons and
the amylose content of the starch precursor was taken in to account. As shown in figure
28, the lowest BJH mesopore surface area was measured in the starbon synthesized from
starch with the lowest amylose content. The highest BJH mesopore surface area was
measured in the starbon synthesized from starch with the highest amylose content.
32

BJH Mesoporous surface area(m²/g)

The starbons synthesized from starches with intermediate amylose contents contained
similar values for the BJH mesopore surface area.
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Figure 28: Relation between the starch amylose content and the BJH mesopore surface area of
S-Rc-LN2, S-HV-LN2, S-HVII-LN2 and S-DE-LN2.

5.2.2.5 Starbons from freeze dried gels of defatted starch
The starbons synthesized from freeze dried gels of Hylon VII defatted with PE and with
CM plus PW, prepared via the flash freezing method, were respectively labelled as:
S-HVII-PE-LN2 and S-HVII-CM/PW-LN2. The phyisorption isotherms and the BJH pore
size distributions of these starbons are shown respectively in figures 47 and 48 of
appendix 6. The physisorption results of these starbons are shown in table 9. A BET
surface area of 384 m²/g and a BJH mesopore surface area of 20.8 m²/g were found for
S-HVII-PE-LN2. For S-HVII-CM/PW-LN2, a BET surface area of 410 m²/g and a BJH
mesopore surface area of 23.8 m²/g were found.
Table 9: Physisorption data of S-HVII-PE-LN2 and S-HVII-CM/PW-LN2, showing the BET surface areas
and the mesopore characteristics.
Sample name
Starbon

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

BJH average
pore size
(nm)

S-HVI- PELN2

Defatted Hylon VII PE.
Freeze dried, 5%(w/v),
frozen with liquid N2
Defatted Hylon VII CM plus
PW.
Freeze dried, 5%(w/v),
frozen with liquid N2

384.3

20.8

0.02

5.4

3.0

409.7

23.8

0.02

5.6

3.0

S-HVIICM/PW-LN2

The physiorption results of S-HVII-CM/PW-LN2 were compared with those obtained for
the starbon synthesized from native Hylon VII prepared via the flash freezing method,
labelled as S-HVII-LN2. It was derived from figures 29a and 29b below that the found
values of the BJH mesopore surface areas and the mesoporosity only slightly deviated.
Therefore it was concluded that defatting did not result in higher values for the mesopore
surface area and the mesoporosity of starbons.
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Figure 29(a): BJH mesopore surface areas of S-HVII-LN2
(b): Mesoporosity of S-HVII-LN2 and S-HVII-CM/PW-LN2.

and

S-HVII-CM/PW-LN2.

Quantity Adsorbed (cm³/g STP)

5.2.2.6 Starbons from freeze dried gels of starch retrograded at 95 °C and 10 °C
The starbons synthesized from freeze dried gels of Hylon V retrograded at 95 °C and 10
°C, prepared via the flash freezing method, were respectively labelled as: S-HV-95°CLN2 and S-HV-10°C-LN2. The physisorption isotherms of these starbons are shown in
figure 30. Both isotherms were of type I, indicating that micropores were predominantly
formed. It was further derived from this figure that a higher BET surface area was
measured in S-HV-10°C-LN2. This starbon contained a BJH mesopore surface area of
32.5 m2/g and a mesoporsity of 9.0% as shown in table 12 of appendix 7. These values
were both higher than those obtained for S-HV-95°C-LN2 which contained a BJH
mesopore surface area of 16.4 m2/g and a mesoporosity of 7.4%.
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Figure 30: Physisorption isotherms of S-HV-95°C-LN2 and S-HV-10°C-LN2.
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The BJH pore size distributions of these starbons are given in figure 31. It was derived
from this figure that S-HV-10°C-LN2 had an equal pore size distribution in the mesopore
region compared to S-HV-95°C-LN2. As shown in table 12 of appendix 7, the average
pore diameters in the mesoporous region was ± 3 nm for both starbons.
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Figure 31: BJH pore size distribution of S-HV-95°C-LN2 and S-HV-10°C-LN2.
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5.3 Determining the functional groups of freeze dried gels
FTIR ATR was performed on freeze dried gels as well as on starbons. Results of this
analysis performed on G-Rc-LN2, G-HV-LN2 and G-HVII LN2 are shown in figure 32.
These freeze dried gels contained functional groups characteristic for starch. The most
pronounced peaks were present at circa 3300 and 1000 cm -1 and showed the presence of
OH groups. Furthermore peaks at circa 2918, 1346 and 928 cm-1 showed the presence
of CH groups. The peak at 1632 cm-1 was probably caused by the presence of water(±
8%) that remained in the freeze dried gel, resulting in OH groups. Other functional
groups at this wavelength were not expected to be present in freeze dried starch gels.

Figure 32: FTIR ATR spectrum of G-Rc-LN2, G-HV-LN2 and G-HVII LN2.
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5.4 Determining the functional groups of activated carbon and starbons
FTIR ATR was performed on activated carbon and on starbons synthesized from freeze
dried gels of Hylon VII prepared via the flash freezing method. Starbons were
synthesized at pyrolysis temperatures of 300 °C, 450 °C and 600 °C. These starbons
were respectively labelled as: S-HVI-LN2-300, S-HVII-LN2-450 and S-HVII-LN2-600. A
FTIR ATR spectrum of these starbons is shown in figure 33. FTIR ATR was performed in
order to determine whether the same functional groups were obtained in the synthesized
starbons as compared to (Budarin, Clark et al. 2006). In this article, starbons were
synthesized via the solvent exchange and vacuum oven drying method. The reduced
intensity of the peaks at 3300 and 1000 cm-1 in figure 33 showed the loss of OH groups
in all the mentioned starbons. In S-HVII-LN2-300 and S-HVII-LN2-450 the formation of
carbonyl groups(C=O) was evident from a peak present at circa 1697 cm -1. For S-HVIILN2-600, the peak at 1697 cm-1 disappeared, which showed that the carbonyl groups
formed at lower pyrolysis temperatures were no longer present. Peaks in the region of
950 to 1200 cm-1 were evident for the presence of ether groups(C-O) in all the
mentioned starbons. Furthermore, aromatic groups(C-H) were also present in all these
starbons as peaks at circa 870, 800 and 750 cm-1 were found. The peak at circa 1580
cm-1 found for all starbons was determined to be characteristic for both aromatic groups
as well as for alkene groups(C=C).
From figure 33 it was further derived that the activated carbon contained carbonyl
groups, ether groups, alkene groups and aromatic groups. This result showed that
starbons pyrolysed at a temperature above 300 °C contained similar functional groups as
compared to activated carbon.

Figure 33: FTIR ATR spectrum of S-HVI-LN2-300, S-HVII-LN2-450 and S-HVII-LN2-600 and
activated carbon.

37

5.5 Thermal degradation process of dried gels
TGA was performed in order to determine the moisture content of dried gels. It was
furthermore used to determine the effect of the acid catalyst(p-Toluenesulfonic acid)
during the thermochemical decomposition of dried starch gels. In figure 34, the TGA
diagram of several freeze dried gels synthesized from Hylon V, prepared via the flash
freezing method, is shown. A freeze dried gel of Hylon V was synthesized to which both
acetone and the acid catalyst were added, labelled as G-HV-AA-LN2. To another freeze
dried gel of Hylon V only acetone was added, labelled as G HV-A-LN2. Also a freeze dried
gel of Hylon V was pyrolysed without the prior addition of both acetone and the acid
catalyst, labelled as G-HV-LN2. As shown in the TGA diagram of figure 34, the first
weight loss step was common for all these mentioned dried gels. This weight loss step
formed a content of ± 8 % of the total weight and stopped at circa 115 °C. It was caused
by the evaporation of water and acetone trapped inside the porous structures of the dried
gels. From figure 34, a second weight loss could be obtained at circa 170 °C for G-HVAA-LN2, this weight loss stopped at circa 300 °C. The other freeze dried gels were
thermally stable in the temperature range between 170-300 °C, since no weight losses
were obtained. As shown in figure 34, at circa 300 °C, the mass percentage decreased
for these gels. However, a smaller loss in mass was obtained for G-HV-A-LN2.

Figure 34: TGA diagram of G-HV-LN2, G-HV A-LN2 and G-HV-AA-LN2.

In order to determine the moisture content of dried gels after each drying cycle
conducted, other TGA experiments were performed. The dried gels analysed were
synthesized via both the solvent exchange with vacuum oven drying method and the
freeze drying method. These dried gels included: G-DE-VD, G-HV-LN2, G-DE-LN2 and GHVII--80°C. Due to the different synthesize methods used, the acid catalyst was already
added to G-DE-VD but not to the other dried gels. The TGA diagram of all these dried
gels is shown in figure 49 of Appendix 7. From this figure it was derived that for dried
gels a first weight loss step of ± 8 % was obtained. This weight loss stopped at circa 115
°C. This result showed that all dried gels synthesized contained a similar moisture
content. From figure 49 of appendix 7, it was further derived that a second weight loss
step was obtained for G-DE-VD at temperatures between 170 °C and 300 °C. At circa
300 °C, the second weight loss step for the other freeze dried gels was obtained.
However, G-DE-LN2 remained more mass after this weight loss step compared to G-HVLN2 and G-HVII--80°C.
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6. Discussion
6.1 Solvent exchange and vacuum oven drying method
A protocol described by (Budarin, Clark et al. 2006) (Budarin, Clark et al. 2007) and
(White, Shuttleworth et al. 2016) for the synthesis of starbons via solvent exchange with
vacuum oven drying was initially applied. In this protocol high amylose corn starch was
used as precursor for the synthesis of porous gels and starbons. The physisorption
results of the vacuum oven dried gels and starbons synthesized from Hylon VII and
debranched Etenia 457 were compared with literature in order to verify the
reproducibility of the described protocol.
6.1.1 Vacuum oven dried gels
Values obtained for the BET surface area and the BJH mesopore volume measured for
G-HVII-VD and G-DE-V were compared to (White, Shuttleworth et al. 2016). According to
this article, an average BET surface area of ± 190 m²/g and an average BJH mesopore
volume of ± 0.60 cm3/g were found for vacuum oven dried gels synthesized from high
amylose corn starch. These relatively high values found for the surface area and the
mesopore volume were not measured for G-HVII-VD and G-DE-V.
6.1.2 Starbons from vacuum oven dried gels
The BET surface areas and the mesopore volumes of both S-HVII-VD and S-DE-VD were
significantly lower than those found by (Budarin, Clark et al. 2006). In this previously
mentioned research a BET surface area of ± 500 m²/g, and a mesopore volume of ±
0.45 cm3/g were found for a starbon synthesized from high amylose corn starch. The
corresponding average diameter in the mesoporous region was ±12 nm. This relatively
high value was also not measured for S-HVII-VD and S-DE-V. These physisorption results
indicated that synthesizing a mesoporous vacuum oven dried gel from non-porous native
starch was not fully possible. Therefore the subsequently synthesized starbons probably
contained micropores predominantly.
6.2 Freeze drying method
The freeze drying method was used because synthesis of starbons via solvent exchange
with vacuum oven drying method was challenging. Furthermore it was proposed that
conditions between several batches of starch could be kept more constant if starbons
were synthesized via the freezing drying method. Freeze drying was used by (Borisova,
De Bruyn et al. 2015) in order to remove water from starch after retrogradation.
However the use of this method in the synthesis of starbons has not been reported up to
now.
6.2.1 Preservation of BJH mesopore surface area in freeze dried gels
The physisorption results obtained for freeze dried gels were compared to those found for
starbons. It was noticed that if hardly any BJH mesopore surface area was measured on
a freeze dried gel, it did not mean that also hardly any BJH mesopore surface area was
measured on the subsequently synthesized starbon. This observation applied for the
freeze dried gels prepared via the slow freezing method. However, it was noticed that the
starbons with the highest mesoporosity were synthesized from freeze dried gels
containing the largest BJH mesopore surface areas. This observation clearly applied for
G-DE-LN2 and S-DE-LN2 as well as for G-HV-10°C-LN2 and S-HV-10°C-LN2. It could be
explained by the result showing that BJH mesopore surface area of dried gels was
preserved in the subsequently synthesized starbons, which was derived from figures 14
and 28 in the Results. In these figures the relation between the starch amylose content
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and the BJH mesopore surface area in freeze dried gels and starbons was respectively
shown. The obtained relation was the same meaning that BJH mesopore surface area of
the dried gels was preserved in the subsequently synthesized starbons. As for the
starbons synthesized via the solvent exchange with vacuum oven drying method, also
those synthesized via the freeze drying method predominantly contained micropores.
This result could thus be explained by the fact that too less BJH mesopore surface area
was measured on the freeze dried gels.
To confirm this statement, physisorption results of G-HV-10°C-LN2 were compared to
those found by (Borisova, De Bruyn et al. 2015). As in this article, also this freeze dried
gel was synthesized with an initial starch concentration in water of 9.1% (w/v). In the
Results it was mentioned that these freeze dried gel contained a BET surface area of 5.9
m2/g and a BJH mesopore volume of 0.008 cm3/g. When comparing these results with
those in the mentioned article, it should be taken into account that in this article Hylon
VII was used as precursor. Furthermore, tert-butanol(TBA) was added prior to freeze
drying. By using a TBA-water solution of 25% (w/v), a mesopore volume of circa 0.8
cm3/g was measured on the synthesized freeze dried gel. So, compared to this article a
significantly lower BJH mesopore volume was obtained for G-HV-10°C-LN2. Although it
should be taken into account that Hylon V was used as precursor instead of Hylon VII,
such a large difference in the BJH mesopore volume was not expected. The addition of
TBA prior to freeze drying was therefore assumed to be useful, as it was determined that
BJH mesopore surface area in the freeze dried gels was preserved in the starbons.
6.2.2 Difference between flash freezing method and slow freezing method
It was noteworthy that freeze dried gels prepared via the flash freezing method
contained significantly higher BJH mesopore surface areas compared to freeze dried gels
prepared via the slow freezing method. The duration of freeze drying differed between
freeze dried gels synthesized via these different methods. However conducted TGA
experiments showed that each dried gel contained the same moisture content after
freeze drying and vacuum oven drying. From figure 49 of appendix 7, it was derived that
both G-HVII--80°C and G-HV-LN2 contained a moisture content ± 8 % after freeze
drying. Hence the difference in the duration of freeze drying could not have influenced
the result that freeze dried gels prepared via the slow freezing method contained
significantly lower BJH mesopore surface areas. Therefore it was likely that the freezing
rate influenced the preservation of mesopores in the gels. As mentioned in the
introduction, the influence of the freezing rate on the size of crystals formed was
researched using gelatinised corn starch by (Lee and Komarneni 2005). Results showed
that a higher freezing rate led to less expansion of ice crystals and formation of ice
crystals with a different shape.
However, smaller differences in the BJH mesopore surface areas were measured in the
subsequently synthesized starbons. The BET surface areas and the mesopore
characteristics differed only significantly between S-Rc--80°C and S-Rc-LN2. Nonetheless
from literature (Budarin, Clark et al. 2006, White, Shuttleworth et al. 2016) it was
evident that preservation of the BJH mesopore surface area in the gel during drying, was
required to synthesize a starbon which predominantly contained mesopores. It was
therefore suggested that the freezing rate was one factor that affected this preservation.
The addition of a cryoprotectant would further have reduced the crystal size, as
mentioned in the introduction. Hence, this addition would probably result in more
significant differences in the mesopore characteristics of starbons.
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6.2.3 Influence of the starch amylose content on the mesoporosity of starbons
In order to determine the influence of the starch amylose content on the mesoporosity of
starbons, physisorption results of starbons synthesized from freeze dried gels of starches
with various amylose contents, prepared via the flash freezing method, were used.
These starbons were labelled as S-Rc-LN2, S-HV-LN2, S-HVII-LN2 and S-DE-LN2.
The mesoporosity of 14.6 % found for S-DE-LN2 was significantly higher compared to
values found the other mentioned starbons, for which similar mesoporosities were
found. However as was derived from figure 28 in the Results, the lowest and the highest
BJH mesopore surface areas were respectively measured in the starbons synthesized
from starches with the lowest and the highest amylose content. It could thus be said that
synthesis of a starbon with a relatively high mesoporosity, from a starch precursor with
an amylose content of 100%, was successful. However it must be taken into account that
S-DE-LN2 contained a significantly lower amount of lipids, which might slow down
amylose double helical formation. V-type crystals were not measured in the diffractogram
of this starbon, which was expected as potato starch contained far less lipids compared
to corn starch.
Linking the mesoporosity of starbons to the crystallinity of freeze dried gels remained
difficult. This crystallinity can be seen as an measurement for the amount of amylose
double helical structures present in a freeze dried gel. Compared to the diffractograms of
native starches, which are shown in figures 44-46 of appendix 5, less defined crystalline
structures were obtained for starch after retrogradation. Therefore fitting the XRD
pattern of a freeze dried gel to an amorphous background, which was derived from
native starch, decreased the accuracy. However, in order to estimate the crystallinity of
freeze dried gels, this fitting was plotted. As mentioned in the Results, the values found
for the crystallinity of G-Rc-LN2, G-HV-LN2 and G-HVII-LN2 were respectively 50%, 57%
and 59%. Values for the crystallinities were expected to be similar to the amylose
content of the starch precursor, therefore mainly the value found for the crystallinity of
G-Rc-LN2 deviated. An explanation for this result was not found since no literature was
obtained in which the crystallinity of freeze dried gels, synthesized from corn starch, was
determined.
6.3 Influence of lipids in native corn starch on the mesoporosity of starbons
As mentioned in the introduction, the mono-acyl lipid content increased if the amylose
content in native corn starch increased. This class of lipids is able to form complexes with
amylose which might slows down amylose double helical formation. In that case the
influence of the amylose content on the mesoporosity of starbons would be less clear.
Therefore it was decided to synthesize starbons from defatted starch as well. Hylon VII
was chosen as precursor in this experiment since this starch contained the highest
amylose content of native corn starches present. As mentioned in the Results, only
extraction with CM plus PW gave a measurable amount of extracted lipids. A lipid yield of
0.8%(w/w) was obtained for this extraction performed on Hylon VII. This result was in
accordance with (Vasanthan and Hoover 1992) in which it was found that corn starches
could contain a lipid content up to 1.5% by weight. Furthermore, soxhlet extraction with
PW was performed for only 4 hours while a maximum of extracted lipids should be
reached after 7 hours according to the mentioned article. Extraction with both CM alone
and PE did not result in a measurable amount of lipids extracted. This result was in
accordance with the observation that the solution of PW turned yellow during extraction
whereas this was not the case for the solutions of CM and PE.
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The fact that extraction with CM plus PW resulted in a measurable amount lipids and the
fact that this was not case for extraction with PE, could also be derived from obtained
XRD results.
6.3.1 Freeze dried gels of defatted starch prepared via the flash freezing
method
The diffractogram of G-HVII-PE-LN2 did not differ compared to that of G-HVII-LN2.
However, clear differences were obtained when the diffractogram of G-HVII-CM/PW-LN2
was compared to that of these freeze dried gels. The disappearance of a peak at 15.5°
and the reduced intensity of a peak at 23.1° were observed, as shown in figure 19 of the
Results. These results were in accordance with (Jeong and Lim 2003) in which XRD was
performed on a freeze dried gel of Hylon VII defatted with 85% methanol for 24 h under
reflux. It showed that lipids involved in the formation of crystalline amylose-lipid
complexes were extracted from native Hylon VII. The fact that only extraction with CM
plus PW resulted in an measurable amount of lipids could be explained by information
given by (Vasanthan and Hoover 1992). In this article it was determined that free lipids
made up only 5% of the total lipid content in corn starches. It was furthermore
determined that these lipids were mainly associated with the surface of the granule
whereas bound lipids were predominantly associated with internal structures. It was
therefore assumed that the granule structure indeed needs to be disrupted to some
extend by heating in water, in order to remove the bound lipids effectively from the
internal starch structure. As mentioned in the introduction, the gelatinisation
temperature for corn starch was ± 58 °C. As a higher boiling point for PW of 87.7 °C was
found, swelling of the starch granule was initiated during this extraction. Thereafter lipids
probably could be more easily extracted with the slightly more non-polar n-propanol.
6.3.2 Starbons from freeze dried gels of defatted starch prepared via the flash
freezing method
Lipid extraction with sequentially CM and PW did not result in significant differences in
the BET surface area or mesopore characteristics of the subsequently synthesized
starbon. This starbon was labelled as S-HVII-CM/PW-LN2. To find an explanation for this
result, it was calculated what amount of lipids, able to form complexes with amylose,
could theoretically be removed from native Hylon VII. This amount was compared with
the obtained amount of lipids able to form complexes with amylose.
6.3.2.1 Obtained amount of amylose complexed lipids
For the extraction with CM plus PW, 10.097 gram native Hylon VII was used. Presumed
that Hylon VII contains 70 % amylose, this content was estimated to be 7.077 gram.
According to (Pérez and Bertoft 2010) the amount of amylose that was complexed with
lipids in non-waxy rice starch was 43%. This percentage was used in the further
calculation as the content of amylose complexed with lipids in non-waxy corn
starch(Hylon VII), as no further information could be found in literature. It meant that
circa 3.043 gram of amylose in 10 gram native Hylon VII could be complexed with lipids.
From this amount of native starch, 0.085 gram of lipids were extracted with PW, as
mentioned in the Results. The lipid content complexed with amylose, from this total
fraction of lipids extracted, was estimated by using the mono-acyl lipid content in this
lipid extract. According to (Vasanthan and Hoover 1992) these class of lipids were the
major component of the internal fraction of native corn starch and interacted most
strongly with the amylose helix. The content of mono-acyl lipids was 78.4 % in both the
CM and PW fractions according to (Vasanthan and Hoover 1992).
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This meant that 0.067 gram of the total content of lipids extracted with PW existed of
these class of lipids. So, it was estimated that 0.067 gram of the 0.085 gram of lipids
extracted, was involved in complex formation with 3.043 gram amylose.
6.3.2.2 Theoretical amount of amylose complexed lipids
According to (Vasanthan and Hoover 1992), almost complete removal of lipids(>98.6%)
from corn starch should be possible by using extraction with CM plus PW. The maximum
of extracted lipids for the extraction with PW was reached after seven hours and was
0.8%(w/w) for regular corn starch. The extraction with PW was performed for only four
hours in this thesis and Hylon VII was used, which should contain more mono-acyl lipids
as the amylose content was higher compared to regular corn. Therefore it was estimated
that 1.5%(w/w) was the maximum amount of lipids that could have been extracted from
native Hylon VII. This estimation was based on information given by (Vasanthan and
Hoover 1992), as non-waxy cereal starches can reach this maximum lipid content.
So the maximum amount of lipids that could have been extracted was estimated to be
0.15 gram(1.5% of 10.097 gram native Hylon VII). The amount lipids in this fraction,
involved in complex formation with amylose, would then be 0.12 gram(78.4% of 0.15
gram).
6.3.2.3 Binding ratio of amylose and lipids
In order to get a better understanding of how many lipid molecules were able to bind
with one amylose molecule, quantities were calculated in moles. As mentioned 78.4% in
both CM and PW consisted of mono-acyl lipids. This fraction consisted mainly of FFA and
lysophospholipids according to (Vasanthan and Hoover 1992). The major components of
the FFA fraction were palmitic acid and linoleic acid according to (Shogren, Fanta et al.
2006). Molecular weights of 256.42 g/mol and 280.45 g/mol were found for palmitic acid
and linoleic acid respectively. The average molecular weight of palmitic acid and linoleic
acid was used in the further calculation, this corresponds to 268.44 g/mol.
According to (Suortti, Gorenstein et al. 1998) the average molar mass of high amylose
corn starch was 400*103 g/mol. It was estimated that 3.043 gram of amylose in 10.097
gram of Hylon VII was complexed with lipids. This mass corresponded to 0.008 mmol of
amylose. The content of lipids in the extracted lipid fraction that was able to form
complexes with amylose, was estimated to be 0.067 gram. This content corresponds to
0.25 mmol and resulted in an amylose:lipid ratio of 1:31. The theoretical content of lipids
that could form complexes with amylose was estimated to be 0.12 gram. This content
corresponds to 0.45 mmol lipids and resulted in an amylose:lipid ratio of 1:56. These
ratios indicated that significantly less amylose molecules were present in comparison to
the amount of lipid molecules. However it was difficult to determine whether the obtained
amylose:lipid ratios were realistic since no literature could be found giving information
about the binding ratio of amylose with lipids.
According to (Godet, Tran et al. 1993) steric and electrostatic repulsions prohibit the
polar carboxylic head of a free fatty acid from entering the cavity of the amylose single
helix. Based on this information it could be said that a binding ratio between amylose and
lipids higher than 1:2 was only possible if the amylose molecule was folded.
According to (Vasanthan and Hoover 1992) the internal lipids could be found in free state
as well as bound to starch components, either in the form of amylose-lipid complexes or
linked via ionic or hydrogen bonding to hydroxyl groups of the starch components.
The mono-acyl lipid content was used to estimate the fraction of lipids complexed with
amylose. However, it could thus also be that a part of this fraction was not involved in
complex formation with amylose but bound with starch molecules in a different way.
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6.3.2.4 Conclusion
Based on the calculations made, it was estimated that a maximum of circa 0.12 gram of
lipids could be involved in complex formation with 3.043 gram amylose. This would mean
that approximately only half(0.067 gram) of the amount of lipids, that formed complexes
with amylose, was extracted from native Hylon VII. A suggestion for the fact that
defatting did not result in higher values for the BJH mesopore surface area and the
mesoporsity could thus be that the fraction of extracted lipids was too low. This
statement could further be explained by looking at the diffractogram of G-HVII-CM/PW
LN2 which was shown in figure 19. From this figure it was derived that the intensity of
the peak at circa 23° was decreased. However still a small curvature was obtained at this
position, indicating that the V-crystal type was still present. Another suggestion for the
obtained result would be that lipids retard gelatinisation and retrogradation, as explained
in the introduction. This retardation would than slow down the formation of amylose
double helices. However it could be that this retardation did not result in large differences
in the amount of amylose double helices formed. Therefore the values found for the
crystallinity of G-HVII-CM/PW-LN2 and G-HVII-LN2 were compared. Similar values were
obtained, meaning that the amount of double helices formed was also similar.
6.4 Influence of starch crystal type on the mesoporosity of starbons
Until now experiments focussed on the quantity of amylose double helical structures and
the influence on the mesopore characteristics of starbons. However also the influence of
the stacking of these double helical structures on the mesopore characteristics of
starbons was researched. In order to determine this influence, it was tried to synthesize
a starbon from a freeze dried gel which contained A-type crystals by performing
retrogradation at 95 °C.
6.4.1 Freeze dried gels of starch retrograded at 95 °C and 10 °C
As mentioned in the Results, the differences in the BET surface area and the BJH
mesopore surface area between G-HV-95°C LN2 and G-HV-10°C-LN2 were small.
Therefore the corresponding values found for the mesoporosity were almost equal.
Also similar crystallinities of these freeze dried gels were found. This result was important
because in order to the determine the effect of amylose double helical stacking on the
mesopore characteristics of starbons, the content of these structures in these freeze
dried gels needed to be equal. The mentioned freeze dried gels existed mostly of
mixtures of the B- and V-type crystals. However less B-type crystals were formed in GHV-95°C-LN2, which could be derived from reduced peak intensities at 19.6° and 26.6°.
Sadly, it was thus concluded that A-type crystals were not formed. It was presumed that
more defined patterns for the A- and B-crystal type could have been obtained if the
gelatinisation was not shortened due to error and more amylose double helical structures
were formed. This presumption was based on the observation that more pronounced
peaks were measured in diffractrograms of freeze dried gels synthesized from starch with
a higher amylose content.
6.4.2 Starbons from freeze dried gels of starch retrograded at 95 °C and 10 °C
As mentioned in the Results, almost twice as much BJH mesopore surface area was
measured in S-HV-10°C-LN2 compared to S-HV-95°C-LN2. The corresponding
mesoporosities these starbons were respectively 9.0% and 7.4%. According to (Shimada,
Handa et al. 1996) an amylose double helix has a cavity like structure with an entrance
diameter in the range of 0.60–1.04 nm. This diameter was determined to be too small for
the formation of a mesopore, suggesting that mesopores formed between amylose
double helical structures. Therefore it was likely that the crystal structure played a role in
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mesopore formation. As less B-type crystals were measured in G-HV-10°C-LN2 compared
to G-HV-95°C-LN2, it was suggested that this crystal type influenced the formation of
mesopores in starbons. A possible explanation would be that mesopores were formed in
the large void present between amylose double helical structures in the B-crystal type,
containing 36 water molecules. These water molecules were removed in drying and
pyrolysis steps during the starbon synthesis.
6.5 Determininig the functional groups of freeze dried gels and starbons
From FTIR ATR results performed on G-Rc-LN2, G-HV-LN2 and G-HVII-LN2 it was
concluded that freeze dried gels contained functional groups characteristic for native
starch. As mentioned in the Results, loss of starch functional groups and the formation of
functional groups characteristic for carbon materials was already measured in starbons
synthesized at a pyrolysis temperature of 300 °C. Starbons synthesized at this
temperature or at higher temperatures contained similar functional groups compared to
activated carbon. This result was in accordance with FTIR DRIFT results found by
(Budarin, Clark et al. 2006). At a pyrolysis temperatures of 600 °C, the presence of
carbonyl groups could no longer be obtained. This result was also in accordance with the
mentioned article, in which it was described that these carbonyl groups were degraded,
after which more alkene and aromatic groups were formed. This comparison with
literature was relevant since the freeze drying method has not been used before in the
synthesis of starbons. As discussed in this section, compared to literature, similar
functional groups were measured in the synthesized starbons. Therefore the way of
adding the acid catalyst in the freeze drying method was concluded to be suitable. The
most important indications for this conclusion were the loss of hydroxyl groups and the
formation of ether and carbonyl groups in S-HVII-LN2-300. According to (Shuttleworth,
Budarin et al. 2013) the acid catalyst functioned between 180 °C and 300 °C and was
involved in this dehydration reaction.
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6.6 Thermal degradation process of dried gels
From the performed TGA experiments it was derived that all dried gels contained the a
similar moisture content. This content formed ± 8 % of the total weight and was derived
from figure 49 of appendix 7. It was further derived from performed TGA experiments
that the function of the acid catalyst, as described by (Shuttleworth, Budarin et al.
2013), was approved. As shown in figure 34 of the Results, only a weight loss between
circa 170 °C and 300 °C was obtained for the dried gel to which the acid catalyst was
added. This dried gel was labelled as G-HV-AA-LN2. This TGA result indicated that the
acid catalyst was added in a suitable way for the freeze drying method. The freeze dried
gels to which the acid catalyst was not added, labelled as G-HV-LN2 and G-HV-A-LN2,
were thermally stable between 170 °C and 300 °C. This result was in accordance with
(Titirici, White et al. 2015) in which it was stated that native starch still contained
hydroxyl groups up to a pyrolysis temperature of 300 °C. Based on this information it
could be derived that no dehydration had occurred and therefore a similar weight loss
was not expected at temperatures lower than 300 °C. As this temperature was reached,
the mass percentage decreased for the freeze dried gels to which the acid catalyst was
not added. However, a smaller loss in mass was obtained for G-HV-A-LN2, which may
suggest that acetone influenced the thermal degradation process. However from figure
49 in appendix 7, it was derived that G-DE-LN2 also remained more mass at a pyrolysis
temperature of circa 300 °C, compared to G-HV-LN2 and G-HVI--80°C. This result
showed that this difference in mass loss was not necessarily caused by acetone. At
temperatures above 300 °C, further dehydration occurred leading to formation of
aromatic structures conjugated with carbonyl groups, which occurred in all
polysaccharides according to (Titirici, White et al. 2015). Based on FTIR ATR and TGA
results it could thus be said that this dehydration process was divided over a larger
temperature range, starting circa 170 °C instead of 300 °C, due to the acid catalyst.
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7. Conclusions
Starbons synthesized via either the solvent exchange with vacuum oven drying method,
as well as those synthesized via the freeze drying method were predominantly
microporous. Both the starbons and dried gels contained significantly lower values for the
BJH mesopore volumes compared to literature. However, FTIR ATR results obtained from
freeze dried gels and starbons were similar compared to FTIR DRIFT results found in
literature. Therefore the way of adding the acid catalyst was concluded to be suitable for
the conducted freeze drying method. The most important indications for this conclusion
were the loss of hydroxyl groups and the formation of ether and carbonyl groups at a
pyrolysis temperature of 300 °C. From TGA results it was derived that the acid
catalyst(p-Toluenesulfonic acid) was involved in this dehydration reaction and functioned
between 170 °C and 300 °C. The fact that all starbons were predominantly microporous
could probably be explained by the fact that too little BJH mesopore surface was
measured in the dried gels. It was determined that the starbons with the highest
mesoporosity were synthesized from dried gels with the highest BJH mesopore surface
areas. It therefore was concluded that BJH mesopore surface area measured in a dried
gel was preserved in the subsequently synthesized starbon. For the freeze drying method
it was found that this preservation of BJH mesopore surface area in a starch gel was
affected by the freezing rate. The physisorption results of freeze dried gels prepared via
the slow freezing method showed that hardly any BJH mesopore surface area was
measured in these freeze dried gels. These results could be explained by the fact that a
higher freezing rate led to less expansion of ice crystals and formation of ice crystals with
a different shape.
The mesoporosity of 14.6% found for the starbon synthesized from starch with an
amylose content of 100% was significantly higher compared to values found for starbons
synthesized from starches with 70%, 50% and 28% amylose. For these starbons similar
values were found for the mesoporosity. The lowest and the highest BJH mesopore
surface areas were respectively measured in the starbons synthesized from starches with
the lowest and the highest amylose content. An starch precursor with an amylose content
of 100% was therefore concluded to be successful for the synthesis of a starbon with
relatively high values for the mesopore surface area and the mesoporosity. Linking the
crystallinity values obtained for the dried gels to the mesoporosity of the subsequently
synthesized starbons was not possible since only small differences were found between
measured crystallinities. Mainly the value of 50% found for freeze dried gels synthesized
from starch with an amylose content of 28% was higher than expected. Finding an
explanation for this result remained difficult.
From literature it was derived that the mono-acyl lipid content in corn starch was linked
to the amylose content. These class of lipids is able to complex with amylose which might
slows down the amount of double helical structures formed. In that case the influence of
the starch amylose content on the mesoporosity of starbons would be less clear.
Therefore the mesoporosity of a starbon synthesized from defatted starch was
determined as well. From the conducted experiments in which lipids were extracted from
native corn starch, it was concluded that the starch granule needed to be disrupted in
order to remove the bound lipids, involved in amylose-lipid complexes. The usage of npropanol-water(3:1v/v) proved to be suitable for this removal of bound lipids. After
extraction with this hot solvent, reduced peak intensities were measured in the
diffractogram of the subsequently synthesized freeze dried gel. This result showed that
bound lipids, involved in crystalline amylose-lipid complexes, were removed. However,
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defatting did not result in higher values for the BJH mesopore surface area and the
mesoporosity in the synthesized starbon of defatted starch. Two possible explanations for
this result were discussed. It could be that a too low amount of lipids was extracted since
it was estimated that approximately 50% of the total lipids were removed. This
estimation was in agreement with a reduced intensity of a peak, characteristic for the Vcrystal type. However still a small curvature could be obtained at this position, indicating
that the V-crystal type was still present. Another option was that lipids retard
gelatinisation and retrogradation but that after these processes, too small differences in
the amount of amylose double helical structures were formed. This explanation was in
accordance with the fact that the crystallinity of defatted freeze dried gels was not
higher.
Next to investigating the influence of the amylose content also the influence of double
helical stacking on the mesoporosity of starbons was researched by trying to synthesize a
freeze dried gel containing A-type crystals. From obtained XRD results it was determined
that no A-type crystals were measured. However, it was noticed that the freeze dried gel
of starch retrograded at 95 °C contained less B-type crystals. This result could be the
cause for the fact that approximately twice as little BJH mesopore surface area was
measured in the subsequently synthesized starbon, which resulted in al lower
mesoporosity.
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8. Recommendations
8.1 Initial starch concentration
There were significant differences obtained in the mesoporosity if the initial concentration
of starch in water was varied. An initial starch concentration of 9.1% (w/v) led to the
synthesis of a starbon with a mesoporosity of 9.0%, whereas an initial starch
concentration of 5% (w/v) resulted in a mesoporosity of 6.1%. These results suggested
that a higher initial starch concentration is preferable for a higher mesoporosity of
starbons, therefore this variable would be interesting to study in more detail.
8.2 Addition of tert-butanol prior to freeze drying
During this research the influence of the freezing rate of the starch gel on the
mesoporosity of starbons was researched. It was concluded that a higher freezing rate
resulted in a smaller crystal size and a higher preservation of the BJH mesopore surface
area during freeze drying. Further research was conducted by (Borisova, De Bruyn et al.
2015) on this preservation during freeze drying by using an aqueous tert-butanol(TBA)
solution(25% w/v). It was concluded that a small crystal size created by the TBA-water
solution at this concentration, formed dried gels with the highest mesopore volumes(0.8
cm3/g). However, in this mentioned research no pyrolysis of the freeze dried gels was
performed. It would be interesting to investigate the usage TBA-water solution in the
synthesis of starbons, since in this research it was concluded that BJH mesopore surface
area in the freeze dried gels was preserved in the subsequently synthesized starbons.
Therefore it was suggested that a higher mesoporosity of starbons can be reached using
the TBA-water solution.
8.3 Freezing starch gels using liquid nitrogen
Gels were frozen in Pyrex beakers by adding liquid nitrogen. It was difficult to completely
freeze the gel in this way. It would be easier to obtain a homogeneous frozen gel by
adding liquid nitrogen to a stone bowl and add the gel in stages using a spoon.
8.4 Pyrolysis temperature
The pyrolysis was a time consuming step. In order to synthesize more starbons, which
generally contain higher BJH mesopore surface areas, a lower pyrolysis temperature
could be considered. Next to starbons synthesized at 600 °C, also one batch of starbons
was synthesized at 300 °C and 450 °C from the same freeze dried gel of Hylon VII. As
mentioned in the Results, these starbons were respectively labelled as: S-HVII-LN2-300,
S-HVII-LN2-450 and S-HVII-LN2-600. It was noteworthy that no internal surface areas
were measured on S-HVII-LN2-300. An explanation for this result were the different
pyrolysis conditions as compared to (Budarin, Clark et al. 2006). The pyrolysis was
performed under vacuum in this mentioned research, while in this thesis inert conditions
were formed by nitrogen gas. The physisorption isotherm and the BJH pore size
distribution of S-HVII-LN2-450 are shown in figure 50 of appendix 7. From this figure it
was derived that a type I isotherm was obtained, indicating that this starbon was
predominantly microporous. A corresponding BET surface area of 368.0 m2/g, a BJH
mesopore surface area of 45.5 m2/g and a mesoporosity of 12.4 % were obtained.
These values found for the BJH mesopore surface area and the mesoporosity were circa
twice as high as compared to those found for S-HVII-LN2-600. Also the micropore
surface areas were compared between these starbons. For S-HVII-LN2-450 a micropore
surface area of 268 m2/g was measured, for S-HVII-LN2-600 this value was 352 m2/g.
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This result was in accordance with (Budarin, Clark et al. 2006) in which it was concluded
that at higher pyrolysis temperatures(above 300 °C) an increase in the micropore surface
area was obtained.
8.5 Choice of starch precursor and duration of gelatinisation
It was tried to synthesize a freeze dried containing A-type crystals by performing
retrogradation of Hylon V at 95 °C. This experiment was based on information given by
(Shamai, Bianco-Peled et al. 2003). However, no A-type crystals were measured. It was
thought that more defined patterns for the A- and B-type crystals were obtained if the
gelatinisation was not shortened due to error. However it would be better to perform this
experiment with a precursor containing a higher amylose content. As this content rises,
more crystalline structures created by amylose double helices will be formed after
retrogradation. This increase in crystallinity will result in more defined peaks for the Aand B-crystal type. For this same reason the duration of gelatinisation should may be
elongated, in the mentioned article a starch solution was autoclaved for 120 min at 120
°C.
8.6 Duration of the lipid extraction
Lipid extraction using n-propanol and-water(3:1 v/v) should be performed for at least 7
hours. According to (Vasanthan and Hoover 1992) more than 98.6% of the total lipids
should then be removed from native starch. Only in that case it is possible to make a
final conclusion whether lipids really slow down amylose double helical formation.
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Appendix 1
Correction radiation source XRD
The angle of diffraction 2theta (2θ), which is shown on the X-axis, is given in degrees.
2θ
=θ
2
The angle can be subsequently be calculated in radians using the following formula:

𝑟𝑎𝑑𝑖𝑎𝑛𝑠 =

𝑑𝑒𝑔𝑟𝑒𝑒𝑠∗𝑃𝐼
180

The Cu radiation has a lambda of 0.154 nm and the Co radiation has an lambda of 0.179
nm. In order to calculate the new angle, taking the radiation source into account, the
following equation from Bragg’s law can be used:
𝑛 ∗ 𝑙𝑎𝑚𝑏𝑑𝑎 = 2 ∗ 𝑑 ∗ sin(θ)
d: distance between atomic layers in a crystal
lambda: is the x-ray wavelength
n=2(integer multiple of the wavelength)
This equation can be rewritten in order to calculated the new angle(corrected for
radiation source):
sin(θ) =

𝑙𝑎𝑚𝑑𝑎
𝑑

This angle is given in radians, it needs to be calculated in degrees again, this can be done
with the following formula:
𝑑𝑒𝑔𝑟𝑒𝑒𝑠 = (𝑟𝑎𝑑𝑖𝑎𝑛𝑠 ∗ 180)/𝑃𝐼
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Appendix 2

Intensity(conts/sec)

Diffractograms of G-R--80°C, G-HV--80°C and G-HVII--80°C
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Figure 35: Diffractogram of G-R- -80°C.
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Figure 36: Diffractogram of G-HV--80°C.
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Figure 37: Diffractogram of G-HVII--80°C.
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Appendix 3
Physiorption results of S-Rc--80°C, S-HV--80°C and S-HVII--80°C

Figure 38: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-Rc--80°C.

Figure 39: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-HV--80°C.

Figure 40: Physisorption isotherm(L) and the BJH pore size distribution(R) of S-HVII--80°C.
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Appendix 4
Pore characteristics of G-Rc-LN2, G-HV-LN2, G-HVII-LN2 and G-DE-LN2
Table 20: Physisorption and XRD data of G-Rc-LN2, G-HV-LN2, G-HVII-LN2 and G-DE-LN2, showing
the BET surface areas, the mesopore characteristics and the crystallinity.
Sample name
dried gel

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

Crystallinity
(%)

G-Rc-LN2

Regular corn.
Freeze dried, 5%(w/v),
frozen with liquid N2
Hylon V.
Freeze dried, 5%(w/v),
frozen with liquid N2
Hylon VII.
Freeze dried, 5%(w/v),
frozen with liquid N2
Debranched Etenia 457.
Freeze dried, 2.5%(w/v),
frozen with liquid N2

0.8

0.3

0.9*10-3

36.6

50.0

7.7

4.6

0.01

60.3

57.0

5.8

3.6

0.008

61.8

59.0

44.2

39.3

0.2

89.0

-

G-HV-LN2

G-HVII-LN2

G-DE-LN2

Soxhlet extraction with PW and PE

Figure 41: Soxhlet extration with propanol-water(3:1 v/v)(PW) on CM defatted Hylon VII (L).
Soxhlet extraction with petroleum ether(PE) performed on native Hylon VII(R).
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Physisorption results of G-HVII-PE-LN2 and G-HVII-CM/PW-LN2
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Figure 42: Physisorption isotherm of G-HVII-PE-LN2.
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Figure 43: Physisorption isotherm of G-HVII-CM/PW-LN2.
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Appendix 5
Diffractograms of native corn starches
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Figure 44: Diffractogram of native regular corn.
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Figure 45: Diffractogram of native Hylon V.
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Figure 46: Diaffractogram of native Hylon VII.

58

Appendix 6
Pore characteristics of S-Rc-LN2, S-HV-LN2, S-HVII-LN2 and S-DE-LN2
Table 11: Physisorption data of S-Rc-LN2, S-HV-LN2, S-HVII-LN2 and S-DE-LN2, showing the BET
surface areas and the mesopore characteristics.
Sample name
Starbon

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

BJH average
pore size
(nm)

S-Rc-LN2

Regular corn.
Freeze dried, 5%(w/v),
frozen with liquid N2
Hylon V.
Freeze dried, 5%(w/v),
frozen with liquid N2
Hylon VII.
Freeze dried, 5%(w/v),
frozen with liquid N2
Debranched Etenia 457.
Freeze dried, 2.5%(w/v),
frozen with liquid N2

190

10.1

0.008

5.3

3.3

381

23.3

0.02

6.1

3.1

408

21.6

0.02

5.3

2.9

389

56.8

0.07

14.6

5.2

S-HV-LN2

S-HVII-LN2

S-DE-LN2

Physisorption results of S-HVII-PE-LN2 and S-HVII-CM/PW-LN2

Figure 47: Physisorption isotherm and BJH poresize distribution of S-HVII-PE-LN2.

Figure 48: Physisorption isotherm and BJH poresize distribution of S-HVII-CM/PW-LN2.
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Appendix 7
Pore characteristics of S-H-95°C-LN2 and S-H-10°C-LN2
Table 12: Physisorption data of S-H-95°C-LN2 and S-H-10°C-LN2, showing the BET surface areas
and the mesopore characteristics.
Sample name
Starbon

Conditions

SBET
(m²/g)

BJH
SMeso
(m²/g)

BJH
VMeso
(cm3/g)

Mesoporosity
(%)

BJH average
pore size
(nm)

S-H- 95°CLN2

Hylon V.
T= 95°C
Freeze dried, 9.1%(w/v),
frozen with liquid N2
Hylon V.
T= 10°C
Freeze dried, 9.1%(w/v),
frozen with liquid N2

222

16.4

0.01

7.4

2.7

362

32.5

0.03

9.0

3.4

S-H- 10°CLN2

TGA diagram of dried gels synthesized in different drying cycles
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Figure 49: TGA diagram of dried gels synthesized from varies starches in different drying cycles.

Physisorption results of S-HVII-LN2-450

Figure 50: Isotherm(L) and the BJH pore size distribution(R) of S-HVII-LN2-450.
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