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Summary

The research described in this document is focused on the utilization of vegetable
and animal non-edible triacylglycerols to prepare value added products.
Triacylglycerols appeared to be an excellent source to substitute petroleum since
they come from distinct renewable sources and have various interesting chemical
and physical properties. Nevertheless, although they are renewable, their utilization
as starting materials to produce chemicals can cause some concerns. On the one
hand, edible triacylglycerols compete directly with food and feed. To overpass these
concerns, two distinct sources of non-edible triacylglycerols such as non-edible
animal fat from slaughterhouses and vegetable oil from a Chinese three crop
(Vernicia fordii) known as tung oil were used. On the other hand, some of the
chemical procedures involved in the preparation of bio-based products have
negative effects on the environment since high amount of wastes are generated and
high temperatures and hazardous reagents are commonly employed. To overcome
these issues, the present work takes advantage of the milder conditions and
reusability of biocatalysts such as immobilized lipases and resting cells. Additionally,
non-hazardous chemicals, low generating waste practices and cheap reagents were
a priority to complete the transformation of non-edible animal fat and tung oil.
Non-edible animal fat was splitted into saturated fatty acids and unsaturated fatty
acids by employing R. oryzae resting cells. Additionally, resting cells were reused by
extracting the resulting fatty acids with supercritical CO, and glycerol was recovered
and analyzed. To study and transform those saturated and unsaturated parts, the
splitting was repeated in a multigram scale with cheap and common chemical
reagents. Thus, the saturated fatty acids were thermally analyzed presenting good
properties and reliability as Phase Change Materials (PCMs) and the unsaturated
fatty acids were converted to threo-9, 10-dihydroxystearic acid (DHSA), a chemical
block used in polymer chemistry. Besides, DHSA and some of their salts were also
analyzed by DSC, although they did not present interesting properties as PCMs
presumably due to their thermal degradation. Nevertheless, the esters of DHSA
(DHSEs) were postulated to overcome this issue. Indeed, green and sustainable
chemistry such as enzymatic hydrolysis, chemo-enzymatic epoxidation, hot water
epoxide hydrolysis and enzymatic esterification were employed to prepare those
DHSEs, which presented good properties and reliability as PCMs.

Finally, tung oil was used to prepare Pressure-Sensitive Adhesives (PSAs). The rare
a-eleostearic acid mainly found in tung oil presents the particularity to afford Diels-
Alders (D-A) reactions. Certainly, D-A reactions do not need a previous
transformation of the triacylglycerols for polymerization allowing a direct



polymerization, which allowed the preparation of a non-waste generating polymer.
The D-A polymerization of tung oil with some of the diacrylates used yielded PSAs
with good properties such as peel strength, loop tack and aging resistance. Besides,
the addition of dimaleimide lowered the curing time of the PSAs prepared.



Resumen

Este programa de investigacion estd enfocado en el aprovechamiento de
triacilglicéridos vegetales y animales de origen no comestible para preparar
productos con valor afiadido. Los triacilglicéridos son una fuente excelente para
substituir el petrdleo ya que provienen de distintas fuentes renovables y tienen
propiedades quimicas y fisicas interesantes. No obstante, aunque son renovables, su
uso tiene que discutirse. Por un lado, debido al origen de los triacilglicéridos, ya que
los comestibles compiten directamente con la alimentacién. Por lo tanto, se han
usado dos fuentes distintas como son la grasa animal no comestible de los
mataderos municipales y un aceite vegetal no comestible proveniente de un arbol
de cultivo chino (Vernicia fordii) llamado aceite de tung. Por el otro lado, parte de la
guimica involucrada en la preparacion de productos “bio-based” tiene efectos
negativos para el medio ambiente ya que genera grandes cantidades de residuos y
normalmente se usan altas temperaturas y reactivos peligrosos. Para superar este
problema, este trabajo aprovecha las condiciones suaves y la reusabilidad de los
biocatalizadores como las lipasas inmovilizadas y las “resting cells”. Ademas, fueron
una prioridad los reactivos quimicos no peligrosos, practicas generadoras de pocos
residuos y reactivos baratos para completar la transformacion de la grasa animal no
comestible y el aceite de tung.

La grasa animal no comestible se dividid en acidos grasos saturados e insaturados
usando “resting cells” de R.Oryzae. Ademas, las “resting cells” se reutilizaron usando
CO, supercritico y el glicerol se recuperd y analizé. Para estudiar y transformar estas
partes saturadas e insaturadas la division se repitié a escala de multigramos con
reactivos quimicos comunes y baratos. Por lo tanto, los acidos grasos saturados
fueron analizados térmicamente presentando buenas propiedades cdmo materiales
de cambio de fase (PCMs) y los insaturados se convirtieron en un bloque quimico
usado para la sintesis de polimeros como es el acido threo-9, 10-dihidroxiestearico
(DHSA). Ademas, se analizaron térmicamente el DHSA y algunas de sus sales sin
presentar atractivo como PCMs presumiblemente por degradacién. No obstante, los
esteres de DHSA (DHSEs) fueron postulados como alternativa para superar este
problema. En efecto, se usé quimica verde y sostenible tal como la hidrélisis
enzimatica, la epoxidacidon quimico-enzimatica, la hidrdlisis del epdxido con agua
caliente y la esterificacion enzimatica para preparar estos DHSE los cuales
presentaron buenas propiedades y confiabilidad como PCMs.

Para terminar, el aceite de tung se usé para preparar adhesivos sensibles a la presion
(PSAs). El acido a-eleoestearico, de origen poco comun y mayoritariamente
encontrado en el aceite de tung, presenta la particularidad de alcanzar reacciones



Diels-Alders (D-A). En efecto, las reacciones D-A no requieren de la transformacion
previa de los triacilgliceridos para ser polimerizados por lo que permiten
polimerizaciones directas y, por lo tanto, preparar polimeros sin generar residuos.
La polimerizacién mediante la reaccion D-A del aceite de tung con algunos de los
diacrilatos usados presentaron buenas propiedades para PSAs tales como “peel
strenght”, “loop tack”y resistencia al envejecimiento. Ademas, la adicién de
dimaleimidas bajé el tiempo de curado de los PSAs preparados.



Resum

Aquest programa de recerca esta enfocat en I'aprofitament de triacilglicerids
vegetals i animals d'origen no comestible per preparar productes de valor afegit. Els
triacilglicerids sén una font excel-lent per substituir el petroli ja que provenen de
diferents fonts renovables i tenen propietats quimiques i fisiques interessants. No
obstant, tot i que sdn renovables, el seu Us s’ha de discutir. D'una banda, a causa del
origen dels triglicerids, ja que els comestibles competeixen directament amb
I'alimentacio. Per tant, s'han fet servir dues fonts diferents com sén el greix animal
no comestible dels escorxadors municipals i un oli vegetal no comestible provinent
d'un arbre de cultiu xinés (Vernicia fordii) anomenat oli de tung. D’altra banda, part
de la quimica involucrada en la preparacié de productes "bio-based" té efectes
negatius per al medi ambient ja que genera grans quantitats de residus i normalment
es fan servir altes temperatures i reactius perillosos. Per superar aquest problema,
aquest treball aprofita les condicions suaus i la reusabilitat dels biocatalitzadors com
les lipases immobilitzades i les "resting cells". A més, van ser una prioritat els reactius
qguimics no perillosos, les practiques generadores de pocs residus i els reactius barats
per tal de completar la transformacio del greix animal no comestible i I'oli de tung.
El greix animal no comestible es va dividir en acids grassos saturats i insaturats usant
"resting cells" de R.oryzae. A més, les "resting cells" es van reutilitzar usant CO,
supercritic i el glicerol es va recuperar i analitzar. Per estudiar i transformar aquestes
parts saturades i insaturades la divisié es va repetir a escala de multigram usant
reactius quimics comuns i barats. Per tant, els acids grassos saturats van ser
analitzats termicament presentant bones propietats com a materials de canvi de fase
(PCMs) i els insaturats es van convertir en un bloc quimic usat en la sintesi de
polimers com és I'acid threo-9, 10-dihidroxiestearic (DHSA). A més, es van analitzar
termicament el DHSA i algunes de les seves sals sense presentar atractiu com PCMs,
presumiblement per degradacié. No obstant aix0, els ésters de DHSA (DHSEs) van
ser postulats com alternativa per superar aquest problema. En efecte, es va usar
quimica verda i sostenible tal com [I'hidrolisi enzimatica, I'epoxidacié quimico-
enzimatica, I'hidrolisi de I'epoxid amb aigua calenta i I'esterificacié enzimatica per tal
de preparar aquests DHSEs els quals van presentar bones propietats i fiabilitat com
PCMs.

Per acabar, I'oli de tung es va usar per obtenir adhesius sensibles a la pressio (PSAs).
L'acid a-eleoestearic, d'origen poc comu i majoritariament trobat en I'oli de tung,
presenta la particularitat d'assolir reaccions Diels-Alders (D-A). A més, les reaccions
D-A no requereixen de la transformacié prévia dels triacilglicérids per ser
polimeritzats per la qual cosa permeten polimeritzacions directes i, per tant,
preparar polimers sense generar residus. La polimeritzacié mitjangant la reaccio D-A



de I'oli de tung amb alguns dels diacrilats usats va comportar la preparacié de PSAs
amb bones propietats com ara "peel strenght", "loop tack" i resisténcia a
I'envelliment. A més, I'addicié de dimaleimides va baixar el temps de curat dels PSAs
preparats.
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PSA
PVC

SV
t-BuOH
TES
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Poly(propylene glycol) diacrylate
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An adduct from the reaction of tung oil and acrylic acid
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1.1. Circular economy

The current world system of economy dates from Industrial Revolution. This
model uses a “take-make-use-dispose” system known as Linear Economy [1].
During the 20th century the market was stimulated by the invention of new
products and services such as telephone, motor car, electric lighting and
domestic appliances. Nevertheless, to keep stimulating the economy an idea
called Planned Obsolescence was proposed [2]. The basis of Planned
Obsolescence consider that consumer goods have to become rapidly
obsolete and replaced. Designers and engineers have to develop goods
following these criteria. On the one hand, the introduction of frequent
esthetic changes may stimulate the desire to own something a little newer
and a little better, sooner than necessary [3]. On the other hand, reducing
the working life of products by replacing durable materials with others less
durable. Planned Obsolescence certainly increased company profits but since
50 years ago it is recognized as “the systematic attempt of business to make
us wasteful, debt-ridden, permanently discontented individuals” [4].
Besides, since 1960s global market prices made reuse became less
economically attractive than buy new. For instance, products were not
designed for disassembly. The Linear model has benefitted energy suppliers
and raw materials producers such as the mining and oil industries.
Nevertheless, environment has been damaged since huge amounts of waste
were sent to landfill and/or combusted [5]. Disposal at end of life has never
been a sustainable practice but as global population increased from
approximately 1 billion in 1804 to 7.2 billion in 2014 and a further increase

to0 9.6 billion by 2050 is anticipated [6], the demand for energy and resources
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will dramatically increase. As highlight, more minerals and fossil fuels were
consumed during the 20th century than in all other centuries together [5].

A new alternative needs to be undertaken to solve the issues generated by
Linear Economy. Circular Economy appears to be a sustainable alternative
whereby it mirrors natural life cycles where dead organic material
decomposes to become a nutrient for the next generation of living
organisms. As natural systems, has to be highly efficient and not create
waste. This concept was initially introduced during the 1970s enunciating
that waste has to become a resource. Defined as a “Cradle-to-Cradle” system
instead of the Linear Economy model described as “Cradle-to-Grave” [7]
where the need to extend product life through repair and remanufacture was
inherent [8]. On the basis of Linear Economy raw materials are extracted and
processed, manufactured; used and disposed. In that way, products are used
since end of life (see Figure 1.1). Conversely, Circular Economy keeps
materials in circulation by remanufacturing and even though energy and
resources will still be required for disassembly and recycling, the elimination
of extraction and processing of bulk materials reduces the embodied energy,

embodied water, associated emissions, environmental and other impacts [5].
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Figure 1.1. Simplified Linear and Circular Economy concepts.

1.2. Bioeconomy

Given the concept of Circular Economy, the use of renewable resources
appears to be inherent to construct a model based in reusing and non-
generating wastes. A bioeconomy can be understood as an economy using
renewable biological resources as basic building blocks for materials,
chemicals and energy [9-11]. With a good design and implementation, this
sort of economy can meet many of the requirements for sustainability from
environmental, social and economic perspectives. A bioeconomy can
improve the reduction of greenhouse gas emissions, decrease dependence
on fossil resources, wiser management of natural resources, and improved
food security [10, 12]. Additionally, non-food markets such as bioenergy
besides of existing food markets can give a major boost to rural areas [9]. The
bioeconomy concept initially started from the life sciences and
biotechnology spheres, sciences that use living beings to produce goods and

services. On industrial scale it uses enzymes and micro-organisms to make
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bio-based products matching up with the bioeconomy concept. In that way,
by chemical and biotechnological approaches, as over 90% of the petroleum-
based products could be replaced by bio-based alternatives [13].The
technology needed to replace petroleum-based refineries is known as

biorefienries and permits to apply the bioeconomy concept [14].

1.3. Biorefineries

Biomass is very likely to be the only viable alternative to fossil resources for
production of fuels and chemicals, since it is the only C-rich material source
available on the Earth, besides fossils. The replacement of petrochemicals by
biomass for fuel and chemical production is an interesting option and is the
driving force for the development of biorefinery complexes. The aim of this
bio-industry is to be competitive in the market and lead to the progressive
replacement of oil refinery products. In opposite to oil refineries, which are
focused on very large plants, biorefinery industries will most probably
encompass a whole range of different-sized installations and dispersed
industrial complexes able to revitalize rural areas. Additionally, as circular
economy concept, the residue from one bio-industry could become an input
for other industries, giving rise to integrated bio-industrial systems [15].

The use of sustainable feedstock is not enough to ensure a prosperous future
for the next generation; protection of the environment using greener
methodologies is also required. These methods and techniques used have to
minimize impact to the environment and the final products should be non-
toxic, degradable into innocuous chemicals and with minimum production of
waste. In order to establish a sustainable future production of these biofuels

and biochemicals, the integration of green chemistry into biorefineries, along
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with the use of low environmental impact technologies, is mandatory. Green
chemistry can be considered as a set of principles (see Figure 1.2) for the
manufacture and application of products that aim at eliminating the use or
generation of environmentally harmful and hazardous chemicals. It offers a
tool kit of techniques and underlying principles that any researcher should
apply when developing the next generation of biorefineries. The overall goal
of green chemistry combined with biomass achieves the production of

genuinely green and sustainable chemical products [16].
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Figure 1.2. Schematic representation of the Green chemistry principles [17].

1.4. Biomass feedstocks

Biomass are non-fossilized and biodegradable organic materials originating
from plants, animals, and microorganisms derived from biological sources.
Biomass includes products, byproducts, residues and waste from agriculture,
forestry and related industries, as well as the non-fossilized and

biodegradable organic fractions of industrial and municipal solid wastes [18].
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In other words, biomass is the solar energy stored as chemical energy via
photosynthesis. Indeed, organisms evolved metabolic machineries for the
photochemical reduction of carbon dioxide to organic matter. Thus, this solar

energy is stored in chemical form in plant and animal materials [15, 18].

Feedstocks can be described as raw materials used in a biorefinery [15]
whereby a large variety of sources have application. In that way, even
matters such as organic fraction from Municipal Solid Waste (MSW), manure,
wild fruits and crops, proteins and residues from fresh fruit and vegetable
industries can be used to produce biogas [19]. Otherwise, carbohydrates
(from starch, cellulose and hemicellulose) can be easily fermented to ethanol
or used as a substrate for chemical reactions leading to a wide range of
chemical products [20, 21]. Finally, oils and fats which are triacylglycerols
consisting of glycerin and a variety of fatty acids present a substantial
attractive scope for biorefinery purposes. Triacylglycerols can be used for
biodiesel production by reacting with an alcohol, usually methanol. However,
they are an excellent substrate for chemicals because their reactive sites can
afford an enormous number of transformations [22]. Figure 1.3 shows the

most commonly used fatty acids as feedstocks.
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Figure 1.3. Major naturally occurring fatty acids: (1) Lauric acid. (2) Myristic
acid. (3) Palmitic acid. (4) Stearic acid. (5) Oleic acid. (6) Linoleic acid. (7)

Linolenic acid. (8) a-Eleostearic acid. (9) Vernolic acid. (10) Ricinoleic acid.
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1.5. Sources of triacylglycerols

1.5.1. Edible oils

Edible oils have been used throughout human history. Certainly, for more
than 6000 years, the olive oil cultivation has developed alongside
Mediterranean civilizations for oil production [23]. Several edible oils from
sources such as rapeseed [24], soybean [25], palm [26] and sunflower [27]
have been extensive used as a feedstocks. Additionally, more than 95% of
biodiesel production is produced from edible oils whereby soybean in USA
while rapeseed and sunflower in Europe are the most used [28].
Unfortunately, the use of these edible sources has generated many
problems, mainly due to their impact on global food markets and food
security [29]. For instance, palm and soy are crops vital for human
consumption. The use of these food crops on a large-scale production of non-
food commodities could bring imbalance to the global food market [30], and

as a consequence, the world could suddenly face a “food versus feedstock”
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Figure 1.4. Price comparison of crude palm oil and crude petroleum oil from

2007 to 2012 [31].
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Figure 1.5. Price comparison of crude olive oil and crude petroleum oil from

2007 to 2012 [31].

This relation between petroleum oil and oils used as feedstocks for biodiesel
production appears when comparing the market prices through years.
Figure 1.4 compares the price of petroleum oil and palm oil from 2007 to
2012. When petroleum oil price increases the palm oil price also increases to
afford the demand. Figure 1.5 shows the price of petroleum oil and olive oil
in the same period. Conversely, an edible source such as olive oil whose price
of production is unviable to produce biodiesel is not fixed by the price of
petroleum oil. Additionally, using edible oils as feedstocks requires the use
of much of the available arable land with a negative environmental impact.
Hence, use of these feedstocks could cause deforestation in tropical
countries such as Malaysia and Indonesia who account for about 80% of the
world’s supply of palm oil. Unfortunately, this deforestation is causing

extensive damage to the environment and wildlife in those regions [28].
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1.5.2. Non-edible oils

The “food versus feedstock” concern about using edible oils to substitute
petroleum has increased the interest in non-edibles to produce chemicals
and energy. Indeed, some feedstocks have the advantage of eliminate
competition for food and feed due to be not suitable for human
consumption [32]. Others, such as linseed oil [33] or some microalgae oil [34]
are used for nutritional supplementation. Nevertheless, the present work
will consider these oils as non-edibles because they are only used as
supplements in the diet. Biomass provides a wide range of non-edible
feedstocks from vegetable, animal or microbiological sources. On the one
hand, vegetable crops as linseed [35], jatropha [36], jojoba [37], tobacco [38],
seamango [39], tung [40], euphorbia [41] or castor [42] present attractive
properties as feedstocks. On the other hand, waste animal fats [43], waste

cooking oils [44] or microalgae [28] enhance the feedstock range.
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Figure 1.6. Account of the major naturally occurring fatty acids in: Palm
kernel oil* [45], palm oil' [45], mixed animal fat’ [46], tallow oil® [45], jatropha
oil* [45], rapeseed oil' [47], sunflower oil* [45], sunflower waste cooking
oil® [48], tobacco seed oil* [45], soybean oil* [45], linseed oil® [45], tung oil®

[49], vernonia oil® [50], castor oil® [45].

'Edible oil. Non-edible oil.

Figure 1.6 shows the fatty acids content in several sources of edible and non-
edible feedstock. In the figure, sources are organized by the distinct fatty
acids present in each. Thus, mostly saturated sources can be spotted on the

top while most unsaturated and rare are present on the bottom. As an
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example, although whose composition is similar, soybean oil is widely used
in human consumption while tobacco seed is non-edible. In that way,
depending on the chemistry needed and the final use of the prepared
products, non-edible oils are suitable to replace edible oils. Hence, sunflower
waste cooking oil would be a good choice as raw material instead of
sunflower oil since it is cheaper and non-edible [51]. Additionally, the
amount of waste cooking oil generated in each country is huge while
unsuccessful management causes possible contamination of water and land
resources [52]. On the case of rapeseed oil, is widely used in Europe to
prepare biodiesel, nevertheless, India and Africa mainly use a non-edible
source such as jatropha oil [28]. Palm oil is a source of mainly saturated and
monounsaturated acids which could be replaced by non-edible animal fat. It
is known that many animal meat processing facilities and animal mortalities
lead to large amounts of cheap waste animal fats [53]. This non-edible source
can be found worldwide and could be an alternative to palliate the increasing
production of palm oil [54]. Finally, non-edible sources such as tung oil,
vernonia oil and castor oil present high amounts of a-eleostearic acid,
vernolic acid and ricinoleic acid, respectively. These sources contain moieties
such as conjugated double bonds, epoxide or alcohol groups very attractive

for polymer chemistry [55].

1.6. Applications of triacylglycerols

The wide range of sources of triacylglycerols available from feedstocks is
translated into an enormous number of applications. In that way,
triacylglycerols are a green alternative to petroleum based commodities such

as lubricants [56], diesel [57], polymers [55], paraffins [58], etc. The range of
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available sources and the procedure to prepare each product depends on the
application needed. Whereas that biodiesel can be prepared from a vast
number of sources, Phase Change Materials (PCMs) need pure saturated
fatty acids in opposite to polymers who need some functionalized sources.
The preparation of biodiesel, PCMs and polymers from triacylglycerols as

feedstocks will further discussed.

1.6.1. Biodiesel

Biodiesel is a mixture of mono-alkyl esters produced from renewable
biological sources to substitute conventional diesel as a fuel. Pure biodiesel
can be used as a combustible in cars or blended with diesel. Hence, the
designation of pure biodiesel is B100 while i.e. designation B20 means that
contains a 20% of B100 and 80% of conventional diesel [59]. Biodiesel
preparation needs a vast part of the triacylglycerols used as feedstock.
Certainly, the preparation of biodiesel is continuously under extensive study
and review and can be achieved by a wide range of feedstocks.
Unfortunately, biodiesel is mainly prepared from edible oils such as
rapeseed, soybean, sunflower and palm [48]. Nevertheless, in order to
palliate the food versus fuel issue, it can be prepared from non-edible
vegetable sources such as karanja, polanga, mahua, rubber seed, cottonseed,
jojoba, tobacco, neem, linseed or jatropha [60]. Besides, it can be prepared
from waste cooking vegetable oil [44], animal fats waste [61] or

microalgae [28].

Biodiesel preparation consists mainly in a transesterification whereby
trigacylglycerols are converted into mono-alkyl esters. Figure 1.7 shows a

common transesterification with the presence of free fatty acids (FFA)
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catalyzed by acids (A) and bases (B). The homogeneous alkali-catalyzed
transesterification has been the commonest method used at laboratory, pilot
and industrial scale levels [62]. This process is catalyzed by alkaline metal
hydroxides (such as NaOH) and alkoxides [63] as well as sodium or potassium
carbonates [57]. These catalysts are cheap and show a very high performance
when feedstocks contain low FFA concentration. However, when the raw
materials have a high percentage of FFA or water, the alkali catalyst will react
with the FFA to form soaps resulting in the consumption of the catalyst [32].
In the case of feedstocks containing high amounts of FFA the acid catalysis is
more suitable [64]. The acid catalysts used include sulphuric, hydrochloric,
sulfonic and phosphoric acids. However, this method is sensitive to the
presence of water. In fact, water and acid release FFA from triacylglycerols.
Additionally, this method is slower and needs higher amounts of

alcohol [45, 65].

o o R
)L Ro O\)\/O Re
. - T T
o) o
A B
Q;OQ\ N 476’
NN %OO&
X
0 o o
4 (R,)LOMe) R,)kONa + 3 <R)LOM9>

i=1,2,3

Figure 1.7. Esterification of triacylglycerols containing FFA via acid (A) and

base (B) catalysis.
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Usually, in industrial application, the base catalysts are preferred over acid
catalysts due to their capability of completion of reaction at higher speed,
lower reaction temperature and higher conversion efficiency [66]. However,
reactions catalyzed by chemical catalysts have several collective drawbacks,
such as being energy-intensive, tedious to recover glycerol, difficulty in the
removal of acid or base catalyst from the product, further treatment of
alkaline wastewater, and interference of FFA and water in the reaction.
Alternatives such as supercritical alcohol method can overcome these
problems; nevertheless, high pressure and temperature are used to carry out

the transesterification reaction [67].

On the other hand, enzyme-catalyzed processes have shown interesting
results [68]. Biocatalysts such as lipases have high activity and selectivity, and
their reactions take place under mild conditions, producing less wastewater
and consuming less energy. Although large-scale application of enzymatic
processes is less frequent due to the high cost of enzymes. Nevertheless, the
lipase production price is decreasing whereas enzymes are most used in
industry, and immobilized lipases as well as resting cells can be reused

several times [69].
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Figure 1.8. Schematic representation of the: Transesterification of
triacylglycerols catalyzed by a lipase (A). Hydrolysis of triacylglycerols

catalyzed by a lipase (B). Esterification of fatty acids catalyzed by a lipase (C).

When compared with the use of conventional chemical catalysis and
supercritical methanol, enzymatic transesterification for biodiesel
production is one of the most promising strategies. Figure 1.8 shows the
capability of lipases to transform triacylglycerides into methyl esters (A) or
FFA (B) and the latters to methyl esters (C). In addition, lipases have the
ability to transfer both triacylglycerols and FFA into biodiesel, which means
they are able to catalyze oils from varied resources, including waste oils with

a high content of FFA [68].
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1.6.2 PCMs from fatty acids

The stability of unsaturated and functionalized triacylglycerols against
temperature or storing is committed. In that way, poly-unsaturated oils
present lower stability than  monounsaturated.  Nevertheless,
monounsaturated oils are also affected [70]. Regarding to stability, the poor
reactive alkyl chain of saturated fatty acids provides excellent thermal
stability properties [71]. This fact acquires special importance in thermal
energy storage (TES) applications. Thermal energy can be stored in the form
of sensible heat storage, latent heat storage and chemical reaction heat
storage [72]. Among these forms, latent heat thermal energy storage (LHTES)
is afforded by using PCMs which can store or release heat energy during the
phase change process when the surrounding temperature increases or
decreases [73]. At present, a large number of inorganic, organic and their
mixtures PCMs have been studied. Among all investigated PCMs, fatty acids
have many superior properties, including proper melting temperature range,
high heat capacity, congruent melting, little or no supercooling during phase
transition, lower vapor pressure, non-toxic, non-corrosive to metal
containers, good chemical and thermal stability, low cost, non-flammability
and small volume change [74]. In general, fatty acids and fatty acid
derivatives used for PCMs purposes can include pure fatty acids, eutectic

mixtures of fatty acids and fatty acid esters.

1.6.2.1 Pure fatty acids

The phase change temperature and latent heat are two basic parameters of
PCMs. The former determines the temperature to store or release energy

while the later the energy that can store or release per mass. In that way,
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many researchers have tested many of these parameters with fatty acids.
Since distinct carbon chains (from 10 to 18 carbon atoms) of FFA have been
studied various phase change temperatures are available due to the specific
melting and solidification points of each fatty acid. Most of the pure fatty
acids studied are saturated, indeed, almost no research has been done about

the unsaturated acids as PCMs [74].

Table 1.1 shows the thermal properties of various fatty acids. Literature data
are slightly different from each other due to the individual experimental
conditions, purity, etc [75]. Regarding to saturated fatty acids, as the carbon
number increase the melting temperatures as well as latent heat also
increase. Nevertheless, oleic acid (18 carbon atoms) presents the lower
melting temperature and the lower latent heat. The purity of the fatty acid is
also crucial to evaluate the latent heats whereby the fatty acids with higher
purities achieve higher latent heats. This fact is highlighted in Table 1.1 when
comparing industrial grade stearic acid (290%) and reagent grade stearic acid

(>98%) the latent heat and the melting temperature differs.
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Table 1.1. Thermal properties of fatty acids studied as PCMs.
Melting Freezing
Melting Freezing
Fatty latent latent Purity
temperature temperature Reference
acid heat . heat (%)
("c) A ) 3
(kiekg™) (kiekg™)
Caprylic
16.1 144.2 - - >99.9 [76]
acid
Capric
32.14 156.40 32.53 154.24 98 [77]
acid
Lauric 44.02 182.3 42.09 182.4 - [78]
acid 42.64 176.6 - - 97 [79]
53.73 187.3 52.09 184.9 - [78]
Myristic
52.99 181.0 - - 95 [79]
acid
51.80 178.14 51.74 181.63 >98 [80]
62.11 212.1 60.38 214.6 - [78]
Palmitic
61.31 197.9 - - 96 [79]
acid
60.42 233.24 59.88 237.11 98 [80]
68.96 222.8 67.06 226.7 - [78]
Stearic
54.70 159.3 - - 290 [79]
acid
66.82 258.98 66.36 263.32 >98 [80]
Oleic
13.6 138.07 - - >99.9 [81]
acid

Although these fatty acids proceed from feedstocks the preparation needs

to be discussed. The common procedure to prepare stearic acid of industrial

grade proceeds by hydrogenation of a highly unsaturated edible vegetable

source such as soybean oil. The unsaturated triacylglycerols are converted in

stearine. To release stearic acid, the stearine is treated with sodium
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hydroxide and sulfuric acid [82]. The purification of stearic acid to acquire a
reagent grade mixture will need some crystallization procedures. Fatty acids
such as lauric, myristic or palmitic could proceed from palm industry.
Additionally, a common industrial grade preparation of palmitic acid starts
from the hydrogenation of vegetable oils such as cottonseed oil followed by
the reaction with excess of caustic alkali at high temperatures from 300 to
400°C and the acidification of the mixture [83]. This 90% palmitic acid will
additionally need some crystallization steps to acquire a reagent grade

mixture.

1.6.2.2 Eutectic mixtures of fatty acids

Another approach to prepare PCMs from fatty acids is the combination of
two or more fatty acids. This mixture has a eutectic temperature which is the
lowest melting temperature of a mixture of various components, and such
mixture features the same stability of a single component. Certainly, the
eutectic temperature is lower than the melting temperature of each pure

compound.

Each fatty acid can be combined with various fatty acids. These combinations
increase the number of phase change temperatures and thus the application
range. As example, capric acid can be mixed with lauric, palmitic or stearic
acids with melting temperatures of 19.62, 23.12 and 25.39°C, respectively.
This decrease on the phase change temperature respect pure capric acid
matches with low temperature TES applications such as building
heating/cooling and indoor temperature controlling [84]. On another hand,
stearic and palmitic acids have phase change temperatures too high for

applications such as air conditioning condensation heat recovery system.
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Nevertheless, the eutectic mixture of palmitic and stearic acids lowers the
melting temperature to 53.95°C [73] allowing the possibility to be used for

this application.

Generally, a eutectic mixture of fatty acids is prepared by slowly cooling
down uniformly mixed two kinds of fatty acids melted with different
proportions. The phase change temperature and latent heat of the eutectic
mixture are obtained via the differential scanning calorimeter (DSC) test [74].
Indeed, pure reagent grade fatty acids are mixed together to prepare these
eutectic mixtures. Unfortunately, these mixtures will belong from
commercial fatty acids with the drawback of being prepared by

hydrogenation of edible feedstocks, high temperatures, etc.

1.6.2.3 Fatty acid esters

Fatty acids can present a certain corrosivity, bad odor and sublimation during
heating process. By that way, some researchers have replaced them with
fatty acid esters [74]. The combination of fatty acids and alcohols expands
the scope of phase-change temperatures. Certainly, each fatty acids can be
mixed with distinct alcohols. On the one hand, the esterification with short-
chain alcohols will lower the phase change temperature respect the pure
fatty acid [85]. On the other hand, higher phase change temperatures are
achieved by esterification with longer-chain alcohols [86, 87]. Nevertheless,
the preparation of PCMs esters is not subjected by only reacting linear fatty
acids and mono-hydric alcohols. For instance, binary mixtures of esters [88],
esterification of diacids [89] as well as esterification with diols [90],
glycerol [91, 92], erythritol [93], xylitol [94] and galactitol [95] rendered
PCMs.
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From all the esters prepared stearic acid has been the most used. Feldman
et al. [96] prepared short-chain monohydric alcohol stearates via the
esterification of four kinds of industrial grade stearic acids with distinct
purities with methyl, propyl and butyl alcohols, respectively. The melting
latent heats of methyl stearates were in the range of 180202 kiekg™ while
propyl stearates were in the range of 152-182 kJekg™ and that of butyl
stearates were in the range of 138-145 kJekg™. The results also showed that
the most pure stearates presented higher melting and freezing temperatures
and latent heats. Suppes et al. [85] also evaluated combinations of mixtures
of methyl and ethyl esters of palmitic, stearic and oleic acids. Pure methyl
stearate showed a melting temperature of 38°C and a melting latent heat of
208 kiekg™ while pure ethyl stearate shown a melting temperature of 33°C
and a melting latent heat of 188 kiekg™. In the study, methyl esters shown
higher melting temperatures and latent heats compared with ethyl esters
while oleic acid derivatives presented broad latent heat transitions and lower
latent heats. In both studies the odd numbered esters had shown higher
melting temperatures as well as latent heats. Besides, to prepare mixtures
with good performance as PCMs the need of a purity higher than 90% was

inherent.

Since Suppes et al. [85] postulated that at least a 90% purity of stearic acid
was needed. They also realized that this ratio is not found naturally in any of
the large-volume fat and oil feedstocks. Indeed, to meet the demands of
PCMs applications, fats and oils had to be modified or purified by
hydrogenation and distillation. Following these approaches, novel bio-based
phase change materials have appeared. Such studies were based on

commercially available organic compounds from triacylglycerol
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feedstocks [71, 97—100]. These products are partially hydrogenated soy-wax
[97, 98] or saturated fatty esters resulting from the hydrogenation of
unsaturated fatty acids obtained from several sources [71, 99, 100].
Unfortunately, the unsaturated fatty acids are hydrogenated to the
corresponding saturated fatty acids, losing all the opportunities to be

converted in other potential applications.

1.6.3 Polymers from triacylglycerols

The use of triacylglycerols to prepare polymers is having a special attention
since they are renewable and can substitute petroleum-based polymers.
Certainly, the use of plant oils as a source for polymer industry is a theme
continuously studied and reviewed [55, 101-103]. Edible sources such as
soybean, palm, rapeseed and sunflower are the most studied to prepare bio-
based polymers since they are cheap and easily available [55, 101-104].
However, non-edible vegetable oils including linseed oil [104], tung oil [105],
vernonia oil [106] and castor oil [107], are widely used in lubricants, paints,
coatings, cosmetics, and pharmaceuticals.

Whereas the saturated fatty acids are not reactive, the distinct active sites
present in triacylglycerides can be used to create polymers. Moieties such as
double bonds, allylic carbons, ester groups as well as epoxides or alcohols
provide the reactivity necessary to prepare a vast number of
macromolecules. One approach to evaluate the availability to functionalize a
triacylglycerol is the unsaturation degree [104]. Qils such as soybean or
linseed, present high amounts of linoleic acid and linolenic acid, respectively.
Indeed, the most unsaturated the oil the most susceptible to
functionalization. This means that linseed oil will be easier to modify than

soybean oil. Certainly, highly unsaturated oils such as linseed or tung oil are
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considered drying oils, since they can polymerize even on the merely
presence of oxygen [104, 108, 109]. Thus, unsaturated sources such as many
vegetable oils are more usable in polymer chemistry than more saturated
sources such as palm oil or animal fats. Nevertheless, the preparation of
polymers from triacylglycerols can undergo various pathways (see
Figure 1.9). The first approach is the direct polymerization through the
double bonds or other reactive functional group present in the fatty acid
chain. A second way consists on the chemical modification of the double
bonds, introducing functional groups easier to polymerize, and the third is
the chemical transformation of plant oils to produce platform chemicals,

which can be used to produce monomers for the polymer synthesis [110].
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1.6.3.1 Direct polymerization

The number of active functional groups present in fatty acids is scarce when
compared to the transformations that these groups can undergo to increase
their reactivity towards polymerization. By that reason, the direct
polymerization of vegetable oils is generally considered difficult. However, it
matches some green chemical principles, since the direct conversion of the
oil into a polymer prevents the generation of waste and maximizes the atom
economy.

An example of direct polymerization is traditional drying oils as linseed oil or
tung oil used for painting formulations or resin applications [55] as well as
novel applications such as the self-healing repairing properties of tung
oil [109]. The studies in linoleic acid revealed that a radical alkyl reacts with
oxygen to form a hydroperoxide. This moiety can lead to alkyoxyl or peroxyl
radicals, which besides of the alkyl radical can react with an analogous
radicals to produce cross-links and consequently polymers [111].

Another approach is the metathesis of vegetable oils such as olive, soybean
or linseed. The olefin metathesis of vegetable oil derivatives, such as fatty
acid esters, has been investigated since 1972 [112]. This type of chemistry is
able to convert unsaturated feedstocks to useful chemicals and contribute to
a sustainable chemical industry. Some catalyst as reusable heterogeneous
rhenium oxide or homogeneous ruthenium can be used in these reactions.
Metathesis of fatty oils containing triacylglycerides of unsaturated long-chain
fatty acids proceeds by the reaction between an olefin and a transition metal
complex in a 2+2 fashion to generate an unstable metallacyclobutane
intermediate. This intermediate can either revert to the starting material or

open productively to afford a new metal carbene and produce a new olefin.
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The reaction (see Figure 1.10) can proceed by intramolecularly as well as

intermolecularly, the latter reaction strongly predominates [113].
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Figure 1.10. Intramolecular and intermolecular triolein metathesis [113].
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The last approach to prepare polymers by direct polymerization takes
advantage of the conjugated double bonds of tung oil. This non-edible source
of triacylglycerols contains about 80% of a-eleostearic acid. The conjugated
double bonds can also undergo Diels—Alder (DA) reaction easily with a
dienophile [114]. DA reaction, one of the most useful reactions in modern
organic chemistry, is a 4+2 cycloaddition between a conjugated diene and a
dienophile to form a cyclohexene (see Figure 1.11). In macromolecular
chemistry, it has been successfully applied to the construction of different
kinds of poly adducts. The DA reaction is considered as effective, versatile,
and selective, which also fulfills most of the requirement for the “click”
polymer chemistry [115]. In that way, tung oil has been recently cross-linked
to form polymers by reaction with dimaleimides [116, 117]. Although the
combination of a non-edible source such as tung oil with DA reactions can
lead directly to polymers, the exploitation of that chemistry is recent and

scarce.

H
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H

Figure 1.11. Diels-Alder reaction of a diene with a dienophile to form a

cyclohexene [118].

1.6.3.2 Chemical modification

The reactivity of the double bonds from triacylglycerols raises exponentially
the scope of bio-based polymer chemistry at expense of adding reaction

steps to prepare polymers. Probably, the most frequently studied
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polymerization of plant oils in recent years involves epoxidized plant oils and
fatty acids. Certainly, epoxidized sources such as linseed or soybean oil are
commercially available for bulk as well as research purposes [55].
Industrially, vegetable oil epoxides are currently used mainly as PVC
stabilizers. Additionally, they can be converted to aziridines [101],
episulfides [101], rubbers [55], coatings [55], polyurethanes [55] or acrylate
resins [55]. Another potential use of epoxidized plant oils is the preparation
of pressure-sensitive adhesives (PSAs). PSAs are tacky adhesives that can
quickly bond with adherents under light pressure and their cohesion strength
permits to be clearly removed from the adherents [119]. In that way, epoxide
moiety has been the key steep to prepare bio-based PSAs from
triacylglycerols such as epoxidized soybean oil [119-121] as well as FFA such

as epoxidized oleic acid (see Figure 1.12).
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Figure 1.12. Polymerization of cis-9, 10-epoxystearic acid to prepare

PSAs [122].

The epoxidation of unsaturated fatty acids or triacylglycerides on an
industrial scale takes place by a Prilezhaev reaction [123]. Figure 1.13 shows
the Prilezhaev epoxidation of an olefin by a peroxoacid. This reaction uses
hydrogen peroxide as an oxidant and formic acid as an oxygen carrier to
epoxidize the double bonds [124, 125]. Nevertheless, the use of these acids
is prone to loss of yield and side reactions like the acid-catalyzed ring-opening

of the oxirane group by FFA, formic acid or water [126].
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Figure 1.13. Prileshajev epoxidation of an olefin [125].

Chemo-enzymatic epoxidation (see Figure 1.14) is of considerable interest
because the conditions of this method minimizes undesirable epoxide ring
opening [101]. Initially, the unsaturated fatty acid or ester is converted into
a percarboxylic acid by a lipase-catalyzed reaction with H,0, and then, the
second reaction step occurs without involvement of the enzyme, following
the rules of the Prileshajev epoxidation [126]. Additionally, it can be used in

triacylglycerides by adding a 5% mol of FFA (see Figure 1.15).
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Figure 1.14. Schematic representation of the chemoenzymatic epoxidation

of oleic acid [127].
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5 mol% free fatty acid

Figure 1.15. Chemoenzymatic epoxidation of triacylglycerols [128].

1.6.3.3 Chemical transformation

The chemical transformation of triacylglycerols to building blocks for
polymer chemistry presents some attractive aspects. Building blocks such as
sebacic acid, azelaic acid or undecylenic acid have some industrial
applications and are mainly studied and reviewed. Nevertheless, the
industrial chemistry involved in the preparation of these building blocks is
not always prone to match the green chemistry principles [55, 107, 110, 129].
The two major fatty acids used for preparation of building blocks are

ricinoleic acid and oleic acid.
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Castor oil, presents a toxic protein called ricine with laxative and vomitive
properties making it non-edible [107]. Is the main source of ricinoleic acid
which is used in applications such as polyurethane polymers, plasticizers,
lubricants, cosmetics, soaps, inks, paints, and others [130]. Thus, ricinoleic
acid is mainly transformed into undecylenic acid or sebacic acid following
distinct routes. The pyrolysis of castor oil needs high temperatures of about
550°C and reduced pressure to achieve heptaldehyde and undecylenic
acid [131]. On the one hand, heptaldehyde can be hydrogenated to be a
building block for plasticizers [130]. On the other hand, undecylenic acid has
been studied and reviewed showing antifungal activity, antiviral activity, as
insecticide and being the building block for chemicals and
polymers [107, 110]. The preparation of sebacic acid is afforded by subjecting
castor oil at high temperatures (about 280°C) with alkali. This treatment
results in saponification of the castor oil to ricinoleic acid that is then cleaved
to give capryl alcohol and sebacic acid [129]. Capryl and sebacyl esters are
used as plasticizers [130], while sebacic acid reacts with hexamethylene
diisocyanate to produce nylon 6, 10 [107, 130].

Oleic acid is the main fatty acid from sources such as olive oil [45], high oleic
peanut oil [132], and high oleic sunflower oil [133]. Additionally, in spite of
oleic acid accounts for less than the half of the fatty acids present in palm
oil [45], several oleic acid derivatives can be prepared from palm oil [134]. In
oleochemistry, the industrially most important application of ozonolysis is
the oxidation of the double bond of oleic acid to yield azelaic and pelargonic
acids [55, 123]. Azelaic acid has important applications in textiles (polyesters
and polyamides) and pharmaceuticals (antiacne) [135]. However, an
improvement of this process towards a more ecologically benign one is highly

desired due to the toxicity of ozone, serious safety risks and the high energy
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demand of the ozonolysis [136]. A valid alternative but not industrial is
hydrogen peroxide (see Figure 1.16), because it is capable to oxidize with
excellent atom economy and is safer than gaseous reactants [137]. First, oleic
acid is converted to threo-9, 10-dihydroxystearic acid (DHSA) or
erythro-9, 10-dihydroxystearic acid. Then, in a second step the diol is cleaved
to azelaic acid by using H,0;, or O, [135, 136].

\/\/\/\/:\/\/\/\)J\OH

oleic acid

(i) ox, cat

OH o
OH
(iii) ox, cat
OH

9,10-dihydroxystearic acid (ii) ox, cat

o] o o]
\/\M ' w
OH HO! OH
pelargonic acid azelaic acid

Figure 1.16. Distinct approaches to prepare azelaic and pelargonic acids from

oleic acid [135].
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The main aim of my dissertation was to use triacylglycerols from vegetable

and animal non-edible sources to prepare value-added products.
The specific objectives were to:

1. Hydrolyze non-edible animal fat with biocatalysts to separate in
saturated and unsaturated fatty acids.

2. Evaluate the thermal properties of the saturated fatty acids,
threo-9, 10-dihydroxystearic acid (DHSA) and DHSA-salts prepared
by applying chemical approaches to non-edible animal fat.

3. Evaluate the thermal properties of the threo-
9, 10-dihydroxystearates (DHSEs) prepared via green and bio-
catalytic approaches from non-edible animal fat to improve the
DHSA thermal and chemical stability.

4. Evaluate the properties as PSAs of the polymers prepared by direct

polymerization of tung oil.






Chapter I

Recycling Rhizopus oryzae resting cells as
biocatalyst to prepare near eutectic palmitic-

stearic acid mixtures from non-edible fat

R.oryzae



Results described in this chapter have been published in: Journal of
Molecular Catalysis B: Enzymatic. 2016; 134; 172-7.
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2.1. Abstract

Non-edible fat waste was studied as a starting material to prepare eutectic
mixtures of biomaterials. Initially, the fat was hydrolyzed using water and
R. oryzae resting cells. The hydrolysis was performed in organic solvent-free
media and the degree of hydrolysis at 1 h was 42% while hydrolytic values of
86 and 98% were achieved at 12 and 48 h, respectively. To recover the resting
cells, they were extracted in consecutive cycles with solvents or supercritical
CO,. Compared with solvents, supercritical CO, allowed the highest reuse.
Hence, R. oryzae was used for 336 h (7 reaction cycles), yielding 56.5 g of
FFA/g biocatalyst. Crude glycerol was recovered, showing a purity of 66.0%
and an ash and water content of 2.3 and 1.8%, respectively. The hydrolyzed
fat was crystallized with several solvents to yield palmitic and stearic acid
mixtures with melting point characteristics of eutectic mixtures. From 76 to
90% of the palmitic and stearic acids present in the initial hydrolyzed animal
fat were recovered, depending on the solvent. The palmitic:stearic acid ratios
determined by GC-FID were similar to those reported for eutectic mixtures
whit PCMs (phase change materials) properties, as were the melting points,

which ranged from 51.5 to 54.8°C.

Keywords: Supercritical CO,, biocatalysis, glycerol recovery, bio-based

materials, bioeconomy.

Abbreviations of this chapter: CAL-B, Candida antarctica Lipase-B; CECT,
“Coleccién Espafola de Cultivos Tipo”; FFA, free fatty acids; GC-FID, gas
chromatography-flame ionization detector; MONG, matter organic non
glycerol; PCM, phase change material; SV, saponification value; TES, thermal

energy storage; U, one unit of activity.
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2.2. Introduction

Only Europe is producing near 10 mil MT/year of animal fat byproducts from
slaughterhouses [1]. Certainly, current industrial practices have led to the
production of various crude fatty materials that are difficult to treat and
valorize [2]. These animal fats are composed mainly of triacylglycerols
derived from glycerol and fatty acids.

The high thermal and chemical stability and high heat capacity of fatty acids
have been widely studied for TES (thermal energy storage) purposes [3]. TES
matches the thermal energy supply and demand in time or space, thereby
improving energy utilization efficiency and contributing to environmental
protection. Thermal energy can be stored in the form of latent heat in PCMs
such as fatty acids. In this regard, heat energy is stored or released during
the phase-change process. Furthermore, fatty acids and fatty acid derivatives
are an excellent source of renewable materials and provide alternatives to
paraffin and salt products, which are currently predominant in this
technology [4, 5].

Novel bio-based organic PCMs derived from fatty acid feedstock have been
described by Yu, Jeong and Kosny [6—8]. These products comprise saturated
fatty esters that result from the hydrogenation of fats and oils containing a
high percentage of unsaturated fatty acid. The hydrogenation process leads
to saturated fatty acids with at least 90% purity a level that is essential if they
are to be used as feedstock in PCMs [9]. Nevertheless, in this approach, the
unsaturated fatty acids are converted to the corresponding saturated fatty
acids, thus ruling out the opportunity to use them for other potential
applications. Eutectic mixtures of fatty acids have also been prepared from

pure fatty acids and haven shown satisfactory performance as PCMs



Chapter Il 79

[3, 4, 10, 11]. In this strategy, although the purity requirements decrease, no
study has addressed the preparation of PCMs based on eutectic mixtures
from triacylglycerols as feedstock.

The splitting of lipids into fatty acids and glycerol in the industrial sector is
usually conducted at high temperatures and pressure. Although the
conversion achieves yields of between 96 and 99%, the polymerization of fats
and formation of byproducts occurs under these extreme conditions,
resulting in dark fatty acids and colored aqueous glycerol solutions.
Consequently, final distillation processes are required to remove the color
and the byproducts [12]. In contrast, fats and oils can also be hydrolyzed
using lipases and less harsh conditions. Temperatures below 70°C and
atmospheric pressure prevent polymerization and byproduct formation.
Hence, these enzymatic processes are considered environmentally
advantageous over the physical-chemical process previously described
(2,12, 13].

As early as the 1990s, Fu et al. described the use of a lipase from Candida
cylindracea in the hydrolysis of beef tallow and linseed oil—an approach that
yielded 4000 t of fatty acids per year [14]. Several studies have addressed the
hydrolysis of various kinds of animal fats catalyzed by commercial
lipases [13—19]. Furthermore, enzyme stability in the hydrolysis of such fats
has been studied [17-19]. Recent years have brought about considerable
interest in the direct use of intracellular lipases as whole-cell biocatalysts.
Their application in organic synthesis offers many advantages, one being the
preparation of the biocatalyst in a straightforward and inexpensive
manner [20]. Adamczak’s et al. recent study reported that animal fat
hydrolysis catalyzed by resting cells for 72 h led to a 68% yield [2]. To the best

of our knowledge, the reuse of resting cells in the hydrolysis of animal fats
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has not been reported to date. Neither has glycerol recovery in enzymatic
animal fat hydrolysis been reported.

The present study takes advantage of the fatty acid composition of non-
edible animal fats to prepare palmitic and stearic acid mixtures with melting
points specific of eutectic mixtures. We also describe the hydrolysis of the
fats using Rhizopus oryzae resting cells and their reuse—a practice that
reduces processing costs. The effect of reaction time was compared with that
required by a commercial lipase. The hydrolysis was performed in an organic
solvent-free medium, and the final extraction was accomplished using either
supercritical CO, or various common solvents. Glycerol was recovered from
the aqueous phase and analyzed. Finally, unsaturated and saturated fatty

acids were separated by crystallization.

2.3. Materials and methods

2.3.1. Materials

CO, was obtained from Messer Iberica de Gases S.A (Tarragona, Spain).
Immobilized lipase-B from C.antarctica (Immobilized CAL-B) was a gift
sample from Novozymes A/S (Bagsvaerd, Denmark). All the reagents were
used as received. Animal fat was a kind gift from Subproductos Carnicos

Echevarria y Asociados S.L (Cervera, Spain).

2.3.2. Characterization of waste fat

The waste fat was composed of non-edible fatty pig and chicken parts. It
consisted mainly of triacylglycerides and had a saponification value (SV) of
196. The percentage of unsaturated fatty acids was 55.14%, in which

monounsaturated and polyunsaturated fatty acids accounted for 40.50 and
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14.64%, respectively, as determined by a chromatographic method [21]. Of
all the unsaturated fatty acids in the animal fat, oleic acid was the most
abundant, accounting for about 36.97% of the total fatty acids present.
Saturated fatty acids accounted for 43.99% of the total fatty acids and

palmitic and stearic acids for 24.57 and 14.05% of this total, respectively.

2.3.3. Preparation of resting cells

Rhizopus oryzae cells were grown in a synthetic liquid medium containing 2 g
of asparagine, 1 g of K;HPO,, 0.5 g of MgS0,, 5 mg of thiamine hydrochloride,
1.45 mg of Fe(NOs)3:*9H,0, 0.88 mg of ZnSO4¢7H,0, and 0.235 mg of
MnSO4eH,0 per liter of distilled water. The initial pH of the medium was
adjusted to pH 6.0. Next, 250-mL aliquots of the medium were sterilized at
121°C for 15 min, and 1% (v/v) of refined sunflower oil was added aseptically.
The medium was inoculated with 2.5 mL of a R. oryzae spore suspension (1-
4 x 106 spores/mL) and then incubated at 28°C for 5 days using an orbital
shaker at 200 rpm. Mycelium was harvested from the culture medium using
a Buchner funnel and washed with distilled water followed by acetone. It was
then dried under vacuum for 18 h and ground to a powder. The R. oryzae

(CECT20476) strain is housed in the Spanish Type Culture Collection (CECT).

2.3.4. Lipase assay

The lipolytic activity of the R. oryzae resting cells was determined using a
modification of the method developed by Méndez et al. [22]. The reaction
consisted of methyl stearate hydrolysis by 10 mg of mycelia at 40°Cin 0.5 mL
of t-BUOH for 1 h. One unit of activity (U) was defined as the amount (in mg)
of resting cells releasing 1 pumol of stearic acid in 1 min under assay

conditions. One gram of R. oryzae resting cells reached 78.65 U under the
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mentioned conditions.

2.3.5. Biocatalytic hydrolysis of waste fat- Reaction progress study

An amount of 20 g of water was added to a 50-mL falcon tube containing 20
g of animal fat and 2 g of biocatalyst. The falcon tube was fixed horizontally
in a Labnet 211DS orbital oven and then shaken at 220 rpm at 40°C in
reaction times ranging from 1 to 72 h. Finally, the reaction mixture was
centrifuged at 6000 rpm for 10 min, and the non-aqueous and aqueous
phases were separated. The resulting non-aqueous viscous liquid was
recovered, and two aliquots were titrated to determine the acid value in
duplicate. The degree of hydrolysis was calculated using the following

equation:

Degree of hydrolysis (%) = acid value / saponification value ¢ 100

2.3.6. Biocatalytic hydrolysis of waste fat- Reuse study

Once the reaction had been performed as indicated above, the resting cells
were recovered by passing them through a Pyrex crucible n°3 and then
washed with water and dried under vacuum for 24 h. Finally, the cells were
extracted with a common solvent or using a lab-scale supercritical fluid
extractor (Speed SFE-Applied separations). Regarding the common solvent
extraction, resting cells were extracted three times with 20 mL of solvent,
and the fractions were pooled and taken to complete dryness under vacuum.
During the supercritical CO, extraction, the extraction vessel was packed with
the resting cells recovered. The extraction temperature, pressure, CO,
outflow rate, and residence time were set at 45 °C, 35 MPa, 4 Lemin™, and

45 min, respectively. The remaining fatty matter obtained from the common
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or the supercritical CO, extraction was mixed with the non-aqueous layer
previously obtained. These hydrolyzed fatty acids were titrated in duplicate
to determine the acid value to be used to determine the degree of hydrolysis.

The washed resting cells were recovered for a reuse study.

2.3.7. Glycerol recovery

The aqueous phases of six 50-mL falcon tubes (133.00 g) resulting from the
hydrolysis of waste fat by R. oryzae resting cells were pooled in a 250-mL flat-
bottomed flask, and the solution was concentrated under vacuum. The
concentrate was placed in a Speedvac concentrator (mod. SPD131 DDA-230)
at 50°C for 8 h until constant weight. Crude glycerol (12.94 g) was obtained
and analyzed in duplicate following the procedures described below:
Glycerol content. European standard EN 14106

Ash content. Standard method ISO 6245

Water content. Determined using a DL 39 coulometer (Mettler Toledo,
Switzerland) and validated with a standard containing 0.5% water (Hydranal
Titrant 5, Fluka)

MONG (matter organic non glycerol). Standard method I1SO 2464

Acidity. European Standard EN 14104

2.3.8. Crystallization study of hydrolyzed animal fat

Crystallization studies were performed by dissolving 5 g of the hydrolyzed
animal fat in various common solvents under reflux. Crystallizations were
performed for 24 h at temperatures from 25 to -20°C and solute/solvent
ratios from 1/1 to 1/6 (w/v). The resulting solid material was recovered by
filtration under vacuum in a Pyrex crucible n°3 and then washed three times

with the corresponding cold solvent. The fatty solids were analyzed by
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GC-FID [21], and their uncorrected melting points were determined in a

Gallenkamp melting-point apparatus.

2.4. Results and Discussions

2.4.1 Reaction progress study

Figure 2.1 shows the progress of the reaction using Immobilized CAL-B and
R. oryzae resting cells as biocatalyst for the hydrolysis of non-edible animal
fats. 42% Of hydrolysis was attained at 1 h, 86% at 12 h, and 98% at 48 h. In
contrast, the immobilized CAL-B presented a more lineal slope, with a lower
degree of hydrolysis than that achieved by the resting cells. At 72 h, CAL-B
had hydrolyzed 36% of the animal fat, while R. oryzae resting cells had
achieved 99% of hydrolysis. Moreover, the degree of hydrolysis attained with
the latter was comparatively higher than that achieved with Aspergillius
niger whole cells (52.6%) at 24 h [23] and that reported for beef tallow using
the immobilized whole cells of Rhizomucor miehei (68%) [2] or Yarrowia
lipolytica (61%) [2] at 72 h. However, a comparative degree of hydrolysis
(95%) [19] was achieved using immobilized commercial Candida rugosa

lipase to hydrolyze edible pork lard for 24 h.
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Figure 2.1. Effect of time on the hydrolysis of non-edible animal fat by
R. oryzae resting cells and immobilized CAL-B. Experimental details are
described in the experimental subsection (2.3.5 Biocatalytic hydrolysis of

waste fat- Reaction progress study).

In addition, the animal fat and water were mixed at a ratio of 1:1
(w/w) [13, 19]. Hence, this relative water amount makes the process
sustainable and realistic for scale-up purposes. In order to keep the animal
fat in a melted state [2] and respecting the stability conditions for
R. oryzae [24], the temperature was set at 40°C. In order to improve the
phase interaction, the Falcon tubes were fixed in a horizontal position in a

Labnet 211DS orbital oven (220 rpm). In addition, the use of these tubes
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allows the reaction and centrifugation processes to take place in the same
vessel, thereby facilitating recovery of the non-aqueous layer in the non-

organic solvent conditions used to perform the hydrolysis.

2.4.2 Reusability of R. oryzae resting cells after extraction with

supercritical CO, or common solvents

The reusability studies of R. oryzae resting cells were conducted at 40°C for
48 h. Figure 2.2 shows the results from three consecutive hydrolysis cycles
performed using resting cells treated with common solvents or a lab-scale
supercritical fluid extractor (Speed SFE-Applied separations) to extract the
fatty matter. Compared with common solvents, supercritical CO, achieved
the highest degrees of hydrolysis after the three cycles (above 90%). In
contrast, a considerable decrease in hydrolysis was observed in the second
cycle of cells extracted with the common solvents. This decrease was parallel
to the loss of resting cell mass after the first washing cycle using said solvents
(up to 50% weight loss related to the starting resting cell weight). Enzyme
leakage of the resting cells to the aqueous phase presumably occurs during
the first solvent extraction, which may promote the partial leakage. Although
the resting cell mass in the third cycle remained constant with respect to that
registered in the second, the degree of hydrolysis with diethyl ether and ethyl
acetate decreased from the second to the third cycle, while it remained
constant using heptane, benzene, or hexane. These results suggest a
progressive inhibition of the enzyme by oxygenated solvents but not by

hydrocarbonated ones.
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Figure 2.2. Three consecutive hydrolysis cycles of non-edible animal fat by
R. oryzae resting cells extracted with common solvents or supercritical CO,.
Experimental details are described in the experimental subsection (2.3.6

Biocatalytic hydrolysis of waste fat- Reuse study).

2.4.3 Productivity of the R. oryzae resting cells using supercritical CO,

In the enzymatic treatment, the cost of the enzyme is a crucial for the
economic feasibility of the process. Logically, reusing the enzyme can reduce
the cost of the process. Encouraged by the results achieved with the
preliminary studies described above, we extended the reusability studies of
resting cells extracted using supercritical CO,. Commonly, studies of the
lipase hydrolysis of animal fat determined the progress of the reaction in
terms of the degree of hydrolysis [13—19]. To the best of our knowledge, this
is the first report to provide data on the final yield of the process and thus

allowing the determination of the true productivity of a given biocatalyst. In
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this case, the biocatalyst was used in 7 cycles for 48 h each. The hydrolytic
reaction was followed by resting cell extraction with supercritical CO, after
each cycle. The same biocatalyst allowed the hydrolysis of animal fat for
336 h (Figure 2.3). Yields ranged from 94 to 69% depending on the cycle. The
recovery of the non-aqueous layer supernatant in combination with the
supercritical CO, extraction of resting cells achieved mass recoveries from
95.93 t0 99.59%. Certainly, a total amount of 140 g of animal fat reacted with

140 g of water and catalyzed by 2 g of resting cells yielded 113 g of FFA.

RO Rl R2 R3 R4 R5 R6

Cycle

90
80
70
60
50
40
30
20
10

Yield (%)

Figure 2.3. Non-edible animal fat hydrolysis yields from 7 cycles with
R. oryzae resting cells extracted by supercritical CO,. Experimental details are
described in the experimental subsection (2.3.6 Biocatalytic hydrolysis of

waste fat- Reuse study).

Considering these results, we proceed to perform a mass and energy
balances comparing the single process without biocatalyst recovering and

the 7 cycle process. Table 2.1 shows that mass and energy consumptions are
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always favorable in the second approach considering the amount of FFA

obtained.

Table 2.1. Mass and energy balances comparing the single process without

biocatalyst recovering and the 7-cycle process.

Without using CO, Using CO; for biocatalyst
recovering
Mass Energy Mass Energy balance
balance balance balance
g biocatalyst 2 2
g FFA 14 113
geg™ 560° 2382°
biocatalyst
geg” FFA 79° 43"
kleg™ 77869° 88287¢
biocatalyst
kieg™ FFA 12630° 3169"

*The mass of the following compounds and solvents were considered: growth media, washing water,
washing acetone.’The mass of the following compounds and solvents were considered: growth media,
washing water, washing acetone and water used as reagent.“The energy consumption for the following
equipment were considered: autoclave, LAF-bench, incubator and freeze dryer. “The energy consumption
for the following equipment were considered: autoclave, LAF-bench, incubator and freeze dryer. In
addition, the energy consumption used during the hydrolysis process was also considered. “The mass of
the following compounds and solvents were considered: growth media, washing water, washing
acetone.The mass of the following compounds and solvents were considered: growth media, washing
water, washing acetone and CO, and water (reagent) used for the 7 cycles. *The energy consumption for
the following equipment were considered: autoclave, LAF-bench, incubator, freeze dryer. "The energy
consumption for the following equipment were considered: autoclave, LAF-bench, incubator, freeze
dryer. In addition, the use for the 7 cycles of the incubator, vacuum pump and SFE extractor were also
considered.
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2.4.4 Crude glycerol analysis

Glycerol accounted for 10% of the total hydrolyzed fat. Consequently, its
recovery and purity is relevant for the evaluation of the environmental
impact of the process. Table 2.2 shows the main characteristics of the crude
glycerol co-produced with the corresponding fatty acids. The crude glycerol
had a purity of 66.0% and an ash and water content of 2.3 and 1.8%,
respectively. The matter organic non-glycerol (MONG) in the crude glycerol
accounted for 29.9%. Similar purities of glycerol and ash content were
obtained from crude glycerol resulting from the transesterification of
vegetable feedstocks with sodium methylate [25] or sodium hydroxide [26]
as catalysts. Higher amounts of water (8.9%) [26] appeared when sodium
hydroxide was the catalyst. In contrast, no water is observed in sodium
methylate catalysis but a high content of methanol (up to 32.68%) remains
in the crude glycerol phase [25]. To date, no study has addressed the analysis
of crude glycerol from feedstocks resulting from biocatalytical hydrolysis.
Indeed, although the biocatalytical transesterification of feedstocks to
produce biodiesel has been widely described and reviewed [27, 28],

information on crude glycerol isolation and analysis is scarce [29].
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Table 2.2. Chemical composition of crude glycerol from the non-edible

animal fat. The hydrolysis was catalyzed by R. oryzae resting cells.

Product %
Glycerol 66.0
Ash 2.3
Water content 1.8
MONG 29.9
Acidity 25°

’mg KOHeg™

2.4.5. Crystallization of the hydrolyzed animal fat to yield eutectic-

like palmitic-stearic acid mixtures

The animal fat used showed a 3:2 palmitic:stearic acid ratio (w/w). This ratio
is very close to the palmitic:stearic acid ratios which had been described that
shown eutectic properties, which allows good performance as PCMs [4, 30].
Hence, we realized that an optimal crystallization could provide a eutectic
palmitic-stearic mixture free of unsaturated fatty acids. Table 2.3 shows the
results of crystallizing the hydrolyzed animal waste fat with several solvents.
To achieve a eutectic-like saturated fatty acid mixture, crystallizations were
performed at temperatures ranging from 25 to -20°C and solute/solvent
ratios from 1/1 to 1/6 (w/v). The solute/solvent ratio fixed for each
crystallization temperature implies higher saturated fatty acid recovery with

no presence of unsaturated fatty acids.
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Nevertheless, higher recovery yields were attained when crystallizations
were performed at -20°C and a solute/solvent ratio of 1:6 (w/v) was used. In
these conditions, between 76 to 90% of the palmitic and stearic acids present
in the starting hydrolyzed animal fat were recovered. The palmitic:stearic
acid ratios determined by GC-FID [21] were similar to those reported for
eutectic mixtures. In fact, the sharp melting points of the mixtures
(Table 2.3), which were lower than the melting points of the pure palmitic or
stearic acids, were very similar to those of mixtures with palmitic:stearic acid
ratios of 62:38 [4] and 64.2:35.8 [30], which show melting points of 53.89 [4]
and 52.3°C [30], respectively. Indeed, these mixtures have already showed

satisfactory performance as PCMs [4, 30].
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Table 2.3. Effect of solvent and temperature on the crystallization of the

hydrolyzed non-edible animal fat.

Solute/ Crystallization Palmitic Palmitic/Stearic Melting
solvent temperature and mass ratio point
Solvent ratio (°C) Stearic [21] (°Q)
(8/mL) acids
recovered
(%)
Ethyl 1/1 25 23 52.4/47.6 54.0
Acetate 1/2 4 50 58.2/41.8 52.5
1/6 -20 88 63.2/36.8 51.5
1/1 25 16 52.5/47.5 54.8
Acetone | 1/2 4 70 61.3/38.7 53.5
1/6 -20 76 62.5/37.5 52.8
1/1 25 6 47.8/52.2 54.5
Ethanol 1/2 4 42 56.0/44.0 54.0
1/6 -20 79 61.2/38.8 53.4
1/1 25 17 53.1/46.9 54.0
Hexane 1/2 4 53 59.7/40.3 53.5
1/6 -20 89 62.4/37.6 52.5
1/1 25 0 - -
Methanol | /5 4 46 53.6/46.4 54.8
1/6 -20 90 58.7/41.3 53.0
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2.5. Conclusions

Non-edible animal fat waste was subjected to biocatalytic hydrolysis in order
to prepare eutectic-like mixtures of saturated fatty acids. The hydrolysis was
studied using either R. oryzae resting cells or Immobilized CAL-B. The former
showed higher degrees of hydrolysis than the latter. To the best of our
knowledge, the degree of animal fat hydrolysis achieved with R. oryzae
resting cells was the highest among the values reported using resting cells of
other fungi. In fact, our results are similar to those reported for commercial
lipases. Moreover, this is the first study to report on a clean process to reuse
the resting cells from several hydrolytic cycles and the recovery and
characterization of the crude glycerol obtained. We propose that an
inexpensive biomaterial for thermal energy storage can be achieved by
exploiting both the initial animal fat composition and the degree of
hydrolysis. This material will results from the crystallization of the crude
product of the reaction, which yields palmitic and stearic acid mixtures with
a composition and melting point characteristic of eutectic mixtures. The
transformation of the remaining unsaturated fatty acids into new added-

value compounds is now underway.
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3.1. Abstract

A set of compounds from non-edible fat waste was prepared and their
thermal behavior was studied. The fat was hydrolyzed and crystallized in a
simple and robust process to yield palmitic acid-stearic acid (PA-SA) mixtures.
The PA-SA mass ratios determined by GC-FID (gas chromatography-flame
ionization detector) were similar to those reported for eutectic mixtures of
PCMs (phase change materials). DSC (differential scanning calorimeter)
results indicated that the melting and solidification temperatures were
around 55 and 52°C and the latent heat of the crystallized fractions measured
was around 180 kJekg™. The thermal cycling reliability of the eutectic
mixtures was also tested during 1000 melting/freezing cycles. The lost in
melting and solidification enthalpies was below 14% in all mixtures showing
a promising behavior for PCM applications. Additionally, the unsaturated
fatty acids were recovered and transformed to threo-9,10-dihydroxystearic
acid (DHSA) and some of their inorganic salts, which were analyzed by FT-IR
(fourier transform-infrared spectroscopy ) and tested by first time using the

DSC technique.

Keywords: Bioeconomy; differential scanning calorimeter; threo-9, 10-
dihydroxystearic acid; threo-9,10-dihydroxystearate salts; eutectic fatty
acids; PCM.
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Abbreviations of this chapter: ATR, attenuated total reflectance; DHSA,
threo-9,10-dihydroxystearic acid; DHW, domestic hot water; DSC, differential
scanning calorimeter; FT-IR, fourier transform-infrared spectroscopy; FFA,
free fatty acids, GC-FID, gas chromatography-flame ionization detector; IWH,
industrial waste heat; PA-SA, palmitic acid-stearic acid; PCM, phase change

material; TES, thermal energy storage.

3.2. Introduction

Animal fats are triacylglycerols containing saturated and unsaturated fatty
acids. Nowadays, enormous amounts of animal fat are produced annually as
a co-product by agro-industrial practices generating crude fatty materials
difficult to treat and valorize [1, 2]. Since fatty acids present high thermal and
chemical stability and high heat capacity, TES (thermal energy storage)
applications are considered a potential solution to revalorize these materials.
Thermal energy is stored and released during the phase change process by
fatty acids, acting as PCMs, when the surrounding temperature increases or
decreases [3]. Indeed, fatty acids and fatty acid derivatives are considered an
alternative to other PCMs, such as paraffin and salt products, with the
improvement of being sustainable bio-based materials [3, 4].

Recently, various studies of bio-based organic PCMs from feedstocks have
appeared. Such studies were based on commercially available organic
compounds [5-9]. These products are partially hydrogenated soy-wax [6, 7]
or saturated fatty esters resulting from the hydrogenation of unsaturated
fatty acid obtained from several sources [5, 8, 9]. The hydrogenation process
is essential in these bio-based PCMs whereby they can remain stable during

phase change cycles with no risk of oxidation [8, 10]. Unfortunately, the
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unsaturated fatty acids are converted to the corresponding saturated fatty
acids, losing the opportunity of use them in other potential applications. On
the other hand, eutectic mixtures of fatty acids have also been prepared from
pure commercial fatty acids and have shown satisfactory performance as
phase change materials [3, 11-13]. However, no study has addressed the
preparation of PCMs based on eutectic mixtures directly recovered from
acylglycerols as feedstock. Indeed, near eutectic mixtures of PA-SA and
unsaturated fatty acids can be separated hydrolyzing animal fat waste with

biocatalysts (see Chapter Il) [14].
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Figure 3.1. Synthesis afforded in this study. The triacylglyceride represents

the three fatty acids usable to prepare the products studied.
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The remaining unsaturated fatty acids could be an excellent starting material
to prepare high-value molecules [15]. In that way, oleic acid has been
epoxidated, hydroxylated, and cleaved oxidatively to azealic acid [16—18].
One of the intermediates of this process, DHSA, also plays an important role
as a building bloc. Recently, it has been used as an ionizable molecule in
waterborne polyurethane dispersions [19] and as a starting material for the
preparation of lubricants [20], estolides [21], soaps [21], deodorant
sticks [21] and shampoos [21].

The aim of the present study is to determine the actual thermal energy
storage capacity as PCM of eutectic mixtures of PA-SA prepared from non-
edible animal fat through a simple process involving hydrolysis and
crystallization steps. Moreover, the remaining unsaturated fatty acids were
transformed to pure DHSA. DHSA and some of it inorganic salts (Figure 3.1)
have also been analyzed by FT-IR and tested using a DSC technique to study

their potential as PCM.

3.3. Experimental

3.3.1. Materials

Animal fat was a kind gift from Subproductos Carnicos Echevarria y Asociados
S.L (Cervera, Spain). This fat was composed of non-edible fatty pig and
chicken parts. It consisted mainly of triacylglycerides and had a saponification
value (SV) of 196. The percentage of unsaturated fatty acids was 55.14%, in
which monounsaturated and polyunsaturated fatty acids accounted for
40.50 and 14.64%, respectively, as determined by a chromatographic
method [22]. Of all the unsaturated fatty acids in the animal fat, oleic acid

was the most abundant, accounting for about 36.97% of the total fatty acids
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present. Saturated fatty acids accounted for 43.99% of the total fatty acids
and palmitic and stearic acids for 24.57 and 14.05% of this total,
respectively.

Animal fat hydrolysis and DHSA synthesis were conducted in a mechanically
stirred cylindrical jacketed glass reactor (5 L). Stirring was performed using a
stirring glass rod with three Teflon baffles. The reactor temperature was
regulated using regular motor antifreeze heated using a B. Braun Thermomix

1441 Recirculating Bath Pump.

3.3.2. Synthesis pretreatments

3.3.2.1 Non-edible animal fat hydrolysis

Ethanol (1000 mL) was added to the mechanically stirred cylindrical jacketed
glass reactor (5 L) containing 1000 g of animal fat at 80°C. The mixture was
stirred at 300 rpm. Afterwards, 2000 mL of 14.2% NaOH solution at 60°C
were added drop wise and the reaction mixture was refluxed for 30 min
under stirring. The reaction mixture was driven at pH=2 by adding drop wise
250 mL of a 98% H,S0,. This addition should be performed carefully and drop
wise during at least 30 min to avoid as much as possible the overheating and
the organic matter oxidation. Finally, the aqueous layer was discarded and
the organic phase was washed twice with 2000 mL of a 20% NaCl aqueous
solution at 60°C. The upper phase was recovered yielding 944 g of crude FFA
(99% yield).

o Crystallization of hydrolyzed animal fat to prepare PA-SA eutectic
mixtures and a highly unsaturated fatty acid mixture:

Crystallization studies were performed by dissolving under reflux 5 g of the

hydrolyzed animal fat using various common solvents according the
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procedure already described in Chapter Il [14]. The crystallization process
was performed at -20°C using a solute/solvent ratio of 1:6 (w:v). Recovered
solids were analyzed for their PCMs properties. These solid fatty acids were
also analyzed by GC-FID [22] and FT-IR. To prepare DHSA the crystallization
process was scaled up to 200 g of FFA using methanol at -20°C. The mother
liguor was concentrated under vacuum to achieve a highly unsaturated fatty

acid mixture.

3.3.2.2 Synthesis of DHSA from the high unsaturated fatty acid mixture

The synthesis of DHSA has been widely described appearing as early as end
19th and early 20th [21]. Swern described on 1959 the synthesis of DHSA
from commercial oleic acid [23]. In this procedure, a high amount of
hazardous formic acid and hydrogen peroxide are mixed with oleic acid
producing a high exothermic reaction. Once the formic acid is removed by
distillation, sodium hydroxide is added to hydrolyze the ester moiety and
hydrochloric acid is finally added to liberate the FFA. Recently, the
epoxidation and hydrolysis of triacylglycerols [24, 25] has been described and
patented [26]. These publications studied and optimized the amount of
reactants and the conditions to achieve the products using less amounts of
reactants and also involving milder conditions. Even though the preparation
of crude DHSA from animal sources is claimed, the patented procedure is
described and preferred for palm oil-based oleic acid [26]. These last decades
palm oil production has been revised and reviewed due to their contribution
in deforestation and their affect in biodiversity [27-29]. Malaysia and
Indonesia produce more than the 80% of all palm oil [28]. Unfortunately,
55-59% of oil palm expansion in Malaysia, and at least 56% of that in

Indonesia occurred at the expense of forests during the period 1990-
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2005 [29]. Besides, demand of palm oil is predicted to continue
increasing [30] with potentially suitable areas for oil palm cultivation in
Southeast Asia, Latin America and Central Africa [28, 29]. In opposite, this
study uses non-edible animal fats as a source to prepare DHSA. As a
summary, the mixture of highly unsaturated FFA recovered from the mother
crystallization liquor was mixed with moderate amounts of formic acid and
then hydrogen peroxide was added drop wise [24—-26]. Once the double
bonds were epoxidized, the temperature was increased to lead all the
epoxide groups react with the FFA and formic acid yielding the corresponding
esters. Subsequently, sodium hydroxide was added to hydrolyze the ester
groups and sulfuric acid was finally added to liberate the FFA [23]. Finally, the
crude mixture of reaction was crystallized to recover pure DHSA.

Thereby, 8.32 mL (208.1 mmol) of formic acid were added to a mechanically
stirred cylindrical jacketed glass reactor (5 L) containing 100 g of the highly
unsaturated fatty acids previously obtained from the mother liquor. The
mixture was stirred at 300 rpm. Afterwards, 130 mL of 30% H,0, (1.141 mol)
solution were added drop wise at 4°C. Once the addition was finished, the
temperature was driven up to 60°C and the reaction mixture was stirred for
18 h at 60°C. The resulting epoxide groups were hydrolyzed for 3 h at 100°C.
Ethanol (100 mL) was added to the reactor, and esters were hydrolyzed by a
drop wise addition of 100 mL of 20% NaOH solution at 60°C. The reaction
mixture was stirred under reflux for 30 min and afterwards driven at pH=2
by adding drop wise 25 mL of 98% H,SO,4. The aqueous layer was discarded
and the organic phase was washed twice with 300 mL of a 20% NaCl aqueous
solution at 60°C. The crude DHSA was recovered yielding 106 g (95% vyield).
The crude was dissolved in hot ethyl acetate (1 g of solute:1 mL of solvent)

and let to crystallize for 24 h at 4°C.
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The resulting white powder was recovered by filtration under vacuum in a
Pyrex crucible n° 3 and then washed three times with cold ethyl acetate
(74% isolated yield). M.P: 94.5°C (DSC first cycle). The final white powder

was analyzed by FT-IR and 'H NMR (see Annexes | and I):

DHSA: *H RMN (400 MHz, CDCl5) & ppm: 0.88 (t, J=6.9 Hz, CHs), 1.19 - 1.55
(m, CH,), 1.63 (m, BCH,), 2.34 (t, J=7.4 Hz, aCH,), 3.40 (m, HCOH).

3.3.2.3 Synthesis of DHSA salts

To a solution containing 1 g (3.16 mmol) of DHSA in 10 mL of methanol, 3.32
mmol of NaOH or LiOHeH,0 in 10 mL of water were added under high stirring
speed. Afterwards, the reaction temperature was increased until the solution
became transparent and then let it cold until precipitated appeared. The
calcium and magnesium salts were prepared from the sodium salt solution
by adding drop wise 3.48 mmol of CaCl, or MgCl, in 10 mL of water. The
precipitates were recovered by filtration under vacuum in a Pyrex crucible

n°3. All the products were analyzed by FT-IR and NMR (see Annexes | and Il):

Litium salt of DHSA: *H RMN (400 MHz, DOCD;) & ppm: 0.90 (t, J=6.9 Hz, CH),
1.22 - 1.54 (m, CH,), 1.60 (m, BCHy), 2.17 (t, J=7.5 Hz, aCH,), 3.32 (m, HCOH).
3C RMN (400 MHz, DOCD;) 8 ppm: 13.08 (CHs), 22.36 (CH,CHs), 25.69, 25.72
(CH,CH,CHOH), 26.60-29.57 (CH,), 31.70 (CHsCH,CH,), 32.68, 32.69
(CH,CHOH), 37.39 (aCH,), 73.80 (CHOH), 181.72 (COO)).



Chapter Il 111

Sodium salt of DHSA: 'H RMN (400 MHz, DOCDs) & ppm: 0.94 (m, CHs),
1.28-1.60 (m, CH,), 1.64 (m, BCH,), 2.19 (t, J=7.5 Hz, aCH,), 3.41 (m, HCOH).
3C RMN (400 MHz, DOCD3) & ppm: 13.09 (CH;), 22.37 (CH,CHs), 25.69, 25.72
(CH,CH,CHOH), 26.63-29.61 (CH,), 31.70 (CHsCH,CH,), 32.68, 32.69
(CH,CHOH), 37.93 (aCH,), 73.85 (CHOH), 181.73 (COO).

Magnesium salt of DHSA: 'H RMN (400 MHz, DOCD;) & ppm: 0.92 (m, CH3s),
1.25-1.56 (m, CH,), 1.64 (m, BCH,), 2.19 (t, J=7.5 Hz, aCH,), 3.38 (m, HCOH).
3C RMN (400 MHz, DOCD;) 6 ppm: 13.08 (CHs), 22.36 (CH,CHs), 25.69,
(CH,CH,CHOH), 26.05-29.60 (CH,), 31.70 (CHsCH,CH,), 32.58 (CH,CHOH),
37.38 (aCH,), 73.92 (CHOH), 182.27 (COO).

Calcium salt of DHSA: '*H RMN (400 MHz, DOCDs) & ppm: 0.90 (m, CH;s),
1.25-1.56 (m, CH,), 1.64 (m, BCH,), 2.17 (t, J=7.5 Hz, aCH,), 3.37 (m, HCOH).
3C RMN (400 MHz, DOCD;) 6 ppm: 13.08 (CHs), 22.35 (CH,CHs), 25.70,
(CH,CH,CHOH), 26.04-29.59 (CH,), 31.72 (CHsCH,CH,), 32.55 (CH,CHOH),
37.38 (aCH,), 73.92 (CHOH), 182.30 (COO).

3.3.3. Characterization

FT-IR spectroscopy was performed in order to identify the characteristic
structure of PA-SA eutectic mixture, DHSA and DHSA salts. FT-IR spectra were
recorded with a Jasco 6300 FT-IR spectrometer coupled with an ATR
accessory.

The DHSA structure and purity was determined by "H NMR spectroscopy. This
technique allowed the evaluation of the purity of this product by comparing
the signals related to H-COH (hydrogen bonded to a secondary alcohol) and
R1;CH,COOH (hydrogen bonded to the a-carbon of the carboxylic acid) [31].
Moreover, this technique was also used to evaluate the DHSA content after

this product was analyzed by DSC technique. *H NMR spectra were recorded
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with @ MERCURY plus NMR Spectrometer Systems VARIAN Imant AS
operating at 400 MHz.

GC-FID is commonly used on the analysis of mixtures of FFA to determine the
percentage of each fatty free acid. GC-FID was used to characterize the fatty
acid contents in the non-edible animal fat, the PA-SA eutectic mixtures and
the highly unsaturated fatty acid mixture. These fatty maters were analyzed
in triplicate using a ThermoQuest series 2000 chromatograph equipped with
a FID detector, an EEP system (Fisons, Barcelona, Spain), a split/ split-less
injection system and an autosampler. The analytical column (Supelco,
Madrid, Spain) was a 30 m x 0.25 mm fused-silica capillary coated with 0.25
mm film thickness of poly(80% biscyanopropyl-20% cyanopropylphenyl
siloxane) (SP-2330), and was temperature programmed from 150 to 220°C at
5°Cemin’' then held at 220°C for 6 min.

Thermophysical characterization was performed with differential scanning
calorimetry (DSC 822e from Mettler Toledo) in order to analyze the phase
change temperature and phase change enthalpies (melting and
solidification). Measurements were conducted using a three cycle program
repetitions. The first cycle was disregarded and, thus, the mean value of the
two following cycles was calculated and the results were presented in a
confidence interval of 95%. The second and the third cycle were performed
at 0.5°Cemin™ under flowing 80 mLemin™ nitrogen gas. The DSC analyses
were performed between 30 and 250°C depending on the melting point of
the product studied. The mass of sample used was around 5 mg and the
samples were located into 40 pL aluminum crucibles. The equipment
accuracy was * 0.1°C for temperature and #3 klekg™ for enthalpy

determinations.
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The thermal cycling reliability is crucial for the application of PCMs, in fact
only a thermal stable phase change temperature and latent heat of PCMs
after a large number of thermal cycles makes possible the PCMs purpose. To
study the thermal cycling reliability, an accelerated thermal cycle experiment
was performed to analyze the changes of the phase change temperature and
latent heat of the PA-SA eutectic mixtures after 1000 thermal cycles. In order
to study the thermal cycling stability and reliability, new material samples
were cycled in a thermal cycler Bioer Gene Q T-18. A tube volume of 0.5 mL
was used for each compound. A dynamic method was established using a
temperature range between 30 and 70°C and at 4°Ces™ for cooling and
5°Ces™ for heating. A total of 1000 cycles were performed under the
described conditions. Finally, the compounds were recovered and a new DSC
test was performed. Notice that this study presents results when performing
1000 cycles, which would be around 3 years of operation if the PCM

implemented in a system cycled once per day [32].
3.4. Results and Discussions

3.4.1. FT-IR characterization of the PA-SA eutectic mixture, DHSA and

their salts

Table 3.1 shows the assigned wave number (cm™) of the compounds
synthesized. PA-SA eutectic mixture FT-IR spectra shows a band signal at
2955 cm™ associated to the asymmetrical stretching vibration of -CH; while
the bands at 2917 cm™ and 2845 cm™ responds to the symmetrical and
asymmetrical stretching modes of —CH, group, respectively. A characteristic
band at 1697 cm™ represents the asymmetrical stretching vibration (w,) of

C=0. The band at 1460 cm™ is the -CH, deformation while 1409 cm™ has its
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origin in the C=0 symmetrical stretching vibration (w;). The band at 1295 cm™
represents -CH, twist and wag and the band at 935 cm™ responds to C=0
deformation (ws). The -CH, rocking vibration and bending is associated to a
band at 721 cm™.

The bands at 3332 cm™ and 3244 cm™ correspond to DHSA (O-H stretching
vibration). A characteristic band signal at 2952 cm™ responds to the
asymmetrical stretching vibration of -CH; while the bands at 2910 cm™ and
2848 cm™ are associated with the symmetrical and asymmetrical stretching
modes of —CH, group, respectively. The band at 1704 cm™ is the
characteristic absorption band for asymmetrical stretching vibration (w,) of
C=0. The band at 1468 cm™ corresponds to the -CH, deformation while
1411 cm™ respond to the C=0 symmetrical stretching vibration (w;). The
bands at 1331 cm™ and 1295 cm™ have its origins on the —OH bending and -
CH; twist and wag, respectively. The —OH stretching is associated with a band
at 1078 cm™. At 923 cm™ and 721 cm™ are observed the C=0

deformation (ws) and -CH, rocking vibration and bending, respectively.
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Table 3.1. Absorption Maxima (cm™) in the FT-IR spectra of PA-SA eutectic

mixture, DHSA and their salts. (see Annex Il).

Wave number (cm™) Assignment
PA-SA DHSA Litium Sodium Calcium Magnesium
eutectic salt of salt of salt of salt of DHSA
DHSA DHSA DHSA
- 3332 3284 3290 3266 3300 Broad absorption
3244 of O-H stretching
vibration
2955 2952 - 2950 2952 - CH3, C-H
asymmetrical
stretching
2917 2910 2916 2917 2917 2920 CH,, C-H
asymmetrical
stretching
2845 2848 2847 2848 2848 2852 CH,, C-H
symmetrical
stretching
1697 1704 1562 1558 1571 1600 Cc=0
1535 asymmetrical
stretching
vibration (w,)
1460 1468 1463 1463 1464 1468 CH, deformation
1409 1411 1399 1435- 1428 1399 C=0 symmetrical
1415 stretching
vibration (w,)
- 1331 1335 1328 1325 1335 0O-H bending
1295 1295 - - - - -CH, twist and
wag
- 1078 1078 1078 1078 1078 O-H stretching
935 923 - - - - C=0 deformation
(ws)
721 721 718 718 718 721 -CH;, rocking and
bending

The broad absorption band of O-H stretching vibration band is present in all
the salts within 3300 cm™ and 3266 cm™ depending on the salt. The band
corresponding to the asymmetrical stretching vibration of -CH;3 is only
observed in calcium (2952 cm™) and sodium (2950 cm™) spectra salts.
Otherwise, the bands at ~2920 cm™ and ~2850 cm™ associated to the

symmetrical and asymmetrical stretching modes of —CH, group are present
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in all spectra. The band at 1704 cm™ characteristic for asymmetrical
stretching vibration (w;) of C=0 previously observed in DHSA spectra can now
be found at the region around 1600-1535 cm™ upon formation of the
carboxylate anion. Moreover, calcium salt spectra presents two bands for the
asymmetrical stretching vibration (w,) of C=0 (1571 and 1535 cm™). The
band at around 1460 cm™ characteristic for the -CH, deformation and the
band at around 1400-1430 cm™ for the C=0 symmetrical stretching vibration
(w;) are present in all the spectra. The —OH bending and —OH stretching are
also present, which have its origins in bands at ~1330 cm™ and 1078 cm™,
respectively. Finally, the band corresponding to the C=0 deformation (ws)
observed in the previous FFA analyzed disappears in all the salts but the -CH,

rocking vibration and bending is maintained at ~720 cm™.

3.4.2. Composition, thermal properties and reliability of the PA-SA

eutectic mixture prepared by crystallization

The preparation of a eutectic mixture from PA-SA allows of the preparation
of PCMs useful in applications such as to improve the thermal comfort in
buildings through heating applications, improve domestic hot water (DHW)
tanks efficiency [33, 34], air conditioning condensation heat recovery
systems [3], and low temperature industrial waste heat (IWH) recovery [35].
Depending on the application, palmitic acid and stearic acid present too high
phase change temperatures (Tm). Eutectic mixtures allow the decrease of
the Tm. In this case, the animal fat used showed a 3:2 palmitic/stearic acid
ratio (w:w). This ratio is very close to the palmitic/stearic acid ratio showing
eutectic properties, which can lead to the PCM indicated above [3, 36].

Hence, authors realized that by an optimal crystallization, the unsaturated
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fatty acids and the saturated fatty acids could be separated with the
advantage of preparing in the crystallization process a eutectic PA-SA
mixture [14]. Table 3.2 shows the thermal properties of the PA-SA eutectic
mixtures. The solute/solvent ratio and crystallization temperature implied
higher saturated fatty acid recovery with no presence of unsaturated fatty
acids. In these conditions, between 76 to 90% of the palmitic and stearic
acids present in the starting hydrolyzed animal fat were recovered in form of
eutectic mixtures.

The palmitic/stearic acid ratios determined by GC-FID [22] ranged from
63.2:36.8 for the ethyl acetate crystallization to 58.7:41.3 in the case of the
methanol crystallization. Similar compositions such as 62:38 [3] and
64.2:35.8 [36] were described in the preparation of eutectic mixtures starting
from commercially pure palmitic and stearic acids. The DSC curve of the bio-
based mixtures prepared from non-edible fats showed one sharp
endothermic peak during the melting process and one sharp exothermic
peak on the solidification process, which indicates that only one real eutectic
mixture has been obtained after crystallization. The melting and
solidification temperatures around 55 and 52°C, respectively, measured by
DSC analysis were lower than the melting points of the pure palmitic or
stearic acids [3]. These results were close to those reported on the
preparation of PA-SA eutectic mixtures of commercial palmitic and stearic
acids, with melting points of 53.89 [3] and 52.3°C [36] and a solidification
temperature of 54.37°C [3]. The latent heats of melting of the eutectic
mixtures prepared ranged from 183 to 176 kiekg™ and the solidification
latent heats from 181 to 172 klekg™ depending on the mixture achieved.

Similar results of latent solidification heat, 177.67 kJOkg'1 [3] and
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181.7 klekg™ [36], were described in the PA-SA eutectic mixtures prepared

from commercial palmitic and stearic acids.

Table 3.2. Thermal properties of the PA-SA mixtures prepared from the

hydrolyzed animal fat by crystallization with various solvents. (see Annex lll)

Crystallization H velting  H solidification T metting T solidification
solvent Cycling aspects  (klekg™) (klekg™) (°c) (°c)
Not-cycled 18218 181+14 54.9 52.0
Cycled (1000) 161+3 160+1 54.9 52.2
Ethyl acetate
Property loss
11 11 -0.1 -0.3
(%)
Not-cycled 18315 18115 54.1 52.5
Cycled (1000) 161+3 158+2 54.8 52.3
Acetone
Property loss
12 13 -1.2 0.5
(%)
Not-cycled 18318 180+8 55.2 52.3
Cycled (1000) 15842 15542 55.0 52.2
Ethanol
Property loss
14 14 0.4 0.1
(%)
Not-cycled 17616 17210 53.4 52.1
Cycled (1000) 157+1 153+1 54.3 51.5
Hexane Property loss
11 11 -1.8 1.1
(%)
Not-cycled 179411 178+10 55.0 52.1
Cycled (1000) 16412 158+2 55.0 52.6
Methanol
Property loss
9 11 0.0 -1.1
(%)
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In general terms, after thermal cycling, solidification and melting enthalpies
present similar reduction in their values with a maximum decrease of
14% (Table 3.2). These loses are below 15% after thermal cycling, which
indicated that the material shows good thermal cycling stability [37].
Moreover, phase-change temperature (i.e. melting and solidification) does
not present outstanding changes, ranging from -1.8 to 1.1 %. According to
the distinct mixtures prepared, the product crystallized in methanol
presented the best thermal cycling stability since melting enthalpy only
decreased by 9% and solidification enthalpy by 11% while the ones
crystallized in ethanol present the worst (14% reduction). Moreover, the
mixtures crystallized in methanol showed the highest latent heat after 1000
heating/cooling cycles of the whole materials under study: 164 klekg™
(melting enthalpy), 158 kiekg™ (solidification enthalpy). Thus, these mixtures
prepared in an easy and robust process can be considered as potential PCM
candidates due to their thermal performance and thermal cycling stability

and reliability.

3.4.3. Determination of the thermal properties of DHSA and their

salts

Table 3.3 shows the thermal properties of DHSA and their salts prepared
from the animal fat waste. The variation of enthalpy and melting point
observed along the two recorded cycles announced the poor cycling stability
of DHSA. Presumably, the diol and carboxylic acid moieties present in DHSA
reacted forming an estolide with a decreasing response on the enthalpies as
well as a modification on the phase change temperature. To confirm this

hypothesis, the content in the DSC crucible was recovered and analyzed by
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'"H NMR spectroscopy (see Annex I). Two new signals appeared at 3.58 ppm
and 4.83 ppm, which can be assigned to H-COH (hydrogen bonded to a
secondary alcohol) and R1COOCHR, (hydrogen bonded to a secondary
alcoxyester), respectively. These signals are characteristics of a DHSA-
estolide [38]. Nevertheless, the first DSC analysis cycle recorded a melting
temperature of 94.5°C [39] and also the narrow enthalpy peaks observed
indicated that the developed process allowed the preparation of pure DHSA.
Therefore, the melting enthalpy on the first recorded cycle (168 klekg™) and
a phase change temperature higher than non-derivatized fatty acids are
remarkable. These values are promising for PCM interests but the low cycling
stability makes obvious the need of avoiding the formation of the detected
DHSA-estolides.

The DHSA salts were synthesized presupposing the maintenance of the good
enthalpy values of DHSA and trying to improve the poor cycling stability.
Nevertheless, Table 3.3 shows that none of the salts synthesized presented
a suitable behavior to be used as PCMs. Only calcium diol salt shows melting
and solidification, but with a low phase change enthalpy value, whereas
magnesium salt does not show melting process. Unfortunately, lithium salt
did not shown solidification capability, although showed a very promising

melting enthalpy value (236 kiekg™).
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Table 3.3 Thermal properties of DHSA and their salts. (see Annex lll).

Product H melting H sqiidification T Melting T solidification
(kJekg™) (kJekg™) ("c) ("C)
161+11 151+7 93.8 82.8
DHSA
Lithium salt
236 - 231.6 -
of DHSA
Sodium salt
82 - 204.7 -
of DHSA
Calcium salt
7612 684 160+1 127+1
of DHSA

3.5. Conclusions

This paper shows new applications to non-edible animal fat waste by
preparing eutectic mixtures of PA-SA and pure DHSA. These compounds
were achieved from animal fat by a conventional hydrolysis (99% yield)
process. Various solvents can be used to perform the crystallization process.
This led to recoveries up to 90% of the PA-SA content in the animal fat. These
eutectic mixtures of PA-SA showed good performance as PCMs. The melting
and solidification temperatures of the various PA-SA PCM prepared were
around 55 and 52°C, respectively. Moreover, the latent heats of the
crystallized fractions ranged from 172 to 181 klekg™. Thermal cycling test

results indicated a good thermal cycling reliability of PA-SA because the
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melting and solidification temperatures of PA-SA PCM oscillated only up to
1.8 and 1.1%, respectively. Concerning the melting and solidification latent
heats of the eutectic PCM, they decreased up to 14% after 1000 thermal
cycles in the most pronounced case. Moreover, DHSA was synthesized from
non-edible animal fat. This dihydroxy fatty acid was prepared from the
unsaturated fatty acids present in the mother crystallization liquor, which
evidences the opportunity of provide distinct applications to animal fat. The
DSC analysis performed for first time on DHSA and their salts revealed no
potential use as PCM. Nevertheless, a good melting enthalpy and a phase-
change temperature higher than common fatty acids could be promising for
PCM interests. The modification of DHSA to new phase change materials with

improved cycling stability is now undergone.
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A sustainable approach to prepare new phase

change materials from non-edible animal fat
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4.1. Abstract

The thermal properties of various alkyl threo-9, 10-dihydoxy stearates
(DHSEs) prepared from non-edible fat were studied. These esters were
synthesized by combining R. orzyzae resting cells, immobilized CAL-B, and
hot water. Specifically, non-edible animal fat was hydrolyzed in a 93% yield
with R. orzyzae resting cells. Crude unsaturated fatty acids were recovered
after performing a crystallization step to obtain the saturated fatty acids. The
unsaturated fatty acids were epoxidized with 30% H,0, using immobilized
CAL-B. The epoxy ring was cleaved with hot water in the presence of
tert-butanol (t-BuOH). The two reactions were also studied using commercial
oleic acid as substrate. Pure threo-9, 10-dihydroxystearic acid (DHSA) from
animal fat was recovered by crystallization (51% vyield). Subsequently, DHSA
was enzymatically esterified in a-limonene to produce twelve DHSEs (58-90%
yield). DSC (differential scanning calorimetry) analysis of these esters
revealed potential latent heats ranging from 136.83 to 234.22 klekg™. The
melting temperatures of these compounds ranged from 52.45 to 76.88°C, as
also determined by DSC. Finally, the compounds with enthalpies above
200 klekg™ were subjected to 100 and 1000 thermal cycles and were
observed to present good thermal reliability. The novel sustainable approach
described herein is valuable for the preparation of DHSEs from non-edible
animal fat. In addition, these esters showed thermal reliability from 50 to

77°C and thus show promise for thermal energy storage applications.

Keywords: bioeconomy, bio-based PCM, threo-9, 10-dihydroxystearic acid

synthesis, a-limonene, fatty acids, differential scanning calorimeter.
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Abbreviations of this chapter: CAL-B, Candida antarctica Lipase-B; DHSA,
threo-9, 10-dihydroxystearic acid; DHSE, threo-9, 10-dihydroxy stearate;
DHW, domestic hot water; DSC, differential scanning calorimetry; GC-FID,
gas chromatography-flame ionization detector; IWH, industrial waste heat;

PCM, phase-change material; t-BuOH, tert-butanol.

4.2. Introduction

It has been estimated that the world population will reach 9.2 billion by
2050 [1]. Such growth will bring with it a significant increase in livestock
production and animal by-products. In this regard, by-products account for
almost 60% of the body weight of a farm animal, while 20% corresponds to
non-edible ones. Furthermore, dead and fallen animals increase the amount
of non-edible by-products. In this scenario, the reuse of non-edible by-
products gains increasing relevance given the public health concerns
associated with the non-utilization of such products [2]. Fatty non-edible
animal parts comprise mainly triacylglycerides, which contain saturated and
unsaturated fatty acids and glycerol. These fats are an interesting source to
prepare biodiesel [3] and recently they have been used to prepare phase
change materials (PCMs) as shown in Chapter lll [4].

PCMs have the capacity to store heat energy during the phase-change that
occurs during melting and solidification processes. In this regard, fatty acids
present good purposes due to a high thermal and chemical stability and a
high heat capacity [5, 6]. In addition, fatty acids and their derivatives are an
excellent source of renewable materials, providing alternatives to currently
predominant PCMs such as paraffins and salts [7, 8]. Commercially available

fatty acid derivatives have recently been proposed as bio-based organic



Chapter IV 133

PCMs. These acids result from the partial hydrogenation of soy-wax [9, 10]
or from the hydrogenation of unsaturated triacylgicerides [11-14]. These
approaches allow the substitution of paraffin; however, the use of edible oil
raises concerns about the likely surplus of food that might cause starvation,
especially in the developing countries [15]. Furthermore, although
hydrogenation promotes stability during phase-change cycles with no risk of
oxidation [12, 13], the conversion of unsaturated fatty acids to saturated
fatty acids circumvents the opportunity of using them for other potential
applications.

The unsaturated moieties in fatty acids play an important role in the
synthesis of monomers and polymers from fats and oils. The epoxy fatty acid
derivatives produced from unsaturated oils allow the formation of pressure-
sensitive adhesives (PSAs) [16, 17], rubbers [18], coatings [18],
polyurethanes [18], and acrylate resins [18]. In addition, oleic acid can be
converted to DHSA and cleaved in an oxidative manner to azelaic acid in a
green and efficient gold-catalyzed system [19, 20]. DHSA has recently been
used as starting material for the preparation of lubricants [21], estolides [22],
soaps [22], deodorant sticks [22], and shampoos [22]. Nevertheless, common
lab-scale synthesis of DHSA from commercial oleic acid usually involves the
use of chemicals, including formic acid, NaOH and HCI[23] or MgS0O,4, Na,S0;
and hexane [19]. In terms of the bio-based production of DHSA, a recently
patented procedure using formic acid and hydrogen peroxide allows the
preparation of crude DHSA from palm oil-based oleic acid [24]. Nevertheless,
palm oil production has been revised and reviewed due its contribution to
deforestation and the resulting effects on biodiversity [25-27].

In Chapter lll, a procedure was described using conventional chemistry to

achieve eutectic mixtures of palmitic-stearic acid with thermal energy



Chapter IV 134

storage capabilities (as PCM) from non-edible animal fats. The remaining
unsaturated fatty acids were converted into DHSA using formic acid and
hydrogen peroxide. In that study, the performance of DHSA as a PCM was
also tested by DSC. Although DHSA presented satisfactory enthalpies, a high
decrease in enthalpy was observed when cycling, thereby highlighting low
chemical stability, presumably caused by the formation of estolides between
the diol and fatty acid moieties. To avoid this esterification during cycling,
some salts were prepared and also analyzed by DSC; however, DHSA showed
poor performance as a PCM [4]. Since the use of esters of fatty acids as
PCMs [28-32] has been widely described, the preparation of alkyl threo-9, 10-
dihydoxy stearates (DHSEs) could allow the preparation of products with
acceptable enthalpies and improved thermal cycling stability. Certainly, the
presence of the ester group should prevent estolide formation. In addition,
alkyl hydroxyl stearates have shown interesting applications as
lubricants [21], plasticizers [33, 34], mold-release agents [33, 34],

waxes [33, 34], surfactants [33, 34], and chemical intermediates [33, 34].
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Figure 4.1. Green syntheses afforded in this study. The triacylglycerol

represents three different fatty acids present on the starting material.

The present work is the first to apply sustainable chemistry and biocatalysts
to prepare PCMs (Figure 4.1). Furthermore, the pathways used in this study
(without hydrogenation of the triacylglycerols) allow the sustainable
preparation of various products from non-edible animal fat. Hence, the non-
edible animal fat was hydrolyzed using a recent bio-catalytic procedure [35],
and the crude free acids were split into saturated and unsaturated fatty
acids. The unsaturated fatty acids were epoxidized using immobilized CAL-B
in a solvent-free media, the epoxy ring was cleaved with hot water, and the
resulting DHSA was crystallized using t-BuOH and H,0. Twelve DHSEs were

prepared from DHSA and the corresponding alcohol using immobilized CAL-B
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as catalyst and a-limonene as solvent. DSC was used to test the performance

of these esters as PCMs.

4.3. Materials and methods

4.3.1. Materials

Methanol (299.9%), 1-butanol (299.5%), 1-dodecanol (98%), 1-hexanol (98%)
and oleic acid (90%) were purchased from Sigma-Aldrich Corp. (St. Louis,
USA). Ethanol (299.9%) was purchased from Scharlau (Barcelona, Spain).
1-Propanol (299.8%), 1-pentanol (99%), 1-decanol (97%), 1-tetradecanol
(97%) and 1-hexadecanol (99%) were purchased from Fluka (Buchs,
Switzerland). 1-Octadecanol (97%) was purchased from Alfa Aesar
(Karlsruhe, Germany). 1-Octanol (99%) was purchased from Acros (New
Jersey, USA). Hydrogen peroxide (30%) (w/v) solution was purchased from
Fischer Scientific UK (Leicester, UK). CO, was obtained from Messer |berica
de Gases S.A (Tarragona, Spain). R. oryzae resting cells were prepared as
described [35]. Immobilized lipase-B from C. antarctica (Immobilized CAL-B)
was a gift sample from Novozymes A/S (Bagsvaerd, Denmark). Animal fat was
a kind gift from Subproductos Carnicos Echevarria y Asociados S.L (Cervera,
Spain). a-Limonene was a kind gift from Creaciones Aromaticas Industriales

(Sant Quirze del Vallés, Spain).

4.3.2. Analyses

NMR spectra were recorded with a MERCURY plus NMR Spectrometer
Systems VARIAN Imant AS operating at 400 MHz. DSC analyses were
performed with a DSC 822e from Mettler Toledo. Thermophysical
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characterization was performed with differential scanning calorimetry (DSC
822e from Mettler Toledo) in order to analyze the phase change temperature
and phase change enthalpies (fusion and solidification). Measurements were
conducted using a three cycle program repetitions. The first cycle was
disregarded and, thus, the mean value of the two following cycles was
calculated. The second and the third cycle were performed at 0.5°Cemin™
under flowing 80 mLemin™ nitrogen gas. The DSC analyses were performed
between 30 and 95°C depending on the melting point of the product studied.
The amount of sample used was around 5 mg and the samples were located
into 40 pL aluminum crucibles. The equipment accuracy was = 0.1°C for
temperature and +3 kle kg™ for enthalpy determinations. To study thermal
cycling reliability, a Bioer Gene Q T-18 thermal cycler was used to analyze the
changes of the phase-change temperature and latent heat of the esters after
100 and 1000 thermal cycles. A 0.5-mL vial was used for each compound. A
dynamic method was established using a temperature range between 30 °C
and 95 °C and at 4°Ces™ for cooling and 5°Ces™ for heating. A total of 1000
cycles were performed under the described conditions. Finally, the
compounds were tested again by DSC to identify changes in their thermos-

physical properties.

4.3.3. Characterization of waste fat

The fat was composed of non-edible fatty parts of pig and chicken origin. It
consisted mainly of triacylglycerides. The fat had a saponification value (SV)
of 196. The percentage of unsaturated fatty acids was 55.14%, in which
monounsaturated and polyunsaturated fatty acids accounted for 40.50 and
14.64%, respectively, as determined by gas chromatography [36]. Of all the

unsaturated fatty acids in the animal fat, oleic acid was the most abundant,
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accounting for about 36.97% of the total fatty acids present. Saturated fatty
acids accounted for 43.99% of the total fatty acids and palmitic and stearic

acids for 24.57 and 14.05% of this total, respectively.

4.3.4. Chemo-enzymatic epoxidation of oleic acid — Reuse study

A volume of 5.42 mL (47.81 mmol) of a 30% H,0, solution (4°C) was added to
a 50-mL Falcon vial containing 10 g (31.86 mmol of double bonds) of 90%
oleic acid and 1 g of immobilized CAL-B. The Falcon vial was fixed horizontally
in a Labnet 211DS orbital oven and then shaken at 220 rpm at 55°C for
150 min. The vial was centrifuged at 6000 rpm for 5 min, and the non-
aqueous and aqueous phases were separated. Immobilized CAL-B was
recovered by filtering the crude mixture through a Pyrex crucible n°3,
washing with water and drying the biocatalyst under vacuum for 24 h. Finally,
the biocatalyst was extracted with a lab-scale supercritical fluid extractor
(Speed SFE-Applied separations). The extraction vessel was packed with the
immobilized CAL-B recovered. The extraction temperature, pressure, CO,
outflow rate, and residence time were set at 60°C, 35 MPa, 4 Lemin™, and
45 min, respectively. The epoxide recovered from the supercritical CO,
extraction was joined to the non-aqueous layer previously obtained. The
washed immobilized CAL-B was recovered for a reuse study. The crude of
reaction was analyzed by 'H NMR spectroscopy (see Annex 1) after each
reuse.

cis- 9, 10-Epoxyestearic acid: 'H RMN (400 MHz, CDCl5) & ppm: 0.88 (t, J=6.9
Hz, CHs), 1.19-1.55 (m, CH,), 1.63 (m, BCH,), 2.34 (t, J=7.4 Hz, aCH,), 2.90 (m,
HCOCH).



Chapter IV 139

4.3.5. Chemo-enzymatic epoxidation of oleic acid — Remaining

activity of the enzyme

A volume of 542 L (4.78 mmol) of a 30% H,0, solution (4°C) was added to a
15-mL Falcon vial containing 1 g (3.19 mmol) of 90% oleic acid and 0.1 g of
immobilized CAL-B. The vial was fixed horizontally in a Labnet 211DS orbital
oven and then shaken at 220 rpm at 55°C for 150 min. Subsequently, the vial
was centrifuged at 6000 rpm for 5 min, and the non-aqueous and aqueous
phases were separated. Then, the final mixture was extracted twice with
5 mL of common solvents or a-limonene. Immobilized CAL-B was recovered
by filtering the mixture through a Pyrex crucible n°3 and washing with the
main solvent. The washed biocatalyst was used for a new solvent-free
reaction and the remaining activity of immobilized CAL-B evaluated. An

aliquot of this new reaction was analyzed by 'H NMR spectroscopy.

4.3.6. Preparation of DHSA from oleic acid

A volume of 5.42 mL (47.81 mmol) of a 30% H,0, solution (4°C) was added to
a 50-mL Falcon vial containing 10 g (31.86 mmol of double bonds) of 90%
oleic acid and 1 g of immobilized CAL-B. The vial was fixed horizontally in a
Labnet 211DS orbital oven and shaken at 220 rpm at 55°C for 150 min. The
epoxide was recovered by extracting the final mixture twice with 25 mL of
t-BuOH. This organic solution was placed in a 150 mL reaction tube
containing 50 mL of water. The tube was closed and stirred magnetically in
an oil bath at 130°C for 12 h. The tube was cooled to room temperature and
the content was placed in a funnel. The aqueous phase was discarded and

the organic phase was chilled at 4°C for 24 h. The final crystals were
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recovered using a Pyrex crucible n°3 and washed three times with cold ethyl
acetate. (5.50 g, 55% isolated yield).
The final white powder (m.p. 94.2°C) [37] was analyzed by 'H NMR (see

Annex |):

DHSA: *H RMN (400 MHz, CDCl) & ppm: 0.88 (t, J=6.9 Hz, CH;), 1.19-1.55 (m,
CH,), 1.63 (m, BCH,), 2.34 (t, J=7.4 Hz, aCH,), 3.40 (m, HCOH).

4.3.7. Bio-catalytic hydrolysis of non-edible waste fat

The bio-catalytic hydrolysis of the fat and the separation of the resulting FFA
by crystallization was performed following the procedure already
described [35]. Thus, we added 20 g of water to each 50-mL Falcon vial (six
in total) containing each 20 g of animal fat and 2 g of Rhizopus oryzae. The
vials were fixed horizontally in a Labnet 211DS orbital oven and shaken at
220 rpm at 40°C for 48 h. Finally, the vials were centrifuged at 6000 rpm for
10 min, and the non-aqueous and aqueous phases were separated. The cells
were recovered using a Pyrex crucible n°3 and were washed with water. The
resting cells were dried under vacuum for 24 h. These cells were extracted
with a lab-scale supercritical fluid extractor (Speed SFE-Applied separations).
The extraction temperature, pressure, CO, outflow rate, and residence time
were set at 40°C, 35 MPa, 4 Lemin™, and 45 min, respectively. The remaining
fatty matter recovered from the supercritical CO, extraction of the
biocatalyst was joined to the non-aqueous phase previously obtained. The
resulting non-aqueous viscous liquid (113.58 g, 93 % vyield) was titrated by
duplicate to determine the degree of hydrolysis [35] of the fatty matter.
(95% of hydrolysis degree). The fatty matter was crystallized with methanol

1/6 (w/v) at -20°C for 24 h. The mother liquor was concentrated yielding
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81.84 g of a high unsaturated fatty acid mixture. Composition (GC-FID [36]):
oleic acid (55.14%), linoleic acid (30.17%), stearic acid (7.57%), palmitic acid
(6.80%).

4.3.8. Preparation of DHSA from non-edible animal fat

A volume of 7 mL (61.74 mmol) of a 30% H,0, solution (at 4 °C) was added
to a 50-mL Falcon vial containing 10 g (41.02 mmol of double bonds) of the
highly unsaturated fatty acid mixture and 1 g of immobilized CAL-B. The
epoxidated fatty acids were separated from the immobilized CAL-B
extracting twice with 25 mL of t-BuOH. This organic solution was placed in a
150 mL reaction vial containing 50 mL of distilled water. The vial was stirred
magnetically in an oil bath at 130°C for 12 h. Subsequently, the vial was
brought to room temperature and the content was placed in a funnel. The
aqueous phase was discarded and the organic phase was concentrated under
vacuum: The final residue was dissolved in hot ethyl acetate in a
solute/solvent ratio 1/1 (w/v). The organic mixture was dried over Na,SO,
and DHSA crystals recovered after crystallization at 4°C for 24 h by filtration
using a Pyrex crucible n°3. The solid was washed three times with cold ethyl
acetate and recrystallized in ethyl acetate at 4°C in a solute/solvent ratio 1/5
(w/v) yielding 3.13 g of DHSA (51% yield). The reaction was repeated until get
enough starting material for further enzymatic esterification reactions. The

final white powder (m.p. 93.8°C) [37] was analyzed by '*H NMR.

4.3.9. Bio-catalytic preparation of octyl DHSE- Reuse study
A volume of 1 mL of octanol (6.32 mmol) was added to a 15-mL falcon tube
containing 1 g (3.16 mmol) of DHSA prepared as described in subsection

4.2.8, 100 mg of biocatalyst and 10 mL of a-limonene in each tube. The falcon
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tubes were fixed horizontally in a Labnet 211DS orbital oven and then shaken
at 220 rpm at 40°C during 24 h. Then, the falcon was centrifuged at 6000 rpm
during 1 min, and the organic layer was separated from the biocatalyst. The
organic layer was added to another 15-mL falcon and incubated on the
orbital oven at 40°C during 5 min (220 rpm) with 3 mL of a saturated solution
of NaHCOs. The falcon was centrifuged at 6000 rpm during 1 min and
a-limonene was recovered. The ester crystals appeared when a-limonene
was maintained at 4°C during 24 h. The crystals were recovered passing them
through a Pyrex crucible n°3 and washed three times with cold a-limonene.
The falcon tube containing the biocatalyst was used to repeat the reaction
for the reuse study. The final white powder was analyzed by 'H NMR:

Octyl DHSE: 'H RMN (400 MHz, CDCl;) &6 ppm: 0.88 (t, J=6.9 Hz, CH3),
1.19-1.55 (m, CHy), 1.63 (m, BCH;), 1.83-1.93 (s, HO-), 2.29 (t, J=7.4 Hz, aCH,),
3.40 (m, HCOH), 4.05 (t, J= 6.7 Hz, CH,-0).

4.3.10. Bio-catalytic preparation of DHSEs: Esters from methanol to
1-tetradecanol (procedure A). Esters of 1-hexadecanol and
1-octadecanol (procedure B).

A given amount of alcohol (Table 4.1) was added to a 15-mL (A) or 50-mL (B)
Falcon vial containing 1 g (3.16 mmol) of DHSA, prepared previously as
described in subsection 4.2.8, 100 mg of immobilized CAL-B, and 10 mL (A)
or 20 mL (B) of a-limonene. The vials were fixed horizontally in a Labnet
211DS orbital oven and shaken at 220 rpm at 40°C for 24 h. Subsequently,
5 mL of methanol (B) and 3 mL of a saturated solution of NaHCO; (A and B)
were added to each vial, and the content was stirred at 200 rpm at 40°C for
5 min (A) or 2 min (B). The vials were centrifuged at 6000 rpm for 1 min and

the organic layer was recovered. The solutions were crystallized at various
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temperatures depending on the ester prepared (Table 4.1). Note that
1-octanyl to 1-octadecanyl esters easily crystallized when the a-limonene
solutions were at room temperature. The crystals of each ester were
recovered on a Pyrex crucible n°3 and washed three times with cold
a-limonene. Table 4.1 shows the yields and melting points (measured by

DSC). The DHSEs were analyzed by NMR spectroscopy (see Annex I):

Methyl DHSE: *H RMN (400 MHz, CDCl3) & ppm: 0.89 (t, J=6.9 Hz, CHs),
1.21-1.55 (m, CH,), 1.63 (m, BCH,), 2.10-2.27 (s, HO-), 2.31 (t, J=7.5 Hz, aCH,),
3.40 (m, HCOH), 3.67 (s, CH3-0). **C RMN (400 MHz, CDCls) & ppm: 14.09
(CH,CHs), 22.66 (CH,CHs;), 24.88 (CH,), 25.56, 25.67 (CH,CH,CHOH),
28.93-29.79 (CH,), 31.87 (CH3CH,CH,), 33.57, 33.63 (CH,CHOH), 34.06 (aCH,),
51.46 (COOCH;), 74.45, 74.51 (CHOH), 174.34 (COOCH).

Ethyl DHSE: *H RMN (400 MHz, CDCls) & ppm: 0.86 (t, J=6.8 Hz, CH3), 1.17-1.52
(m, CH,), 1.60 (m, BCH,), 2.27 (t, J=7.5 Hz, aCH,), 3.38 (m, HCOH), 4.11
(g, J= 7.1 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm: 14.12, 14.27 (CHs),
22.68 (CH3CH,), 24.93 (CH,), 25.59, 25.70 (CH,CH,CHOH), 28.95-29.82 (CH,),
31.89 (CHsCH,CH,), 33.59, 33.65 (CH,CHOH), 34.37 (aCH,), 60.22
(COOCH,CH;), 74.48, 74.54 (CHOH), 173.96 (COOCH,).

Propyl DHSE: *H RMN (400 MHz, CDCl5) & ppm: 0.87 (t, J=6.8 Hz, CH3), 0.93 (t,
J=7.4 Hz, CH;), 1.18-1.52 (m, CH,), 1.62 (m, BCH,), 2.10-2.24 (s, HO-), 2.28 (t,
J=7.5 Hz, aCH,), 3.38 (m, HCOH), 4.01 (t, J= 6.7 Hz, CH,-0). *C RMN
(400 MHz, CDCl;) & ppm: 10.43 (O-CH,CH,CHs), 14.13 (CH,CHs), 22.03
(CH3CH,CH,0), 22.69 (CH,CHs), 24.98 (CH,), 25.60, 25.71 (CH,CH,CHOH),
28.92-29.87 (CH,), 31.90 (CH3CH,CH,), 33.60, 33.66 (CH,CHOH), 34.37 (aCH,),
65.89 (COOCH,CH,), 74.49, 74.54 (CHOH), 174.05 (COOCH,).
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Butyl DHSE: *H RMN (400 MHz, CDCl5) 6 ppm: 0.87 (t, J=6.8 Hz, CH3), 0.92
(t, J=7.4 Hz, CH3), 1.19-1.55 (m, CH,), 1.60 (m, BCH,), 2.07-2.24 (s, HO-), 2.28
(t, J=7.5 Hz, aCH,), 3.38 (m, HCOH), 4.05 (t, J= 6.7 Hz, CH,-0). *C RMN
(400 MHz, CDCls) & ppm: 13.72, 14.11 (CHs), 19.16, 22.72 (CH5CH,), 24.96
(CH,), 25.59, 25.69 (CH,CH,CHOH), 28.80-29.96 (CH,), 30.71 (COOCH,CH,),
31.88 (CHsCH,CH,), 33.59, 33.65 (CH,CHOH), 34.37 (aCH,), 64.15
(COOCH,CH,), 74.48, 74.53 (CHOH), 174.03 (COOCH,).

Pentyl DHSE: *H RMN (400 MHz, CDCl;) & ppm: 0.84-0.93 (m, CHs), 1.20-1.52
(m, CHy), 1.61 (m, BCH,), 2.07-2.20 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,), 3.38 (m,
HCOH), 4.05 (t, J= 6.8 Hz, CH,-0). **C RMN (400 MHz, CDCl3) § ppm: 13.98,
14.12 (CHs), 22.33, 22.68 (CH3CH,), 24.96 (CH,), 25.59, 25.69 (CH,CH,CHOH),
28.10-29.85 (CH,), 31.89 (CH3CH,CH,), 33.60, 33.65 (CH,CHOH), 34.37 (aCH,),
64.44 (COOCH,CH,), 74.48, 74.53 (CHOH), 174.03 (COOCH,).

Hexyl DHSE: *H RMN (400 MHz, CDCls) § ppm: 0.84-0.91 (m, CHs), 1.20-1.52
(m, CHy), 1.60 (m, BCHy), 2.12-2.22 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,), 3.38
(m, HCOH), 4.04 (t, J= 6.8 Hz, CH,-0). **C RMN (400 MHz, CDCls) & ppm: 14.01,
14.12 (CHs), 22.56, 22.69 (CH;CH,), 24.97-29.81 (CH,), 31.45, 31.89
(CH3CH,CH,), 33.60, 33.66 (CH,CHOH), 34.38 (aCH,), 64.46 (COOCH,CH,),
74.48, 74.54 (CHOH), 174.03 (COOCHS).

Octyl DHSE: 'H RMN (400 MHz, CDCls) & ppm: 0.87 (t, J=6.7 Hz, CHa),
1.18-1.52 (m, CH,), 1.60 (m, BCH,), 2.03-2.20 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.39 (m, HCOH), 4.04 (t, J= 6.7 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
14.10, 14.12 (CHs), 22.65, 22.68 (CHsCH,), 24.96 (CH,), 25.59, 25.69
(CH,CH,CHOH), 25.95-29.80 (CH,), 31.79, 31.89 (CH5CH,CH,), 33.59, 33.65
(CH,CHOH), 34.38 (aCH,), 64.46 (COOCH,CH,), 74.48, 74.53 (CHOH), 174.02
(COOCH,).
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Decyl DHSE: *H RMN (400 MHz, CDCl;) & ppm: 0.87 (t, J=6.7 Hz, CHs),
1.18-1.52 (m, CH,), 1.59 (m, BCH,), 2.06-2.16 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.38 (m, HCOH), 4.04 (t, J= 6.7 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
14.10 (CHs), 22.67 (CH3CH,), 24.95 (CH,), 25.57, 25.67 (CH,CH,CHOH), 25.93-
29.79 (CH,), 31.88, 31.92 (CHsCH,CH,), 33.58, 33.64 (CH,CHOH), 34.36
(aCH,), 64.45 (COOCH,CH,), 74.46, 74.52 (CHOH), 174.00 (COOCHS,).
Dodecyl DHSE: *H RMN (400 MHz, CDCl;) 6 ppm: 0.87 (t, J=6.8 Hz, CHs),
1.18-1.52 (m, CH,), 1.61 (m, BCH,), 2.04-2.20 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.38 (m, HCOH), 4.04 (t, J= 6.7 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
14.11 (CHs), 22.68 (CH;CH,), 24.95-29.80 (CH,), 31.88, 31.92 (CHsCH,CH,),
33.59, 33.65 (CH,CHOH), 34.37 (aCH,), 64.46 (COOCH,CH,), 74.47, 74.52
(CHOH), 174.02 (COOCH,).

Tetradecyl DHSE: *H RMN (400 MHz, CDCls) & ppm: 0.87 (t, J=6.9 Hz, CH),
1.20-1.52 (m, CH,), 1.61 (m, BCH,), 1.87-1.97 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.37 (m, HCOH), 4.05 (t, J= 6.8 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
14.11 (CHs), 22.68 (CH;CH,), 24.95-29.80 (CH,), 31.88, 31.92 (CHsCH,CH,),
33.59, 33.65 (CH,CHOH), 34.36 (aCH,), 64.46 (COOCH,CH,), 74.48, 74.54
(CHOH), 174.00 (COOCH,).

Hexadecyl DHSE: 'H RMN (400 MHz, CDCls) & ppm: 0.87 (t, J=6.8 Hz, CHs),
1.18-1.52 (m, CH,), 1.61 (m, BCH,), 1.87-1.95 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.39 (m, HCOH), 4.05 (t, J= 6.8 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
14.12 (CHs), 22.69 (CH;CH,), 24.96-29.80 (CH,), 31.88, 31.92 (CHsCH,CH,),
33.59, 33.65 (CH,CHOH), 34.37 (aCH,), 64.46 (COOCH,CH,), 74.49, 74.54
(CHOH), 174.01 (COOCH,).

Octadecyl DHSE: *H RMN (400 MHz, CDCl5) & ppm: 0.87 (t, J=6.9 Hz, CHj),
1.18-1.52 (m, CH,), 1.60 (m, BCH,), 1.98-2.06 (s, HO-), 2.28 (t, J=7.5 Hz, aCH,),
3.39 (m, HCOH), 4.05 (t, J= 6.8 Hz, CH,-0). *C RMN (400 MHz, CDCls) & ppm:
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14.12 (CHs), 22.69 (CH3CH,), 24.96 (CH,), 25.58, 25.68 (CH,CH,CHOH), 25.95-
29.81 (CH,), 31.88, 31.92 (CHsCH,CH,), 33.59, 33.65 (CH,CHOH), 34.37
(aCH,), 64.46 (COOCH,CH,), 74.48, 74.54 (CHOH), 174.00 (COOCHS,).

4.4. Results and Discussions

4.4.1. Chemo-enzymatic epoxidation of commercial oleic acid

The chemo-enzymatic epoxidation of oleic acid was first described in 1995
by Warwel et al. [38]. As depicted in Chapter | (see Figure 1.14), the
peroxyoleic acid produced via lipase-catalytic peroxidation of oleic acid with
hydrogen peroxide is the reagent that oxidizes the double bond of the alkyl
chain to form the corresponding epoxide [38-40]. The chemo-enzymatic
epoxidations were performed in Falcon vials as previously described for the
bio-catalytic hydrolysis of non-edible animal fat in Chapter Il [35]. The use of
such vials facilitates the separation of product and biocatalyst by
centrifugation at the end of the reaction.

Warwel et al. [38] reported the self-epoxidation of oleic acid in toluene
catalyzed by immobilized CAL-B when a given amount of 60% hydrogen
peroxide was added every 15 min. This stepwise addition appeared to be
required to prevent enzyme inactivation by 60% hydrogen peroxide during
the long reaction periods (10-66 h) described in their procedure. Orellana-
Coca et al. [40] presumably supposed this issue in their solvent-free chemo-
enzymatic reaction by adding 30% hydrogen peroxide in aliquots every 15
min during the first 4 h. Nevertheless, here we show that 30% hydrogen
peroxide can be added to the reaction mixture at 4°C and in one step,

thereby simplifying the procedure. The reaction was completed in 150 min.
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The organic layer was recovered, and the biocatalyst was extracted for later
reuse using supercritical CO,. A similar approach has been reported in a fat
biocatalytic hydrolysis (see Chapter Il) [35]. This process allows recovery of
the remaining product from the biocatalyst. The combination of the non-
aqueous layer and the extracted product achieves the actual yield. In
addition, this extraction methodology permits the reuse of the biocatalyst.
Figure 4.2 shows the yields of the epoxidation procedure in five consecutive
reaction cycles. Epoxide purity was determined by ‘*H NMR [17], comparing
the integration value of the signal at 2.34 ppm corresponding to aCH, and
the signal at 2.90 ppm corresponding to the HCOCH protons of the epoxide
group. The enzyme catalyzed the full conversion of the oleic acid during the
first (RO) and second (R1) cycles. Nevertheless, the vyield decreased
dramatically from the third cycle (R2) onwards. Warwel et al. [38] reused the
immobilized CAL-B in the presence of toluene fifteen times. However, that
epoxidation was performed with an excess of oleic acid, and the yield was
referred to the hydrogen peroxide added. Orellana-Coca et al. [40] described
good results for the reutilization of CAL-B to epoxidize methyl oleate in a
solvent-free medium during six cycles, considering the methyl oleate
conversion in the first five cycles (above 85%) and a dramatic decrease to
20% in the sixth cycle. However, although the authors described the chemo-
enzymatic epoxidation of oleic acid, they reported only the recycling capacity

of the biocatalyst to epoxidize methyl oleate.
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Figure 4.2. Epoxidation yields of commercial oleic acid. The epoxidation was
performed at 55°C for 150 min in a solvent-free medium using immobilized
CAL-B as biocatalyst. Data corresponds to 5 experiments using supercritical
CO, for the biocatalyst extraction after each cycle. (4.2.4. Chemo-enzymatic

epoxidation of commercial oleic acid — Reuse study).

To complete the chemo-enzymatic epoxidation study, the immobilized CAL-B
was extracted with common solvents and a-limonene, instead of using
supercritical CO,. Subsequently, the reaction was repeated with the washed
bio-catalyst. Indeed, an aliquot from the epoxide of the second cycle reaction
(R1) was analyzed by 'H NMR. As all the biocatalyst of that second cycle
reaction was not extracted, the total mass of product was not known. Thus,
the results are shown in terms of oleic acid conversion rather than epoxide
yield. In this regard, the integration value of the signal at 5.10 ppm
corresponding to the two remaining HC=CH protons of the alkene group was

compared with the value of the two HC=CH protons of a commercial oleic
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acid 'H NMR sample. Figure 4.3 shows oleic acid conversion on the first reuse
(R1) of immobilized CAL-B. The extraction of immobilized CAL-B with non-
polar solvents such as a-limonene or hexane resulted in higher activity than
that extracted with acetone, ethyl acetate, or t-BuOH. The oleic acid
conversion of a-limonene (98%) and hexane (95%) sets gave promising
results. Nevertheless, according to (IMI)-CHEM21, hexane is classified as

hazardous and the substitution of this kind of solvent is a priority [41].
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Figure 4.3. Oleic acid conversion on the first reuse (R1) of immobilized CAL-B
on the epoxidation of commercial (90%) oleic acid at 55° C for 150 min
reaction in a solvent-free medium. (4.2.5. Chemo-enzymatic epoxidation of

commercial oleic acid — remaining activity of the enzyme).

4.4.2. Preparation of DHSA from oleic acid

Lab-scale preparation of DHSA from oleic acid is usually afforded by few

common procedures. In 1959, Swern et al. [23] described the synthesis of
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DHSA from commercial oleic acid. A high amount of hazardous formic acid
and hydrogen peroxide were mixed with oleic acid to produce a highly
exothermic reaction. Once the formic acid had been removed by distillation,
sodium hydroxide was added to hydrolyze the ester group. Finally,
hydrochloric acid was added to obtain the free fatty acids. The method
described by Herrmann et al. [42] in 1991 using the expensive catalyst
methyltrioxorhenium for olefin oxidations has also been adapted to the
synthesis of DHSA from oleic acid [19]. In this synthesis, considerable
amounts of anhydrous MgS0, are used and the excess of hydrogen peroxide
is decomposed by adding Na,SOs. In addition, the mixture is crystallized in
hexane, and column chromatography is used to achieve the desired product.
Greener approaches for the preparation of DHSA using enzymes to hydrolyze
cis-9,10-epoxystearic acid have been studied since 1967 [43]. Soluble
Pseudomona bacterial enzyme [43, 44], mammalian epoxide hydrolases [45],
and soybean epoxide hydrolases [46] have been used to tackle the enzymatic
hydrolysis of cis-9, 10-epoxystearic acid to DHSA, affording distinct results.
Whereas the bacterial enzyme mediated the hydrolysis of half of the racemic
epoxy acid to optically pure (+)-DHSA, mammalian and soybean epoxide
hydrolases completely hydrolyzed the racemic epoxide to DHSA. Although
these epoxide hydrolases could offer an interesting approach for the
preparation of green DHSA, these studies were focused on enzyme behavior
and the final stereochemistry of the product rather than on the preparation
of DHSA at gram scale.

During our attempts to develop a straightforward and green approach to
synthesize DHSA, the processes devoted to epoxide hydrolysis with hot
water [47] and epoxide-opening cascades in water [48] acquired importance.

Wang et al. [47] described the hydrolysis of epoxides as styrene oxide in
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water only and in water:organic solvent (1:1) mixtures, the former giving the
highest yield (98%). In the case of the DHSA synthesis, in the present work a
co-solvent was mandatory in order to keep the mixture solubilized, thereby
preventing the formation of estolides between the epoxide group and the
carboxylic acid.

The epoxide present in the various solvents used in the evaluation of
immobilized CAL-B activity was tested in the first screening (results not
shown). These solutions with c.a. 10% (w/w) of epoxide were placed in
reaction vials and the same amount of water as organic solvent was added.
The vials were magnetically stirred at 130°C (to keep the water boiling) for
16 h, and subsequently an aliquot was collected and concentrated under N.
'H NMR revealed that the epoxide group (2.90 ppm, m, HCOCH) was still
present in the a-limonene and hexane tests while it was not observed in the
tests that used acetone, ethyl acetate and t-BuOH. In addition, estolides
appeared to be considerable in a-limonene, hexane and ethyl acetate, as
determined by the presence of two signals at 3.58 ppm and 4.83 ppm, which
can be assigned to H-COH (hydrogen bonded to a secondary alcohol) and
R1COOCHR; (hydrogen bonded to a secondary alcoxyester), respectively [17].
With respect to acetone and t-BuOH, the former presented a partial
conversion of the diol moiety into an acetal (3.55 ppm, m, HCOCOH) [49]
whereas the latter presented the best selectivity towards diol moiety
formation (3.40 ppm, m, H-COH).

In order to achieve a straightforward process to produce DHSA, we expected
an optimal amount of t-BuOH to allow epoxide hydrolysis and also
crystallization of the diol once the reaction had finished. In addition, although
t-BuOH is not a suitable crystallization solvent due to its high melting point

(~25 °C), the azeotropic mixture with water lowers the melting point, thereby
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allowing crystallizations in the fridge (4°C). It must be remarked that
complete epoxide hydrolysis using an open reactor equipped with a reflux
condenser required at least 48 h (results not shown), while 12 h were
sufficient to open the epoxide using pressurized reaction vials at 130°C. By
combining chemo-enzymatic epoxidation, hydrolysis with hot water, and
crystallization on the same reaction solvent, we achieved a DHSA vyield of
55%. Indeed, this process allows a greener and easier preparation of DHSA
from oleic acid at lab scale compared to common syntheses using formic

acid [23] or methyltrioxorhenium as catalysts [18].

4.4.3. Preparation of DHSA from non-edible animal fat

Triacylglycerides were hydrolyzed using water and R. oryzae cells, and
saturated acids were recovered by crystallization. The evaporation of the
mother liquor yielded a highly unsaturated fatty acid mixture. This mixture
was epoxidized, maintaining the double bonds: hydrogen peroxide (1:1.5)
ratio used in the oleic acid epoxidation. The crude epoxide yielded crude
DHSA using the hot water-t-BuOH approach. However, poor yields (~25%)
were achieved by direct crystallization of DHSA in t-BuOH, probably due to
the low percentage of oleic acid in the starting unsaturated mixture (55.14%).
t-BuOH was evaporated and the organic residue was recrystallized from ethyl
acetate to increase the DHSA yield (51%). This final DHSA had the same
'H NMR and melting point as that prepared from commercial oleic acid.
Hence, the DHSA prepared from non-edible animal fat was used as the

starting material for the synthesis of DHSEs.
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4.4.4. Synthesis of DHSEs from DHSA using a biocatalyst and the

corresponding alcohol

Given our interest in preparing green bio-based DHSEs and testing their
thermal properties, a lipase-catalyzed esterification was required.
Manufacturers commonly mix fatty acids or hydroxy fatty acids with alcohols
at high temperature in the presence of chemical catalysts, a process that
leads to undesired side reactions. In contrast, lipase-catalyzed reactions take
place under mild conditions, thereby preventing the degradation of the
starting materials and thus reducing side reactions [33, 50]. Lokotsch et
al. [50] described a solvent-free esterification of DHSA and transesterification
of methyl DHSE with 1-decanol using a 3:1 alcohol excess and immobilized
R. mieheilipase as catalyst in a fixed-bed reactor. Furthermore, crystallization
with hexane or CH;OH/H,0 was used on the purification step of the various
compounds synthesized. Unfortunately, 1-dodecanol, 1-tetradecanol,
1-hexadecanol and 1-octadecanol are solid at room temperature.
Consequently, the esterification of DHSA with these alcohols under mild
conditions is not feasible in a solvent-free system. The preparation of DHSEs
in solution using a biocatalyst has been achieved by means of immobilized
R. miehei lipase [33, 34, 50, 51], immobilized T. lanuginosus lipase [51], and
immobilized CAL-B lipase [33]. Awang et al. [33] studied the esterification of
DHSA with 1-octanol in various solvents, including hexane and acetone
catalyzed by immobilized R.miehei lipase and immobilized CAL-B lipase. They
reported lower activity of lipase in polar solvents compared with non-polar
ones. They also prepared and purified by column chromatography DHSEs of
1-decanol, 1-dodecanol, 1-tetradecanol, 1-hexadecanol and 1-octadecanol

catalyzed by immobilized R. miehei in hexane.
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The present method combines the approach proposed by Awang et al. [33]
to prepare DHSEs of distinct alcohol lengths, with the crystallization method
described by Lokotsch et al. [50]. The proposed method substitutes the
hexane by a-limonene. Certainly, a-limonene provides a green alternative to
petroleum-based hexane [52]. Moreover, the immobilized CAL-B extracted
with a-limonene on the epoxidation of oleic acid retained high
activity (Figure 4.3).

Given that the bio-catalytic esterification of DHSA with 1-octanol in hexane
has been widely studied [33, 34, 51], this chapter studies this reaction using
a-limonene as solvent. Upon completion of the reaction, the mixture was
washed with a saturated solution of NaHCO; to isolate the remaining free
acid, and the final product was recovered by crystallization. Figure 4.4 shows
the yields achieved in five consecutive cycles of esterification of DHSA with
1-octanol catalyzed by immobilized CAL-B or R. oryzae resting cells using the
same amount of biocatalyst. The use of resting cells to prepare DHSEs and
the determination of final yields in the reuse study are a novelty. The yield
achieved for the synthesis of octyl DHSE by the two biocatalysts was
maintained at around 60% during the first four cycles and decreased to 50%
on the fifth. R. oryzae resting cells achieved slightly lower yields in most of
the cycles. However, the catalytic performance of the two biocatalysts was
similar. Indeed, 0.1 g of immobilized CAL-B or R. oryzae cells yielded 4.75 g
and 4.56 g of pure octyl DHSE, respectively.
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Figure 4.4. Isolated yield on the esterification of 1-octanol with DHSA
catalyzed by immobilized CAL-B or R. oryzae resting cells at 40° C for 24 h in
a-limonene. Data corresponds to 5 experiment cycles using the same
recovered biocatalyst. (4.3.9. Bio-catalytic preparation of octyl DHSE-Reuse

study).

Finally, immobilized CAL-B was used as a biocatalyst to prepare various
DHSEs. An alcohol excess ranging 5:1 to 1.1:1 was studied (results not
shown). Table 4.1 shows the best alcohol:DHSA ratios for the preparation of
each ester. The crystallization temperatures and the yields achieved are also
shown. To the best of our knowledge, although solvents such as a-limonene
have been used in lipase esterifications with fatty acids [53, 54], this is the
first study to report the preparation of DHSEs using a-limonene as solvent.
Awang et al. [33] purified several DHSEs by column chromatography;
however, the isolated yield of such esters was not provided. In the present
study, the use of a-limonene and a suitable crystallization temperature

allowed the recovery of the esters without solvent evaporation. In addition,
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most of the yields achieved were higher than those reported by Swern et
al. [37] using naphthalene-a-sulfonic acid as catalyst. The melting points
shown in Table 4.1 (determined by DSC) are similar to those described by

Swern et al. [37].

4.4.5. Thermal properties and cycling reliability of the DHSEs from

non-edible animal fat

In Chapters Il and Illl, animal fat was hydrolyzed and crystallized to prepare
eutectic mixtures of palmitic and stearic acids [4, 35]. With a melting point
around 55°C, these mixtures can be used to improve the efficiency of
domestic hot water (DHW) tanks [55, 56] and air conditioning condensation
heat recovery systems [7]. Otherwise, each DHSE presents a distinct melting
temperature, thereby increasing the potential applications of PCMs derived
from animal fat waste. Table 4.1 shows the thermal properties of the twelve
DHSEs prepared. The melting temperatures of these esters ranged from
52.45 to 76.88°C and the solidification temperatures from 40.04 to 70.82°C.
These phase-change temperatures meet the requirements of the following:
domestic hot water tanks [55, 56], air conditioning condensation heat
recovery systems [7], and low temperature industrial waste heat (IWH)
recovery in industries such as those devoted to food and beverage, textile,
paper, and non-metallic mineral processes, among others [57]. However,
sub-cooling ranging from 17.15 to 7.20°C was observed in the DSC analysis.
This effect may be related to the DSC analysis method and sample mass [58].
Nevertheless, the diol moiety of these DHSEs could be responsible of such
sub-cooling since the DSC analysis of some polyols, such as erythritol [59] and

galactitol [60], also revealed this effect. DSC curves of the bio-based mixtures
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prepared from non-edible fats showed a sharp endothermic peak during
melting and a sharp exothermic peak during solidification, thereby indicating
that only one substance was obtained at the end of the synthetic process.
The non-cycled melting latent heats of the esters prepared ranged from
136.83 to 234.22 kiekg' and latent heat of solidification from 122.68 to
229.71 kiekg™. These DHSEs showed some similarities when compared to
analogous stearates studied for PCM purposes. As an example, odd carbon-
numbered alcohol esters such as methyl and propyl stearates presented
higher latent heats than even carbon-numbered esters such as ethyl and
butyl stearates [28, 61]. However, the melting temperatures of these four
alcolxyl stearates were around 30°C lower than their DHSE counterparts.
Indeed, to prepare stearates as PCMs with melting temperatures of around
60°C, high-chain esters such as octadecyl stearate (59.22°C) are
required [29]. Some of these DHSEs showed interesting enthalpy values, an
example being paraffin, which has a latent heat of solidification in the range
of 180 to 230 kJ-kg’1 [9]. On the other hand, some of the described
commercial fatty acid bio-based PCMs [11, 12, 14] from feedstocks and the
bio-based eutectic mixture from non-edible animal fat prepared in
Chapter lll [4] presented latent heat of solidification from 149.2 [11, 12, 14]
to around 180 klekg™ [4]. As the DHSEs prepared from non-edible animal fat
presented promising latent heat, the thermal cycling reliability of the
products with higher enthalpies (above 200 kiekg™) were studied. Thermal
cycling tests are essential to ensure the applicability of a PCM since its
working principle relies on repeated melting and freezing cycles. The purpose
of such tests is to ensure that the thermo-physical properties of a PCM
remain constant after cycling or do not show a variation of more than £ 20%

compared to their initial value [62].
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The variation of solidification and melting enthalpies after 100 thermal cycles
ranged from a gain of 0.99% to a loss of 2.94% (see Table 4.2). Losses below
20% after thermal cycling indicate that the material shows good thermal
cycling stability [63]. Moreover, of all the materials tested, octyl DHSE
showed the highest latent heat after 100 heating/cooling cycles:
230.05 kiekg™ (fusion enthalpy), 228.69 klekg™ (solidification enthalpy). In
addition, only the phase-change solidification temperature of hexyl DHSE
presented outstanding changes (13.34%). Given these findings, thermal
cycling stability tests were taken one step further, and 1000 thermal cycles
were performed following the same methodology.

The results from the 1000 thermal cycles (Table 4.2) reveal that solidification
and melting enthalpies varied from a gain of 5.36% to a loss of 11.78%. On
the one hand, dodecyl DHSE showed the most significant reduction in
thermal performance with an 11.78% loss of melting enthalpy. On the other
hand, octyl DHSE again showed the highest melting and solidification
enthalpies after 1000 heating/cooling cycles (223 and 218 klekg™,
respectively). Of the distinct esters prepared, hexyl DHSE presented the best
thermal cycling stability since melting and solidification enthalpies did not

decreases more than 4% after thermal cycling stability tests.



Chapter IV 159

Table 4.1. Synthetic specifications and thermal properties of the DHSEs

prepared from non-edible animal fat (see Annex lll).

Material Synthetic Thermal
Isolated Reaction Crystallization
Yield molar temperature Humetin H
(%) ratio (°c) (k_'.kg-lg) sondmcajo" Trtine eottfcation
oot (Weke’) (0 (O
DHSA

Methyl 72 3:1 -20 181.40 156.26+ 69.31+ 53.86+
DHSE +0.08 0.83 0.00 0.37
Ethyl 75 3:1 -20 142.29 140.70+ 57.06+ 47.50+
DHSE +1.65 0.01 0.01 0.09
Propyl 74 3:1 -20 148.82 138.03+ 58.75+ 43.25%
DHSE +2.52 1.71 0.01 0.42
Butyl 60 5:1 -20 136.83 122.68+ 52.45+ 40.04+
DHSE +1.88 2.62 0.01 0.00
Pentyl 77 3:1 -20 155.54 145.01+ 55.34+ 42.51+
DHSE +1.90 2.04 0.14 0.63
Hexyl 69 21 -20 21330 20191+ 6393t 4837t
DHSE +0.30 0.54 0.05 0.23
Octyl 60 2:1 -20 234.22 229.71% 72.65% 64.57+
DHSE +3.47 3.13 0.04 0.15
Decyl 70 2:1 -20 216.62 203.31+ 72.27+ 55.12+
DHSE +0.55 2.15 0.01 0.28
Dodecyl 79 2:1 -20 215.41 200.31+ 70.70+ 55.63+
DHSE +2.87 2.80 0.02 0.98
Tetradecyl 90 2:1 4 191.74 147.27+ 71.12+ 60.60+
DHSE +1.26 0.91 0.01 0.01
Hexadecyl 90 2:1 4 178.77 175.45+ 71.61+ 64.41+
DHSE +2.75 5.99 0.01 0.23
Octadecyl 58 1.1:1 25 160.83 168.50+ 76.88+ 70.82+
DHSE +11.29 6.43 0.06 0.08
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Table 4.2. Thermal cycling stability results of DHSEs with

storage capacity (see Annex lll).

160

high thermal

Material Reliability Humelting Hsolidification Trelting Tiolidification
(kiokg™) (kiokg™) Q) Q)
Hexyl DHSE Cycled 100 213.55+6.25 200.46+4.38 63.99+0.03  41.92+0.08
Property loss
(%) -0.12 0.72 -0.10 13.34
Cycled 1000 212.84+0.78 194.3345.13 64.03+0.04  40.98+1.22
Property loss 0.21 3.75 -0.16 15.28
(%)
Octyl DHSE Cycled 100 230.05+0.06 228.69+1.04 72.78+0.04  64.65+0.02
Property loss
(%) 1.78 0.44 -0.18 -0.12
Cycled 1000 221.61+4.59 217.82%12.60  72.55%0.23  60.45+4.14
Property loss 5.38 5.17 0.14 6.37
(%)
Decyl DHSE Cycled 100 218.78+2.55 209.22+2.41 72.52+0.02  57.07+0.08
Property loss
(%) -0.99 -2.90 -0.35 -3.54
Cycled 1000 217.52+6.06 214.22+1.00 72.33+0.01  58.25+2.68
Property loss -0.41 -5.36 -0.09 -5.67
(%)
Dodecyl Cycled 100 209.26+2.35 200.87+2.81 70.74+0.06  55.52+0.23
DHSE Property loss
(%) 2.86 -0.28 -0.06 0.21
Cycled 1000 190.03%3.25 194.74+4.04 70.06+0.16  56.34+0.21
Property loss 11.78 2.78 0.90 -1.27

(%)



Chapter IV 161

From the phase-change temperature point of view, none of the materials
tested experienced a temperature change of more than 16%. Nevertheless,
the results suggest that thermal cycling increases the sub-cooling effect in
several materials. For example, the solidification temperature of hexyl DHSE
and octyl DHSE decreased from 48 to 40°C and from 65 to 60°C, respectively.
The principal drawback of these materials as PCMs is their sub-cooling, which
was increased in some cases by thermal cycling, at least at lab scale.
However, some PCMs showed no sub-cooling or less sub-cooling when
tested at higher scales, such as hundreds of kilograms, amounts closer to real
applications [64].

On the basis of the experimentally obtained thermal properties and thermal
cycling tests results, we conclude that the esters prepared from non-edible
animal fat in a green and bio-catalytic process can be considered potential
PCM candidates. Thus, the preparation of DHSEs improved the thermal
stability of DHSA and expanded the application scope. Besides, the diol
moiety could easily be modified to groups such as ketals [49] or
acetals [21, 49], which allows the substantial decrease of the melting points.
Demonstration of the satisfactory thermal properties of these compounds

would boost the scope of fatty acid bio-based PCMs.

4.5. Conclusions

Non-edible animal fat waste was transformed successfully into DHSEs that
showed good thermal properties as PCMs. These DHSEs were prepared by
sustainable reactions such as hot water hydrolysis and bio-catalytic
reactions. Biocatalyst reusability was also studied in terms of productivity,
whereby immobilized CAL-B successfully afforded the chemo-enzymatic

epoxidation and the enzymatic esterification during various cycles. In
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addition, R. ozyzae resting cells showed a similar performance in the
esterification process. a-Limonene showed a high capacity to preserve bio-
catalyst activity and also as a solvent to crystalize the DHSEs. The preparation
and thermal analysis of these esters is a step forward. On the one hand, we
applied green approaches and used non-edible animal fat. On the other
hand, regarding thermal energy storage applications, the PCMs developed
extend the applications of these esters (bio-PCM) thanks to the high
enthalpies achieved (up to 234 kiekg™), attractive range of operation (52.45

to 76.88°C) and also good thermal stability after 1000 cycles.
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5.1. Abstract

In this study, tung oil was polymerized with a dimaleimide (4,4’-methylene-
bis(N-phenylmaleimide) (MPMI) and two diacrylates (poly(propylene glycol)
diacrylate (PPGDA) and bisphenol A glycerolate diacrylate (BPAGDA) via
Diels-Alder reaction (DA reaction) to prepare pressure-sensitive adhesives
(PSAs). On the one hand, the polymer of tung oil and MPMI was readily
prepared however it was too rigid to serve as a PSA. On the other hand, the
polymerization of tung oil with PPGDA or BPAGDA resulted in PSAs with peel
strengths ranging from 0.1 to 0.2 Necm™ and loop tacks ranging from 0.4 to
0.5 N. Nevertheless, tung oil reacted readily with acrylic acid to form adducts
(TOAA) with lower content of conjugated diene groups than those of tung oil.
The use of TOAAs instead of tung oil to polymerize PPGDA failed to increase
the peel strength of the resulting PSAs. However, polymerizations of TOAAs
with BPAGDA resulted in PSAs with much higher peel strengths and much
higher loop tacks than the polymerization of tung oil with BPAGDA. In
addition, the introduction of small amount of MPMI in the polymerization of

TOAA and PPGDA significantly shortened the curing time.

Keywords: Pressure-sensitive adhesive, peel, tung oil, Diels-Alder reaction,

non-edible vegetable oil.

Abbreviations of this chapter: BPAGDA, bisphenol A glycerolate diacrylate;
CDG, conjugate diene group; DA reaction, Diels-Alder reaction; DG,
dienophile group; ESO, epoxidized soy bean oil; MPMI, 4,4’-methylene-bis(N-
phenylmaleimide); PET, polyethylene terephthalate; PPGDA, poly(propylene
glycol) diacrylate; PSA, pressure-sensitive adhesive; TOAA, an adduct from

the reaction of tung oil and acrylic acid.
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5.2. Introduction

Pressure-sensitive adhesives (PSA) are a category of adhesives that are tacky,
can quickly bond with adherents when a light pressure is applied, and can be
removed from the adherents due to their sufficient cohesion strength [1].
PSAs are widely used in industry and everyday life in forms of PSA tapes,
labels and protective films, etc. At present, commercial PSAs are mainly
based on petrochemical-derived polymers such as acrylate-based
copolymers, styrene-based block copolymers, ethylene-vinyl acetate
copolymers, polyisobutylenes, and polyurethanes [2—4]. Nevertheless, these
PSAs are not based on renewable materials and thus not sustainable.

The use of renewable natural materials to replace petrochemicals can slow
down the depletion of petroleum and promote more sustainable industries.
As PSAs are consuming a large amount of petrochemicals every year; the
development of PSAs from renewable materials appears to be inherent.
Recently, the development of PSAs from renewable plant oils acquired great
importance [2-7]. Indeed, it has been demonstrated that PSAs could be
developed from polymerizations of epoxidized soybean oil (ESO) with
carboxylic acids [2], polymerization of ESO with phosphoric acid [6],
polymerization of epoxidized oleic acid [4, 5], polymerization of a mixture of
epoxidized fatty acids that is prepared directly from ESO [7], and
polymerization of acrylated epoxidized methyl oleate [3]. These new PSAs
are mainly based on soybean oil that is an edible plant oil. Edible plant oils
are mainly used as food [8], therefore, it is better desirable to use non-edible
plant oils as an alternative for the preparation of the PSAs.

In that regard, tung oil is a non-edible plant oil containing about 80% of

a-eleostearic acid and a small amount of [B-eleostearic acid [9]. As
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highlighted, both a-eleostearic acid and pB-eleostearic acid contain a
conjugated diene group that can readily undergo Diels-Alder (DA) reaction
with dienophiles such as maleic anhydride, maleimides and acrylates [10-12].
Indeed, the DA reaction was recently used to develop PSAs from tung oil [13].
Tung oil was functionalized with maleic anhydride (MA) to prepare an adduct
and then, was further polymerized with diols such as poly (propylene glycol)
for the PSAs [13].

In this study, a new approach has been developed for the preparation of PSAs
through the direct DA polymerization of tung oil or acrylic acid-modified tung
oil with chemicals containing two dienophile groups. The resulting polymers
were evaluated for their PSA properties such as peel strength, loop tack,
shear adhesion and aging resistance. The effects of the molecular structures
and usages of the monomers on the PSA properties of the final polymers

were discussed.

5.3. Experimental section

5.3.1. Materials

Tung oil, bisphenol A glycerolate diacrylate (BPAGDA), poly(propylene glycol)
diacrylate (PPGDA) with a number-averaged molecular weight of 800, and
acrylic acid (purity, 99%) were purchased from Sigma-Aldrich Corp. (St. Louis,
MO). 4,4’-Methylene-bis(N-phenylmaleimide) (MPMI) (purity, 95%) was
purchased from Alfa Aesar (Ward Hill, MA). All reagents were used as
received. Poly (ethylene terephthalate) (PET) film (thickness, ~50 um) was
obtained from Henkel Corp. (Rochy Hill, CT) and used as a backing material

for the PSAs obtained in this study.
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5.3.2. Analyses

'H NMR spectra were recorded with a MERCURY plus NMR Spectrometer
Systems VARIAN Imant AS operating at 400 MHz. FT-IR spectra were
recorded with a Thermo Nicolet Nexus 470 FT-IR spectrometer (Thermo
Nicolet Corp., Madison, WI) coupled with a Smart Golden Gate diamond ATR
accessory in a scanning range of 650-4000 cm™ for 32 scans at a spectral

resolution of 2ecm™.
5.3.3. Syntheses

5.3.3.1. Polymerization of tung oil and MPMI

Tung oil (3.93 g, 11.8 mmol of conjugated diene groups (CDG)) and MPMI
(2.22 g, 11.8 mmol of dienophile groups (DG)) were placed in a round-bottom
flask equipped with a silicone oil bath and a magnetic stirrer. The resulting
mixture was stirred at 200 rpm and bubbled with nitrogen gas for 5 min at
room temperature. The reaction mixture was stirred at 105°C for 25 min
when the mixture became an orange gel. The gel was further heated at 140°C

for 35 min to give a tough appeared as a solid.

5.3.3.2. Preparation of PSAs from tung oil and PPGDA

Tung oil (3.50 g, 10.3 mmol of CDG) and PPGDA (4.13 g, 10.3 mmol of DG)
were placed in a round-bottom flask equipped with a silicone oil bath and a
magnetic stirrer. The resulting mixture was stirred at 200 rpm and bubbled
with nitrogen gas for 5 min at room temperature. The reaction mixture was
stirred at 160°C for 8 h to give a clear, light brown—yellow and viscous
polymer. The polymer while still hot and spreadable was then coated onto a

sheet of PET film at a coating thickness of about 3.5 mg/cm? with a HLCL-
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1000 hot-melt coater (ChemlInstruments, Inc., Fairfield, OH). The polymer on
the PET film was further cured in an air-circulating oven at 150°C until FT-IR
spectra of the coating showed that the characteristic conjugated diene peak
of tung oil at 990 cm™ disappeared, which took about 3 h. The polymer/PET
film laminate (designated as a PSA tape) was taken out of the oven, and

measured for its PSA properties.

5.3.3.3. Preparation of PSAs from tung oil and BPAGDA

Tung oil (4.00 g, 11.8 mmol of CDG) and BPAGDA (2.86 g, 11.8 mmol of DG)
were placed in a round-bottom flask equipped with a silicone oil bath and a
magnetic stirrer. The resulting mixture was stirred at 200 rpm and bubbled
with nitrogen gas for 5 min at room temperature. The reaction mixture was
stirred at 160°C for 1 h to give a clear, light brown—yellow and viscous
polymer. The polymer was then coated on a sheet of PET film and cured with
the same procedures as described in the section 5.3.3.2. After a curing time

of 3 h, the polymer/PET film laminate was measured for its PSA properties.

5.3.3.4. Preparation of the tung oil-acrylic acid adducts (TOAA)

A typical procedure for the preparation of TOAA was described as follows.
Tung oil (40.00 g, 0.118 mol of CDG) and acrylic acid (3.40 g, 0.0472 mol of
DG) were placed in a round-bottom flask equipped with a silicone oil bath
and a magnetic stirrer. The resulting mixture was stirred at 200 rpm and
bubbled with nitrogen gas for 5 min at room temperature. The reaction
mixture was stirred at 160°C for 6 h to give clear, light yellow and viscous oil.
This TOAA was prepared with 0.4 molar ratio of the DG of acrylic acid to the
CDGs of tung oil (DG/CDG), and was thus designated as TOAAOQ.4 in this
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paper. Likewise, another TOAA was prepared with a DG/CDG molar ratio of
0.3, and was designated as TOAAO.3.

5.3.3.5. Preparation of PSAs from TOAA0.4 and BPAGDA

A typical procedure using TOAAO0.4 as a modified tung oil for the preparation
of a PSA was described as follows. TOAAO0.4 (5.10 g, 8.32 mmol of CDG) and
BPAGDA (2.02 g, 8.32 mmol of DG) were placed in a round-bottom flask
equipped with a silicone oil bath and a magnetic stirrer. The resulting mixture
was bubbled with nitrogen gas for 5 min and stirred at 200 rpm at room
temperature. The reaction mixture was stirred at 160°C for 2.5 h to give a
clear, light brown—yellow and viscous polymer. The polymer was then coated
on a sheet of PET film and cured with the same procedures as described in
section 5.3.3.2. After a curing time of 2 h, the polymer/PET film laminate was

measured for its PSA properties.

5.3.3.6. Preparation of PSAs from TOAAs and PPGDA

A typical procedure using TOAAO0.4 as a modified tung oil for the preparation
of a PSA was described as follows. TOAAO0.4 (4.34 g, 7.08 mmol of CDG) and
PPGDA (2.83 g, 7.08 mmol of DG) were placed in a round-bottom flask
equipped with a silicone oil bath and a magnetic stirrer. The resulting mixture
was stirred at 200 rpm and bubbled with nitrogen gas for 5 min at room
temperature. The reaction mixture was stirred at 160°C for 4 h to give a clear,
light brown—yellow and viscous polymer. The polymer was then coated on a
sheet of PET film and cured with the same procedures as described in the
section 5.3.3.2. After a curing time of 1.5 h, the polymer/PET film laminate

was measured for its PSA properties.
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5.3.3.7. Preparation of PSAs from TOAA0.4, PPGDA and MPMI

TOAAO0.4 (4.14 g, 6.55 mmol of CDG) and PPGDA (1.75 g, 4.36 mmol of DG)
were placed in a round-bottom flask equipped with a silicone oil bath and a
magnetic stirrer. The resulting mixture was stirred at 200 rpm and bubbled
with nitrogen gas for 5 min at room temperature. The reaction mixture was
stirred at 160°C for 8 h. To this reaction mixture, a solution of MPMI (0.41 g,
2.18 mmol of DG) in acetone (3 mL) was added. The resulting mixture was
then stirred for 20 min at room temperature to give a clear, light orange and
viscous solution. The solution was coated onto a sheet of PET film with a
coater. The coating on the PET film was placed in a fume hood for about
20 min, allowing complete evaporation of acetone. The coating on the PET
film was then placed in an air-circulating oven maintained at 150°C for curing.
After a curing time of 0.5 h, the polymer/PET film laminate was measured for

its PSA properties.

5.3.4. Measurements of the properties of the PSAs and the aging test

The measurements of peel strength, shear adhesion and loop tack, and the
aging test at 60°C for the PSA tapes were performed in accordance with the
conditions and methods described in the previous studies [2, 4, 5, 7, 13].
More specifically, measurement of the peel strength was carried out on a
stainless steel panel in accordance with Test Method F of ASTM
D3330/D3330M-04 (Standard Test Method for Peel Adhesion of Pressure-
Sensitive Tape). Three strips with a size of 25 mm by 150 mm were cut from
each of the PSA tapes as prepared in previous sections. One end of the PSA
strip was applied onto the panel and then pressed with a roller with a weight

of 2040 g twice in the lengthwise direction. The test panel was then fixed at



Chapter V 180

the bottom grip of a tensile tester. The free end of the PSA strip was fold back
and attached to the upper grip that was connected to the load cell of the
tester. The PSA strip was then peeled upwards at about 180° angle at a speed
of 5 mmes™; the force required to peel off the strip from the test panel was
recorded as peel strength. Three specimen strips were tested for each PSA
tape sample and the averaged value in Necm™ was reported as the peel
strength.

The loop tack of the PSA tapes was measured on a stainless steel panel (Type
302) in accordance with Test Method A of ASTM D6195-03 (Standard Test
Methods for Loop Tack). Three strips with a size of 25 mm by 150 mm were
cut from each of the PSA tapes as prepared in previous sections. A loop with
the PSA facing outwards was prepared from each PSA strip. The loop was
brought into contact with the test panel with a contact area of 25 by 25 mm
without an external pressure applied. The loop was then immediately pulled
away from the test panel at a speed of 5 mmes™; the maximum force
required to remove the PSA loop from the test panel was recorded as the
loop tack.

The shear adhesion was measured on a stainless steel panel (Type 302) in
accordance with ASTM D3654/D3654M-06 (Standard Test Methods for Shear
Adhesion of Pressure-Sensitive Tapes). PSA strips with a size of 25 mm by
120 mm were cut from each of the PSA tapes as prepared in previous
sections. Each PSA strip was applied onto the test panel with a contact area
of 24 by 24 mm, the PSA strip was then pressed with a roller with a weight of
2040 g twice in lengthwise direction. The test panel with the applied PSA
strip was then fixed on a stand at a tilt angle of 2° relative to the vertical
direction. After 20 min, the free end of the PSA strip was attached to a mass

of 1000 g. The time to failure, i.e., the time between the attachment of the
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mass and complete separation of the PSA strip from the test panel, was used
as an indication of shear adhesion.

The test on the aging resistance for the PSAs was performed in accordance
with the following procedure. Briefly, PSA tapes as prepared in previous
sections were placed in an Isotemp 625D incubator (Thermo Fisher Scientific
Inc., Waltham, MA) maintained at 60°C. After one week, the PSA tape was
taken out of the incubator and conditioned at 23 + 1°C and 40 £ 5 % relative
humidity for about one day. PSA strips were then cut from the aged sample
tapes and measured for their peel strength, shear adhesion and loop tack in

accordance with the methods described previously.

5.3.5. Statistical analysis

The data of the peel strength, loop tack and shear adhesion were statistically
analyzed with a two-sample t-test using Microsoft Excel (version 2010,
Microsoft Corp., Redmond, WA). All comparisons were based on a 95%

confidence interval.

5.4. Results and Discussion

5.4.1. Polymerization of tung oil with MPMI, PPGDA or BPAGDA, and

preparation of PSAs from these polymers

From the two fatty acids presenting conjugated groups in tung oil,
a-eleostearic acid has two C=C bonds in trans configuration (C11 and C13,
Figure 5.1) and one C=C bond in cis configuration (C9, Figure 5.1), and
B-eleostearic acid has all three C=C bonds in trans configuration (Figure 5.1).
In terms of reactivity, it has been demonstrated that the trans—trans

conjugated C=C bonds in tung oil can readily undergo Diels-Alder (DA)
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reaction with dienophiles such as maleic anhydride, maleimides and
acrylates [10-12]. Each fatty chain of a-eleostearic acid or B-eleostearic acid
accounts for one CDG since each chain can only react with one DG (i.e., one
C=C bond) via the DA reaction. Thus, tung oil should be able to function as a
monomer to polymerize with a chemical containing two DGs via the DA

reaction because each triglyceride molecule of tung oil contains at least two

CDGs.
o
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Figure 5.1. Chemical structures of a-eleostearic acid and a-eleostearic acid.
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Figure 5.2. Chemical structures of the monomers used to polymerize tung oil

or TOAA via the DA reaction.

Chemicals containing two DGs used in this study are shown in Figure 5.2.

Polymers were prepared from reactions of tung oil with each chemical shown
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in Figure 5.2, and were evaluated if they have desirable PSA properties. The
first polymer was made from the reaction of tung oil with MPMI at the 1:1
molar ratio of the CDGs of tung oil to the DGs of the dimaleimide in the
absence of any catalysts. The reaction proceeded readily at 105 °C, resulting
in a semi-solid gel in 25 min. The gel was characterized with FT-IR. The FT-IR
spectrum showed that the peak of the CDGs of tung oil at 990 cm™ and the
peak of the DGs of MPMI at 825 cm™ were still obviously observed
(Figure 5.3, bottom), which indicated that the CDGs and the DGs were not
fully reacted. Further heating at a higher temperature of 140 °C for an
additional 35 min resulted in a tough solid. FT-IR spectrum of the solid
showed that the peaks of the CDGs and DGs almost disappeared (Figure 5.3,
top), which indicated that most of the CDGs had reacted with the DGs via the
DA reaction. The resulting (tung oil)-MPMI polymer was neither soft nor

tacky, which indicated that it was too rigid to serve as a PSA.

1 25 min at 105 °C
7 + 35 min at 140 °C
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Figure 5.3. FT-IR spectra of the reaction mixture of tung oil and MPMI that
was heated at 105°C for 25 min (bottom) and further heated at 140°C for

another 35 min (top), respectively.
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The second polymer, also a gel, was made from the reaction of tung oil with
PPGDA. The reaction had to be conducted at a higher reaction temperature
of 160 °C than that (105 °C) used in the (tung oil)-MPMI reaction, and a longer
reaction time of 8.5 h than that (about 0.5 h) for the latter, which is
consistent with the fact that the DGs of MPMI are more reactive to CDGs
than the acrylic DGs of PPGDA. The resulting polymer was tacky, which was
a good sign that it might be used as a PSA. For further evaluation of its PSA
properties, the polymer was coated on a backing material of PET film for
forming a PSA tape. The peel strength and loop tack of the resulting tape are
shown as the entry 1 in Table 5.1 and are in the low end of all commercial
PSA-based tapes and labels. Therefore, the resulting PSA might be used for
applications such as post-it® notes or protective films that only require low
strength. After aging at 60 °C for one week, the peel strength and loop tack
of the tape did not significantly change as compared with those before aging
(entry 1, Table 5.1), which indicated that the resulting PSA was fairly aging
resistant. For typical petrochemical-based PSAs, one week of aging at 60 °C
is equivalent to 9 months of natural aging, i.e., storage at room
temperature [13]. If this is applicable to the PSA from tung oil and PPGDA, it
is stable for at least 9 months under natural conditions. The PSA tape from
the polymer of tung oil and BPAGDA also had a low peel strength and a low
loop tack (entry 2, Table 5.1). However, the PSA tape lost its tackiness after
its aging at 60 °C for one week, which indicated that the PSA was not aging

resistant.
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Table 5.1. PSA properties of the polymers prepared from tung oil or TOAA
with PPGDA or BPAGDA.

Entries tung oil Other Peel Loop Shear Peel Loop
or TOAA monomers strength tack adhesion strength tack
(Necm™) (N) (h) after aging after

(Necm™) aging
(N)

1 tung oil PPGDA 0.1 0.4 nm’ 0.1 0.3
2 tung oil BPAGDA 0.2 0.5 nm 0 0
3 TOAAO.3 BPAGDA 0.9 3.9 nm nm nm
4 TOAA0.4 BPAGDA 1.1 5.1 At least 168 0.9 4.2
5 TOAAO.4 PPGDA 0.1 0.6 At least 168 nm nm
6 TOAA0.4  PPGDA+MPMI 0.1 1.4 At least 168 0.1 13

* nm stands for “not measured”.

Tung oil has an average of about 2.6 CDGs per triglyceride molecule [13] and
is viewed as a multifunctional monomer, whereas PPGDA and BPAGDA have
two DGs and are difunctional monomers. The disappearance of the
characteristic peak of CDGs in the FT-IR spectra of the (tung oil)-PPGDA and
(tung oil)-BPAGDA polymers confirmed that the polymerizations were
through the DA reaction. According to a theory developed by Flory and
Stockmayer [14], step-growth polymerization of a multifunctional monomer
with a difunctional monomer would result in a gel that contained crosslinked
polymer networks. The conversion of the CDGs or DGs at the gel point (“the
gel-point conversion”, p.) can be calculated from the Equation (1) derived by
Flory and Stockmayer [14].
pc = 1/[r(feos -1)(fos 1)1 Equation (1)

Wherein, r is the initial CDG/DG molar ratio, fcps is the number of CDGs per

molecule of tung oil, fps is the number of DGs per molecule of a diacrylate.
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For the polymerization of tung oil and a diacrylate with the CDG/DG molar
ratio of 1, i.e., r =1, and given that fepe = 2.6 and fps = 2 for tung oil and the
diacrylate, respectively, pc was 0.79 from the Equation (1). This implied that
crosslinked polymer networks started to form and the reaction mixture
became a gel when the conversion of the CDGs or DGs reached 79%. For a
step-growth polymerization, the degree of polymerization (Xn) and hence
the number-averaged molecular weight are related to the conversion (p) of
CDGs or DGs in accordance with Carothers’ equation, Equation (2) [14].
Xn=1/(1-p) Equation (2)

At the gel-point conversion of 79%, the X, was 4.8 from Equation (2). This
implied that the reaction resulted in mostly oligomers at the gel point. Once
a gel was formed, the mobility of the oligomers and unreacted monomers
was greatly reduced. When the gel was further cured with heat, the
remaining high amount of CDGs and DGs would react locally. Itis reasonably
assumed that the local reactions between CDGs and DGs would result in
polymers with high crosslinking density, but low average molecular weights
between crosslinks (M.). Such polymers were expected to have low strength,
which is consistent with the low peel strength of the PSAs from the
polymerization of tung oil with PPGDA or BPAGDA (Table 5.1). BPAGDA in
the PSA polymer chains has rigid phenylene moieties that can stack together
through n-electron interactions, commonly known as nt-electron stacking [2],
thus resulting in physical crosslinks among the polymer chains. In addition,
BPAGDA has a high amount of hydroxyl groups (—OH) that can form hydrogen
bonds, i.e., crosslinks among the polymer chains. The aging process appeared

to facilitate the m-electron stacking and the hydrogen bond formation, thus
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turning a tacky material into non-tacky one, which explains the poor aging

resistance of the PSA from tung oil and BPAGDA.

5.4.2. Preparation of PSAs from polymerization of TOAA with PPGDA
or BPAGDA

For having desirable PSA properties, PSA polymers must have sufficiently
long polymer chains, and the polymer chains also have to be slightly
crosslinked so that they are strong enough to stay together, i.e., do not leave
any residues when the PSA tape is peeled off an adherent. However, the
crosslinking density has to be sufficiently low so that the polymer networks
are still soft and flexible enough to readily deform under light pressure for
wetting an adherent, thus resulting in high tack and high peel strength.
Therefore, our attention was diverted to increasing the molecular weight and
decreasing the crosslinking density of the polymers to see if the tack and peel
strength could be improved.

Under otherwise the same conditions, i.e., r =1 and fpg = 2, the Equation (1)
could be simplified as Equation (3).

pe = 1/[(feos-1)1" Equation (3)

Per the Equation (3), decreasing fcpg Would increase the gel-point conversion,
p.. According to the Equation (2), a higher conversion of the functional
groups would result in a higher X, and hence a higher molecular weight of
the resulting polymers, which would theoretically increase the adhesive
strength of the polymers. In addition, when a higher conversion of functional
groups was achieved before a polymerization mixture became a gel, there

would be a smaller amount of functional groups left to form new crosslinks;
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accordingly, the final polymers would have a lower crosslinking density and
a higher M.

For the reduction of CDGs of tung oil, a small amount of acrylic acid was used
as a dienophile for the modification of tung oil. The modification also
introduced carboxylic acid groups (-COOH) onto the modified tung oil and
eventual PSA polymers. The -COOH groups on the PSA polymers could
improve wetting of the PSAs on adherents and improve the bond strength of
the PSAs to the adherents through formation of hydrogen bonds and/or

other non-covalent interactions [2, 4, 5, 13].
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Figure 5.4: FT-IR spectra of TOAAOQ.4 (top), tung oil (middle) and acrylic acid

(bottom).

Acrylic acid-modified tung oil, TOAAOQ.4, was prepared by reacting a mixture
of tung oil and acrylic acid at the 0.4 molar ratio of the DG of acrylic acid to
the CDGs of tung oil (DG/CDG). The reaction proceeded readily at 160 °C and
was monitored with FT-IR (Figure 5.4). It was found that the peak
corresponding to the DG of acrylic acid at 820 cm™ completely disappeared

in 6 h, and the intensity of the peak at 990 cm™ corresponding to CDGs of
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tung oil gradually decreased and remained constant after 6 h. The '*H NMR
spectrum of the reaction product also showed new peaks at 3.0-3.6 ppm that
were corresponding to the proton on carbon n° 54 in the newly formed
cyclohexene rings (Figure 5.5). Likewise, TOAAOQ.3 was readily prepared at a
DG/CDG of 0.3, which had a higher fcps than TOAAQ.4 because a smaller
amount of acrylic acid was used for the consumption of the CDGs of tung oil

in its preparation.
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Figure 5.5. "H NMR spectra of the TOAAQ.4 obtained from the reaction of

tung oil and acrylic acid, and a representative chemical structure of TOAAQ.4.

The PSA from BPAGDA and TOAAO.3 (entry 3, Table 5.1) had a higher peel
strength and a higher loop tack than that from BPAGDA and unmodified tung
oil (entry 2, Table 5.1). The replacement of TOAAOQ.3 with TOAAO0.4 increased

the peel strength and the loop tack of the resulting PSAs (entry 4, Table 5.1).
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As discussed previously, a high CDG content may decrease the molecular
weight and increase the crosslinking density of the resulting polymers, thus
lowering the peel strength and loop tack. That TOAAOQ.4 had a lower CDG
content than TOAAO.3 may account for the increase in the peel strength and
the loop tack when TOAAO.3 was replaced by TOAA0.4. The optimum CDG
content of TOAA warranted further investigation. The PSA from BPAGDA and
TOAAO0.4 had a good shear adhesion of more than 168 h (the true shear
adhesion of the PSA was unknown because the shear test was terminated at
168 h that was a typical value for commercially available PSAs [15]). After
aging at 60 °C for one week, the peel strength and loop tack of the PSA did
not change significantly (entry 4, Table 5.1), which indicated that the PSA was
aging resistant.

From previous discussion, the combination of the low molecular weight and
the increased crosslinking density during the aging was believed to be
responsible for the poor aging resistance of the PSA from tung oil and
BPAGDA. The CDG content of TOAAOQ.4 was substantially lower than that of
tung oil; TOAAOQ.4-BPAGDA polymers are thus supposed to have a higher
molecular weight than (tung oil)-BPAGDA polymers, which implied that
chains of TOAA0.4-BPAGDA polymers were less mobile than those of (tung
0il)-BPAGDA polymers for mt-electron stacking and hydrogen bond formation
during the aging. The BPAGDA content (28.4 wt%) of TOAA0.4-BPAGDA
polymers was much lower than that (41.7%) of (tung oil-BPAGDA) polymers,
which implied that TOAA0.4-BPAGDA polymers had much lower contents of
phenylene and —OH groups than (tung oil-BPAGDA) polymers for the
formation of new crosslinks during the aging. The combination of the lower

mobility of the polymer chains and the lower chances of forming new
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crosslinks accounted for the better aging resistance of the TOAA0.4-BPAGDA
polymer than the (tung oil)-BPAGDA polymer (entry 2, Table 5.1).

The PSA from TOAAO0.4 and PPGDA had a lower peel strength than that from
TOAAO0.4 and BPAGDA (Table 5.1). Unlike BPAGDA, PPGDA did not have
phenylene and hydroxyl groups for the formation of crosslinks. The
insufficient crosslinking density of the PSA from TOAAO0.4 and PPGDA is
speculated to be responsible for the low peel strength of the PSA. The PSA
from TOAAO.4 and PPGDA was supposed to have a higher molecular weight
than that from tung oil and PPGDA because of the reduced fcpc of TOAAO0.4,
thus increasing the peel strength. However the reduced fcpg would reduce
the amount of CDGs and DGs available for the curing reactions, thus reducing
the crosslinking density and the peel strength. These two opposite effects
may account for the results that the PSA from TOAAOQ.4 and PPGDA had the
peel strength and tack similar to that from tung oil and PPGDA.

As discussed previously, phenylene groups that were incorporated into
polymers might stack together through m-electron interactions and thus
resulted in physical crosslinks among the polymer chains. MPMI contains
two phenylene groups per molecule. It was hoping that addition of a small
amount of MPMI in the pre-polymers of TOAAO.4 and PPGDA during the
curing might increase the crosslinking density and thus increase the peel
strength and tack of the polymer. PPGDA was first polymerized with
TOAAO0.4 with the molar ratio of the CDGs of TOAAO0.4 to the DGs of PPGDA
being slightly greater than one. After all the DGs of PPGDA were consumed,
polymers containing a small amount of unreacted CDGs were
obtained. MPMI was then added to the reaction mixture for curing the
polymers. The addition of MPMI did not increase the peel strength of the

resulting PSA as expected (entry 6, Table 5.1). It appears that the
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incorporated MPMI chains were not able to stack together for forming extra
crosslinks. However, the addition of MPMI significantly increased the loop
tack and shortened the curing time from 1.5 h to 0.5 h, which is consistent
with the fact that the DGs of MPMI are more reactive to CDGs than the acrylic
DGs of PPGDA. The exact reasons for the increased loop tack are not well
understood.

The PSAs obtained in this study had peel strengths ranging from 0.1 to
1.1 Necm™ that falls in the required range of peel strength for some
commercial PSA products such as Post-it® notes [16], ultra-removable
protective films [17] and some technical film labels [18]. In addition to tung
oil, other components for the new PSAs could be fully or partially prepared
from renewable materials. For example, acrylic acid can be prepared from
renewable lactic acid [19]. PPGDA and BPAGDA can be partially based on
renewable glycerol. And maleic anhydride that is used for preparation of

MPMI can also be prepared from renewable materials [20].

5.5. Conclusions

The polymerization of tung oil and MPMI proceeded fast and efficiently via
the DA reaction between the CDGs of tung oil and the DGs of MPMI; but the
resulting polymer was too rigid to serve as a PSA. The polymerization of tung
oil with PPGDA or BPAGDA required a higher reaction temperature and a
longer reaction time than that for the polymerization of tung oil with MPMI.
The PSAs from tung oil and PPGDA or BPAGDA had peel strengths ranging
from 0.1 to 0.2 Necm™ and loop tacks ranging from 0.4 to 0.5 N. Tung oil
could readily react with acrylic acid to give TOAAs that had lower contents of

CDGs than tung oil. The use of TOAAs instead of tung oil to polymerize
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PPGDA failed to result in PSAs with increased peel strength. However, the
PSAs from the polymerization of BPAGDA with TOAAs had higher peel
strengths and higher loop tack than those from the polymerization with
unmodified tung oil. The addition of a small amount of MPMI to the pre-
polymers of TOAA0.4 and PPGDA during the curing process did not increase
the peel strength, but significantly increase the loop tack, and significantly
shortened the curing time. In addition, most tung oil-based PSAs obtained in
this study had a superior shear adhesion of up to 168 h and a good aging

resistance.
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From Chapter Il to IV non-edible animal fat has been demonstrated as a
source to prepare PCMs by distinct approaches. Besides, the preparation of
these PCMs was performed according to sustainability and following as much
as possible the Green Chemistry principles. Indeed, in Chapter Il animal fat
was hydrolyzed by using resting cells of R.oryzae achieving the higher yields
in hydrolysis of animal fats by resting cells. The hydrolysis splits glycerol and
fatty acids, which can be afterwards divided into saturated and unsaturated

fatty acids.

Commonly, fatty acids and derivatives evaluated as PCMs come from
hydrogenations of unsaturated sources. Nevertheless, in Chapter lll we
demonstrated that the hydrolysis and crystallization of animal fat allowed
the preparation of a eutectic mixture of PA-SA showing good properties and
good reliability as PCMs during 1000 cycles. To demonstrate that
hydrogenation reduces the applications of triacylglycerols, the unsaturated
fatty acids were converted to DHSA. The hydroxyl moieties of DHSA increase
the melting point of the fatty acid when compared to its saturated
counterparts such as stearic acid. Indeed, DHSA was postulated as an
interesting fatty acid to test its properties as PCMs since every distinct phase-
change temperature can undergo new applications. However, the chemical
and thermal stability was committed presumably to the formation of
estolides while the alternative to prepare and test some DHSA salts became
in products with poor thermal interest. Moreover, no polymorphism was
observed in all the fatty acids and derivatives tested by DSC. However, the.
DSC response of calcium DHSA salt (Figure A3-27) shows an unexpected
behavior and it cannot be concluded whether it is due to polymorphism or

to a mixture of two substances.
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As esters of fatty acids haven shown good properties as PCMs, we realized
that the preparation of DHSEs could match the problems presented by DHSA
and also achieve distinct phase-change temperatures by preparing several
esters. Additionally, in Chapter VI, to prepare DHSA and DHSEs we sought to
apply the Green Chemical principles by employing biocatalysis and using the
less amount of reactants. Indeed, solvents such as t-BuOH or a-limonene
were used to perform both reaction and crystallization to prepare pure
compounds. In that way, esterification of DHSA with alcohols from methanol
to 1l-octadecanol lead to twelve DHSEs and four of them presented
enthalpies beyond 200 klekg™. According to the DSC results, no
polymorphism was observed in these PCM. The thermal reliability of these
four esters during 100 and 1000 cycles was also promising. Indeed, the use

of biocatalysts and Green Chemistry to prepare PCM materials was a novelty.

Thus, along Chapters Il, 1ll and IV we demonstrated that the hydrolysis and
crystallization of animal fat allows the preparation of distinct compounds.
The hydrogenation of unsaturated sources is not mandatory to prepare fatty
acids for PCM purposes since PA-SA eutectic mixtures can be prepared from
animal fat hydrolyzed by chemical as well as enzymatic approaches.
Additionally, the preservation of the unsaturated fatty acids allows the
preparation of DHSA by chemical and enzymatic approaches. Moreover,
DHSEs have showed new applications by presenting good properties as

PCMs.
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The preparation of PSAs from a non-edible source such as tung oil is now
possible by direct polymerization. Indeed, direct polymerization allows the
preparation of non-generating wastes polymers. Chapter V shown that the
use of two diacrylates such as PPGDA and BAPGDA to polymerize tung oil
resulted in PSAs with low peel strength. Nevertheless, the preparation of a
TOAA adduct and posterior polymerization with BAPGDA and PPGDA
increased the peel strength and loop tack of the polymers prepared with
BAPGDA while resulted unsuccessful in PPGDA. In order to improve the PSA
properties of the polymer with TOAA and PPGDA we added MPMI. However,

this addition just only improved the curing time.
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We have demonstrated the possibility to use non-edible fats and vegetable
oil to prepare products with commercial interest by using suitable
approaches. Regarding to the proposed objectives and considering the

results achieved, the following conclusions have been established:

1. The hydrolysis of non-edible animal fat with biocatalysts was
successful. Whereas immobilized CAL-B partially hydrolyzed non-
edible animal fat, R.oryzae resting cells hydrolyzed animal fat with
excellent yields. Indeed, the degree of hydrolysis was the highest
among the values reported using resting cells.

2. The extraction of resting cells extracted with supercritical CO,
allowed the reusing of the biocatalyst with better hydrolysis degrees
than the extracted with common solvents.

3. The separation of hydrolyzed non-edible animal fat in saturated and
unsaturated fatty acids was possible using solvents such as ethyl
acetate, acetone, ethanol, hexane and methanol. Besides, the
uncorrected melting points as well as composition of the mixture of
saturated fatty acids were similar to those reported as PA-SA
eutectic mixtures for PCM purposes.

4. The evaluation of the thermal properties of these PA-SA eutectic
mixtures prepared from non-edible animal fat revealed good latent
heats and good thermal reliability.

5. The preparation of pure DHSA from the unsaturated fatty acids using
chemical approaches was successful. Nevertheless, the thermal
evaluation of DHSA and some of their salts revealed poor properties
as PCMs. The acid and diol moieties presumably reacted by

themselves leading to estolides when DHSA is heated.
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6. The preparation of DHSEs via green and bio-catalytic approaches
from non-edible animal fat was possible by using biocatalysts,
hydrogen peroxide, hot water and a-limonene.

7. Supercritical CO, and a-limonene were used to reuse the biocatalyst
on the chemo-enzymatic epoxidation and the enzymatic
esterification, respectively. Besides, those solvents allowed the
biocatalysts to retain higher activity than the common solvents
studied.

8. The thermal stability of DHSA was improved by preparing DHSEs.
Indeed, the thermal reliability of four of these esters was evaluated
during 100 and 1000 cycles without outstanding changes in the
enthalpy. However, the hysteresis of two of them increased once
cycled.

9. The polymerization of tung oil with PPGDA or BPAGDA resulted in
PSAs with low peel strength and loop tack.

10. The preparation of polymers of PPGDA and BPAGDA with TOAAs
partial adducts presented distinct behavior. While the peel strength
and loop tack was not improved on the polymer prepared with
PPGDA and TOAA. Polymerizations of TOAA with BPAGDA resulted in
PSAs with much higher peel strengths and loop tacks.

11. The addition of MPMI to the polymerization of TOAA and PPGDA did
not improve the PSA properties. Nevertheless, it shortened the

curing time.
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Annex |I. NMR spectra

H spectra of the Chapter Il
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Figure Al1-1. '"H NMR Spectra of the DHSA before the DSC analysis.
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Figure A1-2. 'H NMR Spectra of the DHSA after the DSC analysis. Contains

the detailed part from 5.2 to 2.8 ppm.
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Figure A1-3. 'H NMR Spectra of the magnesium DHSA.
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Figure A1-4. '"H NMR Spectra of the sodium DHSA.
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Figure A1-5. 'H NMR Spectra of the calcium DHSA.
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Figure A1-6. 'H NMR Spectra of the litium DHSA.
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H spectra of the Chapter IV
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Figure A1-7. '"H NMR Spectra of the cis-9, 10-epoxyestearic acid.
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Figure A1-8. '"H NMR Spectra of the DHSA.
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Figure A1-9. '"H NMR Spectra of the methyl DHSE.
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Figure A1-10. 'H NMR Spectra of the ethyl DHSE.
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Figure A1-11. 'H NMR Spectra of the propyl DHSE.
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Figure A1-12. '"H NMR Spectra of the butyl DHSE.
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Figure A1-13. 'H NMR Spectra of the penthyl DHSE.
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Figure A1-14. 'H NMR Spectra of the hexyl DHSE.
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Figure A1-15. '"H NMR Spectra of the octyl DHSE.
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Figure A1-16. 'H NMR Spectra of the decyl DHSE.
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Figure A1-17. 'H NMR Spectra of the dodecyl DHSE.
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Figure A1-18. 'H NMR Spectra of the tetradecyl DHSE.
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Figure A1-19. 'H NMR Spectra of the hexadecyl-DHSE.
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Figure A1-20. 'H NMR Spectra of the octadecyl DHSE.
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3¢ spectra of the Chapter Il
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Figure A1-21. °C NMR Spectra of the magnesium DHSA.
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PT178Ca_CARBON_01
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Figure A1-22. >C NMR Spectra of the calcium DHSA.



ANNEXES
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Figure A1-23. "C NMR Spectra of the sodium DHSA.
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Figure A1-24. >C NMR Spectra of the litium DHSA.
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Figure A1-25. >C NMR Spectra of the methyl DHSE.
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Figure A1-26. °C NMR Spectra of the ethyl DHSE.
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Figure A1-27. °C NMR Spectra of the propyl DHSE.
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Figure A1-28. °C NMR Spectra of the butyl DHSE.
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Figure A1-29. °C NMR Spectra of the penthyl DHSE.
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Figure A1-30. °C NMR Spectra of the hexyl DHSE.
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Figure A1-31. °C NMR Spectra of the octyl DHSE.
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Figure A1-32. °C NMR Spectra of the decyl DHSE.
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Figure A1-33. >C NMR Spectra of the dodecyl DHSE.
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Figure A1-34. >C NMR Spectra of the tetradecyl DHSE.



ANNEXES XXl
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Figure A1-35. >C NMR Spectra of the hexadecyl-DHSE.
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Figure A1-36. °C NMR Spectra of the octadecyl DHSE.
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Annex Il. FT-IR spectra
FT-IR spectra of the Chapter lll
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Figure A2-1. Litium salt of DHSA.
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Figure A2-2. Calcium salt of DHSA.
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Figure A2-3. Magnesium salt of DHSA.
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Figure A2-4. Sodium salt of DHSA.
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Figure A2-5. PA-SA mixture.
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Figure A2-6. DHSA.
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Annex lll. DCS analysis data

DSC analysis of the Chapter Il

DSC analysis of the PA-SA mixtures:

XXVl

Aexo GreixPCM_eutsaturat_PT168-6CRY 24.08.2016 13:44:17
mw ]
o]
8]
7]
6]
5]
4]
4 Integral -456.62 mJ
normalized -187.14 Jg”-1 Integral -451.70 m]
Onset 53.03 °C normalized -185.12 Jg"-1
2 Peak 55.08 °C Onset 52.78 °C
Endset 55.47 °C Peak 55.05 °C
Left Limit 43.82 °C Endset 55.46 °C
" Right Limit ~ 55.73 °C Left imit ~ 44.45 °C
Right Limit  55.60 °C Ls_‘;
0- k]
Integral 451.37 m] Integral 454.03 mJ
] normalized 184.99 Jg~-1 normalized 186.08 Jg~-1
Onset 52.34 °C Onset 52.54 °C
Peak 52.23 °C Peak 52.26 °C
2 Endset 51.91 °C Endset 51.94 °C
Left Limit 52.51°C Left Limit 52.61 °C
s Right Limit ~ 44.01 °C Right Limit ~ 43.40 °C
o 5‘0““1\‘)0““15‘0‘ ‘Zéﬂ ‘25‘0‘ ‘3‘)0 “‘35‘0 ‘4(‘]0 “‘4%0 ‘5(‘]0 ‘56‘0‘ ‘5&0‘ min
Lab: Grea STAR® SW 11.00

Figure A3-1. DSC response and evaluation of the material crystallized from

acetone. Not-cycled sample 1, three cycles.
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Aexo IP_Canela_0.75_s3 01.09.2016 09:22:29
Wor-1
7]
Integral 413.25 m]
normalized 177.36 Jg™-1 Integral 411.82 m]
] Onset 51.22 °C normalized 176.75 Jg~-1
Peak 51.44 °C Onset 51.10 °C
Endset 50.99 °C Peak 51.37 °C
5] Left Limit 51.27 °C Endset 50.90 °C
Right Limit ~ 44.04 °C Left Limit 51.14 °C

Right Limit ~ 44.36 °C

Integral 409.72 mJ Integral_ -427.94 m]
normalized -175.85 Jg~-1 normalized -183.67 Jg~-1
O nset 51.69 °C Onset 50.83 °C
+J Peak 54.61 °C Peak 54.59 °C
Endset 55.02 °C Endset 55.04 °C
Left Limit 45.12 °C Left Limit 43.19 °C

Right Limit ~ 55.19 °C Right Limit ~ 55.24 °C
ol

3330 40 60 75 60 4 3030 4 60 75 60 4 30 40 60 75 60 40 °C

) | | h L ’ | h | | | |
L B e NS AS
0 50 100 150 200 250 300 350 400 450 500 550 600 min
Lab: Grea STAR® SW 11.00

Figure A3-2. DSC response and evaluation of the material crystallized from

acetone. Not-cycled sample 2, three cycles.
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Aexo IP_Canela_0.75_s1C 22.08.2016 11:18:44
Wor-1
1.0
0.8
06
Integral -2097.55 mJ
0a normalized -160.73 Jg/-1 Integral :2053'41 ":\J_
normalized -157.35 Jg/-1
Onset 51.15°C Onset 51.22 °C
Peak 54.86 °C Peak 54.86 oC
Endset 55.55 °C Endset 55‘57 oc
02+ Left Limit 41.00 °C . :
i 3 L Left Limit 42.83 °C
Right Limit - 55.80 °C Right Limit ~ 55.79 °C
]

Integral 2069.42 mJ] Integral 2037.71 mJ
normalized 158.58 Jg~-1 normalized 156.15 Jg~-1
0.2+ Onset 52.74 °C Onset 52.62 °C
Peak 52.29 °C Peak 52.36 °C
Endset 51.33°C Endset 51.37 °C
Left Limit 53.17 °C Left Limit 53.19 °C
04 Right Limit ~ 40.68 °C Right Limit ~ 42.31 °C
0.6
30 40 60 75 80 40 30 30 40 60 5 80 40 30 40 80 Il 60 40 °C
. . . . . . . . , \ \ \
l‘} 5‘) ﬂ‘)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4;0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-3. DSC response and evaluation of the material crystallized from

acetone. Cycled sample 1, three cycles.
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Aexo IP_Canela_0.75_s2C 22.08.2016 11:23:50

wg-1 |

0.8

06

04+

Integral -1914.98 mJ

" Integral -1887.57 mJ
normalized -163.53 Jg/-1 norgmalized -161.19 Jg~-1
Onset 50.74 °C Onset 50.71 °C
Peak 54.67 °C Peak 54.64 °C
024 Endset 55.37 °C Endset 55.36 °C

Left Limit 37.52°C

Left Umit  40.29 °C
Right Limit ~ 55.60 °C m

Right Limit ~ 55.69 °C

0.0

Integral 1880.45 m]
. Integral 1853.96 m]
nomalized 160.58 Jg~-1 no?malized 158.32 Jgn-1
Onset 52.80 °C o o
0.2 nset 52.79 °C
Peak 52.31 °C b o
eak 52.24 °C
Endset 51.48 °C o
L Endset 51.43 °C
Left Limit ~ 53.35 °C left Umit  33.52 %C
Right Limit ~ 38.21 °C . e :
04l Right Limit ~ 40.25 °C
0.6
30 40 60 s 80 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °Cc
. . . . . . . . ) , \ \
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-4. DSC response and evaluation of the material crystallized from

acetone. Cycled sample 2, three cycles.
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Aexo IGreixPCM_eutsaturat_PT168-3CRY 24.08.2016 13:42:14
-1 4
50
45+
40
354
304
254
204
Integral -304.09 mJ Integral -303.05 mJ
15 normalized -188.88 Jg~-1 normalized -188.23 Jg~-1
Onset 52.81°C Onset 52.59 °C
10d Peak 55.07 °C Peak 55.05 °C
Endset 55.48 °C Endset 55.47 °C
Left Limit 46.00 °C Left Limit 45.83 °C
05 Right Limit ~ 55.66 °C Right Limit ~ 55.62 °C
003 E:»}—;
Integral ~  308.60 mJ Integral 310.57 mJ
os] normalized 191.68 Jg~-1 normalized 192.90 Jg~-1|
Onset 52.45 °C Onset 52.29 °C
Peak 52.32°C Peak 52.27 °C
10 Endset 52.06 °C Endset 51.97 °C
Left Limit 52.56 °C Left Limit 52.42 °C
s Right Limit ~ 44.09 °C Right Limit ~ 43.23 °C
330 40 60 s 80 40 30 30 40 80 s 60 40 30 40 80 75 60 40 °Cc
. . . . . . . . , \ \ \
l‘} 5‘) ﬂ‘)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4é0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-5. DSC response and evaluation of the material crystallized from

ethyl acetate. Not-cycled sample 1, three cycles.
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Aexo IP_Canela_0.76_s2 30.08.2016 10:09:00
W1
4.0+
354
304
254
204
154
Integral -497.13 mJ Integral -509.80 mJ
normalized -173.22 Jg~-1 normalized -177.63 Jg~-1
10 Onset 50.80 °C Onset 50.07 °C
Peak 54.69 °C Peak 54.66 °C
Endset 55.11°C Endset 55.10 °C
05+ Left Limit 43.67 °C Left Limit 40.23 °C
Right Limit ~ 55.27 °C Right Limit ~ 55.29 °C
0.0
Integral 487.60 mJ Integral 483.44 m]
0.5 normalized 169.90 Jg~-1 normalized 168.44 Jg™-1
Onset 51.45 °C Onset 51.75 °C
Peak 51.65 °C Peak 51.88 °C
1.0 Endset 50.86 °C Endset 51.30 °C
Left Limit 51.82 °C Left Limit 51.97 °C
Right Limit ~ 44.93 °C Right Limit ~ 45.44 °C
5]
330 A? ? 75 60 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °C
L e L B e e L e L e e e e e e e e L e e e T B e e N B
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-6. DSC response and evaluation of the material crystallized from

ethyl acetate. Not-cycled sample 2, three cycles.
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Aexo IP_Canela_0.76_s1C 22.08.2016 11:37:17
-1
1.2
1.0
08+
1 Integral 2175.73 mJ Integral -2185.05 mJ
normalized  -158.58 Jg~-1 normalized  -159.26 Jg/-1
Onset 51.57 °C Onset 51.53 °C
047 Peak 54.99 °C Peak 54.96 °C
Endset 55.65 °C Endset 55.62 °C
Left bl Limit 41.53 °C Left bl Limit 40.57 °C
02+ Right bl Limit ~ 55.96 °C Right bl Limit ~ 55.92 °C
Baseline Ty pe line Baseline Ty pe line
0.0F
Integral 2193.19 mJ Integral 2188.90 mJ
02 normalized  159.85 Jg”-1 normalized  159.54 Jg~-1
Onset 52.60 °C Onset 52.55°C
Peak 52.34 °C Peak 51.98 °C
Endset 51.22 °C Endset 51.08 °C
4 Left bl Limit ~ 53.01 °C Left bl Limit ~ 52.83 °C
Right bl Limit ~ 40.48 °C Right bl Limit ~ 40.31 °C
Baseline Type line Baseline Type line
0.6+
-0.83930 40 60 75 80 40 30 30 40 60 5 80 40 30 40 80 Il 60 40 °C
. . . . . . . . , \ \ \
l‘} 5‘) ﬂ‘)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4é0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-7. DSC response and evaluation of the material crystallized from

ethyl acetate. Cycled sample 1, three cycles.
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Aexo IP_Canela_0.76_s2C 22.08.2016 11:39:01
wgr-1
1.0
0.8+
06
Integral -1988.58 mJ Integral -1985.15 mJ
normalized  -163.53 Jg*-1 normalized  -163.25 Jg~-1
04+ Onset 51.37 °C Onset 51.43 °C
Peak 54.88 °C Peak 54.90 °C
Endset 55.56 °C Endset 55.54 °C
Left bl Limit  37.57 °C Left bl Limit ~ 38.04 °C
] Right bl Limit  55.80 °C Right bl Limit  55.78 °C
Baseline Ty pe line Baseline Type line Lﬁ
DDJC
Integral 1961.13 mJ Integral 1955.97 m]
normalized  161.28 Jg~-1 normalized  160.85 Jg~-1
0.29 Onset 52.62 °C Onset 52.74 °C
Peak 52.05 °C Peak 52.28 °C
Endset 51.29 °C Endset 51.31°C
" Left bl Limit ~ 53.30 °C Left bl Limit ~ 53.16 °C
Right bl Limit ~ 40.14 °C Right bl Limit  40.77 °C
Baseline Ty pe line Baseline Ty pe line
0.6
0.8 30 40 60 75 60 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °Cc
. . h . . | . . , L | \
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-8. DSC response and evaluation of the material crystallized from

ethyl acetate. Cycled sample 2, three cycles.
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Aexo IGreixPCM_eutsaturat_PT168-9CRY 24.08.2016 15:35:09
Wor-1
504
45+
404
354
304
254
20
157 Integral -400.93 mJ Integral -393.21 mJ
normalized -190.92 Jg~-1 normalized -187.24 Jg/~-1
Onset 53.66 °C Onset 53.62 °C
1.0+ Peak 55.35 °C Peak 55.36 °C
Endset 55.75 °C Endset 55.75°C
0] Le_ft Lin’_lit» 43.56 °C Left Limit 45.36 °C
Right Limit ~ 55.91 °C Right Limit ~ 55.93 °C
0.0+ + th—\‘
Integral 394.08 mJ Integral 391.52 m]
normalized 187.66 Jg~-1 normalized 186.44 Jg/-1|
05l Onset 52.23 °C Onset 52.80 °C
Peak 52.20 °C Peak 52.49 °C
Endset 51.87 °C Endset 52.21 °C
1.0+ Left Limit 52.26 °C Left Limit 52.82 °C
do  w © m ow © 2% ® w 5 RighGimit  34.627C w  BightLiit 45.48°C -
. . . . . . . . , \ , \
l‘) 5‘) ﬂl)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4;0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-9. DSC response and evaluation of the material crystallized from

ethanol. Not-cycled sample 1, three cycles.
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Aexo IP_Canela_0.77_s2 30.08.2016 10:10:27
w1 |
3.0
25
204
15+
104 Integral -422.32 mJ
normalized -177.44 Jg~-1 Integral -417.40 mJ
Onset 53.28 °C normalized -175.38 Jg/-1
Peak 55.03 °C Onset 53.29 °C
05+ Endset 55.46 °C Peak 55.04 °C
Left Limit ~ 40.75 °C Endset 55.45 °C
Right Limit ~ 55.70 °C Left Limit ~ 43.79 °C
Right Limit ~ 55.66 °C
00y oy
Integral 410.53 mJ Integral 412.97 m]
normalized 172.49 Jg~-1 normalized 173.52 Jg~-
0s] Onset 52.51°C Onset 52.49 °C
Peak 52.37 °C Peak 52.13 °C
Endset 52.01 °C Endset 51.87 °C
Left Limit 52.68 °C Left Limit 52.65 °C
0 Right Limit ~ 44.35 °C Right Limit ~ 44.11 °C
3030 40 60 75 60 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °C
. . . . . . . . ) , \ \
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-10. DSC response and evaluation of the material crystallized from

ethanol. Not-cycled sample 2, three cycles.
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Aexo IP_Canela_0.77_s1C 22.08.2016 11:41:03
w1 |
1.0+
08
06
Integral -1759.43 mJ
Integral -1795.04 m) normalized  -157.09 Jg~-1
04+ normalized  -160.27 Jg/-1 o
Onset 52.67 °C
Onset 52.73 °C o
Peak 55.00 °C
Peak 55.02 °C o
Endset 55.68 °C
Endset 55.69 °C L o
L Left bl Limit 39.96 °C
02+ Left bl Limit 36.75 °C - L o
Right bl Limit  55.95 °C R'ghtl.b' Limit f5'91 C
Baseline Type line Baseline Type line }hh,‘g__\;
0.0f
Integral 1762.40 m) Integral 1748.99 m)
normalized  157.36 Jg~-1 normalized  156.16 Jg~-1
0.24 Onset 52.76 °C Onset 52.76 °C
Peak 52.30 °C Peak 52.46 °C
Endset 51.49 °C Endset 51.51°C
Left bl Limit 53.32°C Left bl Limit 53.28 °C
0.4+ Right bl Limit ~ 38.76 °C Right bl Limit ~ 39.91 °C
Baseline Ty pe line Baseline Ty pe line
693 4 & 75 & 0 N2 4w & 75 & w0 EY 40 & 75 60 w0 “c
. . . . . . . . , \ \ \
l‘) 5‘) ﬂl)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4;0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-11. DSC response and evaluation of the material crystallized from

ethanol. Cycled sample 1, three cycles.
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Aexo IP_Canela_0.77_s2C 24.08.2016 13:02:19
Vg1
0.9
08
074
064
054
04+
Integral -2146.03 mJ Integral -2138.33 m]
03 normalized -157.45 Jg”-1 normalized -156.88 Jg~-1
Onset 52.16 °C Onset 52.11°C
023 Peak 54.91 °C Peak 54.92 °C
Endset 55.63 °C Endset 55.64 °C
Left Limit 37.13°C Left Limit 37.22°C
013 Right Limit ~ 55.91 °C Right Limit ~ 55.98 °C

0.04
Integral 2096.62 mJ Integral 2100.49 mJ
9 normalized 153.82 Jg~-1 normalized 154.11 Jg"-
Onset 52.68 °C Onset 52.71 °C
029 Peak 52.15 °C Peak 51.97 °C
Endset 51.13 °C Endset 51.07 °C
Left Limit 53.27 °C Left Limit 53.29 °C
4 Right Limit  37.75 °C Right Limit  37.67 °C
0.4
05530 0 60 7 60 40 30 30 L'y 60 7 60 40 0 40 60 7 60 0 °c
. . . . . . . . L , \ L
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-12. DSC response and evaluation of the material crystallized from

ethanol. Cycled sample 2, three cycles.



ANNEXES XXXIX

Aexo I1GreixPCM_eutsaturat_PT168-12CRY 24.08.2016 15:41:33
Wor-1
so] Integral 527.65 m]
normalized 181.95 Jg~-1 Integral 518.85 mJ
Onset 51.44 °C normalized 178.91 Jg~-1
451 Peak 51.62 °C Onset 51.25°C
Endset 51.15°C Peak 51.21°C
Left Limit 51.54 °C Endset 50.85 °C
404 Right Limit ~ 42.39 °C Left Limit 51.25 °C

Right Limit ~ 43.49 °C

1.5 Integral -525.98 mJ
normalized -181.37 Jg~-1 Integral -515.66 mJ
Onset 48.06 °C normalized -177.82 Jg™-1
104 Peak 54.41 °C Onset 47.51 °C
Endset 54.91 °C Peak 54.42 °C
Left Limit 43.18 °C Endset 54.91 °C
%] Right Limit ~ 55.06 °C Left Limit ~ 44.37 °C
Right Limit ~ 55.03 °C
0.04 hk-}—‘;
0.5+
%o @ & 75 & 0 N2 4w & 75 & w0 EY 40 & 75 60 w0 “c
. ! | ) . ! | . . | | \
‘D 5 180 15‘0 2&‘)0 25‘0 30‘0 35‘0 40‘0 4é0 50‘0 56‘0 60‘0 min
Lab: Grea STAR® SW 11.00

Figure A3-13. DSC response and evaluation of the material crystallized from

hexane. Not-cycled sample 1, three cycles.



ANNEXES

XL

Aexo IP_Canela_0.78_s2 30.08.2016 10:13:34
Wor-1
25+
204
154
1.0
Integral -436.93 m]
normalized -174.08 Jg™-1 Integral 422.57mJ
Onset 49.51 °C normalized -168.35 Jg~-1
051 Peak 53.92 °C Onset 49.44 °C
Endset 54.48 °C Peak 53.88 °C
Left Limit ~ 36.03 °C Endset 54.48 °C
Right Limit ~ 54.73 °C Left Limit ~ 40.87 °C
00 Right Limit ~ 54.68 °C
Integral 408.62 m] Integral 411.94 m)
normalized 162.80 Jg~-1 normalized 164.12 Jg~
Onset 51.28 °C Onset 51.20 °C
0.5 Peak 51.18 °C Peak 51.03 °C
Endset 50.90 °C Endset 50.75 °C
Left Limit 51.90 °C Left Limit 51.52 °C
Right Limit  41.37 °C Right Limit ~ 40.90 °C
30 40 60 s 80 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °Cc
. . . . . . . . ) , \ \
0 @ 00 %0 20 ; %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-14. DSC response and evaluation of the material crystallized from

hexane. Not-cycled sample 2, three cycles.



ANNEXES XL/

Aexo IP_Canela_0.78_s1C 22.08.2016 11:25:45
Wor-1
124
1.0+
0.8
06
Integral -2042.02 mJ
i Integral -2024.33 mJ .
04 normalized -156.32 JgA-1 normalized -157.68 Jg/-1
Onset 50.72 °C Onset 50.69 °C
Peak 54.30 °C Peak 54.33 °C
024 Endset 55.04 °C Endset 55.04 °C
. o Left Limit 39.08 °C
Left Limit 39.70 °C Right Limit  55.30 °C
Right Limit ~ 55.44 °C ight Limit 5.
OGJ‘
Integral 1965.95 m) Integral 1986.15 mJ
normalized 151.81 Jg~-1 normalized 153.37 Jg~-1
0.2+ Onset 51.95 °C Onset 51.91°C
Peak 51.60 °C Peak 51.51°C
Endset 50.76 °C Endset 50.78 °C
044 Left Limit 52.69 °C Left Limit 52.31°C
Right Limit ~ 40.98 °C Right Limit ~ 40.15 °C
0.6
30 40 60 s 80 40 30 30 40 80 s 60 40 30 40 80 s 60 40 °Cc
B o I e L e e e o e e L e s e s L L LA A e e e e s AL A
o 50 100 150 200 250 300 350 400 450 500 550 600 min
Lab: Grea STAR® SW 11.00

Figure A3-15. DSC response and evaluation of the material crystallized from

hexane. Cycled sample 1, three cycles.



ANNEXES XL

Aexo IP_Canela_0.78_s2C 22.08.2016 11:28:09
Vg1
1.0+
0.8+
06
04 Integral ~ ~ -1997.64 mJ Integral  -2000.11 mJ
normalized -156.68 Jg"-1 nor?nalized -156.87 Jg/-1
Onset 50.48 °C Onset 50.47 °C
Peak 54.35 °C Peak 54.35 °C
02 Endset 55.05 °C Endset 55.04 °C
Left Limit ~ 37.93 °C Left Limit ~ 37.67 °C
Right Limit  55.39 °C Right Limit ~ 55.33 °C }}hﬂi
0.0H 1
Integral 1941.80 m) Integral 1953.26 m)
normalized 152.30 Jg~-1 normalized 153.20 Jg~-1
02 Onset 52.11°C Onset 52.17 °C
Peak 51.57 °C Peak 51.36 °C
Endset 50.66 °C Endset 50.66 °C
Left Limit 5268 °C Left Limit ~ 52.71°C
04l Right Limit ~ 39.31 °C Right Limit ~ 38.83 °C
0.6+
30 40 60 s 80 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °Cc
| | | . . | | | | | | |
0 @ 00 %0 20 50 %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-16. DSC response and evaluation of the material crystallized from

hexane. Cycled sample 2, three cycles.



ANNEXES

XL

Aexo I1GreixPCM_eutsaturat_PT168-15CRY 24.08.2016 15:44:03
Vg1
254
204
1.5+
1 Integral  -457.75m)
normalized -189.94 Jg~-1 Integral_ -452.00mJ
Onset 53.13 °C normalized -187.55 Jg”-1
19 o Onset 52.99 °C
Peak 55.10 °C
05- o Peak 55.10 °C
Endset 55.53 °C o
- o Endset 55.52 °C
Left Limit 41.61 °C o
Right Limit ~ 55.75 °C Left Limit  42.58 °C
! Right Limit ~ 55.67 °C
0.04
Integral 449.68 mJA Integral 447.43 m)
normalized 186.59039 -1 normalized 185.65 Jg/A-1
Onset 52.65 0C O nset 52.50 °C
o5 Peak 52.39 °C Peak 52.27 °C
Endset ~— 52.08 °C Endset 51.96 °C
Left Limit ~ 53.38 °C Left Limit ~ 52.81 °C
Right Limit ~ 42.69 °C Right Limit ~ 43.13 °C
.04
3030 40 60 75 80 40 30 30 40 60 5 80 40 30 40 80 Il 60 40 °C
. ! | ) . ! | . . | | \
l‘} 5‘) ﬂ‘)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4;0 5(‘]0 56‘0 6&0 min
Lab: Grea STAR® SW 11.00

Figure A3-17. DSC response and evaluation of the material crystallized from

methanol. Not-cycled sample 1, three cycles.



ANNEXES XLIV

Aexo IP_Canela_0.79_s2 30.08.2016 10:15:06
Wor-1
504
45+
4.0
35
304
25+
204
15 Integral -390.72 mJ] Integral -374.39m]
normalized -181.73 Jg~-1 normalized -174.14 Jg"-1
10d Onset 52.58 °C Onset 52.42 °C
Peak 54.67 °C Peak 54.67 °C
Endset 55.10 °C Endset 55.09 °C
05-| Left Limit 42.66 °C Left Limit 45.99 °C
Right Limit  55.27 °C Right Limit ~ 55.36 °C
0.0
Integral 371.99 mJ Integral 370.58 mJ
5] normalized 173.02 Jg~-1 normalized 172.36 Jg/-
Onset 51.80 °C Onset 52.09 °C
Peak 51.89 °C Peak 51.80 °C
1.0+ Endset 51.25°C Endset 51.51°C
Left Limit 51.87 °C Left Limit 52.14 °C
] Right Limit ~ 44.49 °C Right Limit ~ 44.69 °C
e
Lab: Grea STAR® SW 11.00

Figure A3-18. DSC response and evaluation of the material crystallized from

methanol. Not-cycled sample 2, three cycles.



ANNEXES XLV

Aexo IP_Canela_0.79_s1C 23.08.2016 10:25:46
Vg1
08
06+
Integral -2141.00 mJ
1 nomalized  -153.37 Jg~-1 Integral 2134.51 mJ
Onset 50.53 °C normalized ~ -152.90 Jg~-1
Peak 54.66 °C O nset 50.54 °C
Endset 55.38 °C Peak 54.62 °C
024 Left bl Limit ~ 36.20 °C Endset 55.37 oC
Right bl Limit ~ 55.59 °C Left bl Limit 38,02 °C
Baseline Ty pe line Right bl Limit ~ 55.69 °C
Baseline Ty pe line
0.04
Integral 2090.93 mJ Integral 2080.21 m)
normalized  149.78 Jg~-1 normalized 149.01°Jg’\-1
0] O nset 52.47 °C Onset 52.45 0C
peak 51.03 °C Peak 51.92 °C
Endset 50.98 °C Endset ~ 50.92°C
Left bl Limit ~ 52.77 °C Left bl Limit ~ 52.91 °C
Right bl Limit ~ 39.19 °C nght_bl Limit ?_)8.62 °C
0.4+ Baseline Type line Baseline Ty pe line
-0.63930 40 60 75 80 40 30 30 40 60 5 80 40 30 40 80 Il 60 40 °C
. ! | ) . ! | . . | | \
l‘} 5‘) ﬂl)ﬂ 15‘0 2&‘)0 25‘0 3‘)0 35‘0 4(‘]0 4;0 5(‘]0 56‘0 60‘0 min
Lab: Grea STAR® SW 11.00

Figure A3-19. DSC response and evaluation of the material crystallized from

methanol. Cycled sample 1, three cycles.



ANNEXES

XLViI

Aexo IP_Canela_0.79_s2C 23.08.2016 10:27:58
Wor-1
08
06
Integral -2176.11 m] Integral -2110.84 mJ
04+ normalized  -152.92 Jg~-1 normalized -148.34 Jg~-1
Onset 51.89 °C Onset 51.85°C
Peak 55.13 °C Peak 55.13 °C
Endset 55.85 °C Endset 55.87 °C
024 Left bl Limit 39.01°C Left bl Limit 37.64 °C
Right bl Limit ~ 56.19 °C Right bl Limit  56.19 °C
Baseline Ty pe line Baseline Ty pe line
004
Integral 2114.69 m)
Ir\tegral_ 2177.76 m normalized  148.61 Jg~-1
normalized  153.04 Jg~-1 Onset 52.81 °C
Onset 52.77 °C Peak 52'25 oC
0.2+ of -
Peak 32:32°C Endset 51.23 °C
o
e it am e Left bl Limit ~ 53.31 °C
* mit. : Right bl Limit ~ 39.99 °C
Right bl Limit ~ 39.56 °C Baseline Type line
0.4 Baseline Type line
0.6+
30 40 60 75 60 40 30 30 40 60 75 60 40 30 40 60 75 60 40 °C
L L L L TR A A e L A e e e e e e e N B
o T e T T e T T 20 ‘ %0 %0 400 0 50 %0 w0 mn
Lab: Grea STAR® SW 11.00

Figure A3-20. DSC response and evaluation of the material crystallized from

methanol. Cycled sample 2, three cycles.



ANNEXES XLVII
DSC analysis of DHSA and their salts:
Aexo
mwW
0.31 GreixPCM_sals diol_PT178Li_c1, 11.03.2016 21:01:20
GreixPCM_sals diol_PT178Li_c1, 0.9900 mg
0.2
0.14
0.09
Integral -233.43 mJ]
-0.14 normalized  -235.78 Jg™-1
Onset 230.03 °C
Peak 231.58 °C
-0.29 Endset 232.59 °C
Left bl Limit 225.65 °C
Right bl Limit ~ 233.13 °C
-0.31 Baseline Ty pe line
0.4
0.54
-0.6
0.74
-0.811360 160 170 180 190 200 210 220 230 240 2585@50 240 230 220 210 200 190 180 170 160 15
v ) ) ! ) ! \ ; \ v | ! | | | | | |
L L e e e e e L L A e e e e e e e e S L e o e L
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 min
Lab: Grea STAR® SW 11.00

Figure A3-21. DSC response of lithium DHSA salt, 1% cycle.



ANNEXES XLV

fexo

mw
131

GreixPCM_sals diol_PT178li_c2, 12.03 2016 (4:18:16
024 GraixPCM_sals digl PT178li_c2, (.9300 mg

01—M = —
PRI e -
0.0
0.1
.27
0.3
0.4
=15
1.6+
0.7

-G.e3B¢ 160 170 18¢ 190 200 210 220 230 240 20B5Q5G 240 230 20 210 200 190 180 170 160 156C
O S S S e O O S S S S )

T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 min
Lab: Graa STAR® 3W 11 .00

Figure A3-22. DSC response of lithium DHSA salt, 2" cycle.



ANNEXES XLIX

fexo

mw
131

.21 GreixPCM_sals disl PT178l_c3, 12.03 2316 11:35:12
GreitP CM_sals digl_PT178Lli_c3, (9300 mg

01]
0 0-(1' S N I e

114

=

0.2
0.3
0.4
-0.57
-6

-7

-G e30G 160 170 180 190 200 214G 220 230 240 2505G50 240 230 20 210 200 190 180 170 160 1560
S S S S S S S

0 20 40 60 83 100 120 143 160 180 200 220 240 260 280 300 320 340 360 380 400 min
Lab: Graa STAR® 3W 11 .00

Figure A3-23. DSC response of lithium DHSA salt, 3" cycle.



ANNEXES L

Aexo
mw
0.30] GreixPCM_sals diol_PT178Na_cl, 12.03.2016 18:52:09
] GreixPCM_sals diol_PT178Na_c1, 1.1300 mg
0.259
0.20

O |

Integral -92.46 mJ
normalized  -81.83 Jg~-1
Onset 203.83 °C
Peak 204.68 °C
Endset 205.10 °C

Left bl Limit 198.53 °C
Right bl Limit ~ 208.23 °C
Baseline Ty pe line

-0.10

-0.25

-0.30

-0.35
31150 160 170

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 min

180 190 200 210 220 230 240 25@5@50 240 230 220 210 200 190 180 170 160 156C

Lab: Grea STAR® SW 11.00

Figure A3-24. DSC response of sodium DHSA salt, 1% cycle.



ANNEXES L

fexo

mw

GreixPCM_sals digl_PT178Na_c2, 13.03 2016 (12:0%:07
.6 GreixPCM_sals dial PT178Na_c2, 1.130d mg

05
u&f \"\\

o T
02
0.1
0.0
111
2.2

-39

13EG 160 170 180 190 200 214 224 230 244 2585850 24 230 20 210 204 180 183 170 160 156C
D R L b Ly e P AN A g

] 20 40 60 80 100 120 140 160 180G 200 20 240 260 280 300 320 30 360 380G 400 min

Lab: Graa STAR® 3W 11 .00

Figure A3-25. DSC response of sodium DHSA salt, 2" cycle.



ANNEXES LIl

Aexo

mwW

0.6

0.57

0.44

0.3

0.2

GreixPCM_sals diol PT178Na_c3, 13.03.2016 09:26:05
01 GreixPCM_sals diol_PT178Na_c3, 1.1300 mg

0.07

-0.14

0.2

0.3

1560 160 170 180 190 200 210 220 230 240 25@5@50 240 230 220 210 200 190 180 170 160 156
s Lo L e e T B o T s e S T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 min
Lab: Grea STAR® SW 11.00

Figure A3-26. DSC response of sodium DHSA salt, 3" cycle.



ANNEXES L

Aexo
mW{  GreixPCM_sals diol_PT178Ca, 14.03.2016 16:19:44
1.04 GreixPCM_sals diol_PT178Ca, 6.3700 mg
4 Integral -493.52 mJ
08 Integral -765.61 m) normalized  77.48 JgA-1 Integral “473.01mJ
normalized  -120.19 Jg/-1 Onset 157.64 °C normalized  -74.26 chA-l
0.61 Onset 109.99 °C Peak 160.79 °C Onset 156.40 °C
Peak 122,49 °C Endset 162.30 °C Peak 159.98 °C
0.4{ Endset 126.39 °C Left bl Limit  143.31 °C Endset 161.63 °C
. o
Left bl Limit ~ 109.99 °C Right bl Limit  163.75 °C Left bl Limit  139.66 °C
Right bl Limit ~ 128.57 °C Baseline Ty pe line Right bl Limit ~ 162.94 °C
0.29 Baseline Type line Baseline Ty pe line
0.07 Integral 451.86 mJ
normalized ~ 70.93 Jg~-1
0.2 Ot Frtpags Integral 418.66 mJ
ea : normalized  65.72 Jg~-1
1 Endset 123.83 °C Onset 126,73 °C
0.4 Left bl Limit ~ 135.58 °C o
- " Peak 125.53 °C
Right bl Limit  119.10 °C Endset 121.35 °C
061 Baseline Type line Left bl Limit ~ 133.79 °C
Right bl Limit ~ 111.58 °C
-0.8 Baseline Type line
Integral -556.79 mJ
-1.04 normalized| -87.41 Jg”-1
Onset 159.22 °C
1 Peak 162.37 °C
12 Endset 163.44 °C
Left bl Limit | 150.07 °C
1.4 Right bl Limif  165.12 °C
Baseline Ty pe line
1.6
1,gHl00120 140 160 1808380 160 140 1201100120 140 160 1808380 160 140 120110120 140 160 18088SC
. L e e LA A o e e e L B o L B e e L o o e A M L sy s 0 R

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 min
Lab: Grea STAR® SW 11.00

Figure A3-27. DSC response of calcium DHSA salt, three cycles.



ANNEXES LIV

Aexo

mw]
0.4_7;
o.4c§
0.35§

GreixPCM_sals diol_PT178K, 16.03.2016 01:45:45
GreixPCM_sals diol_PT178K, 1.8200 mg

o.3c§
o.zsé
o.zcé
o.15§
o.1c§
o.osé
vooé

0.10

-0.159

-0.209

e AR e
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950min
Lab: Grea STAR® SW 11.00

Figure A3-28. DSC response of magnesium DHSA salt, three cycles.



ANNEXES LV
Aexo
mw
14
0 ' ) v —
Integral -560.91 mJ
" Integral 469.88 m]
Sample: PAU_143 -1, 2.8300 m normalized  -198.20 Jg-1 normalized  166.04 Jg~-1
Onset 93.88 °C 9
: of
-17  Sample: PAU_143 -2, 2.8300 m Peak 94.50 °C Onset 83.53 °C
P - ' Endset 95.01 °C Peak 82.69 °C
Left bl Limit ~ 84.08 °C Endset 81.58 °C
Sample: PAU_143 -3, 2.8300 m aht bl mit. D8 left bl Limit 84,49 °C
Right bl Limit - 95.79°C Right bl Limit  75.13 °C
27 vpe Baseline Type line
Integral -476.30 m]
normalized  -168.30 Jg~-1 Integral 440.64 mJ
Onset 92.49 °C normalized ~ 155.70 Jg~-1
Peak 94.11 °C Onset 83.77 °C
3 Endset 94.74 °C Peak 82,91 °C
Left bl Limit ~ 84.07 °C Endset 81.26 :c
Right bl Limit ~ 95.79 °C Left bl Limit  84.49 °C
Baseline Type line Right bl Limit ~ 75.13 °C
41 Baseline Ty pe line
Integral -434.09 mJ
normalized  -153.39 Jg/-1 Integral 412.36 m.'lA
Onset 91.55 °C normalized  145.71 Jg~-1
Peak 93.47 °C Onset 83.20 °C
3] Endset 0426 °C Peak 82.68 °C
Left bl Limit ~ 84.07 °C Enfttﬂsslt - 32-53 Zg
Right bl Limit  95.79 °C Left bl Limit 4
Baseline Ty pe line Right bl Limit ~ 75.13 °C
51 Baseline Ty pe line
70 70 75 80 8 0 9% 100 105 110 15 115 15 110 105 100 95 0 8 80 75 70 70 °c
A I Bt A e B S o O R T R AR
100 110 120 130 140 150 160 170 180 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-29. DSC response of DHSA, three cycles.



ANNEXES

DSC analysis of the Chapter IV

Lvi

Aexo IP/C_1_s1 09.11.2016 09:55:23
Vet 1 Ip/C_1 s1
P/C_1_s1, 2.4700 mg
104
8
6
Integral -448.20 mJ
o normalized -181.46 Jg~-1
Onset 67.89 °C
Peak 69.31 °C
2 Endset 69.72 °C
Left Limit 64.53 °C
Right Limit ~ 69.90 °C
o~ (—J 3 T 3 ’mﬂ
w Integral 387.39 m]
normalized 156.84 Jg"-1
2 Onset 55.36 °C
Peak 54.12 °C
2] Endset 53.17 °C
Left Limit 57.58 °C
Right Limit  50.79 °C
o
8
~10-
24
o L o o e o AL e N A LML L L L B L L
o 10 20 30 40 50 60 7 80 €0 100 110 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-30. DSC response and evaluation of the material crystallized from

methyl DHSE. Not cycled sample 1.



ANNEXES LVII
Aexo IP/C_1_s2 09.11.2016 09:56:52
Wt 1 IP/C_1_s2
P/C_1_s2, 2.3300 mg
104
8
6
Integral -422.52 m]
o normalized -181.34 Jg~-1
Onset 67.90 °C
Peak 69.31 °C
N Endset 69.72 °C
Left Limit 64.53 °C
69.88 °C

Right Limit
r

Fl

i

Integral
normalized

Onset

Peak

Endset

Left Limit

Right Limit

362.71 mJ
155.67 Jgn-1
54.59 °C
53.59 °C
52.36 °C
56.83 °C
52.00 °C

50 5 4 40 °C

L L v
T

190 20 210 min

o ‘w
2
M
o
o
104
2]
40 408080 80 80B0M0 40 40 45 50 55 60 65
M N A
0 hl 20 30 40 50 60 70 80 20
Lab: Grea

STAR® SW 11.00

Figure A3-31. DSC response and evaluation of the material crystallized from

methyl DHSE. Not cycled sample 2.



ANNEXES

Lviii

Aexo 'P/C_2_s1 09.11.2016 09:59:19
Wt p/c_2.s1
44 P/C_2_s1, 2.2700 mg
Integral -320.33mJ
normalized -141.12 Jg™-1
Onset 55.02 °C
2 Peak 57.06 °C
Endset 58.30 °C
Left Limit 51.20 °C
Right Limit ~ 58.58 °C /(m\_}—\
o 3 A 3
w Integral 319.38 mJ
normalized 140.69 Jg~-1
Onset 48.72 °C
24 Peak 47.43 °C
Endset 46.73 °C
Left Limit 49.78 °C
Right Limit  45.56 °C
4
o]
3
~10
12
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 80 kel 70 5] 60 55 50 45 40 40 °C
S e g
10 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-32. DSC response and evaluation of the material crystallized from

ethyl DHSE. Not cycled sample 1.



ANNEXES LIX
Aexo 'P/C_2_s2 09.11.2016 10:01:15
Vo't 1 1p/C_2_s2
4{P/C_2_s2, 2.5900 mg
Integral -371.57 m]
normalized -143.46 Jg~-1
Onset 55.01°C
2+ Peak 57.05 °C
Endset 58.31°C
Left Limit 50.96 °C
Right Limit ~ 58.66 °C u{@l_‘\
o 3 <} 3 ki
W Integral 364.40 m]
normalized 140.70 Jg~-1
Onset 49.06 °C
2-| Peak 47.56 °C
Endset 46.84 °C
Left Limit 49.82 °C
Right Limit ~ 45.79 °C
4
o
5
~104
12
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 8 kel 70 5] 60 55 50 45 40 40 °C
R e e
o il 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-33. DSC response and evaluation of the material crystallized from

ethyl DHSE. Not cycled sample 2.



ANNEXES

LX

Aexo IP/C_3p_s1 09.11.2016 09:46:36
"1 1 p/c_3p_st
P/C_3p_s1, 3.4800 mg
3 Integral -524.08 mJ
normalized -150.60 Jg~-1
2] Onset 56.49 °C
Peak 58.74 °C
; Endset 59.92 °C
] Left Limit 52.32°C
Right Limit ~ 60.44 °C
0 3 1 3 "‘(mi
\ w Integral 484.55 m]
] normalized 139.24 Jg/-1|
Onset 45.19 °C
2] Peak 43.55 °C
Endset 42.46 °C
Left Limit 48.53 °C
3 Right Limit ~ 42.13 °C
4]
5]
o]
7]
5]
9]
104
114 40 40580 80 B8BOIO 40 40 45 50 55 80 &5 70 s 80 8 80 kel 70 5] 60 55 50 45 40 40 °C
A L o L N L SRS i
o 10 2 30 40 50 60 70 80 0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-34. DSC response and evaluation of the material crystallized from

propyl DHSE. Not cycled sample 1.



ANNEXES

LXI

Aexo IP/C_3p_s2 09.11.2016 09:49:04
W' 4 1p/C_3p_s2
P/C_3p_s2, 5.1200 mg
3]
Integral -752.80 mJ
normalized -147.03 Jg~-1
z Onset 56.32 °C
Peak 58.76 °C
] Endset 59.91 °C
Left Limit 51.78 °C
Right Limit ~ 60.31 °C m
o ¢ 4 3 4
W Integral 700.54 mJ
43 normalized 136.82 Jg~-1
Onset 44.98 °C
Peak 42.95 °C
2 Endset 41.92 °C
Left Limit 48.08 °C
s Right Limit ~ 41.50 °C
4]
5]
]
7]
5]
9]
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 8 kel 70 5] 60 55 50 45 40 40 °C
A R S Y e Y
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Lab: Grea STAR® SW 11.00

Figure A3-35. DSC response and evaluation of the material crystallized from

propyl DHSE. Not cycled sample 2.



ANNEXES

Aexo

LXi

09.11.2016 09:51:04

1)

w1 | p/C_4 sl
| P/C_4.s1,3.6000 mg

r

Pl

11\

R

Integral
normalized

Onset

Peak

Endset

Left Limit

Right Limit

-497.39 m)
-138.16 Jg~-1
51.02 °C
52.44 °C
52.96 °C
46.25 °C
53.23 °C

Integral

normalized

Onset
Peak
Endset
Left Limit
Right Limit

3 =T
448.31 m]
124.53 Jg~-1
40.91 °C
40.04 °C
40.01 °C
43.34 °C
40.00 °C

5 4 40 °C
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L
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180 190
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20 210 min

Lab: Grea

STAR® SW 11.00

Figure A3-36. DSC response and evaluation of the material crystallized from

butyl DHSE. Not cycled sample 1.



ANNEXES LXIII

Aexo IP/C_4_s2 09.11.2016 09:53:22

W1 IP/C 452
|P/C 4 52, 3.4900 mg

D,
1

). 4 r

0 ¥
Integral 421.69 mJ
normalized 120.83 Jg”-1

Onset 40.73 °C
] Integral -472.91 mJ Peak 40.04 °C
normalized -135.50 Jg"-1 Endset 40.01 °C
Onset 51.01°C Left Limit ~ 43.37 °C
Peak 52.46 °C i imil
Right Li .00 °
Endset 52.97 °C foneLmit 40,00 %

Left Limit 46.18 °C
Right Limit ~ 53.33 °C

M
5
o
7

40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 8 & 75 70 85 80 55 50 45 40 40 °C

L e e B B L L L L B P o At S AR AL
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Lab: Grea STAR® SW 11.00

Figure A3-37. DSC response and evaluation of the material crystallized from

butyl DHSE. Not cycled sample 2.



ANNEXES

LXIV

Aexo IP/C_5_s1 10.11.2016 10:07:18
" pic_5 st
P/C_5_s1, 3.4900 mg
2
0T 3 i 3 3
w Integral 501.03 mJ
normalized 143.56 Jg~-1
Integral -538.13 mJ Onset 43.04 °C
2 normalized -154.19 Jg~-1 Peak 42.95 °C
Onset 53.93 °C Endset 42.61 °C
Peak 55.44 ZC Left Limit 47.65 °C
Endset 56.00 °C Right Limit ~ 40.00 °C
Left Limit 49.40 °C
“ Right Limit ~ 56.18 °C
.
]
104
24
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 80 kel 70 5] 60 55 50 45 40 40 °C
AR e L B LA
10 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-38. DSC response and evaluation of the material crystallized from

pentyl DHSE. Not cycled sample 1.



ANNEXES LXV
Aexo IP/C_5_s2 10.11.2016 10:08:34
w1 | IP/C_5_s2
P/C_5_s2, 3.3300 mg
y ) , ety
0 3 v El
w Integral 487.66 m]
normalized 146.45 Jg~-1
Integral -522.39m] Onset 44.06 °C
2 normalized -156.88 Jg/-1 Peak 42.06 °C
Onset 53.58 °C Endset 40.08 °C
Peak 55.24 °C Left Limit 47.84 °C
Endset 55.82 °C Right Limit ~ 40.00 °C
Left Limit 49.16 °C
-4 Right Limit ~ 56.09 °C
o]
.
“10
12
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 8 kel 70 5] 60 55 50 45 40 40 °C
e L o B N L
o 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-39. DSC response and evaluation of the material crystallized from

pentyl DHSE. Not cycled sample 2.



ANNEXES LXvi

Aexo IP/C_6_s1 10.11.2016 10:09:33
et | IP/C_6_s1
P/C_6_s1, 5.4800 mg
% Integral  -1167.67 mJ
normalized -213.08 Jg~-1
2 Onset 62.79 °C
Peak 63.96 °C
a Endset 64.59 °C
Left Limit ~ 58.05 °C
Right Limit ~ 64.81 °C
04 3 3 3 3
Integral 1104.36 m)
] normalized 201.53 Jg~-1
Onset 49.30 °C
Peak 48.20 °C
2] Endset 47.22°C
Left Limit ~ 51.00 °C
] Right Limit ~ 45.13 °C
]
]
]
]
]
o]
40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 8 8 75 70 85 80 55 50 45 40 40 °C
B R B B L LA s o s e Ao o N A AR
10 20 30 40 50 60 70 80 20 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-40. DSC response and evaluation of the material crystallized from

hexyl DHSE. Not cycled sample 1.



ANNEXES LXVII
Aexo IP/C_6_s2 10.11.2016 10:10:34
W't 11p/C_6_s2
3] P/C_6_s2, 3.9400 mg
Integral -841.23 mJ
normalized -213.51 Jg©-1
2 Onset 62.83 °C
Peak 63.89 °C
1 Endset 64.43 °C
Left Limit ~ 58.28 °C
Right Limit ~ 64.62 °C J{WL
03 ¢ i ¢ ¥
Integral 797.02 m]
] normalized 202.29 Jg~-1
Onset 49.63 °C
Peak 48.53 °C
2] Endset 47.32 °C
Left Limit ~ 51.41 °C
34 Right Limit ~ 45.61 °C
]
5]
]
]
]
o]
10
40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 55 50 45 40 40 °C
B T L R R T oy
0 10 20 30 40 50 60 70 80 20 100 110 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-41. DSC response and evaluation of the material crystallized from

hexyl DHSE. Not cycled sample 2.



ANNEXES

Lxviii

Aexo 'P/C_1000_6_s1 01.12.2016 10:04:10
W' 1 IP/C_1000_6_s1
P/C_1000_6_s1, 5.2000 mg
3] Integral -1133.43 mJ
normalized -217.97 Jg™-1
2] Onset 62.87 °C
Peak 63.97 °C
Endset 64.58 °C

Left Limit 58.68 °C
Right Limit ~ 64.76 °C

» Pl

i,

0 13
Integral 1058.48 mJ
9 normalized 203.55 Jg~-1
Onset 42.25 °C
2] Peak 41.97 °C
Endset 41.32°C
o] Left Limit ~ 42.87 °C
Right Limit ~ 40.00 °C
4]
5]
o]
7]
3]
9]
~10
L e e e 0L L e e B s e s
0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-42. DSC response and evaluation of the material crystallized from

hexyl DHSE. Cycled sample 1. 100 cycles.



ANNEXES

Aexo

LXIX

'P/C_1000_6_s2 01.12.2016 10:05:05

wgr-1
7 IP/C_1000_6_s2
P/C_1000_6_s2, 8.5800 mg

Integral
normalized

Onset

Peak

Endset

Left Limit

Right Limit

-1794.31 mJ
-209.13 JgA-1
62.77 °C
64.01 °C
64.84 °C
58.63 °C
65.13 °C

Fl 2l

)

r

Integral 1693.32 m]
normalized 197.36 Jg~-1
Onset 42.32 °C

Peak 41.86 °C

2] Endset 40.50 °C
Left Limit ~ 43.02 °C
Right Limit  40.00 °C

]

]

5]

o]

]

]
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Lab: Grea STAR® SW 11.00

Figure A3-43. DSC response and evaluation of the material crystallized from

hexyl DHSE. Cycled sample 2. 100 cycles.



ANNEXES LXX

Aexo 'P/C_6_1000_s2 04.04.2017 16:11:40
e P/C_6_1000_s2
P/C_6_1000_s2, 5.6800 mg
Integral -1205.82 mJ
normalized -212.29 Jg~-1
o Onset 62.98 °C
Peak 64.00 °C
Endset 64.70 °C
Left Limit ~ 59.35 °C Amm
Right Limit ~ 64.89 °C
04 r 1 3 %
Integral 112439 m)
normalized 197.96 Jg~-1
Onset 42.55 °C
A Peak 41.84 °C
Endset 41.22 °C
Left Limit 44.90 °C
Right Limit  40.00 °C
4
o]
.
~10
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 80 kel 70 5] 60 55 50 45 40 40 °C
R e i
10 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-44. DSC response and evaluation of the material crystallized from

hexyl DHSE. Cycled sample 1. 1000 cycles.



ANNEXES LXXI

Aexo 'P/C_6_1000_s3 04.04.2017 16:12:55
wer-1 1 IP/C_6_1000_s3
P/C_6_1000_s3, 5.9500 mg
3] Integral -1269.67 m]
normalized -213.39 Jg~-1
2] Onset 63.02 °C
Peak 64.06 °C
; Endset 64.78 °C
] Left Limit 58.67 °C
Right Limit ~ 64.99 °C
ol et m
Integral 1134.68 mJ
] normalized 190.70 Jg~-1
Onset 42.68 °C
Peak 40.11 °C
3 Endset 40.03 °C
Left Limit 43.12 °C
3] Right Limit ~ 40.00 °C
4]
5]
s
7]
5]
9]
104
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R R R R R R R R R RN SRR
o il 2 30 40 50 60 70 80 0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-45. DSC response and evaluation of the material crystallized from

hexyl DHSE. Cycled sample 2. 1000 cycles.



ANNEXES

LXXII

Aexo 'P/C_8_s1 10.11.2016 10:11:28
W1 Lip/C_8 sl
] P/C_8_s1, 1.8000 mg
10
8
. Integral -426.01 m]
g} normalized -236.67 Jg©-1
Onset 71.89 °C
“1 Peak 72.62 °C
Endset 73.01°C
27 Left Limit 68.26 °C
Right Limit ~ 73.15 °C
o, 3 i -
Integral 417.46 m]
2 normalized 231.92 Jg~-1
Onset 65.02 °C
] Peak 64.46 °C
Endset 63.83 °C
o Left Limit 65.62 °C
Right Limit ~ 62.31 °C
5
104
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4
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Figure A3-46. DSC response and evaluation of the material crystallized from

octyl DHSE. Not cycled sample 1.



ANNEXES

LXXI

Aexo IP/C_8_s2 10.11.2016 10:12:18
W prc_8s2
1 p/c_8_s2, 1.9800 mg
104
o
Integral -458.88 mJ
& normalized -231.76 Jg~-1
Onset 71.93 °C
] Peak 72.68 °C
Endset 73.08 °C
2 Left Limit ~ 68.15 °C
Right Limit ~ 73.32 °C
o i g
\\(H Integral 450.44 m]
2q normalized 227.49 Jg~-1
Onset 65.19 °C
4 Peak 64.67 °C
Endset 63.93 °C
54 Left Limit ~ 65.82 °C
Right Limit ~ 62.44 °C
N
0]
2]
4]
164
18]
'm’wmmmww 45 50 55 60 65 70 sl 80 8 & 75 70 85 80 55 50 45 40 40 °C
R o T o e o Tl T A AR R A e
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Lab: Grea STAR® SW 11.00

Figure A3-47. DSC response and evaluation of the material crystallized from

octyl DHSE. Not cycled sample 2.



ANNEXES LXXIV
Aexo 'P/C_1000_8_s1 01.12.2016 10:06:01
wg*-1 { IP/C_1000_8_s1
10| P/C_1000_8_s1, 5.8900 mg
8
6
Integral -1354.69 mJ
4 normalized -230.00 Jg"-1
Onset 71.70 °C
Peak 72.75 °C
2 Endset 73.49 °C
Left Limit 69.07 °C
Right Limit ~ 73.65 °C
o /_/J t 4 5
w Integral 1342.62 m]
normalized 227.95 Jg™-1
2 Onset 65.02 °C
Peak 64.66 °C
Endset 63.75 °C
4 Left Limit 65.64 °C
Right Limit  62.68 °C
o]
3
“104
12
AT T T T e
o 10 2 30 40 50 80 70 80 0 100 110 120 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-48. DSC response and evaluation of the material crystallized from

octyl DHSE. Cycled sample 1. 100 cycles.



ANNEXES

Aexo

'P/C_1000_8_s2

LXXV

01.12.2016 10:10:00

Wg*-1

4 P/C_1000_8_s2

P/C_1000_8_s2, 7.6600 mg

4 Integral -1762.48 m]
normalized -230.09 Jg~-1
Onset 71.68 °C
. Peak 72.81 °C
Endset 73.69 °C
Left Limit 68.56 °C
Right Limit ~ 73.84 °C N
1 P

o 3
Integral 1757.36 m)
normalized 229.42 Jg~-1
A Onset 65.17 °C
Peak 64.63 °C
Endset 63.50 °C
Left Limit 65.72 °C
“q Right Limit ~ 62.39 °C
o]
.
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Figure A3-49. DSC response and evaluation of the material crystallized from

octyl DHSE. Cycled sample 2. 100 cycles.



ANNEXES

LXXVI

Aexo 'P/C_6_1000_s3 04.04.2017 16:12:55
wer-1 1 IP/C_6_1000_s3
P/C_6_1000_s3, 5.9500 mg
3] Integral -1269.67 m]
normalized -213.39 Jg~-1
2] Onset 63.02 °C
Peak 64.06 °C
; Endset 64.78 °C
] Left Limit 58.67 °C
Right Limit ~ 64.99 °C
ol et m
W Integral 1134.68 mJ
] normalized 190.70 Jg~-1
Onset 42.68 °C
Peak 40.11 °C
3 Endset 40.03 °C
Left Limit 43.12 °C
3] Right Limit ~ 40.00 °C
4]
5]
s
7]
5]
9]
104
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Lab: Grea STAR® SW 11.00

Figure A3-50. DSC response and evaluation of the material crystallized from

octyl DHSE. Cycled sample 1. 1000 cycles.



ANNEXES

LXXVII

Aexo 'P/C_8_1000_s2 05.04.2017 10:18:47
W1
10
8
6
o Integral -1377.82 m]
normalized -218.36 JgN-1
Onset 71.48 °C
Peak 72.39 °C
2 Endset 73.10 °C
Left Limit 67.96 °C
Right Limit ~ 73.36 °C
o4 (S r

Pl

b

> <

Integral

normalized
Onset
Peak
Endset
Left Limit
Right Limit

1318.25 m]
208.91 Jg™-1
58.23 °C
57.52 °C
56.94 °C
58.23 °C
54.14 °C

50 5 4 40 °C

L L v
LA e e

190 20 210 min
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Figure A3-51. DSC response and evaluation of the material crystallized from

octyl DHSE. Cycled sample 2. 1000 cycles.



ANNEXES ILXXVIII

Aexo IP/C_10_s1 10.11.2016 10:13:42
W1 | IP/C_10_s1
ol P/C_10_s1, 1.8600 mg
104
8
Integral -402.18 mJ
6 normalized -216.23 Jg~-1
Onset 71.61 °C
4 Peak 72.27 °C
Endset 72.61 °C
2 Left Limit 68.42 °C
Right Limit ~ 72.79 °C 'nm\
0T t b ]
Integral 375.32m]
2 normalized 201.79 Jg~-1
Onset 55.61 °C
4 Peak 54.92 °C
Endset 53.83 °C
- Left Limit 56.94 °C
Right Limit ~ 52.71 °C
.
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Figure A3-52. DSC response and evaluation of the material crystallized from

decyl DHSE. Not cycled sample 1.



ANNEXES

LXXIX

Aexo IP/C_10_s2 11.11.2016 12:01:33
wer-1 | IP/C_10_s2
124 P/C_10_s2, 1.7200 mg
10
8
Integral -373.26 mJ
6 normalized -217.01 Jg~-1
Onset 71.60 °C
4 Peak 72.26 °C
Endset 72.61°C
2 Left Limit 68.41 °C
Right Limit ~ 72.74 °C
[ E— 1t W
Integral 352.32m]
2 l normalized 204.83 Jg~-1
Onset 56.73 °C
1 Peak 55.32°C
Endset 52.13 °C
6 Left Limit 56.97 °C
Right Limit ~ 52.13 °C
5
“10
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o il 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
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Figure A3-53. DSC response and evaluation of the material crystallized from

decyl DHSE. Not cycled sample 2.



ANNEXES LXXX

Aexo IP/C_1000_10_s1 07.12.2016 10:23:58
W' 11ip/C_1000_10_s1
P/C_1000_10_s1, 8.2200 mg
104
8
6
Integral -1813.17 m]
“ normalized -220.58 Jg~-1
Onset 71.59 °C
Peak 72.50 °C
2 Endset 73.39 °C
Left Limit 68.62 °C
L Right Limit ~ 73.56 °C
0 - # "
W Integral 1733.77 m]
normalized 210.92 Jg~-1
27 Onset 57.26 °C
Peak 57.13 °C
Endset 55.64 °C
4 Left Limit 57.67 °C
Right Limit ~ 54.07 °C
o]
.
10— 40 408080 80 8B40 40 40 45 50 55 60 65 70 sl 80 8 8 75 70 5] 60 55 50 45 40 40 °C
R e i
10 20 30 40 50 60 70 80 20 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-54. DSC response and evaluation of the material crystallized from

decyl DHSE. Cycled sample 1. 100 cycles.



ANNEXES

Aexo IP/C_100_10_s2

07.

LXXXI

12.2016 09:43:02

V™1 1 1P/C_100_10_s2

P/C_100_10_s2, 8.4800 mg

Integral -1839.94 m]
4 normalized -216.97 Jg~-1
Onset 71.56 °C
Peak 72.53 °C
2 Endset 73.47 °C

Left Limit 68.20 °C

Right Limit ~ 73.64 °C
— r .

I,

0 v > K
NW Integral 1759.66 mJ
2 normalized 207.51 Jg~-1
Onset 57.85 °C
Peak 57.01 °C
o Endset 56.71 °C
Left Limit ~ 57.85 °C
Right Limit ~ 54.17 °C
o]
8]
40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 8 & 75 70 85 80 55 50 45 40 40 °C
B L R R N R R R R N e R N R N R RN SR
0 hl 20 30 40 50 60 70 80 20 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-55. DSC response and evaluation of the material crystallized from

decyl DHSE. Cycled sample 2. 100 cycles.



ANNEXES LXXXII

Aexo IP/C_10_1000_s1 04.04.2017 16:14:50
we-t | IP/C_10_1000_s1
P/C_10_1000_s1, 4.0000 mg
104
8
6
Integral -887.20 mJ
4] normalized -221.80 Jg™-1
Onset 71.52 °C
Peak 72.34 °C
N Endset 72.89 °C
Left Limit 68.39 °C
Right Limit ~ 73.07 °C m
0 \* 3 !
Integral 859.67 mJ
normalized 214.92 Jg~-1
2 Onset 56.81 °C
Peak 56.35 °C
Endset 55.94 °C
4 Left Limit 57.86 °C
Right Limit ~ 54.57 °C
.
3
“10
40 408080 80 80BOY0 40 40 45 50 55 80 &5 70 s 80 8 80 kel 70 5] 60 55 50 45 40 40 °C
e L o B
10 2 30 40 50 60 70 80 €0 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-56. DSC response and evaluation of the material crystallized from

decyl DHSE. Cycled sample 1. 1000 cycles.



ANNEXES IXXXII]

Aexo IP/C_10_1000_s2 04.04.2017 16:15:45

We*-1 1 1P /C_10_1000_s2
10 P/C_10_1000_s2, 4.2800 mg

Integral -912.61 m]
4 normalized -213.23 Jg™-1
Onset 71.46 °C
Peak 72.32°C
2-| Endset 72.87 °C

Left Limit 68.34 °C
Right Limit ~ 73.08 °C

ol L . Ay
Integral 913.81 mJ
normalized 213.51 Jg~-1
N Onset 60.18 °C
Peak 60.14 °C
Endset 58.12 °C
“ Left Limit ~ 63.13 °C
Right Limit ~ 57.82 °C
o
]
10
40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 8 & 75 70 85 80 55 50 45 40 40 °C
L B Lt B L L L s Lot
0 hl 20 30 40 50 60 70 80 20 100 110 120 130 140 150 160 170 180 190 200 210 min
Lab: Grea STAR® SW 11.00

Figure A3-57. DSC response and evaluation of the material crystallized from

decyl DHSE. Cycled sample 2. 1000 cycles.



ANNEXES

LXXXIV

Aexo IP/C_12_s1 11.11.2016 12:02:45
W1 1 IP/C_12_s1
6| P/C_12_s1, 2.3100 mg
Integral -492.91 mJ
o normalized -213.38 Jg™-1
Onset 69.77 °C
Peak 70.68 °C
2 Endset 71.08 °C
Left Limit 66.32 °C
Right Limit ~ 71.22 °C /m\
o— ¢ # I
Integral 467.29 m]
normalized 202.29 Jg~-1
N Onset 57.10 °C
Peak 56.32 °C
4] Endset 55.54 °C
Left Limit 57.94 °C
Right Limit ~ 53.99 °C
o]
.
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24
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AR e L B LA
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Lab: Grea STAR® SW 11.00

Figure A3-58. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Not cycled sample 1.



ANNEXES LXXXV
Aexo IP/C_12_s2 11.11.2016 12:03:40
Wl pic_12 52
| P/C_12_s2, 2.5500 mg
Integral -554.48 m]
normalized -217.44 Jg~-1
4 Onset 69.79 °C
Peak 70.71 °C
Endset 71.14 °C
24 Left Limit 66.03 °C
Right Limit ~ 71.30 °C /ﬂm\m‘
u:*«j 3 ) f t
"w Integral 505.75 mJ
2 normalized 198.33 Jg~-1
Onset 56.18 °C
Peak 54.94 °C
4| Endset 54.35 °C
Left Limit 57.40 °C
Right Limit ~ 52.20 °C
o]
3
“10
24
2
-6
487404(]5(3)&)&%4040 45 50 55 80 &5 70 s 80 8 8 kel 70 5] 60 55 50 45 40 40 °C
e L o B N L
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Lab: Grea STAR® SW 11.00

Figure A3-59. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Not cycled sample 2.



ANNEXES LXXXVI

Aexo 'P/C_100_12_s1 07.12.2016 09:49:14

We"1 7 1P /C_100_12_s1
P/C_100_12_s1, 6.2200 mg

o Integral -1311.90 mJ
normalized -210.92 Jg©-1

Onset 69.39 °C
Peak 70.69 °C

2 Endset 71.28 °C
Left Limit 64.99 °C
Right Limit ~ 71.48 °C

r .

0 3 Y
w Integral 1261.76 mJ
normalized 202.86 Jg~-1

2 Onset 55.75 °C
Peak 55.68 °C
Endset 55.04 °C

Left Limit 57.02 °C
Right Limit ~ 53.69 °C

40 408080 80 80B0M0 40 40 45 50 55 60 65 70 sl 80 8 8 75 70 85 80 55 50 45 40 40 °C

R e B B B L L B L L
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Figure A3-60. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Cycled sample 1. 100 cycles.



ANNEXES

Aexo

'P/C_100_12_s2

LXXXVII
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W1 1P /C_100_12_s2
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Integral -1656.61 m]
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Peak 70.78 °C
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Figure A3-61. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Cycled sample 2. 100 cycles.



ANNEXES LXXXVIII

fexo IP/C 12 1000 2 05.04.2017 10:20:35

wyt

PAC_12_1000_s2
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Figure A3-62. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Cycled sample 1. 1000 cycles.



ANNEXES LXXXIX

Aexo IP/C_12_1000_s3 05.04.2017 10:21:44

W1 4 IP/C_12_1000_s3
P/C_12_1000_s3, 4.2000 mg

4| Integral -807.73 m]
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04 i "

Integral 829.90 mJ
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Figure A3-63. DSC response and evaluation of the material crystallized from

dodecyl DHSE. Cycled sample 2. 1000 cycles.



ANNEXES XC

Aexo IP/C_14_s1 11.11.2016 12:04:29
W't 1 IP/C_14 s1
P/C_14_s1, 2.2600 mg
12
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Integral -435.35m]
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2 Endset 71.44 °C
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. 12 |
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Figure A3-64. DSC response and evaluation of the material crystallized from

tetradecyl DHSE. Not cycled sample 1.



ANNEXES

XCl
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o — {““*%I i
Integral 388.54 mJ
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Figure A3-65. DSC response and evaluation of the material crystallized from

tetradecyl DHSE. Not cycled sample 2.



ANNEXES XCll
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Figure A3-66. DSC response and evaluation of the material crystallized from

hexadecyl DHSE. Not cycled sample 1.



ANNEXES
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Figure A3-67. DSC response and evaluation of the material crystallized from

hexadecyl DHSE. Not cycled sample 2.



ANNEXES

XClv
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Figure A3-68. DSC response and evaluation of the material crystallized from

octadecyl DHSE. Not cycled sample 1.



ANNEXES

XCV
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Figure A3-69. DSC response and evaluation of the material crystallized from

octadecyl DHSE. Not cycled sample 2.
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