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Abstract

Biobased plasticizer from agro-industrial residual streams

Soybean Qil Deodorizer Distillate (SODD) is a valuable agro-industrial waste stream that
can be used as feedstock for a wide range of oleochemicals. In this regard, this work
evaluates the production of biobased green plasticizers from SODD. A potential
oleochemical plasticizer was selected through a computer-aided product design method
that performed a screening of potential candidate molecules by assessing different criteria
associated to their plasticizing performance. The selected criteria were compatibility,
efficiency, permanence, toxicity, and cost, which were predicted for the potential molecule
candidates using group contribution methods and empirical correlations. As a result of the
screening method, epoxidized isobutyl esters were found to be the most promising
plasticizers for polymers such as PVC. Subsequently, isobutyl fatty ester epoxides were
produced experimentally using a two-step reaction process: esterification and epoxidation.
Additionally, a kinetic model of the epoxidation of isobutyl esters was obtained and the
influence of reaction conditions on selectivity, efficiency, and yield was studied. As a result,
the best operating conditions for the synthesis of epoxidized isobutyl fatty esters were
determined. Finally, the performance of the assessed epoxides as plasticizers for PVC was
evaluated in terms of mechanical, optical, rheological, and barrier properties. These
epoxides exhibited exceptional mechanical performance and thermal stability compared to
traditional petrochemical plasticizers (i.e. phthalates). However, in terms of overall
performance, they cannot be considered as general-purpose plasticizers and are expected

to be used in specific applications.

Keywords: Esterification, fatty acids, Soybean oil deodorizer distillate, Isobutanol,
Epoxidation, Epoxidized isobutyl esters, Kinetics, Plasticizer, PVC.
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Resumen

Plastificante biobasado obtenido a partir de corrientes residuales agroindustriales

El destilado del desodorizado de aceite de soya (SODD) es un residuo agroindustrial que
se puede utilizar como materia prima para obtener un amplio espectro de productos
oleoquimicos. En esta direccién, se realizé inicialmente la seleccion de un derivado
oleoquimico con potencial plastificante mediante un método de disefio de producto asistido
por computador. Este método permiti6 realizar una seleccion entre moléculas
potencialmente Utiles mediante la evaluacion de diferentes criterios asociados con su
desempefio como plastificante. Los criterios seleccionados fueron compatibilidad,
eficiencia, permanencia, toxicidad y costo. Estos criterios se predijeron para las moléculas
candidatas utilizando métodos de contribucién de grupo y correlaciones empiricas. Como
resultado del método de seleccion, se encontré que los ésteres de isobutilo epoxidados
pueden ser plastificantes promisorios para polimeros como el PVC. Posteriormente, los
epoxidos de ésteres grasos de isobutilo se produjeron experimentalmente utilizando un
proceso de reaccion de dos pasos: esterificacion y epoxidacién. Ademas, se obtuvo un
modelo cinético de epoxidacién de ésteres de isobutilo y se estudié la influencia de las
condiciones de reaccion sobre la selectividad, la eficiencia y el rendimiento. Como
resultado, se obtuvieron las mejores condiciones de operacion para la sintesis de ésteres
grasos de isobutilo epoxidados. Finalmente, se evalué el desempefio de los epodxidos
isobutilicos como plastificantes para PVC en términos de propiedades mecanicas, opticas,
reolégicas y de barrera. Estos epdxidos mostraron un rendimiento mecénico y una
estabilidad térmica excepcional en comparacion con los plastificantes petroquimicos
tradicionales (es decir, los ftalatos). No obstante, en cuanto a su desempefio general, no
pueden ser considerados como plastificantes de uso general y se espera que puedan ser

utilizados en aplicaciones especificas.

Palabras claves: Esterificacion, acidos grasos, destilado desodorizado de aceite de soya,
isobutanol, epoxidacion, ésteres de isobutilo epoxidados, cinética, plastificante, PVC.
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Introduction

The incentive for implementing circular economy models has boosted the development of
processes and products around the exploitation of agro-industrial waste, especially those
related to the food production and consumption chain. In this sense, the manufacture of
chemical products from food waste is considered an alternative to reduce the impacts in
both sectors. The use of biobased waste streams and residues as raw materials can reduce
life cycle impacts and generate renewable, biodegradable, and biocompatible products.
Using biobased raw materials is possible to obtain a variety of direct and functional
substitutes for a wide number of products from fossil resources. Particularly, one of the
sectors requiring a rapid shift towards renewable raw materials is the polymer industry. The
high global consumption of these materials and the predominant use of monomers and
additives from petroleum resources make imperative the development of biobased raw

materials as an alternative to polymers and industrial plastics.

Among the different additives in commercial polymer processing, plasticizers play a primary
role. Plasticizers are chemical compounds that not only facilitate the transformation and
processing of polymers but also improve their physicochemical properties (i.e. flexibility,
plasticity, softness, etc.) [1]. Although plasticizers are used in different polymer
formulations, the market is mainly driven by their use in PVC products [1],[2]. In general,
the traditional PVC plasticizers are esters of polycarboxylic acids (phthalates,
terephthalates, adipates, sebacates, etc.) with a molecular weight ranging from 390 to 450
g/mol [2], [3].

To mitigate some of the environmental impacts generated during the production, shelf life,
and post-consumption of the plasticized materials, some biobased compounds have been

proposed as effective functional substitutes for traditional petrochemical plasticizers.
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Recently, non-phthalate plasticizers such as epoxidized soybean oil, castor olil, linseed all,
tall oil derivatives, isosorbide esters, acetyl citrates, and cardanol derivatives, among
others, have been obtained from different biobased feedstocks and sustainable routes.
Some of these compounds have been derived from vegetable oils and other oleochemical
feedstocks. These oleochemical derivatives have great potential to replace traditional
petrochemical plasticizers in a wide variety of applications. Some oleochemical-derived
products (e.g. epoxidized soybean oil) already have a significant share in the plasticizers
market, being the second most consumed class of plasticizers after petrochemical additives
[3]. Nonetheless, to avoid the food-water-energy nexus associated with the consumption of
first-generation chemicals, there is a need to explore the use of waste oleochemicals as a

potential feedstock for commercial plasticizers.

In this direction, this work is focused on the transformation of oleochemical waste into
valuable derivatives with plasticizing potential. First, using a computer-aided method, target
molecules with plasticizing potential were identified from the oleochemical feedstocks. This
stage involved the identification of the main performance properties of commercial
plasticizers and the derivation of predictive models to estimate these properties based on
the molecular structure of the potential compounds. The models were based on group
contribution methods and empirical correlations. In addition, the selection method
evaluated only renewable feedstocks (mainly biobased alcohols and waste streams) aiming
to produce plasticizers through a sustainable biobased route and promote the sustainable
production of new plasticizers with low environmental impacts. The selection among the
candidates was done by minimizing the difference between the predicted performance
properties of the assessed oleochemical molecules and those of the most typical general-

purpose plasticizer, dioctyl phthalate (DOP).

Once identified, a second stage of research was focused on the synthesis of the identified
biobased plasticizer using traditional chemicals and waste oleochemical stream, namely
Soybean Oil Deodorizer Distillate (SODD). The biobased plasticizer was produced through
a two-step approach via esterification and epoxidation, and a kinetic model of the second
step was experimentally developed. The model was used to determine the best operating
conditions for a bench-scale experiment to obtain a suitable amount of plasticizer for further
evaluation as a polymer additive. Finally, the performance of the obtained oleochemical
compounds was assessed in the plasticization of PVC films. Such films were produced by

a solvent casting method, and a variety of physicochemical performance properties were
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evaluated in comparison with films prepared using the most traditional petrochemical
plasticizer (i.e. DOP). It is envisioned that the proposed methodology could be employed in
the design of biobased products for various applications and could foster the development
of more waste-based products for the chemical industry. Besides, it is expected that the
obtained models can aid in the development of scale-up studies for further sustainability
assessment of the proposed technologies.
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1.Reuse of oleochemicals waste streams

into the polymer industry

Resource depletion, pollution, and increasing environmental impacts, especially those
associated to greenhouse gas emissions, have promoted the incorporation of global
policies (e.g., The Kyoto Protocol and the Paris Agreement) to promote the
dematerialization of economic activities. These policies have drawn attention to the
unsustainable dependence on fossil resources, leading to a paradigm shift from linear
economic development based on waste generation to biobased circular economy models
that enable closing the production cycle of materials. In this direction, generated waste has
been recognized as a potential feedstock for different industrial processes to reduce the
consumption of virgin raw materials and mitigate economic, social, and environmental
impacts. In this context, the harnessing and reuse of waste lipids from food chains and
residual streams from the oleochemical industry have become major research topics in
recent years. Harnessing of second-generation feedstocks from the oleochemical industry
would enable to reduce of pressure on the fossil sources, water, and arable land used in
the production of vegetable oils, and reduce the amount of edible oils diverted from food

and feeding purposes [4].

The exploitation of waste lipids from the vegetable oil chain is of particular importance for
Colombia, where palm oil production is a key agro-industrial sector. Currently, global
vegetable oil consumption amounts to 228 Mt, with palm oil accounting for 31% of the total
consumption in the food and biofuels sectors. Other major vegetable oils in the global
market are soybean (25%), canola (11%), and sunflower (8%) [5]. Although major local
production corresponds to palm oil, other vegetable oils are highly used in food applications

mainly for their characteristic properties. For instance, in some cases, a liquid product (e.g.
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table oil) is required, while in other cases, a spreadable grease is more desirable (e.qg.
butter-like product). These properties are highly dependent on the fatty acid distribution in
the triacylglycerides of the oils. Table 1-1 presents the typical composition of common
vegetable oils and the average content of unsaturated fatty acid chains in their constituent

triacylglycerides [6].

Table 1-1. Fatty acid composition of common vegetable oils.

Fatty acid Castor Corn Linseed Olive Palm Soybean Canola

Number of double bonds 3.0 4.5 6.6 2.8 1.7 4.6 3.9
Palmitic acid C16:.0 15 10.9 5.5 13.7 4238 11 4.1
Stearic acid Cc18:0 0.5 2.0 3.5 2.5 4.2 4.0 1.8
Oleic acid ci18:1 5.0 25.4 19.1 71.1 405 23.4 60.9
Linoleic acid C18:2 4.0 59.6 15.3 10.0 10.1 53.3 21.0
Linolenic acid C18:3 0.5 1.2 56.6 0.6 - 7.8 8.8

1.1 High-free fatty acid waste streams

Oleochemical waste streams are lipid effluents composed mainly of free fatty acids (FFAS),
glycerides, and soaps, that are obtained as residues or by-products of the oleochemical
industry, as well as post-consumption residues [7]. Large-volume waste streams include
trap greases, deodorizer distillates, bleaching earth, mill effluents, used cooking oils,
wastewater sludges, rancid oils, acidified soapstocks, and acidified oils, among others
[7],[8]. Some of these side streams come from the physical or chemical refining of vegetable
oils, which involves stages of saponification, degumming, distillation, and steam refining of
free fatty acids. Since the residual streams are derived from the treatment and processing
of vegetable oils, these streams exhibit lipid profiles similar to that of the original oils or fatty
materials. Table 1-2 presents the typical content of free fatty acids (FFAs) in common

residual acid streams.

Table 1-2. FFAs content in residual oleochemical streams

FFAs content (%
wt.)

Trap greases 50-100 [9]

Finished greases 9-26 [10]

Feedstock Reference
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Restaurant waste grease 1-42 [9]
Municipal Sludge >65 [10]
Animal Fat 5-30 [9]
Used cocking oil 3-80 [11], [12]
Waste oil 47 [10]
Vegetable Oil Deodorizer Distillate 20-82 [13]

Streams with a high content of free fatty acids, also known as acid oleochemical streams,
have attracted great interest on account of their low cost and high availability as raw
materials for oleochemical processes. A residual stream with high industrial potential for
further valorization is the Soybean Oil Deodorizer Distillate (SODD). Soybean oil is
extracted from soybeans and has a particular composition of fatty acids that is valued for
industrial use due to its high content of unsaturations and low acidity in the range of 0.5-
2.1%. Table 1-3 presents a typical distribution of FFA in the triacylglycerides of commercial
soybean oils [14]. Currently, the global consumption of soybean oil is estimated in 56 Mt
[5]. It is also the second most consumed oil after palm oil with a market share of around
22% of the total fat and oils [14].

Table 1-3. Composition of commercial soybean fatty acids.

Type of Fatty acid composition (% wt.)
commercial Palmitic Stearic Oleic Linoleic Linolenic
Oils 16:0 18:0 18:1 18:2 18:3
Commaodity 11 4 23 54 8
Low saturated 3 2 30 59 6
High palmitic 24 5 19 45 7
High stearic 10 24 40 20 6
High saturated 23 19 9 40 10
High oleic 8 2 83 3 4
Low linolenate 12 6 37 43 2

The SODD is obtained during the physical refining of crude soybean oil when compounds
that provide color, odor, and acidity are removed by high-vacuum distillation. In this stage,
FFAs are vaporized and separated selectively from the oil. The obtained stream, also
known as deodorizer distillate, has a high content of FFAs (>70%). The remaining content
corresponds to acylglycerols and unsaponifiable matter (5-10%) [5],[15]. The acylglycerols

fraction includes Triglycerides (TAGS), Diglycerides (DAGs), and Monoglycerides (MAGS)
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[13]. In addition to these components, SODD also contains ketones, peroxides, lecithin,
hydrocarbons, and olefins [14]. Table 1-4 presents a typical composition of the soybean oil
deodorizer distillate along with some physicochemical properties [16],[17]. As shown, the
high double bond content in SODD leads to an iodine value in the range of 109 - 114 cg
I/g. This high unsaturation content enables a wide range of chemical transformations to
obtain a diverse portfolio of high-value-added products. Valuable compounds present as
non-saponifiable matter, which is rich in phytosterols and tocopherols, have attracted great
interest. These compounds have many applications in the food, pharmaceutical, cosmetic,
and nutraceutical industries [16]. FFAs and acylglycerols from SODD can be exploited by
a variety of chemical of physical processes such as hydrolysis, esterification,

transesterification, distillation, crystallization, adsorption, and liquid-liquid extraction.

Table 1-4. Composition of soybean oil deodorizer distillate

Parameter Value
Acidity (% wt.) 23-54
Peroxide value (mequiv O2/kg) 8-120
lodine value (cg 12/g) 109-114
Saponification value (mg KOH/q) 133-166
Acylglycerols (% wt.) 28-65
Unsaponifiable matter (% wt.) 11-35
Tocopherols (% wt.) 2
Phytosterols (% wt.) 6-7

Besides industrially derived oleochemical waste streams (i.e. SODD), acid oils such as
used cooking oils (UCOs) represent a major fraction of the residual lipids currently used as
second-generation feedstocks. UCOs are produced as residues in the frying and cooking
process of food, and they have a FFAs content of about 3-80% [11], [12]. In Colombia, the
generation of UCOs is higher than 225 kt/year, which is equivalent to a per capita
production of 5 kg/person/year [8]. This output gives an idea of the potential use of this type

of waste as an industrial raw material.

Currently, most of the acid oleochemical streams are used for biodiesel production, and to
a lesser extent for the manufacture of soaps, as well as animal feed. However, an incentive
to develop higher value-added products is necessary to ensure sustainability in the long-
term harnessing second-generation oleochemicals [7]. To achieve this goal, it is necessary

to develop and improve different pretreatment and purification processes to remove
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impurities and generate a less heterogeneous feedstock. This would enable to fulfilment of
technical specifications of commercial industrial oleochemicals. Likewise, it is required the
identification of products with industrial scale-up potential that match their demand with the
availability and physicochemical characteristics of the residual materials. The biobased
polymers industry represents a potential niche for introducing waste lipids as second-
generation feedstock. On one side, there is a need to implement low-cost alternatives to
replace fossil-derived polymers and additives. On the other hand, consumers are
increasingly aware of after-life impacts, so biodegradable, biocompatible, and biobased
materials are highly welcome in the polymers industry. Among the variety of biobased
polymers and additives that can be produced from oleochemical sources, epoxidized

vegetable oils and esters are of particular interest.

Epoxides are useful intermediates to obtain a wide variety of chemical products such as
polyols, amino alcohols, acetylated esters, diamines, and others. They have many
applications as plasticizers in the polymer sector, where a high content of oxirane is
advantageous [6]. Epoxides of vegetable oils have a wide market in the plasticizer segment,
where they are commonly used as additives in films, wires, rubbers, cables, flooring,
coating, etc. Plasticizers are widely used as additives in flexible plastics for many final
products from the automotive industry to different medical applications. These additives
improve the flexibility, plasticity, workability, and elongation of polymers, and they are
mainly employed in the manufacture of polyvinyl chloride products (PVC) [18]. The large
growth in the plasticizers market has been driven to a great extent by an increase in the
use of flexible PVC, the third most consumed polymer in the industry. The manufacture of
PVC products consumes between 80-90% of the global plasticizer production, which
reached 8.4 Mt in 2017, and it is estimated to reach 9.75 Mt by 2024 [2],[19]. As plasticized
plastics are used in many non-sensitive applications (e.g. gaskets, mats, building materials,
etc.), such products can incorporate biobased additives obtained from residual

oleochemical streams.

It is important to point out that epoxidation takes place on the unsaturations of the organic
chains to form a cyclic ether group called oxirane ring. Therefore, high content of
unsaturated chains (e.g. oleic, linoleic, linolenic acids) is necessary for the epoxidation of
FFAs. While the waste stream derived from the palm oil industry could be used for
epoxidation, those from the soybean oil refining would be most suitable for further

epoxidation as soybean oil has a high content of unsaturated fatty acid chains. Then, it
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would be expected that SODD would be a suitable raw material for the manufacture of
second-generation epoxides for the polymers industry. Advantageously, the traditional
epoxidation process could be easily adaptable to the local infrastructure as the process is
usually carried out in agitated tanks, at low temperatures using homogeneous acid
catalysts. In addition, the hydrogen peroxide commonly used as oxidizing agent in the
epoxidation process can also be used as a bleaching agent for oleochemical waste,
improving the sensory characteristics of derived oleochemicals.

1.2 Plasticizers

In recent years, more than 30.000 substances with plasticizing characteristics have been
investigated, of which just 1200 have industrial applicability and only 100 have a significant
market share [20],[21]. These substances are predominantly esters owing to their polarity
and good compatibility with the PVC matrix [4],[22]. Due to their unique properties and high
performance, the most used plasticizers in the PVC industry are esters derived from
phthalic anhydride. In particular, the most widely used commercial plasticizer is bis(2-
ethylhexyl) phthalate (DEHP) also known as dioctyl phthalate (DOP). Other phthalates
widely employed are diisononyl phthalate (DINP), diisodecyl phthalate (DIDP), and din-octyl
phthalate (DNOP) [23]. These petrochemical compounds are used as primary plasticizers
and often account for about 50% of the PVC matrix [24]. According to the application of the
polymer, the plasticizer is added in the range of 15-60 % wt. with typical values between
35 to 40 % wt. for most flexible applications [25]. Figure 1-1, presents the structure of some

of these compounds.
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a) Dioctyl phthalate (DOP) b) Diisononylphthalate (DINP) c¢) Diisodecyl phthalate (DIDP)

Figure 1-1. Phthalates of industrial use

However, since the early introduction of phthalates in the market, they have been under
scrutiny due to their toxicity and problems associated to leaching, migration, and
evaporation during their use or final disposal. Migrated plasticizers from plastics in

consumer products may come in contact with humans (food and beverage packaging,
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medical devices, toys, etc.) representing a health risk from chronic exposure [26]. This is
concerning because petrochemical phthalates are considered potential carcinogens and
endocrine disruptors to reproductive health [27]. Additionally, these compounds are an
environmental problem because they are hardly degradable [28]. The European Union and
the USA have tightened measures to limit the use of phthalates. Since 2018 and 2019, the
use of specific phthalates has been restricted to a maximum of 0.1% of the total plastic
content, especially in critical applications such as infant care and teething products. These
phthalates include DOP, dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), diisononyl
phthalate (DINP), and diisobutyl phthalate (DIBP) [29], [30]. Consequently, in recent years
the market share of phthalates has progressively decreased. In 2014, the total consumption
of phthalates accounted for 70% of the total volume of plasticizers [31]; however their
consumption gradually decreased to 65% by 2017, and in 2020 their industrial use reached
only 55% of global plasticizer consumption [31],[32]. As a result, many traditional phthalates
have been replaced by compounds of similar structures such as di 2-ethylhexyl
terephthalate or dioctyl terephthalate (DOTP). Alternative plasticizers have been introduced
into this segment including citric acid esters, acetyl citrates, phosphoric acid esters,
polyesters, cyclohexane esters, epoxides, adipates, dicarboxylic acid esters, benzoates,
sebacates, terephthalates, trimellitates, and cardanol esters [2],[31],[33]. Among this group,

adipates have the largest market share, accounting for 39.8% of the total in 2020 [34].

According to global market trends, the demand for plasticizers is expected to increase to
9.75 Mt in 2024 with a growth rate of 3 to 3.5%. Within this group, the non-phthalic
plasticizers would have the fastest growth [2]. On the other hand, the market of biobased
plasticizers accounted for 2,1 Mt in 2019 and is expected to reach 3.1 Mt by 2030 [35],[36].
These types of products have several advantages owing to their renewable, biodegradable,
and safe nature [37]. Within this group, ESBO is the most consumed biobased plasticizer
accounting for 37% of the total demand of biobased plasticizers [38]. An incentive for the
use of biobased molecules is to reduce the potential negative impacts mentioned above on

the environment and public health [2],[33].
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1.3 Plasticizers derived from vegetable oils

Whereas most plasticizers are esters of phthalic and terephthalic acid, the industry is now
searching for more environmentally friendly, bio-based, and ortho-phthalate-free
alternatives. Biobased plasticizers that are commonly used are derived from vegetable oils
such as soybean oil, castor oil, linseed oil, palm olein, and sunflower oil. Moreover, by-
products and waste streams of the oleochemical sector such as tall oil, cardanol, and used
cooking oil are also used for this purpose. Common feedstocks used for plasticizer
production are presented in Figure 1-2. Some of the green additives that have fulfilled the
technical requirements for the polymer segment are epoxidized vegetable oils, epoxidized
fatty acid esters, polyalcohol esters (e.g. pentaerythritol, glycerin, isosorbide esters), and
acetyl esters, among others [33], [39]. These compounds are used as secondary
plasticizers because of their high thermal and light UV stability, but limited compatibility,
and exudation from the PVC matrix [2]. Therefore, an effective functional replacement of
petrochemical phthalates should exhibit low toxicity, good miscibility with the polymer,

extraction resistance, and also low cost [40].
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Figure 1-2. Vegetable oils used in plasticizers production.

To enhance compatibility and affinity with the polar groups of PVC, vegetable oils require
transformation and functionalization processes [2]. Fatty materials can be transformed into
high-polarity functional compounds through various methods such as epoxidation,



Chapter 1 9

transesterification, esterification, hydrolysis, epoxidation-hydroxylation, acetylation,
ethoxylation, oligomerization, and acrylation [6]. The functionalization of oleochemicals
derivates is mainly performed on the double bonds of the fatty acid chains. In the case of
functionalization through epoxidation, oxirane groups can be used as an intermediate for
synthesis. Considering their high reactivity, oxirane groups can be easily converted into
tailor-made specific derivates for the polymer sector. Figure 1-3, presents a scheme of the

main non-phthalate plasticizers and those obtained from renewable resources.
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Figure 1-3. Derived oleochemicals in plasticizers applications

1.3.1 Fatty acid esters of mono and polyalcohols

In the case of trans-esterification reactions between glycerides and alcohols, a wide variety

of short-chain alcohols (e.g., methanol, ethanol, butanol, and isobutanol) or medium alkyl
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chain alcohols (e.g., isoamyl alcohol) are commonly used. Likewise, large alkyl chain
alcohols such as octanol, decanol, and dodecanol are also employed in the production of
oleochemical plasticizers. These alcohols can be obtained through biological or enzymatic
processes from natural resources [2]. Within the group of polyalcohol esters, glycerol esters
(i.e., mono-, di- and try-acyl glycerides) have shown a high plasticizing capacity for PVC
and good thermomechanical performance in plasticized materials. Glycerol esters are
obtained from the esterification of glycerol and short-chain carboxylic acids (e.qg., butanoic,
propanoic, benzoic acid, etc.). Triacetin, the triglyceride of acetic acid, and epoxidized and
acetylated monoglycerides are also commonly used as plasticizers [41],[42]. Finally,
isosorbide esters have shown a similar plasticizing effect to common phthalates (DOTP
and DIOP) in mixtures of PLA and PVC polymers [43],[44]. Isosorbide esters are produced
by esterification of isosorbide, a dehydration product from D-sorbitol, with long-chain

carboxylic acids [44].

1.3.2 Epoxidized Plasticizers

Epoxidized plasticizers represent a family of compounds obtained by epoxidation of
vegetable oils, such us soybean oil (ESBO), linseed oil (ELSO), and fatty acid esters.
During the epoxidation process, peroxy acids are used as reaction intermediates to
introduce an oxirane ring into the double bonds of the fatty acid chain. As a result, oxygen
is incorporated into the molecule, which enhances its polarity and compatibility with PVC.
Epoxidized oils have been used as a secondary plasticizer typically at a level of 5 to 15%
wt. in the PVC resins owing to their thermal and UV stability. Epoxy compounds are effective
acid scavengers for the hydrochloric acid released during PVC degradation. This fact slows
down polymer degradation and reduces color formation. On the other hand, these
compounds exhibit limited compatibility with PVC because of their high molecular weight
and viscosity, inducing exudation of the additive [27],[24]. Figure 1-4 and Figure 1-5

represent typical structures of epoxide compounds.
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Figure 1-4. Epoxidized Soybean oil Figure 1-5. Methyl 9,10 epoxy stearate
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In addition to epoxidized oils, epoxidized polyol esters are widely used as green additives.
These esters are highly compatible plasticizers that can be produced by esterification or
transesterification of fatty chains and mono or polyalcohols (e.g. methanol, pentaerythritol,
propylene glycol, ethylene glycol, and sucrose) followed by the epoxidation of the esters.
The presence of fatty chains greatly improves the thermal and mechanical characteristics
of PVC, while the epoxy groups reduce the glass transition temperature. However, only
some of these substances have shown lower or marginal migration compared to the DOP
standard [24]. Recently, epoxidized glycidol esters from epichlorohydrin have been
investigated as an alternative plasticizer. In the first step, fatty acids react with
epichlorohydrin catalyzed by benzyl triethyl ammonium chloride, then the double bonds are
epoxidized by the conventional method. The resulting additive contains terminal and
internal epoxy functionality that enhances its performance and provides improved thermal
stability, reduced color formation upon heating, and marginal volatile and migration losses.
[28],[45].

Plasticizers that have structural similarities to petrochemical additives, particularly DOP,
have been produced by using branched alcohols such as 2-ethylhexyl alcohol. This results
in improved mechanical and thermal performance, but with low migration resistance [4]. On
one side, epoxidized vegetable oils have limited compatibility with PVC owing to their high
molecular weights. On the other hand, epoxy esters, exhibit high migration from the PVC
matrix. To enhance the properties of plasticizers and overcome those hindrances,
molecules with more than one functional group (e.g. acetoxy, methoxy, amines, thiirane,
aziridine among others) have been developed [42],[46],[47]. Esters functionalization by
epoxidation of unsaturated chains, followed by ring-opening reactions yields plasticizers
with good compatibility, high efficiency, and mechanical properties similar to commercial
plasticizers [46]. Once the oxirane ring is formed, it can react with a hydroxylation agent
such as carboxylic acids, water, alcohols, and polyals. In this case, branched molecules
are obtained with hydroxyl groups in their structure. Afterward, the hydroxyl groups are
acetylated with acetic anhydride. In a recent study [48], bio-based plasticizers were
obtained from waste cooking oil and terephthalic acid, adipic acid, and benzoic acid using
this reaction sequence. In that study, the green plasticizer derived from terephthalic acid
exhibited comparable performance with DOP. Figure 1-6, outlines the functionalization by

epoxidation, hydroxylation, and acetylation.
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Figure 1-6. Functionalization of esters by epoxidation, hydroxylation, and acetylation.
Adapted from [48].

Besides epoxidation, the double bonds of the unsaturated fraction of vegetable oils can be
functionalized via Diels-Alder reactions. In this case, the oil reacts with maleic or acetic
anhydride to obtain a Diels-Alder adduct, which can be converted into a triester by opening
the ring with different alcohols [40]. In addition to these transformations, sustainable
additives have been developed using amino-methylation or Mannich reactions. These

derivates have high migration resistance and thermal stability [49].

To overcome some of the current limitations of biobased plasticizers, it is imperative to
develop compounds with better properties to decrease their extraction and volatility from
the plastic products, and thus, promote their use as general-purpose plasticizers. The
incorporation of residual streams will close the production cycle of the oleochemical
industry, reducing the consumption of raw materials, and mitigating economic, social, and
environmental impacts. The available residual oleochemical raw materials (i.e., deodorizer
distillate) can be transformed by different routes to generate versatile, high value added

materials with the potential to replace petrochemical plasticizers.

1.3.3 The market of biobased plasticizers

Recently the global consumption of ESBO has reached up to 328 kt/year [50], which
represents about 4% of the total plasticizer market. ESBO price has a significant impact on
the price of bio plasticizers, alongside succinic acid and castor oil, since they are key raw
materials for their production [38]. Figure 1-7 shows some historical market prices of ESBO
and SBO [51]. As observed, ESBO had a market price ranging from 910 to 1600 USD/t for
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the period 2019 to 2020 [52],[50]. Soybean oil, the main raw material for its production
accounts for the highest share of the production cost. Because of this, and the large number
of purification steps that are required, the use of biobased plasticizers is still limited, being
less cost-effective than the traditional petrochemical additives [52],[53],[54]. For instance,
the price of DOP for the same period ranges between 1080 to 1130 USD/t [55]. In this
sense, waste streams such as soybean deodorizer distillate, with a market price of around
300 to 500 USD/t, are advantageous as a starting material due to their availability and low
cost [46],[50],[56].
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Figure 1-7. Price of epoxidized soybean oil and soybean oil

Despite ESBO is the main oleochemical plasticizer, there is a wide range of biobased
plasticizers available in the market. Table 1-5, presents some of the commercial plasticizers

mainly derived from soybean oil, linseed oil, and epoxidized esters [40], [57],[58].

Table 1-5. Some commercial plasticizers derived from vegetable oils

Manufacturer Country Trade name Plasticizer
Acme-Hardesty USA Jenkinol® 680 Epoxidized Soybean Oil
Arkema USA Vikoflex® 7170 Epoxidized Soybean Oil
Vikoflex® 7190 Epoxidized Linseed Oil
Vikoflex® 5075 Epoxy propylene glycol di-oleate

Vikoflex® 4050 Octyl epoxy ester
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Baerlocher USA Baerostab H2000 IN Epoxidized Soybean Oil
Chang Chung Petrochemical Taiwan ESBO Epoxidized Soybean Oil
Chemodex Germany HiOmega Linseed Epoxidized Linseed Oil
Danisco Denmark Grinsted® Soft N Safe  Acetylated monoglyceride from hydrogenated
castor oil
Hallstar USA Hallgreen Epoxidized esters of soybean oil, castor oll,
and linseed oil
Hebei Jingu Palsticizer China HY-B, HY, S, Z Epoxidized Soybean Oil and Epoxidized
methyl esters
Makwell Plasticizers India Makplast Epoxidized Soybean Oil
Nexoleum Brazil Nexo E1 Methyl Epoxy Soyate
New Japan Chemical Japan Sanso Cizer Epoxidized Linseed Oil
Novance/Oleon France Radia Pentaerythritol and 2-ethyl hexyll esters
Petrom Brazil PLS Green 5 Isoamyl epoxy-stearate
PLS Green 8 2-ethyl hexyl epoxy-stearate
PLS Green 9 Isononyl epoxi-stearate
PolyOne USA Reflex100 Esters of fatty acids
Reflex300
The Chemical Company USA Chemflexx (ESBO) Epoxidized Soybean Oil
Natureflexx (ELSO) Epoxidized Linseed Oll
Traquisa Spain Plasticizer E Epoxidized Soybean Oil
Plastificante 401 Epoxidized ethyl hexyl esters C14-C22
Unipox S.A. Argentina Soya EP Epoxidized Soybean Oll
Gira EP Epoxidized Sunflower Oil
Varteco Peru Kalflex — Varflex Epoxidized Soybean Oil
Valtris USA Lankroflex™ ED6 Octyl epoxi estearate
Lankroflex™ E2307 Epoxidized Linseed Oil
Lankroflex™ L Epoxidized Linseed Oil
Zhejiang Jiaao Enprotech China ESBO Epoxidized Soybean Oll

Stock

Epoxidized derivates are also used as intermediates to produce other high-value
compounds such as lubricants, stabilizers, polyols, coatings, polyurethanes, cosmetics,
alkanolamines, carboxylic compounds, and glycols among others [59],[60]. In Colombia,
epoxides are mainly used as feedstock for epoxy resins, epoxy adhesives, plasticizers, and
for polyurethane manufacture. Figure 1-8, shows the consumption of these compounds for
the period 2010 to 2018. The consumption of plasticizers for 2019 reached 24.6 kt, mostly

for the manufacture of PVC, which represents a national consumption of 170 kt [57],[61].
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Figure 1-8. Consumption of products derived from epoxidized compounds.
Polycarbonates (m), Plasticizers (m), Epoxy adhesives (=), Epoxy resins (m), Polyester

Resins (=), Polyols (m) and Polyurethane (m)

1.4 Properties of plasticizers

Plasticizers improve the mechanical properties of polymers such as the elastic module,
tensile strength, hardness, density, viscosity, and glass transition temperature [62],[63].
The selection of a specific plasticizer molecule should consider its properties and the
functionality of the final polymer. In this sense, the additive must offer a balance between
the desired characteristics including low volatility, low glass transition temperature, high
plasticizing efficiency, resistance to solvent extraction, good mechanical properties, low
diffusion rates, high permanence as well as low cost [27],[64]. Figure 1-9 presents a
scheme of the plasticizing effect of DOP in PVC and the possible interaction forces [65].
Polar groups such as the carboxylic moiety and the aromatic ring of DOP interact with
chlorine atoms of PVC. These interactions reconfigure the polymer matrix, retaining the

plasticizer, increasing the volume, and reducing polymer-polymer interactions [66].
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Figure 1-9. PVC plasticized with DEHP.

The design of plasticizers has been a central point of research in recent years. The need
for predicting the interaction forces between plasticizers and polymers and the final
properties of the additive has led to the implementation of semi-empirical equations and
predictive methods. However, one of the hindrances in this area is the scarcity of
experimental data on physicochemical properties required in the early stages of the
plasticizer evaluation. In the case of epoxidized esters, there is not only limited information
about their physicochemical properties but also their production process, especially for
epoxides of superior alcohols. In this direction, predictive tools such as equations of state,
molecular dynamics simulation, group contribution methods, and empirical equations
among others, are useful to predict the performance of such molecules. For instance,
different group contribution methods can be applied to predict a specific parameter based
on the molecular structure of the polymer segment, the position of the atoms in the

molecule, and the repetition of the functional groups [67].

1.5 Production process

The main routes to produce epoxidized esters involve an initial Fisher esterification or
transesterification, followed by the epoxidation of the double bonds. The reverse sequence
(epoxidation followed by esterification) is not usually done because the oxirane ring is very
reactive and unstable, inducing ring-opening reactions in the presence of alcohols in acid

medium.
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1.5.1 Esterification

Fatty acid esters are widely produced by esterification and transesterification reactions.
However, when the oleochemical feedstock contains high acidity, direct esterification of

fatty acids with suitable alcohols is usually employed (Eq. 1-1)
RCOOH + R,0H = RCOOR; + H,0 (1-1)

Esterification is usually carried out in a homogeneous phase, catalyzed by organic acids
such as H;SO.4, HF, H3PO,, p-toluene sulfonic acid (p-TsOH), methanesulfonic acid,
trichloroacetic acid, sulfonic acids, among others. The reaction takes place over a wide
range of temperatures (60°C-150°C) depending on the alcohol used in the process [68].
Among different options, sulfuric and methanesulfonic acids have shown higher
conversions of fatty acids [69]. Table 1-6 shows the main advantages and limitations of acid
catalysts used in homogeneous esterification. In addition to homogeneous catalysts, the
esterification reaction is also catalyzed by acidic heterogeneous catalysts such as ion

exchange resins, zeolite, oxides, hydrotalcite, among others [10].

Table 1-6. Acid catalysts employed in the homogeneous esterification of fatty acids.

Catalyst Process Remarks Ref.

Zero soap formation
High catalytic activity
More waste due to the [10]
neutralization stage
Product darkening

Esterification of palm

HzS04 fatty acids

Methanesulfonic acid Esterlflcatlon_ of palm High catalytic activity [69]
fatty acids
. , Esterification of , , - [70]
p-toluene sulfonic acid Soybean oil fatty acids High catalytic activity
Esterification of palm Low catalytic activity [69]
H3PO4

fatty acids Product darkening

Esterification is an equilibrium reaction that limits the complete conversion of fatty acids
[71]. Therefore, the equilibrium is generally shifted towards the products using a molar
excess oil to alcohol of 1:5 — 1:20 and a catalyst loading of 0.5-2% wt. to ensure complete
conversion. Higher catalyst loadings can induce product darkening indicating oxidation
processes [68],[72],[73]. Once all the fatty material is esterified, a two-phase mixture is
formed as water and ester/alcohol are immiscible, then they are separated through

decantation. Subsequently, the ester layer is neutralized and washed until neutral pH. To
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achieve low acid values and shift the equilibrium of the reaction, a multi-stage esterification
process is also employed [73]. In a previous study [71], esterification of soybean oil with
high acidity content (20%) was carried out at 60°C using a methanol: oil molar ratio of 10:1
and 5% H»SO4. Once the reaction reached the equilibrium the phases were separated, and
the ester phase reacted with an additional load of catalyst and alcohol in a ratio of 6:1 to

35:1. This process was repeated until the acid value reaches less than 1% wt.

Transformation of feedstocks with a high content of glycerides and fatty acids usually
involves a double reaction process. First, a pre-esterification of fatty acids with low
molecular weight alcohol is performed, afterwards, an alkali-catalyzed transesterification
takes place with the desired alcohol [74]. At the end of the esterification process, an acid
value less than 2mg KOH/g is required to perform the subsequent alkaline
transesterification [71]. Besides the abovementioned strategy for reducing acidity before
transesterification, it is also possible to distill, saponify or even remove FFAs by solvent
extraction using a suitable solvent like methanol, ethanol, or glycerol [75]. Finally, it is
important to recall that secondary reactions such as hydrolysis and saponification can take
place during the esterification. These reactions can produce higher content of free fatty acid
or soaps that can trigger emulsification, which might hinder the liquid-liquid separation

process.

1.5.2 Epoxidation

Epoxides are ethers with a cyclic ring in their structure. In the epoxidation process, an
oxirane ring is formed by the incorporation of an oxygen atom into the double bonds of the
lipid raw material [68]. In this process and especially for plasticizer applications, the high
content of saturated fatty acids such as palmitic acid and stearic acid is undesired because
these groups are not susceptible to epoxidation, and consequently they have a poor affinity
to the polymer matrix, inducing the migration of the additive from the plastic [68], [76]. There
are four routes for the production of epoxides: (i) epoxidation of alkene groups with
peroxyacids ii) epoxidation of alkene groups with organic and inorganic peroxides iii)
halohydrin formation and iv) ozonolysis with molecular oxygen [77]. The epoxidation of
alkenes is usually catalyzed by homogeneous acids such as H,SO4 HNO3, HsPO., and HCI.
However, H.SO, is the most widely used catalyst due to its efficiency, effectiveness, and

low cost [78].
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Heterogeneous and biologic catalysts such as ion exchange resins (Amberlite IR-120) and
enzymes are also widely explored for the epoxidation process [6]. Although these catalysts
produce low degradation rates, their industrial application is limited due to the recovery and
separation processes required [6],[57],[79]. Table 1-7 summarized the most typical

operating conditions when using different catalysts for the epoxidation of alkenes.

Table 1-7. Epoxidation conditions using different catalysts.

. T t _ O0o* Conversion Selectivity
Catalyst Raw Material ) (h) C=C/CA/H20; (% wt.) (%) (%) Ref.
lon Methyl ester of 60 10 1:0.5:11.5 4.86 96.04 -- [80]
exchange castor oil
resins Soybean oil 60 5 1:0.5:11.5 6.50 92-95 97 [81]
Enzymes Soybean oil 50 4 1:0.05:2.0 6.91 98.9 [82]
Silicates Soybean oil 80 10 -- 6.0 80.0 96 [83]

* OO0 — Oxirane oxygen content

- Prileschajew epoxidation

The Prileschajew reaction is the most widely used route at the industrial scale for producing
epoxidized vegetable oils and other derivates. This route is commonly used because it can
be carried out in typical stirred reactors, requires mild conditions, is well-known, and has
low operating costs. During this reaction, the double bonds in fatty acids are partially
oxidized by transferring oxygen from a carrier such as the peroxycarboxylic group. This
process is known as the peroxyacid oxidation of unsaturation. For safety reasons, a
peroxyacid generated in situ from a carboxylic acid is often used instead of using a
peroxyacid group as a reagent. The epoxidation is a strongly exothermic reaction, releasing

about 250 kJ per mol. Therefore controlled dosing of the reagents is required [57], [84].

The epoxidation reaction takes place in two stages: the formation of the peroxyacid, which
is considered the limiting step of the reaction, and the formation of the epoxide by the
reaction of the peroxyacid and the double bonds present in the oleochemical substrate [68].
Peroxyacid is formed by the reaction of a carboxylic acid, usually acetic or formic acid with
hydrogen peroxide. When formic acid is used the reaction is autocatalytic, but when the
process is carried out using acetic acid, sulfuric acid is employed as a catalyst [4]. Previous
studies have shown that acetic acid is preferred as an oxygen carrier compared to formic
acid because it results in lower formation of undesired products [85]. Due to the chemical

nature of reactants and products, there are two different phases involved in the reaction.
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The aqueous phase has the hydrogen peroxide and the catalyst, and the oil phase contains
the double bonds of the fatty chains. Acetic acid and peracetic acid have partial miscibility

in both phases and they can be transferred between them.

The following is a description of the epoxidation process and its relation to the mass transfer
phenomena between the phases. Firstly, acetic acid reacts with hydrogen peroxide in the

agueous phase to produce peracetic acid.
H3;CCOOH + H,0, = H;CCOOO0H + H,0 (1-2)

Once peracetic acid is transferred from the aqueous phase to the oil phase, it reacts with

double bonds to form the epoxide, releasing acetic acid [60], [68].
H3;CCOOOH + R,CH = CHR, — R,CHOCHR, + H3;CCOOH (1-3)

Finally, the acetic acid is transferred from the oil phase to the aqueous phase to regenerate
another molecule of peracetic acid. This cycle lets a simultaneous or in situ formation of the

peroxyacid.

Epoxides are very reactive groups and may undergo secondary reactions of ring-opening
and oligomerization. These reactions are triggered by high temperatures, low pH, and the
presence of water and acid in the reaction medium. Ring-opening can generate undesired
products such as acetates, diacetates, alcohols, and polyols [6],[57][86],[87].
Polymerization reactions, such as those presented in Figure 1-10 can also occur. They are
undesired because these increase the viscosity of the epoxide, reaching values of 2000
mPa s [88]. This viscosity is 10-fold higher than reported for epoxidized soybean oil which
is around 210 Pa s [81].

According to previous works, the rate of ring opening generated by peracetic acid and acetic
acid is faster than the effect caused by water and hydrogen peroxide. It has been reported
that the ratio between the cleavage kinetic constants by peracetic acid and acetic acid (kpaa/
kaa) at 70°C is 18 [89]. However, the concentration of peracetic acid in the medium is low
because it reacts as soon as it is produced, and therefore its nucleophilic attack is expected
to be negligible. This fact is supported by the low reaction rate of peracetic acid formation
9.81-103 (L?:molmin?) at 333K [90], which is the controlling step of the reaction [90].
Consequently, it is expected that the degradation of the oxirane is mainly caused by the

carboxylic acid attack [89].
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Figure 1-10. Secondary ring-opening reactions occurring during epoxidation.

In terms of cleavage by hydration, a previous study investigated the excision of oxirane by
water at different pH and temperatures [89]. According to their findings, a significant
hydration rate was observed when epoxidation was performed under harsh conditions
(70°C and pH:1) and a high interfacial contact area between the liquid phases. The
degradation of oxirane by hydrogen peroxide is not very effective as it has low solubility in
the oil phase due to its polar nature. As a result, the oxirane cleavage by hydrogen peroxide
can be negligible [89]. Therefore, it can be assumed that the main degradation reactions
are caused by water and acetic acid. Besides ring-opening reactions, the ester can undergo
hydrolysis in the presence of water during the epoxidation process which can increase the

acid value.

To assess the progress of the reaction during epoxidation, the change in iodine value (i.e.
conversion of double bonds) and the oxirane content (i.e. oxidation yield) over time are
monitored. This can be done using titrimetric methods as well as spectroscopic technigues
such as FTIR and NIR [81], [91]. The effect of the reaction conditions is evaluated based

on the conversion, yield, and selectivity, which are defined as follows:

Double bonds conversion:

Iy —II
DBC (%)=( 0” )*100 (1-4)
0
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In equation (1-4) 11, is the initial iodine value or iodine index of the sample, and II is the
time changing iodine value along the reaction. The iodine value is a surrogate of the
unsaturation content in the material and a method for its determination is presented in

Annex A.

Yield to oxirane oxygen:

00 ex )
RC (%) = 5o méi £ 100 (1-5)

Equation (1-5) enables to calculate the epoxide yield based on the oxirane oxygen (OO)
content of samples from experiments and the theoretical maximum oxirane oxygen (OO

max) according to the nature of the feedstock.

Maximum theoretical content of oxirane oxygen

N

x Ay * 100 (1-6)

00 max =

(%I.)

i
I
100 + 2_141) *AO

/N

In Equation (1-6) II is the iodine value, Ai and Ao are the atomic weights of iodine (126.9

g/mol) and oxygen (16.0 g/mol), respectively.

As the reaction can derive inside ring-opening reaction products, the corresponding

selectivity towards epoxides is calculated with Equation (1-7).
Selectivity:

C (1-7)
pec - 100

Selectivity =

- Variables in the epoxidation reaction

The control of the operating conditions during epoxidation is important to achieve high
double bond conversion, as well as high selectivity towards oxirane [79]. The effect and the
relationship among the different variables have been a central point of research. Among

the variables that have a higher effect on the conversion, it is worth mentioning the molar
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ratio of the reagents, the catalyst loading, temperature, degree of agitation, and reaction
time [72], [79]. According to the L’Chatelier principle, the formation of the products is
favored by an excess of reactants. In this case, it is necessary to add a molar excess of
hydrogen peroxide to promote peroxyacid formation. Preliminary studies indicate that a
molar ratio of 1.5 - 3 of H,O; to unsaturation content maximizes the oxirane oxygen yield
[79]. However, higher molar ratios promote side reactions that hinder achieving high oxirane
content [72]. Furthermore, the concentration of hydrogen peroxide, typically 30-60% (w/w),
has a decisive effect on the kinetics [79], [92]. The yield of epoxide is also correlated to the
amount of carboxylic acid in the medium. According to the literature, a typical molar ratio to
double bonds is 0.5-1:1, higher ratios can promote oxirane losses [93]. Additionally, the
epoxidation is usually carried out at 40-85°C, but, owing to the strong exothermic character
of the reaction, strict temperature control is required to operate under isothermal conditions
and achieve high yields [79].

Higher conversions are achieved by increasing the temperature, however, temperatures
above 80°C strengthen the rate of hydrolysis and ring-opening reactions. Furthermore,
extreme temperatures above 96°C promote the decomposition of hydrogen peroxide
decreasing the epoxide content [28],[72]. In terms of yield, using lower temperatures close
to 40°C and higher reaction times enhances the selectivity of oxirane [79]. In addition, it is
important to consider the effect of reaction time on epoxidation and side reactions. Long
reaction times (>9h) can intensify oxirane cleavage reactions, decreasing the oxirane
content [79]. Concerning mass transfer rates, a higher degree of agitation produces larger
interfacial areas in the immiscible liquid phases, enabling faster epoxidation of double
bonds. However, a very high stirring rate can trigger ring-opening and decrease selectivity.
Therefore, it is usual to use a stirring rate in the range of 350 - 1500 rpm [79]. Furthermore,
to reduce side reactions, epoxidation used to be carried out in an inert solvent such as an
aromatic, aliphatic, or halogenated hydrocarbon such as benzene, hexane, or toluene [84].
Modern processes are designed with solvent-free routes reducing economic and

environmental impacts [94].

The formation of the peracetic acid is usually catalyzed by sulfuric acid H.SO4. Typically, a
catalyst concentration ranging from 1-1.5% w/w based on the mass of the oil is commonly
used [76]. A recent study [85] investigated the effect of H.SO4 loading (1% to 3% of the
agueous phase) on the epoxidation kinetics. In this study, an optimum concentration of

oxirane was obtained at 2% loading, higher concentrations increase the oxirane cleavage.
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Table 1-8 summarizes the operation conditions reported in previous works for the
conventional epoxidation process using acetic acid and formic acid. Finally, it is necessary
to study the combined effect of the variables on the kinetic to obtain the highest yield

towards oxirane oxygen content.

1.5.3 Purification

The purification of the epoxidized ester is normally performed by neutralization and washing
stages to remove the remaining acidity of the aqueous phase. Additionally, a bleaching
treatment is usually carried out to meet the technical color specification of the epoxidized
derivative. In this process, the immiscible phases obtained in the epoxidation are separated,;
the aqueous layer is discarded, and the oil phase is neutralized using a saturated solution
of sodium bicarbonate NaHCOs. The epoxidized ester is then washed with water and NacCl
solution until a neutral pH is achieved. Finally, the epoxide is dried over sodium sulfate and
distilled under a vacuum to remove the remaining moisture. [76], [79], [92]. It is also possible
to carry out the purification process using liquid-liquid extraction with ethyl acetate to
remove some impurities and the remaining moisture [81]. To obtain a translucent epoxide
that meets the specification of a commercial plasticizer, a bleaching process is conducted

using diatomaceous earth, clays, or Magnesol to remove colored compounds [24], [46].

1.5.4 Epoxidation kinetics

Several kinetic models have been proposed for the epoxidation of unsaturations in
vegetable oils and fatty acid methyl esters (FAMES). In general, three types of models have
been used to describe the epoxidation rates, namely pseudo-homogeneous, two-phase,
and macro-kinetic models [95]. The corresponding equations of such models are

summarized in Table 1-9.
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Table 1-8. Operating conditions and main results obtained during conventional in situ epoxidation processes of different

oleochemical feedstocks.

Raw material CA (°I:) t(h) (th?f) A?:Larﬂf "oca (O/E 3&&.) c'\:/lgI EctrAr:arEiz%z (%Ov?t.) C%n:\gr(s/:)?n Sjele(g/svity Ref.
Methyl ester of soybean oil AF 50 11 40 400 - - 1:0.5:2.0 6.97 972 97b [96]
Methyl ester of soybean oil AF 40 115 59 350 - - 1:0.5:2.0 6.2 97 86 [79]

Methyl ester of Jatropha AF 70 4.6 30 1500 -- -- 1:1:3.1 5.6 -- -- [92]

Methyl ester of Jatropha AA 69 6.0 30 1500 H2S04 15 1:0.6:3.5 - 74 -- [97]

2-hetylhexyl ester ofused o g 7 g 600 . . 1:0.35:2.41 5.2 99 93 [4]
cooking oil

Rapeseed oil AA 65 6 30 -- H2S04 2.9 1:0.7:4.0 3.2 91 73 [98]

Karanja oil AA 85 35 30 1500 H2S04 14 1:0.5:15 4.2 85 94 [77]
Cottonseed oll AA 60 4 50 2400 H2S04 0.8 1:0.5:2.0 6.1 91 79 [85]
Soybean oil AA 90 -3.0 31 400 H2S04 15 1:0.4:1.2 4.5 - -- [84]
Soybean oil AA 80 23 50 100-2000 H2SO04 2.0 1:0.2:1.3 6.4 -- - [99]
Used cooking oil AA 50 3 50 400 H2S04 2.0 1:0.2:1.5 3.1 -- -- [60]
Used cooking oil AA 50 5 50 500-800 H2SOa4 1.0 1:0.15:0.4 3.2 59.4 86 [57]

CA: Carboxylic acid, Cat: (%w/w) respect to oil mass, molar ratio (C=C:CA:H202) based on ethylenic unsaturation content,

(a),(b) calculated value assuming 11:129.4 g 12/100g y OO theoretical: 7.4% wit.
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Table 1-9. Kinetic models used to describe the homogeneous catalytic epoxidation of vegetable oils and derivates.

Qil Ca?cfl)’/st Reactions Rate Remarks Ref.
Soybean oil AA, ky dCgp k(C c c *Macro-kinetic model [77
(SBO) H,SO, AA + H,0, = PAA+ H,0 dt (Cup, = Cop) * Caa, *The concentration of
2 peracetic acid is constant
C=C+PAA SEP + 44 *Negligible degradation of
oxirane.
Palm oil AA, 7 = k(Cyp, — Cgp) * Caa, **Macro-kinetic model [100]
methyl esters H,SO,4 Tpeg = —k Cep * C2, *Degradation of oxirane by
acetic acid
Soybean FA ky dCpp e CoaC KaCon i *Two phase reaction model [79]
FAME FA+ H,0, = PFA+ H,0 dt | AvFA-HP +kalpraCwr *Epoxide degradation by
k, dc 1= ¢org * (1 —mpy) -1 carboxylic and
C=C+PFA “EP + FaA d;A = < argm * (—=kyCpaCup +k2CppaCur)Paq percarboxylic acid
FA
k.
EP+FA S Deg, — kyCpa’Cpp * Porg
ks -1
EP+PFAS D ac 1= ¢org ¥ (1 —Mppa)
+ — Ves: dPtFA = ( orgm . * (klcFACHP _kZCPFACWT)(Paq
PF.
— ksCpra® Cep * Porg
dCyr
dt = k1CraCyp — k2CppaCur
dc
d?B = —k3CppaCpp
dc
—r- = kaCoraCon = KaCopCra” = ksCupCrra’
Soybean FA kq dCyp K Co G 4 K Cor . *Pseudo homogeneous [95]
FAME FA+ H,0, = PFA+ H,0 “ar  atrabup T KoLpralwr model
dc, *PFA consumption b
2 PFA _ _ _ _ p y
PFA k—% H.0+ CO, 1 dt k1CraChp — k2CpraCyr — k3Cpra — k4CpraCpp hydrolysis, decomposition,
2 dCpg and epoxidation
PFA+C=C —EP + FA ar = kaCrraCos
ks ac
EP+x =Y d—:P = k4CppaCpp — ksCgp
dCpy

dr —k1CraChp +koCpraCur + kaCppaCpp
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1.6 Commercial biobased plasticizers

When developing a process to produce an established industrial product, it is important to
ensure that the required specifications and commercial standards are met to facilitate its
introduction in the market. In this regard, some technical specifications of epoxidized
soybean and linseed oils have been compiled in the Colombian standard NTC 2366 [101].
Nonetheless, it is important to recall that the epoxide content and the properties of the
epoxidized esters largely depend on the alcohol used in the esterification or
transesterification process, as well as the length of the fatty acid chain. Some properties of

commercial epoxy derivates are summarized in Table 1-10 [102], [103].

Table 1-10. Some physicochemical properties of commercial epoxides from oleochemical

derivates
Parameter Epoxidizegl Epoxidized Epoxidized Isoamyl epoxy
soybean oil methyl soyate butyl soyate stearate
Commercial name Vikoflex® 7170 Vikoflex® 7010  Vikoflex® 7040  Provion, PLS Green 5
Oxirane Oxygen (%) 6.8 min. 7.0 min. 6.3 min. 5.4 min
Acid value (mg KOH/q) 0.5 méx. 2.0 méx. 2.0 méx. 2.0 méx.
Relative density (25°C) 0.993 0.954 0.936 0.934
Color APHA 150 méx. 175 méx. 175 méx. -
Viscosity CSt (25°C) 420 80 80 33

lodine value (gl2/100g) 2.0 méx. 3.0 méx. 3.0 méx. --
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2.Selection of the alcohol used for plasticizer

production.

The production of plasticizers from soybean fatty acids involves two processes. Firstly, the
esterification of the fatty acids using alcohol, and secondly the epoxidation of the double
bonds. The selection of suitable alcohols for the process is important not only for ensuring
good performance as a plasticizer, but also to facilitate the incorporation of bio-based
derivatives to produce sustainable additives for the polymer segment. This chapter
proposes a method for screening and selecting biobased alcohols and diols to produce
green and sustainable plasticizers derived from vegetable oils. The method evaluates five
criteria in the performance of the plasticized PVC: compatibility, efficiency, permanence,
toxicity, and cost. Prediction of the properties required to assess such criteria was
calculated through group contribution methods and empirical correlations. In this sense,
this chapter developed a computational-aided plasticizer product design with an emphasis

on epoxidized fatty ester structures.

2.1 Biobased alcohols

In a biorefinery, renewable feedstocks are transformed into intermediate products which
serve as building blocks to produce high-value-added products. Currently, the market of
biobased chemicals, including biobased alcohols and polyols accounts for 90 Mt/yr. [104].
Recently, the chemical industry has increasingly incorporated biobased materials as
feedstocks for a variety of processes. In particular, the use of biobased alcohols and polyols

in the production of commercial esters and polyesters has been highly promoted. Many of
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these bioderived alcohols have been produced from biobased synthesis gas, sugars,

glycerol, and vegetable oils, among other sources.

In the case of those from biobased synthesis gas, low-weight alcohols such as methanol
and ethanol can be produced by further conversion of this gas via thermo-catalytic
processes. Syngas is a mixture composed mainly of hydrogen (H>), carbon monoxide (CO),
nitrogen (N.), and methane (CH.) produced by the gasification of biomass at high
temperatures (800-1500°C) [105]. Regarding those produced from sugars, they are mainly
produced by fermentation processes; alcohols and diols like ethanol, propanol, isopropanol,
butanol, isobutanol, and 1,4 butanediol can be sustainably produced. From these alcohols,
and patrticularly from ethanol, it is also possible to produce ethylene glycol. The recent
interest in the production of ethylene glycol through this route has led the industry to a
production capacity of 175 kt/yr that is used for the manufacture of biobased plastic
products such as polyethylene terephthalate (PET) [104]. Similarly, butanol, isoamyl
alcohol, and amyl alcohol can be obtained and refined from side streams during ethanolic
fermentation [104]. Finally, from the building block of glycerol and vegetable oils, is possible
to obtain derivatives such as 1,3 propanediol, 1,2 propanediol, and propylene glycol. The
latter is already implemented at the industrial scale with a capacity of around 120 kt/year
[104],[106]. In addition, through a cracking process of ricinoleic acid, it is possible to obtain
branched alcohol such as 2-octanol [107]. Besides these routes, other alcohols can be
produced by Guebert reactions enabling to transform short-chain, linear, biobased alcohols

into long-chain branched alcohols.

After a literature and market review, it was possible to identify some of the currently
available biobased alcohols that can potentially be used as feedstocks for the large-scale
synthesis of fatty esters. From the identified bioderived chemicals, the following linear and
branched alcohols, diols, and triols were selected as potential feedstocks for the
esterification process: methanol, ethanol, propanol, isopropanol, butanol, isobutanol,
isoamyl alcohol, 2-octanol, ethylene glycol, 1,2 propanediol, 1,3 propanediol, 1,4

butanediol, and glycerol.

2.2 Classification of Epoxidized Esters

This section describes the compounds that have been considered for the selection of

suitable biobased plasticizer molecules to be produced from waste oleochemical streams.
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Soybean oil deodorizer distillate (SODD) will be used as a feedstock, which is mainly
composed of linoleic acid (50-57%). This fatty acid was used as a model molecule of the
acid chain in the potential oleochemical plasticizer to be assessed. In this case, epoxidized
linoleates of different mono, di, and trioles are considered, and Table 2-1 presents the

alcohols and epoxides involved in their synthesis.

Table 2-1. Potential bioderived epoxidized esters from different alcohols intended to be

used for plasticization applications.

,_Ib_\te)rbnzewated Name Structure Type Alcohol (R)
MDES Methyl diepoxystearate Linear Monoester Methanol
EDES Ethyl diepoxystearate Linear Monoester Ethanol
PDES Propyl diepoxystearate Linear Monoester Propanol
IPDES Isopropyl diepoxystearate Branched Monoester Isopropanol
BDES Butyl diepoxystearate Linear Monoester Butanol
IBDES Isobutyl diepoxystearate Branched Monoester Isobutanol
IADES Isoamyl diepoxystearate Branched Monoester Isoamyl alcohol
ODES 2-octyl diepoxystearate Branched Monoester 2-octanol
Epoxidized Monoester
(o] o] O
re g Ao~~~
O
EEGDL Epoxidized ethylene glycol dilinoleate  Linear Diester Ethylene glycol
EPGDL Epoxidized 1,2-propanediol dilinoleate  Branched Diester 1,2 propanediol
EPRGDL Epoxidized 1,3-propanediol dilinoleate Linear Diester 1,3 propanediol
EBGDL Epoxidized 1,3-butanediol dilinoleate Branched Diester 1,4 butanediol
Epoxidized Diester
O 8] 8]
OWM/\A
1
R
o} o] 8]
OWAA/\A
ESBO Epoxidized soybean oll Linear Triester Glycerol

Epoxidized Triester

o] o] o

/\/\/L\/L\/\/\/\)Lo
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2.3 Selection criteria and methods

As observed in Table 2-1, the number of biobased epoxidized fatty esters to be assessed
as potential plasticizers is large. Therefore, a preliminary screening process is necessary
to select the most promising ones to reduce resource consumption, such as materials,
energy, time, and funds during their synthesis and experimental assessment. The selection
process should prioritize molecules with a balanced set of physicochemical and plasticizing
performance properties. The most important performance properties that can be used as
selection criteria for a plasticizer are compatibility, efficiency, permanency, low toxicity, and
low cost. These properties are related to low volatility, high extraction resistance in a solvent
medium, low viscosity, low glass transition temperature, and softness. In general, these
characteristics are a good indicator that a plasticizer is compatible, efficient, and permanent
in the polymer structure [108]. Additionally, low environmental impacts are expected for
new plasticizers. In this sense, toxicity is introduced as a selection criterion to develop an
environment-friendly plasticizer. This seeks to mitigate the potential impact of traditional
additives in sensitive applications (e.qg., toys, childcare products, medical devices, and food
packaging). Finally, cost is also considered as a selection criterion when seeking a
competitive plasticizer that can be an alternative to traditional plasticizers. Figure 2-1
summarizes the selection criteria for the identification of epoxidized fatty esters.
Compatibility

Solubility parameter (6)
Polarity parameter ()

Cost Efficency

Glass transition
temperature (T,)

Predicted cost

€

Toxicity Permanence
Octanol-water partition Diffusion
coefficient (KOW) coefficient (Dp)

Figure 2-1. Selection criteria used to screen and rank potential biobased plasticizers

derived from oleochemical waste streams.
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For the potential green plasticizer molecules listed in Table 2-1, and in the absence of data
from the literature, the assessment criteria presented in Figure 2-1 were quantified using
group contribution methods and empirical equations. Nonetheless, to validate the accuracy
of the predicting models, they were utilized to forecast the corresponding properties of the
most used commercial phthalate plasticizers. The predicted properties were then compared
with the reported values to identify the most suitable model for each criterion and property.
Among the commercial plasticizers used for the selection of predictive methods, DOP was
selected as the reference target compound since it produces highly elastic, low volatility,
and well-gelling compounds, and it is the most widely used general-purpose plasticizer
[3],[23], [109]. In addition, Table 2-2 presents other conventional plasticizers utilized for

comparative evaluation.

Table 2-2. Common commercial phthalate plasticizers for PVC used in the assessment of
predictive models of physicochemical properties.

Plasticizer Structure Carbons Name Applications
Con
T Di-2- General-purpose plasticizer
DEHP/DOP L. c8 ethylhexyl Application in medical
1 o _CH phthalate devices

CHs

. General-purpose plasticizer
T -
DNOP 2 C8 Di-isooctyl Application in medical
N phthalate -
I devices
o General-purpose plasticizer
o Di-octyl Application in medical
DEHT/DOTP N\C )KQ\O(OJ\/ c8 terephthalate  devices, wires, food packing,
and toys
(o]
DINP o’\/\/\)\ c9 Di-isononyl General-purpose plasticizer.
OMV\/\( phthalate Application in wires and toys
(0]
M Di-isodecyl General-purpose plasticizer.
DIDP @\0‘/\/\/\)\ c10 phthalate Application in wires and toys
(o]
0
DBP 07T ca Di-butyl Specialty phthalate esters.
O~ phthalate Application in flooring
o]
7,0
o Butyl benzyl Specialty phthalate esters.
BBP C;I\/\J;O Ca-7 phthalate Application in flooring
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2.3.1Compatibility

Compatibility is the ability of a plasticizer to form a homogeneous system with a polymer,
and this property depends on the chemical structure, the polarity, and the molecular weight
of the plasticizer [40]. To obtain a compatible plasticizer with the polymeric matrix, it must
be soluble in the polymer and polar enough to reduce the interaction between polymer-
polymer molecules. The solubility and affinity of the additive for the PVC matrix can be
predicted by using the solubility parameter () as a surrogate. This parameter is defined as
the square root of the cohesive energy density (Ecoh) and is commonly used to describe

solvent-polymer interactions [67].

Ecoh 2D
5 j—
(298K) = v

U/em®)V2,(M] [m*)V/2, (MPa)/?

In Equation (2-1), Ecoh is cohesive energy density and V is the molar volume. The
thermodynamic solubility criterion is based on the free energy of mixing (AG,). According
to it, two substances are soluble when the value of free energy of mixing is negative (AGy,
<0)[67].

AGy = AH, — TASy, (2-2)

In Equation (2-2), AH, is the enthalpy of mixing and AS,, is the entropy of mixing.

Hildebrand proposed a relation between the solubility parameter and the enthalpy of mixing:
AHy = ‘PpQDaVM(5P - 55)2 (2-3)

In Equation (2-3), P refers to polymer, S plasticizer, ¢ volume fraction of the components

and V), is the volume of mixing.

The cohesive energy Ecoh relates to the effect of the interaction forces between the two

substances.

ECOh = Ed + Ep + Eh (2'4)
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In Equation (2-4), E4 is the contribution of dispersion forces, E,, is the contribution of polar

forces and Ej, is the contribution of hydrogen bonding. Using this definition, the solubility

parameter is equivalent to:
82 = (8p2 + 6p° + 8,9 (2-5)

In Equation (2-5), 64 represents dispersion forces, §,, polar forces, and &, hydrogen bonds.

Then using this definition, the equation (2-3), can be written as:
2
Bhy = @y * |(8dp — 6d5)? + (8p, — 8ps)” + (Shp — Shs)?] (2-6)

There are several methods to estimate the solubility parameter of a plasticizer in a polymer.
The most relevant methods were developed by Small, Van Krevelen, Hoy, Fedors, Dunkel,
Di Benedetto, Hansen, and Stefanis [67],[110],[111]. In particular, Hoy developed a method
to predict the solubility parameter of amorphous polymers of high molecular weight by
considering the molar volume, molar attraction (Ft), and a polar component (Fp) [67].

According to the concept that "like dissolves like", the solubility parameters of the solvent
and the polymer should be as similar as possible to ensure solubility and compatibility.
Setting the value of the polymer solubility parameter (dp) as the center of a sphere with
coordinates (6d, &p, &h). Solubility increases as the distance between the solubility
parameter of the plasticizer (6,) and the center decreases (A§). To ensure solubility, the
parameter A that is computed with Equation (2-4) should be small, normally lower than 5
Mpal2[67].

AS = \/(8dp — 8dg)? + (Spp — Sps)? + (8hp — Shs)? (2-7)

The computed solubility parameters for PVC and phthalate plasticizers, as well as their

reported parameters are listed in Table 2-3 [112].

In Figure 2-2, the results are outlined in triangular coordinates defined in Equation (2-4).

éd _ Sh e Sp (2-8)
5d+ Sh+ 6p ' P = 5a+on+ 5p

~ &d+ S6h+ 8p’ h =
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As observed, significant discrepancies were observed between the estimated and the
reported values for the parameter (§h), indicating that Hoy’s method is not accurate in
predicting the contribution of hydrogen bonds. However, most of the parameters for
different compounds were well-predicted and were similar to those reported in the literature.
The calculated error was approximately 9.5%, which is consistent with the claimed accuracy
of the method (~ 10%) [63].

Table 2-3. Solubility parameters for PVC and phthalate plasticizers calculated with Hoy’s
group contribution methods and reported values from the literature.

Substance Mggl’z Mggl’z Mzgl’z Ms;m Erz';)r) ot Ref.
15.4 11.3 6.9 20.3 - This work

18.4 6.6 8.0 21.1 3.7 [112]

Ve 19.2 9.2 7.2 22.5 9.5 [113]

18.6 8.8 5.8 21.4 4.9 [114]

18.2 7.5 8.3 21.4 4.8 [115]
16.6 8.2 4.8 19.1 - This work

DEHP/DOP  16.6 7.0 3.1 18.3 4.7 [112]

16.0 8.0 3.1 18.2 5.4 [116]
16.7 8.2 5.5 19.5 - This work

PNOP 16.6 7.0 3.1 18.3 6.5 [112]
16.7 7.9 4.6 19.0 - This work

PINP 16.6 6.6 2.9 18.1 5.3 [112]
16.8 7.6 4.4 19.0 - This work

PIbP 16.6 6.2 2.6 17.9 6.0 [112]
16.1 10.0 6.9 20.2 - This work

PeP 17.8 8.6 4.1 20.2 0.1 [112]
15.9 10.8 7.8 20.7 - This work

BBP

19.0 11.2 3.1 22.4 7.4 [112]
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Figure 2-2. The solubility parameter of common plasticizers.
PVC (), DOP(+), DINP(A), DIDP(A), DBP (A) BBP(A), reported in the literature (e)

In addition to the solubility parameter, a plasticizer-polymer system is considered
compatible if they have approximately the same polarity. The polarity parameter (®)
proposed by Van Veersen and Meulenberg compares the polarity of different molecules
based on the balance between polar and non-polar groups along the chain [109].
_M(Ay/ Ry) (2-9)
1000

In Equation (2-9), M is the molar mass of the plasticizer, A, is the number of carbon atoms
without considering the carbons present in aromatic rings and carboxylic groups, and P, is
the number of polar groups. Low polarity parameters indicate high PVC compatibility [3].
Conversely, polar polymers are expected to plasticize with polar substances. Efficient
plasticization is not achieved if the intermolecular forces between the plasticizer molecules

are stronger than the interactions between the plasticizer and the polymer [117].
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2.3.2 Permanence

Three main mechanisms control plasticizer retention, volatility, migration, and extractability.
Volatile losses occur when the additive is evaporated from the polymer surface to the
surrounding air. Migration occurs when the plasticizer is transferred from the polymer
surface to any adjacent material and extractability occurs when the additive is dissolved
into organic liquids. All of these mechanisms result in plasticizer depletion [3]. In this work,
permanence is evaluated by estimating the migration of the additive. Migration is the mass
transfer of substances from plastic material to an external matrix in contact with it. This
property is determined by the mobility of the polymer according to Fick’s law, which is a

function of concentration, time, and temperature [118],[119].

The migration process begins with the diffusion of the plasticizer from the polymer to the
surface. Then the migrant plasticizer is transferred across the polymer interface to the
external phase and finally, it is assimilated into the external phase. Otto Piringer proposed
a semi-empirical model to predict the migration from plastic packings into food simulants

[118]. The model predicts an overestimation of the diffusion coefficient (D < D,) of the
plasticized materials by employing three parameters: a polymer specific constant (4,), the

molar mass of the migrant substance (M,), and the absolute temperature (T). This
approach is valid for temperatures below 70°C, molecular masses between 370 and 419
g/mol, and plasticizer concentration of 30%. This model follows an Arrhenius-type equation.
Using this simplified approach, higher diffusion rates (D,) are associated with a higher

migration through the polymer [118].

-E
D, = D, * epr—TA (2-10)

10454
D, = D, *exp(A, — 0.1351 * M,*/* +0.003 = M, — T) (2-11)
A, = —1+40.52 * (%Plastificante) (2-12)

In Equation (2-10) and Equation (2-11), D, is the diffusion coefficient, D, is the
preexponential factor (D, = 10* cm?/s), R is the ideal gas constant and Ay is a polymer’s
specific constant. The parameter A,, was previously evaluated for PVC polymers and can

be assumed as 14.48, which is valid when a concentration of 67phr at 20°C is used [25].
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2.3.3Efficiency

The efficiency of a plasticizer is defined as the amount of additive required to impart a
certain level of flexibility and mechanical properties to the polymer. In plasticized polymers,
the forces between macromolecules are reduced compared to unplasticized materials due
to increased mobility of the polymer and greater free volume between chains [3]. In this
regard, the plasticization efficiency is related to the depression on the glass transition
temperature (Tg) [120]. Below this point, polymers behave as a crystalline vitreous state
[120]. Generally, a lower glass transition temperatures for an additive indicates greater
efficiency, which means that less additive is required to achieve a certain level of softness

in the final polymer.

Several authors have developed group contribution methods for estimating glass transition
temperature based on the chemical structure [110],[121]. However, these methods mostly
apply to polymers. Therefore, the glass transition temperature of epoxidized esters was
estimated through a group contribution method previously reported [122], which can
differentiate between the glass transition temperature of polymers and additives. In the case
of polymers, like PVC, it is estimated based on the groups in the main (i) and side chains
() of the polymer repeating unit. For additives, this parameter is calculated with the
regressed constants for side chains (j). The method of Equation (2-13) was developed
through mathematical regression of Tg of different polymers and additives such as DOP,
DIDP, and DEHP.

Ty = 5 | DM, + Y (M),

In Equation (2-13), Tg and M correspond to the glass transition temperature and the

(2-13)

molecular weight of the repeating unit for polymers or the whole molecular structure for
additives. The glass transition temperature of pure plasticizers can be considered as a
“pseudo melting” transition at low temperatures [123]. This point is also described as the
temperature at which a liquid transitions to a glassy state, becoming more viscous and less

able to flow or vice versa [124].

The glass transition temperatures estimated for PVC and phthalate plasticizers using this
group contribution method, along with the corresponding values reported in the literature

are presented in Table 2-4. As observed, predictions for phthalate plasticizers present low
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relative errors in comparison with those observed for PVC. Nonetheless, the main goal to
use this method is to predict the corresponding glass transition temperatures of the

assessed oleochemical plasticizers.

Table 2-4. Glass transition temperature (T g) of PVC and phthalate plasticizers
Material Estimated Tg (°C) Reported Tg (°C)  Error (%) Ref.

PVC 68.8 82.8 16.9 [125]
DEHP/DOP -86.7 -90.2 3.9 [122]
DNOP -87.0 -87.2 0.2 [122]
DINP -86.6 -82.7 4.7 [123]
DIDP -86.5 -85.7 0.9 [123]
DBP -87.8 -82.9 5.9 [123]

2.3.4 Toxicity

Environmental and health concerns about the potential impacts of the use of plasticizers
have increased in the last few years. Since plasticizers are not chemically bound to the
polymer, they can migrate from the polymer to the medium in contact with it. Due to their
organic and hydrophobic nature, as well as their low volatility at room temperature,
plasticizers tend to migrate into lipids, which can lead to an increase in the bio-concentration
factor and generate impacts on ecosystems [126]. Then, the octanol-water partition
coefficient (Kow), which determines the affinity of these substances for lipids, can be an

indirect indicator of the potential toxicity of plasticizers.

Group contribution methods to estimate the octanol-water partition coefficient (Kow) have
been implemented in commercial software. In this work, the octanol-water partition
coefficient is estimated using the KOWWIN method available in EPIsuite™ software [127].
This contribution method divides the molecule into atoms or fragments, and the parameter
associated with each fragment is determined empirically. Also, the method uses correction

factors based on the molecular structure.

Table 2-5 shows the estimated values of log Kow using EPIsuite™ and the reported values

for PVC and some phthalate plasticizers.

Table 2-5. Octanol water partition coefficient (log Kow) for PVC and phthalate plasticizers

Material log Kow log Kow exp. Error (%) Ref.
PVC 1.58 1.46 8.2 [128]
DEHP/DOP 8.39 7.6 10.4 [128]




40 Biobased plasticizer form agro-industrial residual streams

DNOP 8.54 8.1 5.4 [128]
DINP 9.37 10.71 12.5 [129]
DIDP 10.36 10.36 0.00 [129]
DBP 4.61 4.5 2.44 [128]
BBP 4.84 4.73 2.33 [128]

From a general perspective, the estimation method enables a good prediction of the log
Kow, with errors below 12.5%. This level of accuracy is considered adequate for a
completely predictive model. As expected, low molecular weight plasticizers such as DBP
and BBP presented lower log Kow values. However, these compounds are more volatile

and can migrate easier than high molecular-weight additives.

2.3.5 Cost

One of the most important features of plasticizers is their price since they have a large
impact on the final cost of the plastic material. In this regard, it is important to identify the
most cost-competitive biobased plasticizers against phthalates. The price of common
plasticizers is defined by available market prices. In the case of some of the assessed
plasticizers from Table 2-1, they are not produced in large volumes and thus their market
prices are unavailable. Therefore, a method was developed to estimate their cost based on
the raw materials used to produce these substances. With this purpose, the total cost was
predicted by estimating the cost of esterification (EC) and epoxidation (EPC).

The cost of esterification (EC) was calculated based on the prices of the biobased alcohols
and fatty acids, which are listed in Annex B, Table B-1. The epoxidation cost (EPC) was
estimated by calculating the epoxidation cost of one double bond in soybean oil. Using this
information, along with the theoretical iodine value of each epoxide, it was possible to
estimate the epoxidation cost for the different biobased green plasticizers. To do so, it was

necessary to consider the prices of soybean oil and epoxidized soybean oil as a reference.
Total cost (USD/t) = EC + EPC (2-14)

CESBO — CSO) *1I; * M
EPC (USD/t) = ¢ - ) 1l + (2-15)
SO
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In Equation (2-14) and Equation (2-15), CESBO and CSO are the prices of epoxidized
soybean oil and soybean oil respectively (#) II; and Il are the iodine value of assessed

gl
100g

epoxidized esters (i) and soybean oil respectively( ) and M is the mass of the ester.

Table 2-6 summarizes the theoretical effect of the alkyl chain length and the degree of
branching of the alcohol in each criterion. Here, H and L refer to high and low effects.

Table 2-6. Effect of the selected alcohol on the performance of the plasticizer ester in

PVC applications

Parameter Alkyl chain length of alcohol Branching of alcohol
Compatibility (H) l !
Efficiency (H) l !
Permanence (H) 1 1
Toxicity (L) l =
Cost (L) l =

2.3.6 Objective function for plasticizer selection

Epoxidized esters were compared using the score of the objective function described in
Equation (2-16), which is based on the selected criteria of Figure 2-1. The corresponding

parameters in this objective function and their normalization are presented in Table 2-7.
F=02%(05%6g +05%®dg)+0.3+Tgg +0.1xD'pg + 0.2 xLogKowgr +0.2xCr (2-16)

Table 2-7. Parameters evaluated in the objective function.

Parameter Description Indicator Formula
ili Abpyc_
5 Solubility Compatibility et
parameter ASpyc—pop
()
®p Polarity Compatibility @ _ 1|
(DI)OP
Cog Compatibility Compatibility 0.5 6 + 0.5
. . Tga
Tgr Efficiency Efficiency -1
Tgpop
) e . D'p,
D’pr Diffusion coefficient Permanence —_—
max (D'p,)
Loo Kow Octanol-water Toxicit Log Kow,
EROWr partition coefficient y max (Log Kow,)
Cost,
Cr Cost Cost -
Costpop
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The objective function was weighted for each dimension. Each weighting factor was
assigned seeking a high plasticizing efficiency through the parameters of compatibility and
Tg. A lower weighting factor was given to the diffusion parameter considering that all
plasticizers have a high molecular weight (> 326.5 g/mol). In the case of the compatibility
criterion (Cog), the weighting factor was equally divided between solubility (6z) and polarity

parameter (®g).

2.4 Election of the biobased plasticizer

Table 2-8 summarizes the results for the solubility parameter and molar volume of each
molecule calculated using Hoy's method, along with the corresponding experimental

volumes reported in SciFinder [130].

Table 2-8. Results of solubility parameter using Hoy’s group contribution method for
common phthalates and the epoxidized esters

) (MPa)*? (cm3mol)
Material
b4 8, by o, AS Vear Vexp. % Error
PVC 154 113 6.9 203 - 44.6 45.2 1.3
Common DBP 16.1 100 6.9 202 14 2523  266.0 5.4
Phthalates BBP 159 108 7.8 207 1.0 274.2  284.0 3.6
DOP 166 82 48 191 39 376.7 396.1 5.1
DNOP 167 82 55 195 3.6 376.7  399.3 6.0
DOTP 167 82 51 193 38 376.7 396.1 5.1
DINP 167 7.9 46 190 43 407.8  430.2 5.5
DIDP 168 7.6 44 190 46 438.9 4624 5.3
Epoxidized MDES 177 7.0 67 202 48 3045 3422 11.0
esters EDES 177 69 65 201 5.0 320.1 - --
PDES 177 67 63 200 51 335.6 - -
IPDES 176 67 60 198 52 335.7 - -
BDES 177 66 62 199 53 351.2  393.8 11%
IBDES 177 66 58 197 53 351.2 393.8 11%
IADES 177 64 57 196 55 366.8  409.6 10%
ODES 177 60 53 195 59 413.4  459.6 10%
Epoxidized EEGDL 178 71 7.2 205 48 597.1 - -
diesters EPGDL 178 70 69 203 48 612.6 - -
EPRDL 178 7.0 71 204 49 612.6 - -
EBGDL 178 69 70 203 49 628.2 - -
Epoxidized ESBO 178 7.13 722 205 438 889.6 978.3 9%

triester
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According to these values, the volume error is around 11%, which is very close to the
accuracy reported for the Hoy’s method (~10%) [67]. As observed, the solubility parameter
decreases as the molar mass of the plasticizer increases, indicating less polarity. In terms
of the interaction forces §, varies slightly increasing the alkyl chain, while &, and &y,
showed notable differences. Figure 2-4 graphically presents a solubility space of
coordinates &4, 8y, 8, and a sphere of solubility assuming a radio of 5 (MPa)*?[67]. The
evaluated phthalates exhibited similar solubility parameters to PVC, especially DBP and
BBP. On the other hand, some epoxidized esters, diesters, and ESBO are very close to the
solubility limit. The smallest molecules in the group of epoxidized monoesters such as
epoxidized esters of methanol and ethanol exhibited solubility parameters closer to PVC.
As expected, the size of the molecule and the number of polar groups have a significant

effect on the solubility. This tendency is also correlated with the content of oxirane.

5d MPa '’ 1 2

&h MPa /2

Figure 2-3. Results of solubility parameter with Hoys group contribution method.
PVC (e), common phthalates (e), epoxidized esters (») epoxidized diesters (e), and
ESBO (e)
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Bh MPa 2

&d MPa ™2

Figure 2-4. Results of solubility parameter with Hoys group contribution method.
PVC (e), common phthalates (e), epoxidized esters (») epoxidized diesters (e), and
ESBO (e)

The theoretical oxirane content was estimated using Equation (1-6) and the iodine value
was calculated for each molecule considering the increase in the molecular weight. Oxirane
oxygen decreases by increasing the alkyl chain length of the alcohol. This tendency is
presented in Table 2-9. The polar nature of the epoxidized esters improves the
compatibility, due to the incorporation of epoxide and carboxylic groups. This is evident by
comparing the solubility of some of these molecules in PVC. In this sense, previous studies
have found that epoxidized methyl oleate exhibited the highest solubility (73 g/100g PVC
at 80°C) compared to the values reached by epoxidized esters of (1-propyl oleate, 2-propyl
oleate, 1-butyl oleate, and isobutyl oleate). Likewise, the same study compared the
solubility of epoxidized methyl oleate and epoxidized methyl linoleate (244 g/100g PVC). In
this case, the solubility of epoxidized methyl linoleate is higher due to a higher oxirane
content [131],[132].

Table 2-9. Theoretical oxirane oxygen of epoxidized esters

Plasticizer lodine value (mg 1./1009) (%) Oxirane Oxygen

MDES 130.47 7.6
EDES 124.54 7.3
PDES 119.13 7.0

IPDES 119.13 7.0
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BDES 114.16 6.7
IBDES 114.16 6.7
IADES 109.60 6.5
ODES 97.86 5.8
EEGDL 134.57 7.8
EPGDL 131.35 7.6
EPRDL 131.35 7.6
EBGDL 128.28 7.5
ESBO 137.99 7.9

*Theoretical oxirane oxygen of epoxidized esters was calculated by assuming the
lipidic profile of the soybean oil as follows:C16: 11.5%, C18:0: 3.6%, C18:1: 24.1,
C18:2:54.8% C18:3: 5.9%.

The results of the objective function for the group of assessed epoxidized plasticizers of
mono-esters, di-esters, and tri-ester are summarized in Table 2-10. In addition, the results
obtained for phthalates are displayed for comparison purposes. The complete set of results
of the selection criteria is summarized in Annex B. The lowest value for the objective

function represents the best performance as a plasticizer.

Table 2-10. Calculated objective function used to screen among potential PVC plasticizers

from different epoxidized fatty esters.

Material Plasticizer dg ®r Cop Tgr D'pr LogKowg Cr Total
Common DOP 0.00 0.00 0.00 0.00 0.33 0.57 0.00 0.146
Phthalates DNOP 0.07 0.00 0.04 0.00 0.33 0.58 0.13 0.182
DOTP 0.02 0.00 0.01 0.04 0.33 0.57 0.16 0.191

DINP 0.10 0.21 0.15 0.00 0.25 0.63 0.01 0.185

DIDP 0.19 0.43 0.31 0.00 0.20 0.70 0.14 0.250

DBP 0.64 0.64 0.64 0.01 1.00 0.31 0.05 0.302

BBP 0.74 0.75 0.74 0.25 0.70 0.33 0.62 0.481

Epoxidized MDES 0.23 0.51 0.37 0.36 0.61 0.35 0.13 0.338
esters EDES 0.28 0.46 0.37 0.34 0.53 0.38 0.12 0.329
PDES 0.32 0.39 0.36 0.33 0.46 0.42 0.16 0.332

IPDES 0.32 0.39 0.36 0.33 0.46 0.41 0.16 0.332

BDES 0.36 0.33 0.35 0.32 0.40 0.45 0.14 0.323

IBDES 0.37 0.33 0.35 0.32 0.40 0.44 0.12 0.319

IADES 0.41 0.27 0.34 0.31 0.35 0.48 0.25 0.340

ODES 0.52 0.05 0.29 0.28 0.24 0.58 0.26 0.331

Epoxidized EEGDL 0.23 0.03 0.13 0.53 0.04 0.68 0.16 0.357
diesters EPGDL 0.24 0.03 0.14 0.52 0.03 0.71 0.25 0.378
EPRDL 0.25 0.03 0.14 0.52 0.03 0.71 0.25 0.379

EBGDL 0.27 0.09 0.18 0.51 0.03 0.74 0.25 0.391
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Epoxidized

triester ESBO 0.23 0.46 0.34 0.59 0.00 1.00 0.62 0.569

According to the results obtained, epoxidized mono-, di- and tri-esters (i.e. ESBO) of fatty
acids have good compatibility with PVC due to their polarity and solubility. Also, these
molecules exhibit low diffusion coefficients (ranging from 1-10°to 1-10%° cm/s at 20°C)
resulting in lower migration rates. Nonetheless, monoesters exhibited lower glass transition
temperatures to enhance plasticization. Comparatively, epoxidized diesters and ESBO
obtained higher values for the octanol-water partition coefficient indicating a higher
tendency for bioconcentration. Finally, the estimated cost of the assessed molecules
increased with their molecular weight considering that superior alcohols are usually more

expensive.

Considering all these aspects, the selection was narrowed to the epoxidized mono-esters
of linoleic acid, as they presented a better performance than diesters or tri-esters (ESBO).
The performance of the epoxidized mono-esters for each assessed criterion of the objective
function is presented in Figure 2-5. In this figure, PDES and BDES were omitted since they

exhibited similar results as those of the branched molecule (see Table 2-10).

Regarding the efficiency criterion, the epoxidized mono-esters did not achieve the same
glass transition temperature as that obtained by common phthalates. Additionally, only a
slight difference in the glass transition temperature was found for branched and linear
structures of the same molecular weight, being slightly lower for linear structures. In this
regard, Tg results are only satisfactory as a rough screening test. In terms of permanence,
the diffusion coefficient of the additives in the polymer decreases, while the size of the
alcohol increases. In the case of epoxidized monoesters, the calculated diffusion
coefficients were like those of phthalates. Linear and branched molecules obtained the

same values using the migration approach, as in the case of Tg.

The results of the toxicity criterion showed that higher Kow values were obtained as the
length of the alkyl chain increased. This trend was also obtained in the solubility
parameter ;. Notably, epoxidized esters of mono alcohols obtained lower Kow values than
the reference phthalates. Finally, regarding cost estimation, large molecules as the
epoxidized esters of 2-octyl (ODES) and isoamyl alcohol (IADES) were the most expensive
and therefore the least competitive against traditional phthalates in the group of epoxidized

monoesters.
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Figure 2-5. Results epoxidized mono esters.
(—) MDES - Methyl diepoxystearate, () EDES-Ethyl diepoxystearate, (—)IPDES-
Isopropyl diepoxystearate, (—)IBDES-Isobutyl Diepoxystearate, (- ) IADES-Isoamyl
diepoxystearate, (—) DOP-Dioctyl phthalate, (- ) ODES:-2-Octyl diepoxystearate

From an overall perspective, the lowest value for the objective function was reached for
Isobutyl diepoxystearate (IBDES). Nonetheless, it is important to point out that the
predictive methods showed only slight differences between linear and branched molecules
of the same number of carbons. This is evident comparing the results for the epoxidized
esters of propanol (IDES) and isopropanol (IPES), or butanol (BPES) and isobutanol
(IBPES). However, it is well documented that introducing a branched molecule into the

polymer-plasticizer structure promotes the permanence of the plasticizer within the solid
matrix [133].

As a result of the screening methodology, Isobutanol epoxidized ester (IBDES) was
identified as the maost promising molecule for a plasticizer application. Thus, soybean fatty

acids from isobutanol are expected to have similar properties to those estimated with the
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predictive methods. The following sections will address the synthesis of the selected

molecules, and their assessment as plasticizers for PVC products.

Finally, it is expected that the here developed methodology could be used not only in the
design of plasticizers but also in other industrial applications to guide the design of new

additives (bio- or fossil-based compounds).
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3.Biobased plasticizer production process

After selecting a potentially suitable plasticizing molecule based on the different
performance criteria, the next stage of this work was to design a production process that
considers the effect of the main variables during the reaction and separation stages.
Although the target molecule is an epoxide of isobutyl soyate, the experimental work was
performed using three additional feedstocks: oleic acid, linoleic acid, and a distillation
fraction obtained from the SODD. Evaluating feedstocks with similar fatty acid composition
provides a better understanding of the reaction and separation stages. The different raw

materials used in the experimental work are presented in Table 3-1.

Table 3-1. Fatty acid - raw materials used in the experimental design.

Feedstock Chemical nature
A) Oleic acid (OA) 0
Ho)k/\/\/\/\/\/\/\/\
B) Linoleic acid (LA) 0
HOJ\/\N\/\\\/\M\
C) Soybean oil deodorizer Mixture of saturated and unsaturated fatty acids
distillate (SODD) (C16-C18) and acylglycerols.

This chapter outlines the production of isobutyl epoxides from soybean oil and its derivates
(i.e., linoleic acid, oleic acid, and SODD). The choice of these raw materials was based on
the fact that linoleic acid (C18:2) is the main fatty acid in the lipid profile of SODD, while
oleic acid has an iodine value similar to that of SODD, which is the valuable agro-industrial

residue of interest.
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The proposed process involves two reaction steps (i.e. esterification and epoxidation), and
different reaction conditions were explored to select the best processing conditions.
Besides the production of epoxidized esters, this chapter also delves into the kinetics of
epoxidation of isobutyl linoleate catalyzed by a homogeneous acid, and a regressed
mathematical expression of the process was obtained. As the processing of each raw
material is different, a simplified scheme is presented in Figure 3-1. There are minor
differences in the processing of the various raw materials due to their composition, but the

unit operations remain largely the same.

Isobutanol NaOHy/lIsobutanol

A

I I

Neutralization and

Esterification —> vacuum distillation

[, Neutralization [, Alkali washing || Phase separation

v

Aqueous layer

Washing < Neutralization < Phase separation | Epoxidation < Drying
v
Aqueous layer
Phase - Drying
separation i

v

Aqueous layer

Figure 3-1. Simplified block diagram of the epoxidized isobutyl esters production process

3.1 Methodology

- Reagents

Food-grade linoleic acid (= 95% wt., Sigma Aldrich), technical-grade oleic acid (>50% wt.
Quimiescencias), and soybean oil deodorizer distillate provided by Team Foods were used
as the fatty acid reactant during esterification reactions, along with isobutanol (> 99% GC,
Merck). Sulfuric acid (96% wt., Merk) was used as a catalyst. Glacial acetic acid (100% wt.,
J.T Baker), amberlite IRC 120 H (Merck), and aqueous hydrogen peroxide (50% wit.,
Chemi) were used during epoxidations. Absolute ethanol USP (PanReac), NaOH (99% wt.,
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Supelco), and Toluene (99.98% wt., J.T. Baker), chloroform (HPLC grade, J.T. Baker), Wijs
reagent (0.2N, PanReac), diethyl ether (99% wt., Loba Chemie PVT LTD), acetone (USP,
Panreac), sodium thiosulphate pentahydrate (Supelco), hydrochloric acid (0.5M Panreac),
and 2-Propanol USP (PanReac) were used during acid value, iodine index, saponification

value, unsaponifiable matter, peroxide value and oxirane oxygen determination.

- Methods

The fatty acids (OA, LA, SODD) were characterized through acid value, iodine value, and
saponification value following the official method 1ISO 660, ISO 3961, and ISO 3657
respectively [134],[135],[136]. The peroxide value of the SODD was measured following
the official method ISO 3960 [137], while the unsaponifiable matter was measured
according to ISO 3596 [138]. Each analysis was performed in triplicate. Fatty acid profiles
were obtained for all raw materials by gas chromatography using a reported standard
method for FAMEs quantification (AOCS Ce 1-e91). FAMEs were prepared from the
corresponding fatty acid samples following AOCS Ce 2-66 standard method. A 7890A
Agilent GC with a flame ionization detection (GC-FID) was employed using hydrogen as

carrier gas.

The acid number and moisture content were analyzed using a Karl Fisher volumetric titrator

(Mettler Toledo). Each analysis was performed in duplicate.

Differential Scanning Calorimetry analysis (DSC) was performed using a Mettler Toledo
calorimeter 500/2722. Thermal properties of the samples, including crystallization (T¢) and
melting temperatures (Tnm), were evaluated by performing the following thermal cycle at a
constant rate of 5 K/min: heating from 25 to 60 °C, isotherm holding for 10 min, cooling from
60 to -60°C, isotherm holding for 10 min, and heating from -60 to 60°C under a constant

flow rate of N2 of 50 ml/min.

Thermogravimetric analysis (TGA) was performed on a TGA SF/1100/268. Samples were
heated from 30 to 700°C at a constant heating rate of 10°K/min. Nitrogen was used as

purge gas at a flow of 60ml/min and the balance purge flow of air.

Rheological properties were measured at 20 and 40°C. Density was measured in a Densito
30PX Mettler Toledo equipment and viscosity was measured using a viscosimeter Koehler

instrument equipped with a capillary viscosimeter and thermocouple.
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The cloud point of the fatty acids was measured according to the standard ASTM D2500

[139]. Samples of 25 ml were cooled in a flask in a thermostatic bath set at -24°C.

FTIR spectra were carried out in an FT-IR Perkin Elmer Spectrum BX. The spectra were

scanned in the range of 800 to 200 cm™ at a scan rate of 600 nm/min.

3.2 Esterification

3.2.1 Results

- Characterization of Fatty acids

The fatty acid profiles of the oleic acid (OA), linoleic acid (LA), and SODD used in this work
are reported in Table 3-2. As expected, unsaturated acids, mainly oleic and linoleic, are the
major components of these raw materials. The total percentages of unsaturated acids were
93.7, 99.8 and 81.3 % respectively. Considering the total number of unsaturated acids, the
concentration of oxirane oxygen (OO) in the final epoxidized fatty esters is expected to
follow the order LA > OA > SODD. The lipid profile of SODD was found to be consistent
with that of soybean oil [140], and this is also presented in Table 3-2. For comparison
purposes, a picture of the as-received fatty acid feedstocks is presented in Figure 3-2, The
SODD was dark and semi-solid while the OA was a clear liquid.

Table 3-2. Fatty acid composition

Fatty acid OA LA SODD Soybean oil [140]
C16:0 3.47 0.20 13.79 8-14
C18:.0 2.80 0.05 4.91 3-5
ci18:1 55.06 2.35 30.00 20-25
C18:2 34.15 97.21 47.61 50-57
C18:3 0.37 0.19 3.70 6-8
C20:2 2.89 - - -
C20:3 1.26 - - -

SFA (%) 6.27 0.25 18.70 11-19

MUFA (%) 55.06 2.35 30.00 20-25

PUFA (%) 38.67 97.40 51.31 56-65

SFAA: saturated fatty acids,
MUFA: monounsaturated fatty acids,
PUFA: polyunsaturated fatty acids
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a) | b) C)

Figure 3-2. Pictures of the employed fatty acids during esterification experiments
a) Oleic acid b) Linoleic acid ¢) SODD

The main physicochemical characteristics of the fatty acids used as reactants in this study
are presented in Table 3-2. As can be seen, all these raw materials have a high iodine
value (> 114 mg KOH/g) which is consistent with their high content of unsaturations. These

high values of unsaturations are suitable for the epoxidation processes.

Table 3-3. Physicochemical properties of fatty acid feedstocks

Property OA LA SODD
Acid value (mg KOH/qg) 1940 +0.8 193.7 0.3 89.2 0.1
FFA (oleic) (%) 97.7 +04 975 £0.2 449 +0.1
lodine value (g 1./100g9) 120 *0.6 176 £0.2 1145 +£0.07
Saponification value (mg KOH/q) -- -- 162 1
Peroxide value (meg/kg) -- -- 6.2
Unsaponifiable matter (%) -- -- 16
Neutral oil (% wt.) -- -- 39
Moisture (Yowt.) 0.1 +£0.004 0.21 +0.01 -
Density (20°C) (kg/m®) 9014 0.1 913.0 0.1 911.8 0.8
Density (40°) (kg/m?3) 883.2 10.1 893.0 +0.1 8938 0.1
Kinematic Viscosity cSt (40°C) 188 0.1 21.3 =01 26 +0.24
Dynamic Viscosity cP (40°C) 166 0.1 191 0.1 23.2 +0.2
Calculated
MW (g/gmol) 282.0 280.5 277.9*
lodine value Theoretical (g 1./100g) 120.2 178.6 123.1
Average instaurations 1.3 2.0 13

* Acylglycerols: 100-FFA-Unsaponifiable matter
* Average molar mass of FFA calculated based on the lipid profile
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Regarding the SODD, its FFA content was around 45% wit., in addition to these FFAs, this
feedstock also contains a significant amount of other components, such as monoglycerides
(MG), diglycerides (DG), and triglycerides (TG). The presence of these acylglycerols is
confirmed by its high saponification value (162 mg KOH/qg), indicating that the SODD
contains various saponifiable species. Based on the saponification value of SODD, and
assuming only acylglycerides of linoleic acid, it is possible to estimate their total content in

the sample, as is shown in equation (3-1).
SVsopp = Xpra * SVera + X1 * SVrg + Xpg * SVpg + Xme * SVue* Xym * SVym  (3-1)
162 = xppyg * 201.9 + xp¢ * 193.1 + xpg * 183.4 + xp6 * 159.5 4+ 0.16 x SVyy,
Xpra t Xrg + Xpg + Xy + xym =1
Xr¢ + Xpg + Xy = 0.39

Here, xy¢, Xpg, X6, Xym are the mass fraction of monoglycerides (MG), diglycerides (DG),
triglycerides (TG), and unsaponifiable matter (UM) respectively. SVy, SVpg, SVxrg, are the
saponification value of monoglycerides (MG), diglycerides (DG), and triglycerides (TG),
respectively. As observed, the total content of acylglycerides remaining in SODD is around
39% wit.

Regarding the content of unsaponifiable matter (16%), it agrees with the reported values
(11-33%) [16]. This high value is derived from the content of typical secondary metabolites
encountered in soybean oil such as tocopherols, lecithin, sterols, and squalene. The
peroxide value (6.2 meq O./kg) was measured to estimate the oxidative stability of the
SODD. This result indicates a low content of oxidative components such as ketones and

aldehydes.

The results from the physicochemical and rheological characterization of samples are also
presented in Table 3-3. Among the assessed properties, viscosity is an important parameter
for a plasticizer application. According to these values, the viscosity of FFA decreases in
the order: SODD>LA>0A. It is expected that the epoxides of the respective FFA would

follow the same trend.
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- Thermal characterization of the fatty acids

To study the thermal properties of the feedstocks (OA, LA, and SODD), the samples were
analyzed using two thermal cycles, one cycle of cooling (crystallization cycle) and one of
heating (melting cycle) through controlled thermal conditions. The results are displayed in

Figure 3-3, Figure 3-4, and Figure 3-5, and are summarized in Table C-1, Table C-2, and
Table C-3 in Annex C — Thermal properties.

cooling 1 heating
= -

|

S0DD
SODD

LA

\_/\_/\/—/—OA

0A

60 60 40 20 0 20
Temperatura (°C)

Figure 3-4. Melting DSC curves of FFA
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Figure 3-3. Crystallization DSC curves of
FFA
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Figure 3-5. Thermal degradation of FFA.
(— OA) (—LA) (—SODD)

Melting and crystallization curves for oleic acid show two characteristic peaks, as reported
in the literature [141]. In the cooling cycle (exothermic phase transition), OA exhibits two

peaks at -1.7°C and -13.1°C which are associated to the crystallization of the meta-stable
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a-form and the y polymeric transformation [142]. For the melting cycle (endothermic phase
transition), the major peak is found at 0°C. This point differs from the melting temperature
of OA which ranges from 13.2°C to 16.3°C [130]. This significant difference was expected
as a commercial brand of Oleic acid with a technical grade purity of ~50% wt. was employed
in this study. The crystallization temperature (Tc) and cloud point of LA were -30°C and -
22°C, respectively. According to these curves, low freezing temperatures were achieved
due to a high content of unsaturated fatty acids. These low freezing temperature values
indicate good low-temperature performance, which is valuable for lubricant or plasticizing
applications. The measured melting temperature of LA was -5.6°C, which is very close to
the reported value -5 °C [130].

Finally, the SODD presented two characteristic peaks in crystallization and melting cycles.
These peaks are less sharp compared to those of the other fatty acids under study, which
can be attributable to their higher content of acylglycerides. The SODD exhibited two
crystallization events at 8.38°C and -34°C, and two melting peaks at -23.7°C and 19.7°C,
respectively. Such behavior is consistent with the high content of oleic and linoleic acid.
Also, the thermal behavior of SODD is highly dependent of other compounds present in the

mixture such as acylglycerides, tocopherols, squalene, phytosterols, and soaps.

In terms of thermal degradation, pure fatty acids such as oleic and linoleic acid, exhibited a
single degradation stage near 346°C. In contrast, SODD has two degradation peaks at
331.3 and 415.7°C. This is consistent with the high content of unsaturated fatty acids and

other high molecular weight components in the feedstock.

- Procedure

Esters of isobutanol, namely isobutyl oleate (IBO), isobutyl linoleate (IBL), and isobutyl
soyate (ISO), were obtained via Fisher esterification of fatty acids and isobutanol using
sulfuric acid as a catalyst in an inert nitrogen atmosphere. The esterification reaction was
carried out in a 150 ml glass four-necked jacketed reactor equipped with a thermometer, a
magnetic agitator, and a continuous heating fluid flow from a thermostatic bath (MV-4,
Julabo). The system also featured a vigreux column, a condenser, and a cylindrical
separatory funnel to recover condensates. The experimental setup for the esterification

reaction is illustrated in Figure 3-6.
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Figure 3-6. Experimental setup during esterification experiments

All esterification experiments were performed under a stirring rate of 650 rpm and 94°C of
temperature at the local pressure of 74.6 kPa. Two different reaction conditions were used:
3:1 molar ratio of isobutanol to a fatty acid, 1% wt. sulfuric acid as catalyst, and 5:1, 2% wt.
catalyst. Fatty acids were heated up until the reaction temperature was reached. Then a
mixture of catalyst and isobutanol was dosed to the reactor. After 20 minutes, some water
and isobutanol were evaporated, condensed, and recovered in the side cylindrical collector.
The top vapor temperature reached a maximum of 80 °C before the temperature profile
dropped. As expected due to the large excess of isobutanol, and the liquid-liquid equilibrium
of the system presented in Figure 3-1 [143], the condensed vapor underwent a liquid-liquid
splitting. According to the phase equilibria, at the temperature of the condensate (~293K)
the heavy phase was mainly composed of water (~ 92% wt.), and the light phase was mainly

composed of isobutanol (~ 84% wt. isobutanol).
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Figure 3-7. Liquid — Liquid Equilibrium for the mixture isobutanol-water
Adapted from [134]

Samples of 1g were extracted at different time intervals during the reaction, and the
progress of esterification was monitored by measuring the acid value. After 6 hours, the
reaction mixture containing the ester, the acid catalyst, and the residual alcohol was
neutralized using 80% of the required stoichiometric amount of a saturated NaOH solution
in isobutanol, followed by vacuum distillation. The mixture was then neutralized again until
the acid value was lower than 0.06 mg KOH/g. Then the solution was washed with water
until pH 7 and dried under vacuum. The neutralization of the remaining fatty acids in the
reaction medium was slow due to the low solubility of NaOH in isobutanol. However,
alcoholic neutralization in the absence of water reduced soap formation and facilitated

separation processes.

- Esterification kinetics

The conversion of the esterification reaction was monitored by measuring the acid value

along the reaction time. The conversion is expressed as follows:

_ Wrpa(®) . (3-2)
 Wera(to) 100
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In Equation (3-2), Nrr4(t) is the mass of fatty acid at time (t) and Wrg4(t,) is the initial

mass of fatty acid. Using the definition of acid value, this equation can be written as:

¥ = VA (£) *we — VAy so, * Whso, (3-3)
- VA (to) * wy

In Equation (3-3), VA,(ty) and w, are the initial acid value of the fatty acid in the reactor
and the initial mass of the FFA. VA, 50, - is the acid value of sulfuric acid and wy g, is its
weight in the reactor mixture. VA,.(t) is the acid value in the reactor along the time and w;
is the corresponding mass of the reactor mixture at sampling time t. Assuming that the total
mass of fatty acids in the reactor was constant (negligible change by evaporation or by
samples withdrawal) and that the total acid content in the condensate was negligible (<
0.54 mg KOH/qg), Equation(3-3) can be rewritten as:

_VA.() - VAys0,r (3-4)
VAr (tO)

By using this Equation, conversion along reaction was monitored for 3 hours. However,
from initial calculations of acid values, it was possible to verify that a secondary reaction
was occurring. At high conversions, the acid equivalents of the sulfuric acid catalyst in the
reactive media resulted lower that the initially loaded ones. According to previous reports
[144],[145], the inorganic acid catalysts can sulfate the alcohol to produce an alkyl sulfuric
acid (ROS0OzH). The sulfation reaction between isobutyl alcohol and sulfuric acid is depicted
in Equation (3-5).

ROH + H,S0, » ROSO3H + H,0 (3-5)

In the reported studies, it was found that monovalent isobutyl sulfuric acid was produced
irreversibly during the esterification process, and its formation could reduce the acid value
of the catalysts to half of the initial acidity at all tested temperatures (57 to 87°C) and alcohol
to acid molar ratios (i.e. 10% of to 10%). Figure 3-10 illustrates the observed conversions

during the reaction, as reported in the aforementioned studies [145].
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Figure 3-8. Sulfuric acid concentration with reaction time.

To evaluate the variation of the inorganic acidity due to the side reaction, isobutanol, and
sulfuric acid were reacted in the absence of fatty acids. The two experiments were run at
1.3 and 1.5% wt. sulfuric acid in isobutanol with a molar ratio sulfuric acid: isobutanol of
104 and 87 respectively. The mixture was heated to 94°C at 650 rpm under reflux in a flask
equipped with a condenser, a thermometer, and a magnetic stirrer. Aliquots of 1 g were
withdrawn at different time intervals and the acid value was measured. In this case, the acid
value was equivalent to the sum of the acidity of sulfuric acid and monovalent isobutyl
sulfuric acid [145]. The conversion of the side reaction using a 1.3% wt. sulfuric acid in the
alcohol is presented in Figure 3-8, and the results from both experiments are summarized
in Table 3-4. As observed, the side reaction is almost complete within the first five minutes.
Similar results were obtained for the case of a 2% wt. sulfuric acid loading. As a result, the

acid value of the catalyst decreased by 41 and 45% respectively for each reaction condition.
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Figure 3-8. Reduction of acidity during sulfation of isobutyl alcohol under 1% wt. of
sulfuric acid at 94°C

Table 3-4. Operating conditions and results during sulfation of isobutanol with sulfuric
acid

Reaction conditions Acid value reduction
% Catalyst °T Ratio OH:FFA (%)
2% 94°C 51 41.1+3
1% 94°C 3:1 452 +1

The obtained results were similar to those observed in previous studies. At higher

temperatures (above 340K) the acid value decreased with time and achieved a constant

value within an hour of reaction. Then, it was verified that the side reaction of isobutyl

alcohol and sulfuric produces a significant reduction of the acid value of the catalyst. The

experimental reduction of the acidity as reported in Table 3-4 and the mass balance of the

system were used to correct the calculated acid value along reaction time (i.e. VA,.(t)). The

conversion of the esterification was then computed according to Equation (3-4). The

conversion of the esterification reaction of oleic acid, linoleic acid, and SODD over time are

presented in Figure 3-9, Figure 3-10, and Figure 3-11, respectively. Table 3-5 presents the

final conversion of each fatty acid.
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Figure 3-11. Esterification of SODD with isobutanol at 94°C

Table 3-5. Final conversion of fatty acids by esterification with isobutanol

Fatty Acid Ratio 5:1, Cat 2% Ratio 3:1, Cat 1% Ratio 3:1, Cat 2%

Linoleic Acid 99.7 98.0 --
Oleic Acid 96.4 96.2 --
SODD -- -- 93.0*

* Based on the acid content

High conversions were obtained for the esterification of oleic acid and linoleic acid, ranging
from 99 to 96%, by removing the water produced during the ester formation. Similar
conversions were achieved in reference works [146],[147]. Regarding the SODD, a 93%
conversion was achieved based on its acid content. As mentioned above, this feedstock
contains glycerides and unsaponifiable material that affect the esterification kinetics and
can consume the acid catalyst. To obtain a purer ester from SODD, isobutyl soyate (ISO)

was distilled under vacuum to remove undesired compounds.

- Distillation of Isobutyl soyate (ISO)

The obtained Isobutyl soyate (ISO) was distilled in a 150 ml two-necked jacketed flask

equipped with a thermometer, a magnetic agitator, and a condenser. The system was
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coupled to a high vacuum pressure pump and a thermostatic bath (MV-4 Julabo) for
circulation of the cooling fluid. The distillation was performed at 180°C and 0.1 mbar. The
first drop of distillate was obtained at a head temperature of 118°C, and after this point, the
temperature gradually raised until it reached 178°C at the end of the distillation. The
complete set of temperatures observed during vacuum distillation is presented in Table 3-6.
According to the observed behavior, it can be inferred that the boiling point of isobutyl
soyate at 0.1 mbar is around 118°C. According to the mass balance, the target distillation

fraction was 0.45 of the feed.

Table 3-6. Observed temperatures during isobutyl soyate distillation.

Boiling temperature Head temperature (°C)

(°C)

180 118
180 124
180 144
180 162
182 164
183 166
185 178

Based on the fatty acid composition of the SODD presented in Table 1-1 and Table 3-2, it
is expected that the major components of the distillate product were fatty acid esters of C16
chains and fractions of C18:0, C18:1, C18:2, C18:3. On the other hand, it would be
expected that major components in the bottoms were fatty acid esters of C18:0 and minor
fractions of C16, C18:1, C18:2, C18:3. Distilled isobutyl soyate (ISD) was recovered and
used together with the other esters, namely isobutyl oleate (IBO), isobutyl linoleate (IBL),

isobutyl soyate (1SO), in subsequent epoxidation process.

- Characterization of the esters

The results from the physicochemical characterization of the obtained esters are
summarized in Table 3-7, and the appearance of such products can be observed in Figure
3-12. All esters exhibited low acid values (< 0.5 mg KOH/g) and iodine values above 102
1,/100g, which is desirable for the epoxidation process. According to these values, the
maximum theoretical oxirane content in the epoxidized isobutyl esters of IBO, IBL ISD, and
ISO would be 6.0, 8.4, 6.1, and 6.4% wt., respectively. Concerning the unsaturation content,

the average instauration of isobutyl oleate and isobutyl linoleate were 1.4 and 1.9
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respectively. The molecular weight of IBO and IBL was calculated based on the
saponification value, but this parameter is not presented for ISD and ISO since these esters
have an unknown mixture of glycerides. Finally, because of the esterification process, the

density and viscosity of the isobutyl esters decreased compared to those obtained for the

feedstocks.
Table 3-7. Results characterization of isobutyl esters
Parameter IBO IBL ISD ISO
Acid value (mg KOH/qg) 041+0.02 03zx0.1 04+01 03x0.1
lodine value (g 12/100g9) 101.1+£0.5 146.3+0.7 1029+0.3 108+0.2
Saponification value (mg KOH/g) 166.5+0.6 1653+0.2 139.4+0.1 126z%1
Density (20°C) (kg/m3) 871.4 874.8 869.5 882.5
Density (40°C) (kg/m?3) 853.4 856.8 853.5 864.5

Kinematic Viscosity (40°C) (cSt) 6.43+0.03 5.20+0.06 5.72+0.07 8.7+0.2
Dynamic Viscosity (40°C) (cP)  5.49 +0.03 4.45+0.06 4.88+0.07 7.57+0.2

Color Yellow Orange Yellow Brown
Calculated
Calculated MW (g/mol) 337.7 340.0 -- --
Il theoretical (g 1./1009) 106.3 148.7 -- --
reported MW (g/mol) 338.60 336.55 -- --
Average instaurations 1.4 1.9 -- --

Figure 3-12. Appearance of the obtained isobutyl esters.
a) Isobutyl Oleate b) Isobutyl Linoleate c) Distilled isobutyl soyate d) isobutyl

soyate
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- Thermal properties of esters

To study the thermal properties of the esters (IBO, IBL, ISD, and ISO), the samples were
analyzed using the same thermal cycles (crystallization and melting), that were employed
to evaluate the thermal properties of free fatty acids. The crystallization and melting
cycles of isobutyl esters are shown in Figure 3-13 and Figure 3-14, and the thermal

degradation of these esters is presented in Figure 3-15.
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Figure 3-15. Thermal degradation of isobutyl esters

According to the obtained calorimetric profiles, the crystallization temperatures of isobutyl
esters were -26.3, -13.5, and -11.9 °C for IBO, 1SO, and ISD, respectively. The melting
temperatures were -22,- 9.8 and 3.9 °C for IBO, I1SO, and ISD, respectively. Regarding the

thermal properties of isobutyl linoleate, it is very likely that these values were outside the
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range of measurement since no attenuated peaks were found in both cycles. As expected,
the isobutyl esters exhibited lower crystallization and melting temperatures than those
obtained for the FFA, showing a more liquid-like behavior. This is because the introduction
of an ester group of a branched alcohol increases intermolecular distances and hindrance
their interactions. Regarding degradation temperatures of the esters, they remained similar
to those of the fatty acids. This might indicate that degradation initially occurs in the same
type of moieties that are present in both molecules, namely the unsaturation of the fatty

acid chain. However, the IBL presented a slight decrease of around 13°C of this parameter.

3.3 Epoxidation

According to the context developed in Chapter 1, three variables were selected for the
kinetic study during the epoxidation step: temperature, molar ratio of H,O, and Acetic acid
(AA) to unsaturation content. The epoxidation kinetic study was performed only using
isobutyl linoleate, as this was the only ester of well-define nature. As identified in previous
works [85],[148], optimal epoxidation yields are obtained in the following range of
conditions; temperature: 50-80 °C, catalyst loading 1-2% wt., and molar ratio C=C/AA/H,0-
1:0.5:2. Hence, these conditions were selected for the experiment design. Additionally, a
stirring rate of 600 rpm was used to maintain a well-mixed reactive medium and a suitable
temperature control. It has been reported that operating between stirring rates of 300 and
900 rpm, neither mass transfer limitations nor significant differences in the epoxide content

during the reaction are present [84],[95].

- Box Behnken design for the epoxidation reaction

The effect of the variables on the epoxidation process was studied through a Box Behnken
design of 3 variables and 3 levels. The parameters considered were temperature, molar
ratio AA:C=C, and molar ratio C=C:H,O,. Furthermore, three additional runs were proposed
to evaluate the effect of the catalyst loading and temperature. The complete set of
conditions of all experiments is presented in Table 3-8. The reaction progress was
monitored by measuring the oxirane oxygen content and iodine value. The main response

variables were the conversion of double bonds, epoxide yield, and selectivity.
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Table 3-8. Box Behnken experimental design

Factors Catalyst
Run - - Run
X1 X2 Xz °T(°C) Ratio AA:C=C Ratio C=C:H,0, (% wt.)
1 -1 -1 0 50 0.3 15 2.0 L10
2 1 -1 0 70 0.3 15 2.0 L14
3 -1 1 0 50 0.5 15 2.0 L11
4 1 1 0 70 0.5 15 2.0 L15
5 0O 0 O 60 0.4 15 2.0 L8
6 o -1 -1 60 0.3 1 2.0 L7
7 0o -1 1 60 0.3 2 2.0 L6
8 0o 1 -1 60 0.5 1 2.0 L5
9 o 1 1 60 0.5 2 2.0 L4
10 0O 0 oO 60 0.4 15 2.0 L2
11 -1 0 -1 50 0.4 1 2.0 L13
12 -1 0 1 50 0.4 2 2.0 L12
13 1 0o -1 70 0.4 1 2.0 L16
14 1 0 1 70 0.4 2 2.0 L17
15 0O 0 O 60 0.4 15 2.0 L9
16 0O 1 o0 80 0.5 15 2.0 L18
17 0O 0 oO 60 0.4 15 1.0 L1
18 0O 0 oO 60 0.4 15 15 L3

L1, L3 and L18 were carried out using variable catalyst and L18 was performed at a
higher temperature (80°C)

- Procedure

Epoxidized isobutyl linoleate (EIL) was produced by epoxidation of isobutyl linoleate using
peracetic acid generated in situ, and sulfuric acid as a catalyst. The reaction was carried
out in a 150 ml glass five-necked jacketed and coiled reactor equipped with a thermometer,
and a mechanical stirrer. The reactor was connected to two thermostatic baths, one to
provide heating and the other to provide cooling circulating fluids. The immersed coil was
used to remove the heat of the reaction, and the jacket was used to maintain the reaction
temperature. The system was provided with a calibrated syringe pump to dose the H,O-
feed and a reflux condenser to recover the volatile species. The experimental setup for the

epoxidation reaction is presented in Figure 3-16.
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Figure 3-16. Experimental setup used during epoxidation of fatty esters.

In the setup, 70 g of isobutyl linoleate and the corresponding amount of acetic acid,
according to the experiment design, were added to the reactor and heated up to the reaction
temperature. A mixture of sulfuric acid and aqueous hydrogen peroxide was then added
dropwise to the reactor over a period of 10 minutes. The temperature of the reaction was
held isothermal by using a coil connected to a thermostatic bath which refrigerated the
reaction medium. Samples of 0.5 g were withdrawn at different time intervals and quenched
by immersing the sample holder in cold water to stop the reaction. The reaction progress
was monitored by measuring the acid value, iodine value, and oxirane oxygen content in
the samples. After 3 hours, the reaction was stopped, and the content of the reactor was
removed and transferred to a glass funnel for separation. The water phase was discarded.
Subsequently, the oil phase containing the epoxide was neutralized using a 5% wt
bicarbonate solution and rinsed with water at 40°C until the aqueous effluent reached a

neutral pH. Finally, the epoxide was dried over MgSO4 to remove the residual water.
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3.3.1 Results

The results of the epoxidation study are summarized in Table 3-9. The effect of catalyst
loading (1, 2, and 1.5% wt.) was studied at 60°C in runs L1, L2, and L3. The oxirane content
achieved in those runs was about 5.1%, and the conversions were 73%, 81 and 88.6%,
respectively. Nevertheless, the highest selectivity was reached using 1% wt. catalyst. As
expected, high catalyst concentrations also trigger ring-opening reactions in the presence
of water and decrease the yield of the reaction [86],[94],[147].

Table 3-9. Run results and reaction conditions.

oo Ratio Catalyst (o]e] Y X S
Run ) coc: cA: H0; (%)y 1(QL/1000) oy () (%) (%)
1 60 1:04:15 1.0 402 50 589 725 812
L2 60 1:04:15 2.0 16.6 51 603 886 680
L3 60 1:04:15 15 27.7 51 606 8L1 748
L4 60 1:05:2.0 14 16.7 52 616 886 695
L5 60 1:05:1.0 16 29.1 38 448 801 559
L6 60 1:03:2.0 2.0 16.6 52 618 886 697
L7 60 1:03:1.0 2.2 24.1 47 551 835 66.0
L8 60 1:04:1.4 1.9 14.6 50 594 900 66.0
L9 60 1:04:1.4 1.9 16.3 51 603 888 67.9
L10 50 1:03:15 2.0 416 48 565 716 790
L11 50 1:05:15 2.0 25.3 49 586 827 708
L12 50 1:04:2.0 2.1 30.8 50 594 789 753
L13 50 1:04:1.0 2.1 43.3 42 499 704 709
L14 70 1:03:15 2.0 5.3 47 560 964 581
L15 70 1:05:15 2.0 4.3 05 63 970 65
L16 70 1:04:1.0 2.1 19.2 20 344 869 396
L17 70 1:04:2.0 2.0 15 26 307 990 310
L18 80 1.05:15 2.0 5.6 00 00 961 00

Y: yield, X: conversion S: selectivity.

The dependence of epoxidation conversion on the catalyst loading is presented in Figure
3-17. It is possible to verify that final conversion linearly increases with catalyst loading,
which is characteristic when using a homogenous catalyst, and mass transfer limitations
are absent. In further experiments, a 2% wt. H.SO4 loading was used to enable higher

reaction rates.



Chapter 3 71

95

90 ~

54 e R? = 0.9987
80 0871

X (%)

75 1

.
o
.

70 A

65 1

60 T T T T T T T T

Catalyst loading (%)

Figure 3-17. Acid homogeneous catalyst loading vs conversion.

The effect of the temperature was studied from 50°C to 80°C. As expected, high
temperatures enhance the rate of epoxidation but also have a negative effect on the
selectivity and yield to oxirane groups. This is clear when comparing the final concentration
of oxirane at 60°C, 70°C, and 80°C, which is almost zero at the highest temperature.
Therefore, when the epoxidation is carried out above 60°C, it is necessary to identify the

point of maximum oxirane production to quench and stop the reaction [85].

Previous works have reported that degradation reactions are highly dependent on
temperature and catalyst loading in the reactive medium [86],[89]. High temperatures and
high catalyst concentrations trigger the nucleophilic attack on the oxirane ring at the
interphase and the oil phase. In the used epoxidation route, the main nucleophiles are the
acetic acid which is partially soluble in the oily phase, and the water which is in large excess.
Hydrogen peroxide has low solubility in the oil phase due to its polar nature and tends to
react with carboxylic acids, so its oxirane cleavage capacity can be considered negligible.
According to these considerations, the most likely degradation reactions are mainly caused

by the attack of acetic acid and water over the oxirane ring.

From the epoxidation results in Table 3-9, it is observed that the increasing of the molar
ratio of hydrogen peroxide increases the rate of epoxidation (runs L4 and L5). However, a
large loading of aqueous H>O: also increases the content of water in the reaction medium

up to a level where its concentration is 4 to 8 times that of acetic acid. Besides becoming a
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major issue for oxirane ring stability, an excess of water under acidic conditions can
promote hydrolysis of the ester [86]. This was characterized during epoxidation
experiments, and Figure 3-18 shows the measured acid value of the reactive medium over
time. As observed, the acid value increased with the reaction time. At 50°C and 60°C it
displayed a slightly linear growth, but acidity exponentially increased when operating at
70°C and 80°C. This trend indicates that the hydrolysis reaction is promoted by the acid

catalyst under large water excess and high temperatures.
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Figure 3-18. Acid value of the reactive medium along time during epoxidation reactions at
different temperatures.

Increasing the molar ratio of acetic acid also has a significant effect on the ring-opening
reactions. According to runs L15 and L18, a complete ring opening was attained using a
molar ratio of 0.5 at temperatures of 70 and 80°C. This fact, coupled with degradation by

water, resulted in the lowest selectivity and yield in these experimental runs.

Conversely, the highest oxirane oxygen 5.2% was reached in runs L6 and L4 at 60°C after
3 hours of reaction. This oxirane content represents a yield of 62% and a conversion of
89%.

In this regard, it can be concluded that moderate oxirane cleavage is achieved at mild
conditions, but operating under such conditions hinders the maximum oxirane

concentration, which, in the case of isobutyl linoleate, is 8.4%.
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Regarding the effect of reaction time, evaluating the oxirane content as a function of time
for each run enables to define the highest oxirane production along the reaction. In this
case, an oxirane content of 5.5% wt. was achieved using the following reaction conditions:
70°C, 1:0.3:1.5, and 2% wt. catalyst, and 90 min reaction (Run L14). After reaching the
maximum oxirane content, it gradually decayed as observed in the kinetic profiles
presented in Annex C - L14. Despite a similar yield could also be achieved in runs L10 or
L1 at 50°C with a longer reaction time, the conversion of these runs was moderate (~72%)
and it was balanced by high selectivity values (~80%). The corresponding selectivity, yield,

and conversion of all the experiments are graphically presented in Figure 3-19.

As can be seen, conversions are above 80% in most of the experiments, but selectivity is
highly affected by reaction conditions, also impacting the obtained yield. The highest
selectivities were obtained in runs L1, L10, and L12. In these runs, the conversion was
between 70 — 80%. In this sense, to reach the highest oxirane content, a balance between

conversion and selectivity must be achieved [149].
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Figure 3-19. Epoxidation results.

Other degradation reactions, such as H>O, and peracetic acid decomposition, can also
decrease the concentration of the reagents and affect the epoxidation rate. However, these

reactions were not considered in the present study [87].



74 Biobased plasticizer from agro-industrial residual streams

3.4 Two-phase epoxidation kinetic model

The epoxidation of unsaturations in which the aqueous and oil phases are well mixed can
be modeled using a two-phase reaction system [79],[84],[99]. As is described in Chapter 1,
the unsaturation present in the ester molecule reacts with the in situ peracetic acid to

produce an oxirane ring, as is shown in Equation (3-6) and Equation (3-7).

O ky O -6
+ H,0 = H + H,0 3-6
HSCJ\OH B H3CJ\O’O i
R2 0 0 O
CEENYAANY (3-7)
+ /OH N +
R1/=/ H3CJ\O R1 R2 HgC)LOH

The oxirane ring can further react with nucleophilic agents present in the reaction mixture
(water, hydrogen peroxide, acetic acid, and peracetic acid) [81]. However, in the modeling
of the system, it is assumed that the cleavage of oxirane is only caused by acetic acid and

water, as described in Equation (3-8) and Equation (3-9).

0 0O Jk
/L\ )J\ ks  HO 07N, (3-8)
>

R1 Rz % HsC” OH ~

0
A H,0 ks HO)—QOH (3-9)

R Rz t R1 R2

Additionally, the kinetic model considers the following assumptions:
- The epoxidation and degradation reactions are irreversible.

- The rate of reaction and mass balances are a function of the molar concentration in

each phase and their corresponding volumes.
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- Acetic and peracetic are distributed in both phases, while hydrogen peroxide,

sulfuric acid, and water are insoluble in the organic phase [150].

- The degradation reactions are carried out at the oil phase (attack by acetic acid)
and the liquid-liquid interphase (attack by water) [151], and they are produced by

the attack of carboxylic acid and water.

- The mass transfer coefficients for acetic and peracetic acid are equal (k¢pssa =

kt,AA a)

- The system is isothermal and well-mixed, and mass transfer limitations are

negligible.

- The addition of the first drop of the catalyst mixture and aqueous H;O is considered

time zero for the reaction.

- The degradation reaction by acetic acid is assumed to be of second order for acetic
acid. On the other hand, the degradation reaction by water is considered of first
order for epoxide and water. Likewise, this reaction considers the influence of acid
catalyst in the medium. [79],[84],[150] [152].

- Volume and density slightly change along the reaction time.

According to these assumptions, the mass balance of the reaction system is described by
first-order differential equations for each component in the aqueous (w) and oil phase (0).
The system was modeled as a semi-batch reactor since the mixture of catalyst and

hydrogen peroxide was dosed continuously in the first 10 minutes.

- Mass balance in a semi-batch reactor

dN (3-10)

4
i
dt = Z ﬁi,krirkVp + Fi
k=1

In this equation, N; is the total number of moles of component i in the reactor, t is the time

coordinate, r;, is the rate of appearance/disappearance, and 9;; is the corresponding
stoichiometric coefficient of component i in reactionk. VP is the volume of the

corresponding reactive phase p. F; is the constant feed flow rate of component i during the
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initial loading of the reactants and the catalyst. There are four reactions taking place,
namely peracetic acid formation and decomposition (ry, r_;), isobutyl fatty ester
epoxidation (r,), and ring-opening reactions by acetic acid (r3) and water (r;). Rates of
reactions are expressed in mol L min*, and they correspond to equations (3-11) to (3-20)
The kinetic models were described as the following power-law expressions:

11 = k1Ch,o,ChaCy+
1= k—1Cg,V4ACH20CH+
= kZCC=CC19AA
r3 = k3CEPOC/(1)A2

7y = k4Cgpo CryoCyt

Here, Cy,0, is the concentration of H20, C}Y is the concentration of acetic acid, Cy+is the
concentration of the catalyst, 3, is the concentration of peracetic acid, and Cy,, is the
concentration of water, all in the aqueous phase. On the other hand, C2, is the
concentration of acetic acid, €%, is the concentration of peracetic acid, Co— is the
concentration of the isobutyl ester, and Cgpo is the concentration of the epoxidized ester,
all in the oily phase. The model depends on the following parameters: peracetic forward
and backward kinetic constant k;, k_;, (L2mol?2 min?), epoxidation kinetic constant k,, (L
mol* min), kinetic constants for the degradation products k5 (L2 mol? min*?), k, (L?> mol?
mint), partition coefficients of acetic acid (K,,) and peracetic acid (Kp,,), mass transfer
coefficients: kypaaa = kian @ = kpa, (min~'), and phases volume V¥ and V? (L). The
resulting material balances of all species are on a molar basis (mol/time). Npgs
corresponds to the degradation product from the ring-opening reaction by acetic acid (r3),

and Npgs» is the degradation product generated from the ring-opening reaction by water

(14)-

Aqueous phase
e Hydrogen peroxide (H20,):

dNy, o, (3-11)

Q@ FH;02+ (=k1Ch,0,Ch9Ch+ + k_1CHU4ChH,0Ct)VY
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e Peracetic acid (PAA):

The peracetic acid, as well as acetic acid, is distributed between the two phases, thus the
mass balance equation includes the mass transfer rate. The mass transfer is described as
the flux of the component between phases: N, = k,,a (¢4 — ¢4*). According to the two-film
theory, phase equilibrium is achieved at the interface and c,* is the composition of the oil

that is in equilibrium with the bulk liquid and is equal to Kp4,C¥4-

dNpja

dt

(3-12)

= (kchZOZCXl//lCH‘f - k—lcglfllACHZOCH*')VW — kna (KPAACI%A - CIQAA)VO

e Acetic acid (AA):

AN
dt

(3-13)

= (—k1Ch,0,CACh+ + ko1 CYuaCh0C VY + kypa (C24 — KaaCLH)VO

o Water (H20):

dt

= FH.20 + (k1CH202CX£/4CH+ - k—1C%ACH20CH+) VW — kyCgpoV© (3-14)
Oil phase
¢ Unsaturations (C=C)

dNc=c
dt

3-15
= _(kZCC=CC19AA) Vo ( )

e Epoxide (EPO):

dN ) _
dEtPO = (kyCe=cCPua — k3CepoCis” — kaCrpo) VO (3-16)

o Peracetic acid (PAA)

deOAA (3'17)

dt

= _(kZCC=CCgAA)VO + kma(KPAACngA - C}QAA)VO

e Acetic acid (AA)

dN2,
dt

(3-18)

2
= (kZCC=CC19AA - kSCEPOCAOA )VO - kma(CfA - KAACXIQ)VO

o Degradation products from epoxide (Npgg1)
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dNg§ 3-19
—E = (k3CEPOCAOA2)V0 ( )
dt
e Degradation products from epoxide (Npgg2)
(o]
Mo o (k4-CEP0CH20CH+)VO (3-20)

dt

The flow of catalyst and hydrogen peroxide is modeled in a time interval of 10 minutes.

F*xi
PM;

F, = (3-21)

t < tg

Fi=0 tSta

In Equation (3-21), PM; and x; are the molar mass and the mass fraction of the components

of the mixture, respectively.
The partition coefficient K; is denoted as follows [150]:

cer NPJve (3-22)
cV NW W

4

Ki=

Here, C? and ¢}V are the molar concentration in the oil phase and the aqueous phase of

component i, respectively.
Ni = Nio + Nl'W (3_23)

Using Equation (3-22), the molar mass of the phases can be written as a function of the

partition coefficients and the volume of the phases:

NO = K;VON; (3-24)
LYW 4K Vo

N = VWN; (3-25)
‘ VW + K, VO

Then, the total volume of the phases can be expressed as:

VW = V0 + Vi,o, + Vaa + Viaa + Vi,so, (3-26)

VO = V2 + V& + Vepo +Ves + Vpger + Vprez (3-27)
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Likewise, the density of the phases can be expressed as:

w_ W0+ Wy, + Wis + Weha + Wy,so, (3-28)
P = W
0 _ W2+ Wiaa + WEpo + Wes + Wpeci+ Wpee? (3-29)
4%

In addition to these variables, the modified Arrhenius equation is used to correlate a kinetic
constant k(T) with the activation energy Ea and preexponential factor A prex [153]. The

selected reference temperature was 70°C.

T-T, -
k(T) = exp [A +B (Tref)] (3-30)
A =1In (kyer) (3-31)

E -
B= a (3-32)

RTyef

k -

Aprex.= ref (3-33)

_ Ea
exp RT,.;

In Equations (3-30) to (3-33), 4 and B are the constants of the modified Arrhenius equation.

Ea and A prex are the activation energy and the preexponential factor, respectively.

3.4.1 Kinetic parameters regression

The modeling of the epoxidation reaction was performed using MATLAB 2022a and the
operating conditions of the 18 experimental runs. The system of differential equations
described from (3-11) to (3-20) was solved by numerical integration using the multistep
solver odel5s, based on differential-algebraic equations (DAEs). The objective function in
Equation (3-38) was minimized and corresponds to the difference between experimental
values (Equations (3-35) and (3-37)) and the predicted values (Equation (3-34) and
Equation (3-36)). The minimization problem was solved by adjusting the corresponding
kinetics parameters using the Global Search algorithm implemented in Matlab. To

determine the number of moles, the molecular weights of the ester and epoxide were
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calculated using the saponification and acid values presented in Table 3-7. The molecular

weight of the degradation products was obtained from the reaction stoichiometry.

Ngs 3-34
[NDB]model = ( )
Wgs + Wgpo + Wpge1 + Woeeg2
IN (3-35)
[NDB]eyy = T Al

In Equations (3-34) and (3-35) NDB is the number of double bonds, IN is the experimental

iodine value and Ai is the molecular mass of iodine.

Ngpo 3-36
[Epo]model = ( )
Wgs + Wepo + Wpgg1 + Wpie2
00 (3-37)
[EPO]exp = 100 * Ao

In Equations (3-36) and (3-37) EPO is the number of oxirane groups, 00 is the experimental
oxirane value (%) and Ao is the molecular mass of oxygen. As mentioned above, the
objective function to minimize is described in Equation (3-38), and the corresponding

statistical parameters are described in Equations (3-39) to (3-41).

- Objective Function

1 9

1 Z NDB exp [NDB]model)Z + ([EPO]exp - [EPO]model)Z (3-38)
n NDB]exp max) ([EPO]exp,max)Z

[=<]

=~
-

n:1

- Standard deviation

(xi,cal - xi,exp)2
0 J SATNS, (3-39)
- Absolute error
NR NS
AE = NR NS z Z(xl cal — X exp) (3_40)

Jji1 ki1
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In Equations (3-39) to (3-40), NR is the number of runs, and NS; is the number of samples.

- Relative Error

Xical — xi,exp

Yo 1, 100 (3-41)
n samples

Zsamples

Erer =

In equation (3-41) x; ¢, is the calculated value and x; ., is the experimental value.

3.4.2 Results of kinetic model regression

The corresponding kinetic model of the epoxidation of isobutyl linoleate with H.O, was
obtained by adjusting 19 parameters while minimizing the objective function described in
Equation (3-38) [154]. The fitted kinetic parameters are summarized in Table 3-10 along
with the corresponding confidence intervals. Table 3-10 presents other statistical measures

of the model regression.

Table 3-10. Fitted kinetic parameters for the epoxidation of isobutyl esters.

Parameter Units Value Upper limit Lower limit
Eqq J/mol 6.11-10* 6.00-10% 6.21-10%
Aq L2 mol? min 5.88-107 3.82-107 9.04-107
Ey_4 J/mol 6.63-10* 6.53-10% 6.73-10%
A_4 L2 mol2 min 1.04-10° 7.10-108 1.52-10°
Ej» J/mol 5.74-10* 5.70-10* 5.78-10*
A, L molt min* 5.96-108 5.03-108 7.06-108
Eys J/mol 4.00-10* 3.93-10* 4.06-10*
Aj L2 mol? min 8.52-10° 5.91-10° 1.23-10*
Egq J/mol 9.97-10* 9.79-10* 1.01-10°
Ay L2 mol?min? 1.21.101 5.33-10%° 2.74-101
KAAggoc -- 0.659 0.655 0.664
KAAggoc -- 0.687 0.684 0.692
KAA7go¢ -- 0.783 0.780 0.785
KAAggoc -- 0.892 0.808 0.975
KPAAsy¢ -- 0.442 0.378 0.506
KPAAggc -- 0.490 0.467 0.512
KPAAqo¢ -- 0.704 0.641 0.767
KPAAgyc -- 0.848 0.771 0.924

kt-a min- 24.46 24.26 24.66
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In general, the resulting model exhibits a good fit for the experimental data. The range of
the relative error is between 13% and 15% for the instaurations content and oxygen-oxirane

content, respectively.

Table 3-11.Errors in the curve fitting

DB 00

Absolute Error (AE) 5.05 0.25
Relative Error (RE) 13.30 15.39
Standard Deviation (SD) 6.76 0.42

According to the results, the epoxidation reaction has a kinetic constant of ko, = 5.96-10*
(L moltmint) at 333K, which is similar to that observed for the epoxidation of soybean oil
[87]. However, the obtained value was higher than that observed in the epoxidation of
methyl linoleate (i.e. 4.33-102 L mol* mint) [155]. This constant is one order of magnitude
lower than the one reported in this work. However, in that model, oxirane cleavage reactions
were not considered, so low values for this constant compensate the oxirane loss caused
by ring-opening reactions. Also, the kinetic constant for the epoxidation reaction is higher
than the peracetic acid formation 1.57-102 (L? mol? min), verifying that peracid formation

is the controlling step of the reaction [90].

As expected, due to the higher mobility and lower steric hindrance, the double bonds in the
fatty esters are more reactive than those in TAGs. Consequently, the kinetic constant was
larger than the other reported values. Similarly, the fatty acid composition of the feedstock
has a significant effect on the rate constant of epoxidation. This is expected because
conjugated double bonds in highly unsaturated fatty chains can be more prone to
epoxidation. This has been previously observed and the reactivity of fatty acids in the
epoxidation reaction follows the order: linolenic acid > linoleic acid > oleic acid as reported
before [45].

Regarding the kinetic constants of oxirane degradation by acetic acid (k, ;) and water (kg 4),
a ratio of kg 3/ky 4 = 48 was obtained at 80°C. This result agrees with literature reports,
which suggest that the attack by acetic acid proceeds at a higher rate. However, the
concentration of acetic acid in the reaction medium is lower compared to the concentration

of water. Moreover the degradation constants k,3; and ky, increase rapidly with
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temperature. Above 70°C these reactions are even competitive with the main epoxidation
reaction [156].

At low temperatures, the rate of degradation is moderate, and the concentration of epoxide
continuously increases. However, at high temperatures, the rate of epoxide degradation
becomes higher than the rate of production, resulting in a decrease in the epoxide content.
It's worth highlighting that the initial amount of acetic acid is lower than the amount required
to degrade the epoxide, which confirms that water is also contributing to the degradation of

the epoxide.

An example of a reasonably good fit of the obtained model is shown in Figure 3-20 which
presents the experimental and regressed values for run L11 performed at 50°C and molar
ratios C=C:AA: HP (1:0.3:1.0). As observed, the predictions of double bonds and oxirane

groups are well predicted. The complete set of experimental and fitted values is presented

in annex D, where it is possible to confirm that the mathematical regression fits well all the

experimental values.
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Figure 3-20. Fitted curves and experimental values for run L11.

Figure 3-21 presents the molar profiles (N) of each of the components over time. As seen,
hydrogen peroxide (H,0,) and water (H,0) are added dropwise into the reactor during the

first 10 minutes. The molar profile of acetic acid in the oil phase (NAA,) decayed after 120
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Volume (L)

minutes due to the oxirane degradation reaction (NDeg;). In the case of peracetic acid, its
concentration remains low as the reaction progresses. The aqueous phase is composed

mostly of water, whose concentration remains steady over time.
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Figure 3-21. Molar profiles along the reaction time

Figure 3-22 shows the time evolution of the density and the volume of the two phases
calculated over time. It can be verified that the volume and the density of each phase did
not change significantly during the reaction.
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Figure 3-22. Volume along the reaction time  Figure 3-23. Density along the reaction time

Figure 3-24 presents the partition coefficients obtained from the regression parameters. In
the epoxidation of isobutyl esters, the partition coefficient of acetic acid was found to be
higher than that of peracetic acid. As the temperature increased, both partition coefficients

increased in favor of a higher concentration of these compounds in the oleic phase. This
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regression will employ to model the partition coefficient of acetic and peracetic acid in the
optimization of the process conditions.

1

S y = 0.0002x2 - 0.1297x + 21.318

< 09 1 R?=0.99

= 03 -

D07 -

S

T 06 -

S ¥ =0.0002: - 0.1479x + 23.172
5 05 - 5 R2= 097

S 04

315 320 325 330 335 340 345 350 355 360
Temperature (°C)

() Acetic acid partition coefficient (KAA) (O) Peracetic acid partition coefficient (KPAA)
Figure 3-24. Regressed Partition coefficient

To visualize the good fit of the model, parity plots of all the experimental data and the
predicted results used in the regression are presented in Figure 3-25 and Figure 3-26. In
general, large differences were observed when operating at 70 and 80°C, as well as at long
reaction times when the oxirane cleavage becomes more important and dilution effects
caused by degradation products are significant. Regarding the iodine content, deviations
from experimental values become noticeable at the end of the reaction. Experimental error
plays a key role in the deviation of iodine value as at low concentrations, measurements
are less accurate than at high concentrations.
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An important outcome of this work is that the regressed kinetic model can be used to
estimate epoxidation rates for isobutyl esters of SODD and oleic acid [155]. It was stated
that double bonds in oleic and linoleic acid exhibit similar epoxidation reactivity [155]. This
model may have wider applications in the epoxidation of other raw materials, particularly

during feasibility assessments and process design stages.

3.5 Optimization

The final step in this section is to identify the optimal reaction conditions for the epoxidation
of fatty esters in a semi-batch reactor using the regressed kinetic parameters. The
optimization objective is to maximize the oxirane oxygen of the epoxide and the global
productivity of the process (Equation (3-43).

mass of epoxide 3-42
Productivity = tota]lfmz;ss * 100 ( )

As described in the previous section, besides the epoxide formation other undesirable
reactions occur in the reaction medium. Hence, to achieve high epoxide yields, the
production of these degradation products must be minimized. With this goal in mind, the

objective function was constructed, as shown in Equation (3-43).

Objective function = Conversion * Selecitivy (3-43)

The parameters to be optimized are temperature, molar ratio of reagents, and the amount
of catalyst. Table 3-12 displays the optimization parameters of the search space during the
optimization process. For the assessment, 70g of isobutyl ester was considered. It is
important to note that a high oxirane content can be achieved not only by carrying out the
epoxidation at moderate temperatures but also by limiting the reaction time at higher

temperatures. The first route accounts for less use of catalyst than the second.

Table 3-12. Optimization variables range

Variable Lower limit Upper limit

Temperature (°C) 40 80
Molar ratio H,0,:C=C 1 2.5
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Catalyst %(w/w) 0.50 5
Molar ratio AA:C=C 0.2 1
Time (min) 5 540

The optimal conditions for the epoxidation of isobutyl esters, determined using the
regressed model and a semi-batch reactor, are presented in Table 3-13. Under these

conditions, the highest yield of oxirane was (80.3%) using sulfuric acid as a catalyst.

Table 3-13. Optimization results

Variable Value
Temperature (°C) 60.5
Molar ratio C=C: H.0O: 3.0
Catalyst %(w/w) 1.57
Molar ratio C=C: AA 0.21
Time (min) 355
O0O(%) 6.58
Yield (%) 80.3
Conversion (%) 95.4
Selectivity (%) 84.2

As a result of the optimization, mild conditions for temperature and catalyst loading were
obtained. The molar profile of each component is displayed in Figure 3-28. These operation
conditions favor the production of epoxide while minimizing the formation rates of
degradation products. Additionally, controlled rates of oxirane cleavage are achieved due
to the low concentration of sulfuric acid and acetic acid in the system. The resulting oxirane
content is 6.6%, which corresponds to 78% of the maximum theoretical value of oxirane.
This outcome highlights the importance of seeking new catalysts with high activity and

selectivity for the synthesis of epoxides, such as ion exchange resins.
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Figure 3-27.Concentration of oxirane and double bonds for the optimum conditions
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Figure 3-28. Molar profiles along the reaction time for the optimum conditions

3.6 Plasticizers production at bench scale and
characterization

Epoxides of isobutanol, namely: epoxide of isobutyl oleate (EIO), epoxide of isobutyl

linoleate (EIL), epoxidized isobutyl soyate distillate (EID), and epoxide of isobutyl soyate
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(EIS), were produced at bench scale by following the methodology described in the
previous section. However, the main goal of this stage was to produce enough amount of
epoxides for further evaluation as plasticizers, and thus it was necessary to maximize
oxirane content, reduce ring-opening decomposition, and avoid product darkening. For this
reason, larger bench-scale batches were carried out at the conditions that optimized
oxirane productivity but with a different catalyst. In this case, an ion exchange resin
(Amberlyst IRC 120 H) was used as a catalyst with the same acid equivalents of H,SO4
determined under the optimal conditions. Considering the ion exchange capacity of the
resin, and the molecular weight of H.SQOy, it was found that the equivalent loading of the
resin to the acid was 5.48 + 0.07 g resin/g H.SO.4. As the heterogeneous catalyst is less
active and might present lower mass transfer rates, the reaction time was set at 6 hours.
Once completed, the heterogeneous catalyst was removed from the reaction mixture by

filtration, and there was no need for neither further neutralization or bleaching.

The main physicochemical characteristics of the obtained epoxides at the bench scale are
presented in Table 3-14, and the appearance of the resulting products is shown in Figure
3-29.

Table 3-14. Characterization of isobutyl epoxides

Property EIO EIL EID EIS
Acid value (mg KOH/qg) 0.8+0.2 1.1+0.3 1.0+0.2 2.0+0.2
lodine value (g 12/1009) 9.3+0.7 125+ 0.9 8.9+04 12.7+0.1
Oxirane Oxygen (%) 447+0.1 6.31+0.1 41+0.2 42+0.1
Moisture (%) 0.12 0.15 0.16 0.10
MW calculated 359.3+0.7 371409 429.7+0.4 476.7+0.1
Density (20°C) (kg/m?) 929.7 955.5 920.2 936.0
Density (40°C) (kg/m®) 911.7 937.5 902.2 920.0

Kinematic Viscosity (40°C) (cSt)  14.8+0.1 17.1+0.1 11.6+0.1 20.9+06
Dynamic Viscosity (40°C) (cP) 135+0.1 16.0+0.1 105+0.1 19.2+0.6
Color Yellow Yellow Yellow Orange
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Figure 3-29. Produced epoxidized isobutyl esters at the bench scale.
(a) Isobutyl Oleate (EIO) (b) Epoxidized Isobutyl Linoleate (EIL) (c) Epoxidized isobutyl
soyate distillate (EID) (d) Epoxidized Isobutyl Soyate (EIS)

The molar weight of the isobutyl epoxides in Table 3-14 was calculated based on the molar
weight of the esters and their iodine value. Isobutyl epoxides EIO, EIL, EID, and EIS meet
most of the parameters of epoxidized esters as listed in Table 1-10. However, it is
necessary to reduce their final iodine value (9-13 cg 12/g). For further epoxidation, it would
be necessary to extend the reaction time to decrease the iodine value below the
recommended level for oleochemical plasticizers. In the case of epoxidized isobutyl soyate,
a bleaching treatment would be necessary to improve the color of the final product. If this
is not possible, the application of these epoxides would be limited to products that do not

require clear or translucent specifications.

The dynamic viscosity of the final product follows the order EIS> EIL>EIO>EID with
viscosity values ranging from 10.5 to 19.2 cP. This is about three times higher than their
corresponding isobutyl ester. As expected, the introduction of oxygen in the double bond
increases the viscosity of the product due to the more polar interaction of the oxirane rings.
The obtained viscosity of the epoxidized isobutyl ester is in the range of other oleochemical
epoxides and even of some phthalates. Reference plasticizers such as epoxidized soybean
and DOP have dynamic viscosities of 13 cP at 40°C and 26 cP at 40°C, respectively [79],
[157].
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- Thermal properties of epoxides

To study the thermal properties of the epoxides (EIO, EIL, EID, and EIS), the samples were
analyzed using the same thermal cycles (crystallization and melting) that were employed
to evaluate the thermal properties of esters.

The crystallization and melting cycles of isobutyl epoxides obtained at the bench scale are
shown in Figure 3-30 and Figure 3-31. Furthermore, the thermal degradation of these
epoxides is presented in Figure 3-32.

As observed, isobutyl epoxides exhibited several peaks in the DSC thermogram, which
explains why they crystallize and melt over a wide range of temperatures. The results were
analyzed based on the main thermal peaks. In general, isobutyl epoxides exhibited good
thermal properties for plasticizing purposes. All these epoxides have low crystallization
temperatures in the range of -22 to -35°C. Likewise, they exhibited low melting points
between -14 and -17°C. This indicates that they can also be used in different industrial
applications, such as lubricants, surfactants, or even as additives for fuels where good

fluidization at low temperatures is required [158].
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Figure 3-32. Thermal degradation of isobutyl epoxides

In particular, the thermal properties of the isobutyl esters and epoxides are enhanced after
the functionalization of the molecule by esterification and epoxidation. Similar results have
been found in the study of the cold flow properties of epoxidized castor oil [159]. The thermal
stability of epoxides is slightly higher than the corresponding ester and fatty acids, which is
attributed to the incorporation of oxygen instead a double bound that is more easily

oxidized.

- FTIR of bench-scale epoxides

The main groups of the assessed epoxide molecules were identified through FTIR spectra.
The peak at 819 cm™ is associated with oxirane oxygen vibration. Additionally, the peaks
at 1724 cm? and 1285 are related to the C=0 and C-O vibrations of ester groups

respectively [160]. Figure 3-33 presents the characteristic absorbance of these compounds.
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Figure 3-33. FTIR spectra of isobutyl epoxides
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4.Performance evaluation of biobased

plasticizers

After producing the biobased epoxidized isobutyl esters (i.e. EIO, EIL, EID, EIS), at the
bench scale their performance as plasticizers in PVC films was evaluated. While this may
seem straightforward, processing PVC may require suitable equipment to avoid corrosion
due to the potential evolution of chloride compounds, especially when operating at high

temperatures.

Several methods can be used to obtain flexible PVC products, including
thermocompression, extrusion molding, blow molding, and solvent casting. In the latter, a
polymer is dissolved in a suitable organic solvent, which is then evaporated to form a
polymer film. This avoids thermal treatment and the potential generation of corrosive gases.

Therefore, the solvent casting method is widely used for research purposes.

In general, a formulation for flexible PVC incorporates between 20 to 50% of plasticizer,
aside from the primary polymer [161]. Higher amounts can lead to exudation and lower
compatibility with the polymer. The potential molecular interactions of the epoxide
plasticizers with PVC polymer are shown schematically in Figure 4-1. These interactions
not only provide plasticity but also help stabilize the polymer to prevent decomposition. In
this regard, this chapter investigates the performance as well as the plasticization effect of
the epoxidized isobutyl esters and compares the results with those obtained for standard
PVC plasticizers. The performance of the proposed oleochemical plasticizers will be
analyzed in terms of mechanical and thermal properties, contact angle, water vapor

transmission permeability, migration, and volatility rate of the plasticizer in PVC films.
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Figure 4-1. Plasticized PVC with epoxidized isobutyl esters

4.1 Methodology

To evaluate the performance of the epoxidized plasticizers, PVC films were prepared using
the solvent casting technique with a fixed plasticizer content of 70 phr (41% wt).
Additionally, DOP and ESO were selected as industrial benchmark plasticizers for a
comparative performance evaluation. Four films of each formulation were prepared and

conditioned for analysis.

- Reagents

PVC resin Lacovyl PB1172H (K value 68) supplied by Atofina, and tetrahydrofuran (THF,
99.5% Merk) were used in the solvent casting method for polymeric film production. The
assessed biobased plasticizers were synthesized and purified as described in the previous
chapter and they are denoted as EIO (epoxidized isobutyl oleate), EIL (epoxidized isobutyl
linoleate), EID (epoxidized isobutyl soyate distillate), and EIS (epoxidized isobutyl soyate).
The industrial benchmark plasticizers were dioctyl phthalate (DOP, 99.5%, Traquisa) and
ESO (epoxidized soybean oil 99.5% Traquisa). Silica gel was used as a desiccant and

ethanol (96%, Merck) was used to perform migration tests.
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- Film preparation
PVC films were prepared by solvent casting method, following a methodology previously
reported [162]. The PVC resin was mixed with the corresponding plasticizers at 70 phr (41%
wt) and 9 ml of THF per 0.4g of PVC resin was added. The formulation of each film is

presented in Table 4-1.

Table 4-1. Formulation of PVC Films

Material PVC PVC/DOP PVC/ESO PVC/EIO PVC/EIL PVC/EID PVCIEIS

PVC (9) 1.60 0.80 0.80 0.80 0.80 1.20 0.80
Plasticizer(g) 0.00 0.56 0.56 0.56 0.56 0.84 0.56
THF(mI) 27.0 18.0 18.0 18.0 18.0 27.0 18.0

The mixture was homogenized at room temperature using a magnetic stirrer until all the
PVC was dissolved. The solution was then poured into a 10 cm diameter petri dish and
allowed to air dry until a constant mass was obtained. Once dry, the films were conditioned
at a constant humidity of 30% inside a chamber at room temperature before

characterization.

- Methods

The thickness of the films was measured using an electronic RS PRO micrometer at
multiple points throughout the film. Ten measurements were taken, and the reported

thickness corresponds to the average value.

Thermogravimetric analysis (TGA) was conducted using a Linseis PT1000
thermogravimetric balance (Selb, Germany). Samples of about 10 mg were heated at a
constant heating rate of 20 K/min from 30 to 700°C under a nitrogen purge gas flow rate of
50 ml/min. Additionally, Differential Scanning Calorimetry (DSC) analysis was performed
on a Mettler Toledo 821 calorimeter following a programmed temperature protocol at a
constant heating rate of 10 K/min. The temperature ramp was initiated by heating from 30
to 100°C, then cooling from 100°C to -50°C, and finally heating from -50°C to 200 °C using

a flow rate of N> of 55 ml/min.

The mechanical properties of the films, including tensile strength, elongation at break, and
Young’s modulus, were characterized at room temperature using a DUOTRAC-10/1200.

The films were cut into rectangular strips measuring 80 x 10 mm following the ASTM D882
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standard [163]. The grip spacing and crosshead speed were set to 50 mm and 10 mm/s

respectively, using a 0.1kN cellule.

Fourier transform infrared spectrometry (FTIR) was performed using a Perkin Elmer
Spectrum BX scanning over the range of 4000 to 500 cm™ at a resolution of 4 cm™. In
addition, to evaluate the transparency of the PVC films, UV-vis spectra were measured
using a G9821A UV-Vis spectrophotometer over the range of 800 to 200 nm at a scan rate

of 600 nm/min.

The water contact angle between a drop of water and the film surface was measured using
an optical goniometer FM140 (KRUSS GmbH) under ambient conditions. The contact angle

was measured ten times per material, and the average value is reported.

Water vapor transmission permeability (WVTP) was analyzed gravimetrically by measuring
the moisture gain of the films over time according to 1ISO 2528 [164]. Films measuring 3.6
in diameter were placed inside a constant humidity chamber (90%) at 23°C for 7 hours.

WVTR is calculated using Equation (4-1), based on the definition of water vapor.

Am R
WVTR = — (4-1)
t-A

In Equation (4-2) A4m (g/h) is the slope of the curve obtained by linear regression of the
weight gained by the film over time, where t is the time (h), and A is exposed area (m?).
Then, WVTP is calculated using (4-2).

WVTR (4-2)
S-(RH,— RHy) ©

WVTP =

In Equation (4-2), S is the saturation pressure at the test conditions, RH, is the relative
humidity inside the chamber, RH, is the relative humidity inside the cup, and e is the film

thickness (mm).

The migration rate of the plasticizers was evaluated at three different temperatures: 50,
40°C, and 23°C for 24 hours in aqueous ethanol (96% and 50%) following the standard
method ASTM D1239 [165]. Samples were weighed and immersed in 100ml of the solvent.
After 24 hours, the samples were dried in an oven at 40°C for 24 hours and the final weight

was reported. The extraction loss was calculated according to Equation (4-3).
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W, —Ww. -
Weight loss (%) = % * (4-3)

1

100

In Equation (4-3) W; is the initial weight of the test specimen, and W, is the final weight of

the test specimen.

Volatility tests were conducted following the standard method ISO 176 [166]. Samples in
the form of disks with a diameter of 50 mm were weighed and immersed in circular flasks
filled with activated charcoal. The test was performed at 70°C for 24h. Volatility loss was

calculated according to Equation (4-3).

4.2 Results

4.2.1 Film preparation

A visual comparison of the different plasticized films is presented in Figure 4-2. All the films

were prepared with a fixed plasticizer content of 70 phr (41% wt).

a) PVC Film b) PVC - DOP c) PVC - ESO

d) PVC - EIO e) PVC - EIL f)y PVC - EID
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g) PVC - EIS
Figure 4-2. PVC films prepared by solvent casting.

In general, the different PVC films prepared by the solvent casting process were
homogeneous, sparkling, and transparent with a characteristic film thickness ranging
between 0.17 to 0.26 mm. An increase in the average film thickness was observed with the
addition of plasticizers. In particular, the films prepared with EIO, EID, and EIS developed
a yellowish color, being more intense in the PVC/EIS film as observed in Figure 4-2. This
was expected as the original epoxides had a characteristic yellowish tone after purification,
and if found suitable, their use as plasticizers would be possible only in dark plastic products

or after a suitable bleaching process.

4.2.2 Mechanical Properties

The average thickness, as well as the mechanical properties of the films, are presented in
Table 4-2. Thickness, Elongation at break (E), Tensile strength (TS), and Young’s modulus
(YM) were measured for the films prepared with and without plasticizer. As can be seen,
the pure PVC film had a lower thickness compared to the films prepared with additives.
This is expected since the plasticizer creates more space between the polymer
macromolecules and reduces their intermolecular forces, promoting high thickness and low
density in the film. Regarding the mechanical properties, the pure PVC film achieved a
tensile strength of 37.7 MPa, an elongation at break of 24.6%, and Young’'s modulus of
1023.6 MPa. These values agreed with the mechanical properties reported by other authors
[18],[48],[167]. Comparatively, the addition of all types of additives derived in a much larger
elongation confirmed their plasticizing effect. In contrast, both tensile strength and Young’s

modulus were much lower for pure PVC which is consistent with plastic behavior [168].
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Table 4-2. Average thickness and mechanical properties of plasticized PVC
Material Thickness (mm) E (%) TS (Mpa) YM (MPa)
PVC 0.166 + 0.006 24.60 + 2 37.7+2 1023.6 + 56
PVC/DOP 0.240 £ 0.007 362.1+ 15 9.1+0.6 55+1
PVC/ESO 0.237 £ 0.011 442.8+8 13.7+0.9 6.7+1
PVCI/EIO 0.233 £ 0.008 453.6 £ 20 9.6+0.2 40+1
PVCI/EIL 0.256 + 0.011 323.0+ 10 5.6 +0.3 3.1+1
PVC/EID 0.229 £ 0.023 466.8 + 28 10.9+0.9 45+1
PVCIEIS 0.223 + 0.005 498.8+ 14 11.2+0.6 43+1
600 45
40
500 —
? - [ 5
< 400 0 S
§ - =
2 — 55
© 300 A o
kS 20 &
I3 2
S 200 A Y 15 &
L —
\x// T~ £ * 10
100 - T ]
~=" 5
o L1 0
PVC PVC/DOP  PVCIESO PVCIEIO PVCIEIL PVCIEID PVCIEIS
Film

Elongation at break (=) and tensile strength (—)

Figure 4-3. Mechanical properties of plasticized PVC.

In particular, the assessed biobased isobutyl plasticizers reached an elongation at break

between 323 and 499%, along with low tensile strength values (13.7 — 5.6 MPa). These

results are comparable to those achieved by the reference plasticizers DOP and ESO. The
film PVC/EIS showed the highest elongation at break (499%), which is 20 times higher than

that of pure PVC. The improvement in these properties is mainly attributed to the

intermolecular forces (hydrogen bond, polar, and dispersion forces) between the polymer

and plasticizer which reduce the interaction forces between polymer-polymer. Such

interactions improve the mechanical properties of the polymer making it more flexible and

ductile, thereby facilitating workability and processing [161],[169].



102 Biobased plasticizer from agro-industrial residual streams

In the case of PVC/EIL, this film did not reach the same elongation values as those obtained
by the other isobutyl epoxides. However, EIL significantly reduced the tensile strength (5.6
MPa) and Young’s modulus (3.1 MPa). Additionally, it exhibited similar behavior to the film
containing the traditional DOP plasticizer. Comparatively, all other isobutyl plasticizers were

more like traditional epoxidized soybean oil plasticizers.

The observed results agreed with those reported by other authors. For instance, in previous
research, butyl epoxidized esters of palm kernel oil (EEPKO) were evaluated as effective
plasticizers for PVC [37]. In that study, different formulations of PVC were prepared at
different processing temperatures using the dispersion technique. As a result, the tensile
strength of plasticized PVC/EEPKO at 65 phr ranged between 6-10 MPa. Similar results
were obtained by PVC plasticized with DOP (10-15 MPa). Regarding elongation at break,
values of 410% and 350% were obtained for PVC/EEPKO and PVC/DOP, respectively,
when the PVC was processed at 200°C.

4.2.3 Thermal Properties

- Glass transition temperature

Plasticizers increase the chain mobility in the polymer matrix, lowering the glass transition
temperature (Tg), which occurs over a range of temperatures depending on the composition
and purity of the plasticizers [169], [170]. The glass transition temperature of neat PVC and
plasticized PVC was obtained from DSC analysis, and the obtained scanning profiles are

presented in Figure 4-4.

As observed, the glass transition temperature of pure PVC was about 83.4°C which is
consistent with literature reports [167], [L71]. In some additives, no significant endothermic
shift in the baseline (Tg) was observed as the temperature increased [167]. This was the
case of PVC plasticized with EIL and DOP. Therefore, the glass transition temperature of

the different plasticizers was confirmed by DMTA analysis, as indicated in Figure 4-4.
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Figure 4-4. Glass transition temperature of plasticized PVC
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As expected, films prepared with the different epoxidized molecules exhibited low Tg values

demonstrating the plasticization effect. These values agreed with the Tg reported by other
authors. For instance, in the study of butyl epoxidized esters of Palm kernel oil, glass

transition temperatures of -23°C and -32°C were found for PVC plasticized with EEPKO

and DOP, respectively [37].

- TGA

TGA and DTGA curves of the evaluated PVC films are presented in Figure 4-5 and Figure

4-6 respectively. The corresponding maximum weight loss peak is reported in Table 4-3.
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Figure 4-5. TGA curves of PVC films
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Figure 4-6. First TG derivate curves of PVC films

Table 4-3. DTG of PVC films

1 2 3
Material Weight Weight Weight
m Iossg(%) m Iossg(%) m Iossg(%)
PVC 301.6 39.0 480.9 74.7 561.9 89.4
PVC/DOP 317.4 37.5 471.8 83.9 578.3 95.7
PVC/ESO 329.2 29.6 457.9 39.7 570 89.5
PVCI/EIO 311.4 33.0 467.0 76.6 555.6 90.9
PVCI/EIL 311.3 31.8 464.3 73.0 561.8 90.5
PVC/EID 304.1 32.2 470.9 77.5 550.7 90.1
PVCIEIS 301.8 27.6 467.0 74.7 553 89.0

In general, plasticizers induce higher thermal stability in polymers due to their molecular

interaction with active groups and their scavenging capacity of labile chlorine atoms from

the polymer [170].

As observed, all TGA curves exhibited three characteristic thermal degradation stages. The

first stage occurred between 250 to 350°C which is associated with the decomposition of

plasticizers and the dichlorination of PVC, followed by the release of HCI. The second

stage, which occurred above 430°C, corresponds to the crosslinking reaction of C=C bonds

to form aromatic compounds. The last stage, above 560°C, is related to the complete

oxidation of the material to produce a char residue [48].
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From these profiles, it is possible to observe a thermal stabilization effect of the epoxidized
esters in terms of the corresponding degradation temperature. Tm represents the
temperature at which the maximum weight loss occurs [69]. In this sense, there was a slight
shift towards high decomposition temperatures (Tm) when the blends contained the
different assessed plasticizers. The epoxides EIL, ESO, and DOP increased the thermal
stability of PVC by 10, 16, and 28 °C respectively. On the other hand, EIO, EIS, and EID
exhibited low shifting ranging from 10 to 1°C.

The inflection point of the first stage of thermal degradation provides information about the
maximum rate of weight loss. During this stage, a weight loss of 39% was observed for
pure PVC. The plasticizers that were assessed exhibited low weight losses ranging from
27.6% to 37.5%. Although the thermal stability of EIS seems to be marginal as it only
increased the Tm by 1°C, it resulted in the lowest weight loss during this stage. This result
can be explained by considering the particular composition of the SODD, which is rich in

antioxidants and vitamins [13].

Generally, like commercial DOP, films plasticized with biobased epoxidized esters exhibited
high thermal stability below 250°C. This suggests that they can be utilized in PVC products

that require thermal processing, without experiencing significant degradation.

4.2.4 Water Vapor Permeability

Water vapor permeability (WVP) is a measure of the amount of water that passes through
a surface per unit of area, time, and pressure. WVP is an important barrier property of
packaging material as it protects food from environmental factors such as water, water
vapor, odors, exudation, moisture, grease, oil, etc. Suitable barrier properties depend on
the specific nature of the food being packed. For example, fruits and vegetables require a
low gas barrier to release carbon dioxide, whereas meat products require a high gas barrier
to prevent moisture loss [172]. PVC is one of the main thermoplastic materials used in food

packaging and has a wide range of applications [172].

The corresponding WVP values of the PVC films assessed are presented in Figure 4-7 As
observed, the lowest WVP was observed for the neat PVC film, which was around 3.0 -
10713 (g ‘m™*.st.Pa?) at 23°C and 90% RH. This result is consistent with those reported in
the literature for this material, which ranges from (4-10%4 to 2:103g -m*.s1.Pa?) [3]. The

incorporation of a plasticizer in the PVC film breaks the orderly structure of the polymer
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chains and increases the free volume, thereby allowing water to pass more easily through
the film [173].

Water Vapor Permeability (1013
(g/(m.s.Pa)

PVC PVC-DOP PVC-ESO PVC-EIO PVC-EIL PVC-EID PVC-EIS
Film

Figure 4-7. Water Vapor transmission rate

As observed, the WVPR increased with the addition of plasticizer, thereby modifying the
barrier properties of the PVC. Isobutyl epoxides achieved higher permeability rates, ranging
from 7.0 to 8.2-:10 2 g-m*-st-Pal compared to the reference plasticizers (DOP and ESO),
which exhibited a WVPR of 3.7 and 4.2 10 g-m*.s*.Pa? respectively. In the case of
isobutyl epoxidized, polar groups may interact with water molecules promoting water
adsorption instead of its transport through the film. Although, the reference plasticizers DOP
and ESO also exhibited hydrophilic affinity, their permeation rates were lower. In this sense.
a moderate water vapor barrier can be advantageous for certain packaging applications

that require dynamic gas transport through the film.

4.2.5 Contact Angle

The contact angle is a useful parameter to assess surface wettability, mainly for packaging
applications. The effect of the plasticizer incorporation in the PVC films on their contact

angles is observed in Figure 4-8 and the corresponding values are reported in Table 4-4.
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Table 4-4. Contact Angle of plasticized PVC

Film Contact Angle (°)
PVvC 81.7+2
PVC/DOP 52.0 +3
PVC/ESO 48.8+5
PVCI/EIO 67.3+2
PVCI/EIL 65.6 + 2
PVC/EID 67.5+3
PVCI/EIS 61.2+1

a) PVC b) PVC- DOP c) PVC- ESO
d) PVC-EIO e) PVC-EIL f) PVC-EID
g) PVC-EIS

Figure 4-8. Contact angles of PVC films

Initially, the observed contact angle of pure PVC film was about 81.7°, which is consistent
with that reported in previous works [174]. However, when plasticizers were added, the
contact angle decreased as the PVC films became slightly more hydrophilic, mainly due to
the hydrogen bonding tendency of the oxygen-containing plasticizing molecules. The
reduction in the contact angle was more evident in DOP and ESO films. This may be related
to the higher content of oxygen atoms and their larger molecular sizes, which facilitate
accessibility and interaction with water molecules. On the other hand, epoxidized isobutyl

esters exhibited high contact angles ranging from 61 to 67°, being the films PVC/EIO and
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PVCI/EID the most hydrophobics. Their small molecular size enables a denser packaging

of the PVC polymer, which repels water from the surface.

Although some of these results seem to contradict the tendency obtained in the WVP, is
important to consider that the roughness of the film surface and loss of plasticizer due to
migration can also affect the contact angle. Nonetheless, the slightly hydrophobic behavior
of the epoxidized isobutyl esters may be advantageous in food packaging applications and

for film coatings on cleanable surfaces.

4.2.6 Optical properties

- FTIR
FTIR is a useful technique to identify the principal functional groups in the structure of
polymers and the potential presence of functional groups from certain additives or
impurities. The characteristic absorption bands of pure PVC and plasticized films are shown
in Figure 4-9. As can be seen, the FTIR spectra of the different plasticized materials are
different from the spectrum of pure PVC, indicating that the infrared absorption of the

plasticizers is stronger than that of PVC [175].

C=0 Y Oxirane
C-?-C

1EIS
1EID

EIL

EIO

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavelenght (cm™)

Figure 4-9. FT-IR spectra of plasticized PVC

The incorporation of epoxidized isobutyl esters into the PVC matrix was confirmed by a

higher intensity of the peak at 819 cm™, which is associated with the oxygen oxirane
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vibration. The peaks at 1724 cm™ and 1285 are related to C=0 and C-O vibration of the
ester groups, respectively. Characteristic peaks of the PVC structure were found at 680-
605 cm, 1000 — 1100 cm™ and 1425 cm™ which belong to the vibration of HC-CI, C-C,
and aliphatic bond C-H of the PVC backbone [176]. Besides, -CH, symmetric stretching
vibration is identified at 2951 cm™. Additionally, in the case of DOP, the peak at 1597 cm™*
is linked to the C=C on the benzene ring and the peaks at 788 and 690 cm™ belong to the

four hydrogen atoms adjacent to the aromatic ring [160].

- UV-VIS
Film transparency is an important property in packaging materials as ultraviolet light can
cause adverse effects on food quality. These effects range from the destruction of proteins,
antioxidants, and nutrients to changes in food smell and color [173]. The transparency of
the films was estimated by measuring the ultraviolet-visible light in the range of 200 to
800nm. The absorption spectra of PVC and plasticized PVC films are shown in Figure 4-10.

XN ——PVC
—— DOP
4 ——ESO
——EI0
EIL
3. EID
ElS

Absorbance
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t T T . T T T SIS ——
200 250 300 350 400 450 500
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Figure 4-10. UV spectra of plasticized PVC

As can be seen, pure PVC film was the most transparent. The yellowish coloring of some
epoxides, especially those derived from soybean oil distillates increases the absorption of
visible light, resulting in a loss of transparency. In this sense, the absorption of the visible
light of materials decreases in the following order: EIS> DOP >EID>EIL> EIO>ESO>PVC.
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The epoxides derived from the soybean oil distillates have a characteristic color due to the
pigments present in the raw material. This might indicate a need for a bleaching step during
the downstream purification of the different epoxides. Alternatively, those plasticizers can
be directed to dark PVC products only.

4.2.7 Migration and volatility losses

Migration and volatility rates depend mainly on the chemical structure, molecular weight,
solubility, and compatibility of the plasticizer [48], [174]. To evaluate the migration losses of
the plasticized films, aqueous ethanol at 96% and 50% was employed as solvent. The

migration losses of plasticized PVC are summarized in Figure 4-11.
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(m) 50°C (95% ethanol). (=) 40°C (50% ethanol). (m) 23°C (50% ethanol)

Figure 4-11. Migration loss of the evaluated plasticizers.

Within the conditions evaluated for the migration assays, the films immersed in 96% wt.
ethanol presented the highest migration rates. Under these conditions (96% and 50°C), the
migration losses were higher than 20% for all films. The PVC-ESO film exhibited the highest
migration loss (32%) and the film PVC-EIS the lowest (21.7%). These values are close to
the maximum possible migration, which is 41% (70 phr). Under these test conditions, all
the plasticizers may have migrated into the solvent due to the thin thickness of the films

(~0.2 mm). These high migration rates are related to the principle of “like dissolves like”, so
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isobutyl plasticizers are expected to be soluble in a polar organic solvent such as ethanol.
This might represent a major drawback for the use of isobutyl plasticizers in polymers
intended for liquid containers and for materials that would be in continuous contact with
organic solvents. At low temperatures (40 and 23°C) and using a diluted ethanolic solution
(50%) the migration losses showed a different behavior. In this case, the EIL exhibited the
highest migration rate, followed by EIO-EID-EIS with similar migration rates, then DOP with
a moderate migration rate, and finally ESO, which exhibited the lowest migration (1 - 2%).

These results can be explained by the small size of isobutyl ester molecules that makes it
more susceptible to being dissolved by alcohol. Additionally, the interaction of the oxirane
and hydroxyl groups is more effective in smaller molecules. Based on these results, the
migration loss of the different plasticizers solvents should be evaluated using solvents of

different polarities to determine a suitable application for these additives.

To evaluate volatility losses, the different films were heated at 70°C for 24 hours. Figure

4-12 gathers the results of these test conditions.
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Figure 4-12. Volatility loss of the evaluated plasticizers

Volatility is closely related to the molecular weight and molecular structure of a substance.
Although EID and EIS have the highest molecular weight (476.7 and 429.8 g/mol), these
plasticizers exhibited high volatility losses of 11.1 and 7.4%, respectively. Nonetheless, it

is important to note that the molecular weight of the materials is an average since they are
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derived from a mixture of esters and fatty acids of varying molecular weights. As a result, it
is expected that EID and EIS may contain volatile components such as short-chain fatty
acids, aldehydes, and ketones which contribute to their high volatility rates. This is also
consistent with their high solvent extraction rates. On the other hand, EIL and ESO
exhibited low volatility losses, ranging from 2% to 0.2%, respectively. This is due to their

high oxirane content, which enhances the permanence of the plasticizer in the polymer.

4.2.8 Overall performance

In general terms, it was verified that the implemented product design methodology was
suitable to identify potential plasticizing molecules for PVC polymers. Based on the overall
performance of isobutyl esters as plasticizers, these additives improve thermal degradation
and provide high elasticity and ductility, and exhibit moderate water barrier properties.
However, these additives also exhibit high migration rates in polar solvents on account of
the nature of the attractive forces of the ester and oxirane group or possible cleavage of

the oxirane group.

In the case of SODD epoxides, the presence of impurities and minor components in the
raw material seems to increase the migration and volatility losses of the plasticized films.
Therefore, while the PVC/EIS and PVC/EID plasticizers offer a well-balanced flexible
polymer, their application needs to be limited considering volatility and migration losses
depending on the processing conditions. In the case of isobutyl epoxides, they are smaller
molecules compared to ESO and DOP, which increases their migration and volatility rates.
This represents a major issue and can limit the potential use of these molecules for PVC

plasticization.

Although it was verified that the implemented methodology can assist in guiding the design
of new plasticizing molecules, there is still need for a more robust methods to predict
performance properties. Specifically, there is a need to improve the estimation of key
performance properties such as permeation and weight loss. For example, such models
could evaluate the differences between linear and branched molecules, as well as the

impact of minor components.
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5.Conclusions and recommendations

5.1 Conclusions

This work developed a simplified product design methodology and evaluated its
effectiveness in designing biobased plasticizers. The methodology was based upon a
comparative assessment of the performance properties of the potential candidate
molecules to those of the most used general-purpose plasticizers. This approach was
successfully implemented in the design of oleochemical plasticizers based upon epoxidized
fatty acid esters to exploit and valorize agro-industrial oleochemical streams. Soybean oil
deodorization distillates were used as raw material, and the intended molecules were
obtained by esterification and subsequent epoxidation process. After applying the
molecular design approach to epoxides of fatty acids present in the deodorization distillates
with different biobased alcohols, it was identified that isobutyl epoxides could be promising
plasticizing molecules for PVC. Then, after suitable synthesis and separation steps at
different scales, isobutyl epoxides were characterized and assessed as potential PVC

plasticizers.

During the experimental esterification and epoxidation processes, high conversions were
achieved. The esterification step resulted in high productivity and a high ester content after
purification. However, the epoxidation reaction only achieved a maximum vyield of 62%,
representing an oxirane equivalent content of 5.2% wt. The low yield was due to competitive
ring-opening reactions that degraded the oxirane, resulting in losses of oxirane.
Nevertheless, the oxirane content of the final products falls within the range of commercial
epoxides. Subsequently, a kinetic model for the epoxidation of isobutyl linoleate was

developed through modeling of the reaction. Based on this model, reaction conditions were
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optimized for the synthesis of plasticizers on a bench scale, using acid oleochemical

streams as raw material.

After synthesis and purification of the different materials at the bench scale, they were
assessed as plasticizers and exhibited good performance properties. Isobutyl epoxides
exhibited good mechanical properties comparable to those obtained by the reference
plasticizer (DOP). In addition, they also exhibited good low-temperature properties, high
resistance to thermal degradation, and moderate transparency. Although the color of the
final epoxide was enhanced after the epoxidation process, SODD derivatives would require
a bleaching process to meet technical color specifications. Alternatively, their use should
be limited to specific applications (e.g. dark products). In addition, these additives are
partially soluble in polar solvents due to their polar nature, which may limit their applicability

when polar substances are present.

Finally, the valorization of agro-industrial streams such as SODD to produce bio-based
plasticizers offers a wide field of action and the possibility of tailoring a wide range of

transformations to meet the industry requirements.

5.2 Recommendations

Future research can focus on evaluating more efficient catalysts for the epoxidation process
that facilitate the separation and purification stages. Especially for the case of epoxidized
esters more selective catalysts are required since the acidity of the reaction medium
triggers ring-opening reactions and increases the rate of ester hydrolysis. Advanced
heterogeneous catalysts, such as ion exchange resins, amorphous Ti/SiO2, rhenium, or
tungsten-based catalysts, could be used to achieve higher yields and selectivity, thereby

having further industrial applications.

On the other hand, SODD is a complex matrix containing FFA, glycerides, and
unsaponifiable material. Its processing can involve acid removal treatments such as solvent
extraction process with polar solvents, to isolate and purify fatty acids for different

applications, including plasticizers production.

Furthermore, the epoxides derived from the SODD contain valuable compounds (e.qg.

vitamins, antioxidants, tocopherols, etc.). These minor components could provide additional
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functional action (e.g. antioxidant activity) to the plasticizers that could be valuable in food

applications. This could be the object of study of a future work.
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Annex A: Analytical methods

Annex A describes the conditions that were employed for the characterization of raw
materials and products according to ISO standards. The amounts described in the official
methodologies were modified to reduce the consumption of reagents. These procedures

were evaluated in previous work to ensure their reproducibility [57].

A.1 Acid value

The acidity expressed as acid value or acid number was determined according to ISO 660
by the titration method.

- Reagents: 0.1M and 0.01M sodium hydroxide solution (NaOH), potassium biphthalate,
ethanol, toluene, and phenolphthalein.

- Standardization:

0 0
OH ONa (A1)
ok ~* MNaoH ——= ok +H20
o) 0

| \Weigh0.0303gof | f Add40miofdistiled Add 3 drops Titrate with NaOH until
@@_ potassium biphthalate. water ] phenolphthalein > pink coloured —bGnD

Figure A-1. Standardization of NaOH for acidity value analysis
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- Measurement:

RCOOH + NaOH — RCOONa + H,0 (A. 2)

? : Blank
Start Add 20 ml ethanol and 0.5 Add 2 drops Titrate with NaCOH until
ml toluene. phenalphthalein pink coloring End

Weigh 0.5g sample

Figure A-2. Procedure for acid value analysis

- Calculations: The acid number is expressed as mg of NaOH required to neutralize the

fatty acids of 1g of the sample.

_ 561 % Cx(Vy —Vp)
B m

AV

(A. 3)

In Equation (A.3) C is the NaOH concentration (mol/L), V1 and Vo, are the volume (ml) of
NaOH solution used in the sample and the blank respectively, and m is the mass of the
sample. The acidity expressed as the fatty acid content (%) can be calculated as follows:

V1=V xCxM

A 4
10 *m ( )

% Acidity =

In Equation (A.4) M is the molar mass of the reference fatty acid used for the calculation

of acidity

% Acidity = 0.5 * VA (A.5)

A.2 lodine Value

The iodine value was carried out according to ISO 3961.

- Reagents: Wijs reagent 0.2N, potassium iodide Kl (10%), potassium iodate KIO3
(0.013N), starch solution (1%), sodium thiosulphate Na,S,03; 5H,0 (0.06N), HCI 4M,
chloroform (CHCIs).

- Standardization: Molar concentration of sodium thiosulphate (Na»S:Os 5H-0) is

standardized using Kl as a primary standard and a KIO3z solution.
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105~ + 51" + 6HY - 31, + 3H,0
(A. 6)

I + 25,03%" - 217 + 5,04%

T '%d:jgaﬂlggifirﬂﬁgﬁ' Titrate with sodium Add 1ml starch (1%), blue Titrate with sodium P
(\St_ary—b Léave in.a dark place fo.r *|thiosulphate (0.06M) until —» colourin ' —=! thiosulphate (0.06MN) until —)(ﬂ/)
light yellow coloring a transparent coloring

10 min.

Figure A-3. Standardization for iodine value analysis

-  Measurement:

RyC = CRy +IClgxcoss) = CIC — CI + ICL remaining)

ICl(remaining) + 1" - Cl™ + 12 (A 7)

I+ 28,032 = 217 + 5,04

Blank:
Add 5ml chlarofarm, Sml
Titrate with sodium

Wil Leave in a dark place for
AddZ5mIKI(10%)and |l 0o iokate (0.06N) until

( Start 30min, shaking 3 times — :
without incarpaorating air. homagenize. yellow coloring
Add 0.06 g of FFA, 5 ml of

chloraform, 5 ml of Wijs
Titrate with sodium
@Dd— thiosulphate (0.06M) until |[#—  Add 1ml starch (1%)
colourless solution.

Figure A-4. Procedure for iodine value analysis

- Calculations: The iodine value is defined as I, absorbed (g) per 100 g of sample:

Vo—V C+12.69

In Equation (A.8) C is the concentration of the solution of sodium thiosulphate (mol/L), Vo
and V; are the volume (ml) of the thiosulphate solution used in the titration of the blank and

the sample respectively and m is the mass of the sample in (g).

A.3 Peroxide Value

The peroxide value was determined according to 1ISO 3960.



Annex A. Analytical Methods 119

- Reagents: saturated potassium iodide solution Kl, potassium iodate KIO3 (0.0013N),
sodium thiosulphate Na»S.03; 5H,0 (0.0015N), and starch solution (1%).

- Standardization: the standardization of the sodium thiosulphate solution is carried out

according to the procedure described in A.2.

Add 2 ml KIO3 (0.0013N),
0.006g KI, 20 pl 4M HCI.
Leave in a dark place for

Titrate with sodium
thiosulphate (0.0015M)
and until light yellow in

—

10 min.

coloring

Lyl Add 1ml starch (1%), blue

colouring

—

Titrate with sodium

thiosulphate (0.06M) until
transparent colouring

Figure A-5. Standardization for peroxide value analysis

- Measurement:
OOH ) OH
[ 217 +2H* I + 2H,0+ I, (A. 9)
R,CHR, R,CHR,

I, + 2 5,05% = 217 4+ §,04*

Blank:
Add & ml chloroform, 12 ml

acetic acid and 1 ml
saturated Kl Leave_ in a dark pl_ace for 1
min, shake 3times
without incorporating air.
Add 3 g FFA, 8 ml chloroform,

12 ml acetic acid and 1 ml
saturated K.

Titrate with sodium Titrate with sodium
thiosulphate (0.0015M) —»{thiosulphate (0.0015M) w
until colourless solution.

until yellow coloring

F»  Add 1ml starch (1%)

Figure A-6. Procedure for peroxide value analysis

- Calculations: The peroxide value is the amount of active oxygen (meq or mmol)

chemically bound to fat in the form of peroxides and hydroperoxides per kg of fat.

m

PI = (A. 10)

In Equation (A.10) Vi and Vo are the volumes of sodium thiosulphate (ml) used in the
titration of the blank and sample respectively, C is the concentration of sodium

thiosulphate (mol/L), and m is the mass of the sample (g).

A.4 Saponification value

The saponification number was determined according to ISO 3657.
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- Reagents: Sodium hydroxide NaOH (0.3M), hydrochloric acid HCI (0.3M), ethanolic
potassium hydroxide KOH.

- Standardization: HCI (0.3M) is standardized using a solution of NaOH (0.3M). This
solution is previously standardized using potassium biphthalate according to the

procedure described in standardization A.1.

Add 3 ml of HCI {0.3M) Add 40ml of distilled Add 2 drops Titrate with NaOH (0.3M) TN
¢ start ) water > phenolphthalein > until pink caloured. _’(\E/)
Weigh 0.3g potassium
biphthalate
Figure A-7. Standardization of NaOH for saponification value analysis
- Measurement:
o] (9]
JJ\ + NaOH ——» JL + H,0 (A. 11)
HO R Na( R
) Titrate with HCI with
Blank Add 20 ml of ethanolic L -
_ Add 2 drops of constant stirring until a N
( Start ) uﬁ%: 223:?;”5;;?; ™ phenolphthalein ™ colourless solution is _'(\Hfld___/)
’ obtained.
Weigh 2g FFA

Figure A-8. Procedure for saponification number analysis

- Calculations: the saponification value is the amount of KOH (mg) required to saponify

1 g of product.

o = (Vo — V) *Cx56.1 (A 12)

m

In Equation (A.12) V,and V; are the volumes of HCI| (ml) used to titrate the blank and

sample respectively, C is the concentration of HCI (mol/L), and m is the mass of the sample

in (g).

A.5 Unsaponifiable matter

The unsaponifiable matter is measured according to ISO 3596.
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- Reagents: ethanolic potassium hydroxide KOH (1M), potassium hydroxide (0.5M),

diethyl ether, acetone, phenolphthalein.

-  Procedure:

Stop heating and add 100 After cooling znd ransfer Rinse the flask several times
ml of water through the ng using 50ml of w ater and 50 mi
—> the solution to a 500 ml —3+ ) )
top of the condenser and separating funnel of ether in all and pour into de
parating funnel. Shake it for min

Add 25 ml of ethanolic
KOH. Reflux and saponify 3
the sample for 45 min

T
Weigh 2.5g of FFA

swirl
Wash the etheral solution Separate the phases and Collectthe extracts in one Extractthe oil phase twice Separate the phases and
twice more with 20m| of drgw off the Igwer hase separating funnel —more using 50 ml of water®—jrun off the lower layer intoa a
water. P containing 20 ml of water and 50 ml of ether second separating funnel.
Wash with 20ml of KOH Wash with 20 ml of w ater Transfer the solution into
(0.5M) and atleast twice Repeat the basic wash until the w ashings no longer| a 250 mlflask previously Evaporate the solventon
more with 20 ml of water. g step. give a pink color w ith the dried at 103°C. Weigh the a boiling water bath
Drawn of the lower phase addition of phenolphthalein. empty flask
Determine the acid value || Add 5ml of ether and Drythe re;alduemthe Add 3ml of acetone and
of the residue 20mlofneutralized  [<— oven at 103°C and weigh €— evanorate the solvent
ethanol with (0.1 M) NaOH the flask P

Figure A-9. Procedure for the analysis of unsaponifiable material

- Calculations:

UM (%) = T ":f) * 100 (A. 13)

In equation (A.13) m is the mass of the sample in (g), m. is the mass of the residue and mq

is the mass of the residue obtained in the blank.

Neutral oil = 100% — % unsaponifiable — %FFA

A.6 Oxirane Value

The analysis was carried out based on NTC 2366

- Reagents: Chlorohydric acid HCI in isopropanol, sodium hydroxide NaOH (0.1M),

potassium biphthalate

- Standardization: the standardization of the NaOH solution is carried out according to

the procedure described in A.1.
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AT
( Stat J——»
g

Weigh 0.1g Potassium Add 40 ml of distilled Add 3 drops Ll Titrate with MaOH until
Biphthalate water phenolphthalein pink coloring

T
)

Figure A-10. Standardization of NaOH for acidity value analysis

Procedure:

= - :OH
g% Ry ) |
—C—C— + H—X — —C—C— — —C—C—
[ | (\ [ 1
iy X
X:Cl

HCl + NaOH - NaCl + H,0

(A. 14)

(A. 15)

Blank
@ Add 5ml HCI solution, mix ) ) ;
. ! Add 2 drops of Titrate with NaOH until
€ \rb 5min an?’r:ieg stand 20 —» phenolphthalein — pink caloring
Weigh 0.1g sample

Figure A-11. Procedure for the oxirane oxygen analysis

Calculations:

B [V— Vy+ %*W]*N*0.016

00
w

* 100

(A. 16)

In Equation (A. 16) V is the volume of NaOH solution used to titrate the blank sample (ml).

V, is the total volume of NaOH used to titrate the test sample (ml); V2 is the volume of

NaOH solution used to titrate the free fatty acids (ml), N is the concentration of NaOH

(mol/L); W is the mass of the test sample (g); G is the mass of the test sample employed

to determinate the acid value [68].



Annex B: Selection criteria of epoxidized

esters

Table B-1. Reference price (2019) used to estimate the cost of the different plasticizers.

Substance Price (USD/t) Ref.
DEHP/DOP 1050 [55]
DNOP 1190 [55]
DEHT/DOTP 1220 [55]
DINP 1065 [55]
DIDP 1200 [177]
DBP 1000 [178]

BBP 1700 [179]
Methanol 260 [180]
Ethanol 450 [181]
Propanol 900 [182]
Isopropanol 900 [183]
Butanol 850 [184]
Isobutanol 750 [185]
Isoamy! alcohol 1400 [186]
2-octanol 1400 [187]
Ethylene glycol 575 [188]
1,2 propanediol 1500 [189]
1,3 propanediol 1500 [189]
1,4 butanediol 1500 [190]
Soybean oil 785 [54]
Deodorizer Soybean fatty acids 400 [56]

Epoxidized soybean oil 1700 [52]
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Table B-2. Results of the selection criteria for common phthalates and epoxidized esters.

Plasticizer &tMpa'? ® Tg(K) Dp (cm?s) Log (Kow) Price (USD/t)

PVvC 20.3 0.1 3420 9.1E-07 1.6

DBP 20.2 1.1 1854 1.5E-08 4.6 1000

BBP 20.7 0.8 2323 1.5E-08 4.8 1700
DOP 19.1 3.1 186.5 1.5E-08 8.4 1050
DNOP 19.5 3.1 186.1 1.2E-08 8.5 1190
DOTP 19.3 3.1 179.6 9.0E-09 8.4 1220
DINP 19.0 3.8 186.6 4.6E-08 9.4 1065
DIDP 19.0 45 186.6 3.2E-08 10.4 1200
MDEE 20.2 1.5 253.0 2.8E-08 5.2 1185
EDEE 20.1 1.7 250.3 2.4E-08 5.7 1173
PDEE 20.0 1.9 2478 2.1E-08 6.2 1221
IPDEE 19.8 1.9 248.0 2.1E-08 6.1 1221
BDEE 19.9 21 2455 1.8E-08 6.7 1199
IBDEE 19.7 2.1 2457 1.8E-08 6.6 1179
IADEE 19.6 23 2436 1.6E-08 7.1 1313
ODEE 19.5 3.0 238.1 1.1E-08 8.6 1322
EEGDL 20.5 3.0 2855 1.7E-09 10.1 1218
EPGDL 20.3 3.2 2835 1.6E-09 10.5 1311
EPRDL 20.4 3.2 2834 1.6E-09 10.6 1311
EBGDL 20.3 34 2814 1.4E-09 11.0 1315

ESBO 20.5 46 296.4 2.0E-10 14.8 1700
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Annex C: Thermal properties

- C.1 Thermal properties of FFA

Table C-1. Thermal properties of the crystallization cycle of fatty acids

: o o R Cloud
Material Peak (°C) Onset (°C) Endset (°C) AH; (J/9) Point (°C)
OA -13.1  +£0.07 -1242 +0.01 -151 +0.01 -736 +04
OA -1.7 £0.3 1.3 +0.2 -50 £0.2 7.2  +£0.2 6
LA -29.8 +04 -28.2 +0.8 -33 +0.8 -152  +2 <-22
SODD -34.08 +0.2 -324 +0.3 -37.03 +03 -20.66 0.3
SODD 838 +0.3 10.29 +0.5 4.2 +0.5 -6.47 +04
Table C-2. Thermal properties of the melting cycle of fatty acids
Material Peak (°C) Onset (°C) Endset (°C) AH: (J/g)
OA 00 +£01 -1221 +0.03 1.755 +0.007 7137 +0.3
OA -21.8 +05 -26.9 105 -19.4 +0.5 595 +05
LA -558 +0.01 -924 +0.01 -39 03 135 %5
SODD  -23.7 05 -326 %05 224 +0.5 2521 +05
SODD 19.72 +0.5 81 05 226 +05 959 0.5

Table C-3. Results of the thermogravimetric analysis (TGA) of fatty acids.

Material Weight loss temperature (°C)
OA 343.7 £ 0.7
LA 347.4+0.5
SODD 331.33+0.3

SODD 415.7+0.2
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- C.2Thermal properties of Esters

Table C-4. Thermal properties of the crystallization cycle of isobutyl esters

; o o o Cloud
Material Peak (°C) Onset (°C) Endset (°C) AH: (J/9) Point (°C)
IBO -26.3 +0.2 -24.6 +0.2 -28.6  +0.01 -3.9 +0.2
IBO -41.4 +£05 -34.03 0.5 -45.8 +0.5 -2.1 +0.5 -20
ISD -11.86 +05 -10.7 +05 -16.9 +05 -7.05 +0.5
ISD -194  +05 -17.8 +0.5 -21.7 +05 -1.6 +05
ISO -135 +0.8 -11.1 +0.5 -31.2 +1 -18.11  +1
Table C-5. Thermal properties of the melting cycle of isobutyl esters
Material Peak (°C) Onset (°C) Endset (°C) AH; (J/g)
IBO 220 +1 289 +0.2 -19.2 +0.1 25 +0.2
IBO -12.8 101 -16 +1 -104 +0.2 1.13 +0.5
ISD 391 +05 -12.8 +0.8 -1.8 +0.3 2843 +1
ISO -9.8 +0.8 -16.5 +05 -7.9 106 5.08 +0.7
Table C-6. Results of the thermogravimetric analysis (TGA)
Material Weight loss temperature (°C)
IBO 340.7 £ 0.6
IBL 321.3+0.9
ISD 331.5+0.7
ISO 339.7+0.9
- C.3 Therma properties of epoxides
Table C-7. Thermal properties of the crystallization cycle of isobutyl epoxides
Material Peak (°C) Onset (°C) Endset (°C) AH; (J/g)
EIO -22.1 +0.3 -21.74  +0.2 -23.8 +0.1 -548 0.2
EIO -34.95 +0.4 -31.7 +0.5 -389 +05 -65 +0.5
EIL -24.13 +0.1 -19.7 +0.2 -299 +03 -485 +0.3
EIL -40.3 +0.2 -37.1 +0.5 -451 +05 -19.2 +0.5
EID -28.1 +0.9 -26.1 +05 -29.7 1 -41.2 1
EID -10.14 +0.6 -9.2 +0.3 -11.8 +05 -93 +0.5
EIS -35.81 +£0.3 -33.4 +0.8 -385 +03 -19.0 +04

Table C-8. Thermal properties of the melting cycle of isobutyl epoxides

Material Peak (°C) Onset (°C) Endset (°C) AH: (J/g)
EIO -16.2  +0.5 216 +03 -11.8 +05 276 +0.2
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EIL -17.45 +0.9 -22.2 0.2 -6 +0.1 186 +0.6
EIL -3.77 %1 -121 +0.6 -1.6 +04 277 0.1
EID -1411  +0.3 -20.29 +0.8 -119 +£08 2521 +0.3
EIS -17.14 +0.5 -23.33 +0.3 -1514 +1 36.01 +05

Table C-9. Results of the thermogravimetric analysis (TGA) of isobutyl epoxides

Material

Weight loss temperature (°C)

EIO
EIL

EID
EIS

338.6
351.1
345.3
344.0

+0.5
+0.8
+0.4
+0.6
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Annex D: Epoxidation kinetics

Annex D gathers schematically the concentration of oxirane and double bonds (mol/g) of
the experimental runs and curve fitting.

3 Run 1 %1073 -3 Run 2 X
<10 135 610 J3
&) =0
= °
g g
g ¥
= ©,
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (min)

Time (min)
Figure D-1. Curve fitting run L1 Figure D-2. Curve fitting run L2

[OO] (mol/g)
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-3 Run 3 %107
610 9K]3.5
0 S
= =
£ £
) 5]
O S,
0 30 60 90 120 150 180
Time (min)
Figure D-3. Curve fitting run L3.
-3 Run 5 %1073
6 x10 3
*
519 * * {25
¥
4t © 12
= 0
e °
§3 L 1.5 g/
i )
o, o =
2 11
O
O
1 Qo5
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0 30 60 90 120 150 180
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Figure D-5. Curve fitting run L5
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610 3k]3.5
©) d
5t * 3
* 12.5
A4 I
£ " , B
g 12 3
E5t g
G —
T 115 Q
O, o o,
2 L
o 11
1+ O
10.5
g
0 : : : . . d o
0 30 60 90 120 150 180
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Figure D-4. Curve fitting run L4
6 %1073 Run 6 x1073
S 35
% X
13
*
/-\4 I
2 = 1> =
e ©
§ 3t {12 E
i )
o, 15 &
2 o
11
O
1 L
ago0.s
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0 30 60 90 120 150 180
Time (min)

Figure D-6. Curve fitting run L6
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Figure D-9. Curve fitting run L9

Figure D-10. Curve fitting run L10



Annex D — Epoxidation Kinetics

131

3 Run 11 %107
610 135
sl * i B
O *
12.5
4
~ O
2 , B
S 12 3
EN g
5) —
* 115 9
J )
2 L
11
r Sos
%
0 : : : . . d o
0 30 60 90 120 150 180
Time (min)
Figure D-11. Curve fitting run L11
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Figure D-13. Curve fitting run L13
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Figure D-12. Curve fitting run L12
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Figure D-17. Curve fitting run L17
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