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Abstract

Fats and oils represent one of the macro constituents in various foodstuffs that show a strategic role in the
technological process during the production of industrial goods. Fats in food influence directly their
rheological properties and the evolution of final products during the shelf life, leading to a direct influence
on consumer satisfaction.

Lipids could have animal or vegetable origin and constitute a heterogeneous group of biological compounds
that can be divided in two different matters: i) saponifiable matter, also named glycerol fraction and ii)
unsaponifiable matter, represented by a wide range of different compounds.

From a chemical point of view, the glycerol fraction is composed of molecules like tri-hydroxylic alcohols
that can generate tri-esters with one, two or three different fatty acids. Depending on the extent to which the
three former hydroxyl groups of glycerol are replaced with fatty acids, the resulting compounds are called
mono-, di- or tri - acylglycerol.

Considering the function of lipids in food products, the most important physical properties related to
glycerides are polymorphism, crystal structure and melting point, which affect the melting behavior of fats
matters. Mono, di- and tri- glycerides are polymorphic, i.e. they crystallized in different forms; physics
properties are directly affected by fatty acids composition and their distribution on glycerol backbone. The
distribution of fatty acids is peculiar and give a lot of information regarding to the type, origin and
manipulation of fats matter. Acylglycerol fraction can be crystallized in different form denoted as a form with
hexagonal system, 8 form that shows a triclinic system and ' forms with orthorhombic system.

The unsaponifiable matter is composed of minor not glyceride components that are present in parts per million
levels (ppm) and belong to different chemical classes. Unsaponifiable fraction that includes several
compounds such as tocopherols and tocotrienols, sterols and sterol esters, volatile and non—volatile
compounds, color compounds (chlorophylls and carotenes — hydrocarbons group) and metals (in traces).
Concentration and modification of those patterns during some technological processes have a great interest
from analytical and nutritional points of view; several minor compounds such as tocopherols, phenols, and
carotenoids, can limit oxidation of fat matrix by their ability to scavenge free radicals, chelate metal ions, and
inhibit the decomposition of hydroperoxides.

Commercial vegetable oils and fats are products obtained by processing certain oleaginous crops (such as
fruits or seeds) with an extraction and refining process, which comprises different physical and chemical
steps such as degumming, neutralization, blanching, and deodorization. However, refining is mandatory since
crude oils are composed of a mixture of triacylglycerols, minor components, undesirable pigments, oxidation
products, metals, and a huge part of solvent. The principal purpose of the refining process isto
remove unwanted impurities and preserve a suitable level of desirable minor components, providing a final
product with a stable shelf life. Due to the need to change physical behaviors and structural proprieties, fat

matter can be undergoing some manipulation processes. There are three main modification technologies
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usually implemented in the edible oils industry: fractionation, hydrogenation and interesterification. In the
last decades, a new technique has been deeply investigated, such as the fexturization or organogelation that
provides oleogels formation, a viscoelastic, anhydrous and self-supporting materials.

During all steps of the supply chain of fat matter production, starting from harvesting, continuing to
extraction, refining, and modification process (but also during transport and storage), lipids must be protected
against deterioration and adulteration. The chemical parameters for quality assurance of raw materials are
well known and based on official international methods (AOCS, COI, UNI EN ISO and others). These
methods assay some particular parameter like lodine Value (IV), Free Fatty Acids — FFAs and Peroxide Value
(PV), with common analytical techniques. At the same time, other powerful chemical analyses have been
developed in the last years to evaluate the quality and safety of fats matters, like the determination of mineral
oil saturated hydrocarbons (MOSH) and aromatic hydrocarbons (MOAH), the evaluation of 3-
monochloropropane 1,2-diol (3-MCPD) and glycidyl esters (GE).

The aim of the present PhD project has been to investigate different aspects of the fats and oils supply chain
from a chemical and technological point of view. The research activities have been organized into two
different parts.

In the first part, after a deep study of literature, the research has been focused on the improvement of
chromatographic techniques to investigate the acylglycerol and unsaponifiable profile (sterols and
oxysterols). In particular, the activity has been focused on the development and implementation of an
innovative analytical method to ensure new parameters for quality and authenticity of fats matters as well as
a safer working environment for operators. In deep, triacylglycerols regioisomers were identified as key
aspects to obtain fats with desired properties in the confectionary sector and to estimate the presence or
absence of interesterified fats. The study investigated the use of n-heptane as an alternative and less toxic
mobile phase to replace the most used n-hexane for triacylglycerols analysis using a silver ion high-
performance liquid chromatography (Ag*-HPLC). The impact of column temperature (in the 5°C - 35°C
range) on the retention and resolution of five pairs of selected regioisomers has been also considered. The
study confirmed the equivalence of n-hexane and n-heptane for regioisomers separation in Ag+-HPLC and
the definition of side considerations regarding the resolution of this challenging technique.

Finally, regarding to the unsaponifiable matter, phytosterol oxidation products (POPs) have been evaluated
in oils to define food quality and safety. A deep study was carried out on the presence of oxidized phytosterols
in three different oils commodities (such as high oleic sunflower oil, palm oil and palm olein) as related to
the refining process. Since no commercial standards of POPs are available (except for 7-keto sitosterol) a
semi-preparative liquid chromatographic system (LC-Prep) has been used to isolate and collect the main
oxidation products generated from B-sitosterol, campesterol, and stigmasterol — 5,6a-epoxy (a-E), 5,6B3-epoxy
(B-E), 7-keto (7-K), 7a-hydroxy (7a-H), and 7B-hydroxy (7p-H) isomers. Thanks to the isolated pure
standards, an HPLC-Orbitrap-HRMS analytical method has been validated and tested on real sample during
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the whole refining processing and under forced storage conditions (45°C, 16 days). LC-Orbitrap-HRMS
method demonstrated to be a useful and valid tool for a robust, precise, accurate, and sensitive determination
of POPs in the selected matrix.

The second part of the project has been focused on the rheological modification of durum wheat oil, a by-
product obtained during the wheat milling process, characterized by a high content of bioactive compounds
(such as phytosterols, tocopherols and carotenoids). The focus of that work has been to investigate the durum
wheat oil oleogel-based performances using natural waxes (bee waxes and carnauba waxes) as oleogelators
at different ratios (4, 7 and 8%, w/w). Matrices were analyzed for fundamental rheological properties,
microstructure and oil loss. Oil samples with 7% and 8% of carnauba waxes displayed higher stability and
performance in terms of all considered parameters, also at high temperatures, showing strong networks and
reaching the optimum solid-like gel. Durum wheat oil showed good exploitability in the development of

oleogels, as an alternative to other common oil raw materials, with optimal performances and stability.
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State of Art

The human diet was building over three macronutrients and several micronutrients. The macronutrients are
different kinds of proteins, carbohydrates and fats/lipids (Wolmarans 2009) and food industry is concerned

to supply these as primary products or as constituents of a wide range of foods.

The history of fats and oils substances was the history of human being. Humans had used fats matter from
vegetable or animal origin for century for different purpose thanks to the specific characteristic.

Fats and oils are an important ingredient in various foods stuff and play a key role in the technological process
during production and shelf life. Fats matters lead desirable characteristics and influence the texture and
sensory profile of final products. At the same time, adulteration of fatty substances and more generally of

food products has history reaching back to ancient times (Ulberth and Buchgraber 2000).

Adulteration of high commercial value increased greatly as a result of modern practices in food production,
i.e. the separation of a direct link between food producers and consumers. Advent of the study of food
chemistry linked to organic chemistry discipline, as a scientific discipline, has enabled the scientific
community to study the composition of fatty substances in depth (Gunstone 2005) making it possible to take
appropriate countermeasures to counter fraudulent practices and at the same time follow the shift of consumer

demands.

1.1 Basic of oils and fats chemistry

Fats and oils are common defined “lipids”, a scientific name given to a wide range of natural components
based on fatty acids and other natural molecule (Belitz et al., 2009). The classification of fatty substance on
fats category or oils category is an ancient characterization based on the liquid state of the matter at room
temperature. The physical state of fats matter is strictly related to chemical composition of fatty substances.
Most animal fats are solid and most vegetable fats are liquid even if there was a lot of vegetable tropical fats
that are solid (e.g. cocoa butter, palm kernel and shea butter) (Patel et al., 2020).

The definition of “room temperature” is a much-debated topic; a good example is represented by coconut oil,
which is liquid at room temperature in semi-tropical areas during most of the time except for the winter
months which is solid at room temperature and might be called “fat” (Gupta 2008).

Chemically, fats and oils are defined like a heterogeneous group of biological compounds that could be
categorized in saponifiable fraction or glycerol fraction that large part is composed by triglycerides formed
by esters of a molecule of glycerol and three fatty acid molecules, and unsaponifiable fraction (Rios et al.,
2014) composed by elements not soluble in aqueous alkali after hydrolysis. Minor components of lipids
include phospholipids, phytosterols, tocols (tocopherols and tocotrienols, including vitamin E) and

hydrocarbons (Gutfinger and Letan 1974).
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In deep, oils and fats for food purpose are a mixtures of more or less complex organic molecules mainly
composed of triacylglycerols or triglycerides (96-98%) with lower levels of diacylglycerols or diglycerides,
monoacylglycerols or monoglycerides, and free fatty acids plus other minor components that are fats-
dispersible or fats soluble compounds (2—4%) which are can be divided in “major non triglycerides
component”, generally present at high levels in the crude oil and “minor non triglycerides components”

(Gupta 2008).

1.1.1 Saponifiable fraction

The glycerol’s fraction is composed by several molecules like mono-, di- and tri- ester of glycerol with fatty

acids, free fatty acids (FFAs) and phosphate group (e.g. phospholipids).
1.1.1.1 Fatty acids (FAs)

Fatty acids (FAs) with glycerol backbone are the constituent of glyceridic fraction. Over 1000 natural fatty
acids have been identified with various chain length (commonly C12—-C24), degree of unsaturation (usually
in the range 0—6 cis olefinic centers) and the presence or absence of other functional groups such as hydroxy
or epoxy (Hamm et al., 2013).

The FAs can be divided into groups according to chain length, number, position and configuration of their
double bonds, and the occurrence of additional functional groups along the chains. Fatty acids are usually
denoted in the literature by a “shorthand description”, that show the number of carbon atoms in the acid chain
and the number, position and configuration of double bond (Gunstone 2009). Fatty acids in nature are divided
in “short chain” (4-8 carbon atoms) “medium chain” (10-12 carbons atoms), and “long chain” (14 or more
carbon atoms). Chemically, it’s possible to finds cis or trans isomers; in natural fatty acids, it is common for
the adjacent hydrogen atoms (allylic position) involved in the double bond to be on the same side of the chain,
indicating as a “cis isomer”, but some fat modification processes can lead formation of “frans-isomers” (e.g.
partially hydrogenated fats) (Holm and Cowan 2008).

Fatty acids with short odd shot numbers of carbon atoms such pentadecanoic acids (C15:0) or margaric acid
(C17:0) are present in little amount in vegetable oils and fats but they are more typical in animals’ fats like
cow’s butter. The unsaturated fatty acids dominate fats matter from vegetable origin and contained one, two
or three allyl groups in their acyl residues. In addition, it might be pointed out that as the number of carbon
atoms in the fatty acid chain increases, with the same number of double bonds, as the melting point increases
(C4:0 = -5.3°C and C24:0 = 84.2°C); instead the presence of a double bond reduces the melting point (C16
=62.9°C and C16:1 9¢ = 0.5°C) (Gupta 2008).

Unsaturated fatty acids usually are more susceptible to the oxidation at room temperature; during oxidation

aldehydes, ketones, primarily oxidation polymers and cyclic compounds are generated. In contrast, saturated
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fatty acids are more stable at the presence of air or oxygen but they are more susceptible to high heat with a
related production of thermal polymers and toxin such as acrolein (Gunstone 2009).

Degradation of glycerides fraction, within crude oils, can occur via hydrolysis and provides the formation of
mono- and diacylglycerols and free fatty acids (FFAs). FFAs production is also spontaneously promoted via

“lipase” enzymes (Buchgraber et al., 2004).

1.1.1.2 Glycerol fraction

The glycerol fraction is mainly composed by triacyl glycerides, common referred to “triglycerides” (TAGs)
that represent 96-98% of common edible fats matter. TAGs are composed by a glycerol fraction like a tri-
hydroxylic alcohol that can generate tri-esters with one, two or three different fatty acids. According to the
formula (1) reported below the Z number give the possible different TAG which can occur in a specific fat
taking into account the number of possible positional isomers without considering enantiomers, where n is
the number of different fatty acids in a fat’s matters, on a theoretical base; on the other hand, the possible

different TAGs without considering isomers (X) can be also determined (2).

_n3+ n?
2

Formula 1

_n3+ 3n% + 2n
- 6

Formula 2

In the study of triglycerides, it is usual to use the stereospecific numbering (sn) nomenclature to describe
glycerol-bound compounds. In a TAGs molecule, when the acyl residues in position sn-1 and sn-3 are
different, a chiral center exist.
In vegetable oils, the sn-2 hydroxyl group is esterified almost entirely with unsaturated acids while saturated
acids and the remaining unsaturated acids are in the sn-1(3) positions (Gunstone 2009).
Depending on the extent to which the three former hydroxyls groups of glycerol are replaced with fatty acids,
the resulting compounds are known as:

- Mono-acylglycerol molecules that are formed when one of the three hydroxyl groups of glycerol is

replaced by a fatty acid.
- Di-acylglycerol molecules that are formed when two of the three hydroxyl groups of glycerol are

replaced by a fatty acid.
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- Tri-acylglycerol molecules that are formed when two of the three hydroxyl groups of glycerol are
replaced by a fatty acid.

The molecular structure of each individual triacylglycerol can be described by a three basic attributes (Ulberth
and Buchgraber 2000):

- total carbon number (CN), the sum of the alkyl chain lengths of each of the three fatty acids,

- degree of unsaturation in each fatty acid,

- position and configuration of the double bonds in each fatty acid.
The most important physical properties affecting glycerides are polymorphism, crystal structure and melting
point, which combine in the melting behavior of lipid mixtures. Melting properties of fats depend not solely
to the structure of TAGs. Generally, mono, di and tri glycerides are polymorphic, i.e. they crystallized in
different forms, denoted as a form, that shown a hexagonal system, f form that shows a triclinic system, with
a parallel arrangement of the carbon chain and ' forms with orthorhombic system (Figure 1) where the carbon

chains are perpendicular to each other (Sato 2001).

b/a-Plane

B' - Modification O Carban p - Modification
{orthorhombic) ® Hydrogen (triclinic)

Figure 1 Arrangement of B' forms with orthorhombic system and P form with a triclinic system of saturated
triacylglycerol (Belitz 2009)

Triglycerides physics proprieties are affected by fatty acid composition and their distribution within the
glyceride molecule. The distribution of fatty acids on glycerol backbone is peculiar and give a lot information

regarding to the type, origin and manipulation of fats matter.

During the cooling of melted acylglycerols on of these three forms is yielded related to the temperature
gradient chosen. All crystals forms show different melting and crystallography properties. The change in
crystal form is monotropic so the change proceeds in the order of lower to higher stability; a forms has the
lowest melting point and stability and f form is the most stable form with the highest melting point

(Marangoni et al., 2020).
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1.1.1.3 Phospholipids

Phospolipids are known also like phosphatides or gums, are usually present in fats and oils for food
composition divided in five major groups that are follow: phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine and phosphatidic acid.

Chemically, phospholipids are a class of lipids consisting of a glycerol molecule esterified with two fatty
acids and a phosphate group (Gunstone 2009).

They have a hydrophilic polar head consisting of the phosphate group and an alcoholic molecule bound to it
and a hydrophobic a-polar tail consisting of two fatty acids; phospholipids are therefore amphiphilic
molecules.

The level of phospholipids intake in vegetable oils and fats are usually expressed in parts per million (ppm)
of phosphorus; the relationship between phospholipids and phosphorus content is phosphorus (ppm) =
[phosphatides (%) * 10°] / 31.7 (Gupta 2008).

Phospholipids content decrease during the refining process and it is related to the botanical origin of the oils.
For instance, phospholipids value in crude and degummed soybean oil are 1-3% and 0.3 — 0.4 %, respectively,
whereas a crude palm oil shown a phospholipids content about 0.06 — 0.09 %.

Generally, two types of phospholipids are determined in crude oils before refining process, based on their
affinity with water: hydratable phospholipids and non-hydratable phospholipids. Thus, during degumming
crude oil — a step of oils refining process — by acid pretreatment heat water treatment more of them are washed
off from the oils. The valuable raw product containing phospholipids and other lipid molecules are called

“raw lecithin” with high industrial value based on their emulsifier properties (Belitz et al., 2009).

1.1.2 Unsaponifiable fraction

Minor not glyceride components are present in part per million levels (ppm) and represent a wide range of
food molecules that are naturally present in vegetable and animal lipids and they included: tocopherols and
tocotrienols, sterols and sterol esters, volatile and non — volatile compounds from decomposition of glyceridic
fraction, color compound and metals (in traces).

Concentration and modification of profile of these minor components in fats matter, during certain
technological processes, have a great interest from an analytical and nutritional point of view. Minor
components provide highly specific information about the identity of fats raw materials (Gharby 2022). Minor
compounds may be prooxidative by altering the physical properties of emulsion droplets as a result of their
surface activity but other some minor components may increase oxidative stability of fats matter in foods

stuff (Fernandes et al., 2017). Several compounds, such as tocopherols, phenols, and carotenoids, can limit

16



oxidation by their ability to scavenge free radicals, chelate metal ions, and inhibit the decomposition of

hydroperoxides (Hu et al., 2003).

1.1.2.1 Tocopherols and tocotrienols

Tocochromanols (tocopherols plus tocotrienols) or “tocol” are antioxidant compounds that are present in
common oils and fats. The focol content in crude vegetable oils ranged from 10 ppm in coconut oil to 1370
ppm in soya beans oil (Belitz 2009). In vegetable oils four tocopherols’ forms a, f, y, J, and four tocotrienols
forms a, S, y, 0 are reported (Colombo 2010). Tocopherols and tocotrienols have the same basic chemical
structure characterized by a long chain linked at the 2-position of a chroman ring. Chemically the difference
between tocotrienols and tocopherols is that tocotrienols have unsaturated isoprenoid side chains with three
C-C double bonds versus saturated side chains for tocopherols. It is well known that tocopherols and
tocotrienols have evolved in the reduction of cardiovascular diseases and cancer, shown a great activity like
antioxidant compound. The tocotrienols, though significant in palm oil and in rice bran oil, are less common
than the tocopherols, and less is considered about their biological properties even if tocotrienol subfamily
possesses powerful neuroprotective, anticancer, and cholesterol-lowering properties that are often not

exhibited by tocopherols (Rossi et al., 2007).

1.1.2.2 Sterols

Cholesterol/zoosterol and phytosterols/plant sterols, represent a large group of naturally occurring
compounds having a 1,2-cyclopentanophenthren skeleton. They are one of the minor components of the lipids
from plants or animals’ origin. Phytosterols can be defined as secondary plant metabolites belonging to the
triterpene family with a tetracyclic ring and a side chain linked to the central carbon structure (Vanmierlo et
al., 2013). They are an endogenous component of all plant-origin food ingredients. Sterols with a double
bond in their structure are usually named “unsaturated sterols” while the saturated one are called stanols
(Rudzinska and Wasowicz 2004). In western diets phytosterols are consumed at levels of 150—400 mg/day
and consist primarily of B-sitosterol, campesterol, stigmasterol and brassicasterol (Ryan et al., 2009) most of
them coming from diet. Sterols due to the presence of double bond in their structure are undergone to
oxidation process trough different pathways (enzymatic or non-enzymatic) (Bush & King, 2009). The sterol

oxidation products (SOP) have long been under investigation for possible negative effects on human health.

1.1.2.3 Chlorophylls

Chlorophyll and its magnesium-free derivative (phaeophytin) are not wanted in refined oils because they
produce an undesirable green hue and act as sensitizers for photooxidation. The concentration of chlorophylls
depends to the type of raw matters. Unrefined olive oil contains about 10-30 ppm of chlorophyll and
phaeophytin, whereas sunflower crude oil contains 200—500 ppb of chlorophyll and this value decrease during

refining process (<30 ppb) (Gupta 2008).
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1.1.2.4 Hydrocarbons

Hydrocarbons compounds are one of minor components of oils and fats with dietary and legislative interest.
This group include alkanes, alkenes (such as squalene and carotenes) and polycyclic aromatic hydrocarbons
(PAHSs).

Alkenes are not likely to be significant in refined oils that have been submitted to high-temperature
deodorization. Levels of C13-C33 alkanes in crude oils are usually between 40 and 100 mg/kg (ppm) with

lower values for refined oils. There is a preponderance of odd carbon molecules.

Squalene (C3Hso) a highly unsaturated open-chain triterpene, it is a byproduct mainly used in the cosmetic
industry, usually after hydrogenation to squalane (C3Hs2), for this reason squalene has high value on the
market.

Carotenes are one of the most important color compounds in vegetable oils, in particularly in crude palm oil.
They contain a long chain of conjugated unsaturation and are yellow/orange/red in color after the reaction
with oxygen. Crude palm oil contains 500 - 700 ppm of carotenes (Gupta 2008). Carotenes belong to
carotenoids family that are divided into carotenes, which are not carrying oxygen, and xanthophylls,
oxygenated forms. The major provitamin A active carotenoids are o carotene and B-carotene. The main
xanthophylls are lutein, zeaxanthin and p-cryptoxanthin usually found in other vegetable matrix like tomatoes
or corn (Franke et al., 2010).

Polycyclic aromatic hydrocarbons (PAHs) present at levels up to 150 pg/kg (ppb) in most crude vegetable
oils, though slightly less after refining (<80 ppb). They are removed during bleaching process and somewhat
more during deodorization. This holds particularly for the more volatile tri and tetracyclic compounds. The
pentacyclic and other less volatile compounds are best removed when activated charcoal is added to the earth
during bleaching (Gupta 2008). PAHs have attracted EFSA and FDA authority’s attention mostly due to their

carcinogenic potential (Tfouni et al., 2014).

1.2 Edible fats and oils markets

Fats commodities source plays a key role in the global market related to world of agriculture, food economy
and processing industries. They are “raw material” for production of consumer and technical fats; source of
food and feed protein, and some of them, such as cotton and linen; also provide plant fiber industries. Fats
and oils have been used throughout the years in food preparation to provide structure, flavors and nutritive
value. Geography and agricultural practices have influenced the fat used in food preparation. From the end
of 20™ century with consumer awareness and the acceptance of new directions in public health, the
consumption of animal fats is strongly decreasing in favor of the consumption of vegetable fats. Butter uses

decreased of 44% from 1960 to 2000 and the direct use of lard and tallow had decreased of 68% through
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1990. On the other hand, the liquid oils consume has more than tripled since 1960 replacing all other fats
product losses.

Major plant oil sources of commercial importance out of the 40 documented ones that contain edible fats
matter include soybean, sunflower, groundnuts, rapeseed, coconut, cocoa butter, palm oil, palm kernel oil and
other tropical plants like shea kokum, illipe, mango and others (Rani et al., 2021). About these oils’
commodity, the largest amount comes from seeds of seasonal plants that grown in temperate climates. The
second source of vegetable oil is oil-bearing trees like coconut and palm where the fats matter is extracted
from the fruit pulp rather than seeds (e.g. palm provides a palm oil from pulp and palm kernel oil from seeds)
(Ramadan et al., 2019).

Regarding to animal fats, they are supplied almost by three kinds of domesticated animals: lard from swine,
tallow from cow and sheep, and milk fat or butter from cattle.

In the last seventy years there has been a progressive decrease in the production and consumption of animal
fats in favor of those of vegetable origin (Zio et al., 2020). The global production of vegetable oils is
dominated by two oils commodity, soybean oil and palm oil; Argentina and Brazil, as major producers of
soybeans and soybean oil, instead palm oil production is located principally in South East Asia, with
Indonesia and Malaysia responsible for the bulk of both (Hamm et al., 2013). According to the Oil World
forecast from May 2022 the production of eight main vegetable oils (palm, soybean, rapeseed, sunflower,
cotton, peanut, palm kernel and coconut) will amount to 203.5 million tons (Sobczak-Malitka and Sobczak

2023).

1.3 Fats and Oils handling

Vegetable oils and fats are obtained by mechanical extraction or solvent extraction of oleaginous seeds
(soybeans, rapeseed, sunflower, etc.) or oleaginous fruit like palm and olive with a primary step called
extraction (Hamm et al., 2013). Common fats and oils from vegetable origin, after the extraction by the
matrix, must undergo refining process before to be suitable for human consumption. Indeed, several
compounds in crude oils show negative effect on the quality and stability of fats matter and the primary goal
is to reduce certain undesirable impurities from crude oil to produce high quality edible oil that provides
satisfactory results in all application. The crude oils contain several major and minor non-triglycerides
impurities and refining process lead a general increase of chemical stability of fats matter during the shelf
life. Example of the major impurities are free fatty acids (FFAs), phospholipids, diglycerides and
monoglycerides; all of them are undesirable above certain levels. The more usual minor non-glycerides
components present in the crude oil are tocopherols, tocotrienols, color compound and sterol; in addition,
there are also the “oil decomposition products” like polar compounds, polymers, aldehydes, ketones and other

volatile and non-volatile compounds (Gharby 2022).
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Tocols and sterols fractions with their antioxidant activity are suitable to maintain high oxidative stability of
the oil so some precautions are taken to preserve them during the process. Some of the latter are recovered
from side streams of the refining process to give commercial products such as phospholipids and tocopherols.
Usually, vegetable fats matters can contain some contaminants like pesticides, aflatoxins, dioxins, trace
metals (Zio et al., 2020), mineral oil hydrocarbons (MOH), polycyclic aromatic hydrocarbons (PAH) and
organic solvent traces (Sanchez-Arévalo et al., 2020; Tfouni et al., 2014). The origin of these pollutants could
be attributed to different areas like environment under which oleaginous crops are grown, how seeds are
transported and stored, and how crude oils are processed and stored. Refining process is mandatory for crude
oils that cannot be consumed as virgin oils, like olive oil, to provide a product odorless and rather neutral in

taste, limpid, and colorless, and it must be free of contaminants (Gharby 2022).

1.3.1 Extraction process

Oil content of oleaginous seeds, nut, kernel, or fruit pulps varies between 3% and 70% of the total weight
and has chemical structures strictly related to the botanical origin of raw materials and cultivation area. Initial
oil content is a major factor that determines the choice of grain processing and extraction methods for the
various oil seeds (Reginaldo et al., 2013), the second point is the part that contains the oil, which is the kernel,
the seed, or the pulp.

The process of separating lipid from raw material is referred to as “extraction” should carry out through
chemical, biochemical, and mechanical techniques in order to maximize yields but minimizing alterations on

the quality of the product (Nde and Anuanwen 2020).

Common pre-treatment (Hamm et al., 2013):

- Decortication: removal of the fibrous part of the seed that reduces the extraction capacity. This
process is always applied in the case of sunflower seed, soya bean and cottonseed processing.

- Grinding and/or milling processes: aimed at reducing the size of the matrix in order to make the fatty
matrix more available during extraction.

- Conditioning and/or cooking: consists of treatment by heating. In the case of conditioning, at
temperatures between 60 - 70°C, and in the case of cooking (mainly concerning the cooking of the
hulls after rolling as in the case of rapeseed) at temperatures between 90 - 100°C. Thermal pre-
processing in general is aimed to increase the availability of the oil before extraction and inhibiting

the enzymatic action (lipase) of the matrices.

Two types of extraction should be performed by mechanical or by solvents action. In the first case of
mechanical processes, the extraction time is inversely proportional to the plant capacity, hence high costs and
low production yields; so, in many cases both type extraction is performed consequentially (Hamm et al.,

2013). For raw materials with high level of fats matters (>20% w/w) mechanical extraction can initially be
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used from which “crude o0il” and “pressed cake” (fibrous component still rich in oil) are obtained. The cake
is destined for solvent extraction and from this process a liquid component (oil and solvent) and a solid,
exhausted cake or flour (after drying solvent, roasted and milling processes) are obtained; both products must
be dried by solvent trough evaporation process.

Mechanical extraction (ME) is one of the oldest methods used for oils yield and it is performed by mechanical
pressure entails the use of either hydraulic presses or screw presses driven by a motor. There are many
publications and patent regarding new advanced technique to perform extraction in most performant way.
The conventional solvent extraction process (CSE) is based on the solvent's ability to dissolve fat matrix by
leaching it from the tissue in which it is trapped. CSE process is the most commonly used method in the fats
and oils industry and can be performed as a batch process or as a continuous process with high yields. CSE
has a 90-98% oil recovery rate but requires high energy, high investments, and the solvent most often used
(n-hexane or other petrol derivates) is hazardous and can cause health problems with prolonged exposure.
The quality of the raw fats matter and cake depends mainly on the type of solvent used, the reaction
temperature and the type of pre-treatment of the matrix. Several studies are currently underway to make the
solvent extraction system more environmentally sustainable.

For greater awareness about energy consumption, environment pollution, and health issues have made it
imperative for the oil industries to search for better techniques that are suitable, advanced, and eco-friendly
than conventional oil extraction methods (Rani et al., 2021). New extraction techniques like enzyme assisted
extraction (EAE), ultrasound assisted extraction (UAE), or microwave assisted extraction (MAE), promise
to improve production yields while lowering the environmental impact of the fat supply chain (Nde and

Anuanwen 2020; Rani et al., 2021).

1.3.2 Refining process

Term “refining” in Europe defined the whole series of processes that will be shortly described in this
paragraph, however, in the USA and other country, the terms “refining” it is associated to the step with
removal of free fatty acid.

The crude oil is a mixture of triacylglycerols along with the minor components, undesirable pigments,
oxidation products, metals and a huge part of solvent. Principal purpose of refining process is removing
unwanted impurities and preserve a suitable level of desirable minor component and provide a final product
with stable shelf life. The refining process (Figure 2) can be chemically of physically performed. In brief

more important chemical refining steps are reported below:

o Degumming involves treatment with water or acid (phosphoric or citric) solution that led the separation

of “gum” containing phospholipids that can be separated with a centrifuge operation. The phospholipids
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are recovered as crude lecithin with high commercial value. Degumming is usually linked with
extraction rather than with the subsequent refining processes.

Most challenging degumming process is related to “non-hydratable phospholipids” (NHP). Various de-
gumming process are used in the vegetable oil industry like water de-gumming, acid conditioning, acid
de gumming, super de gumming and ultra degumming.

Neutralization frequently requires treatment with aqueous alkali to remove FFAs. Some oils are lost
along with the soaps in a water stream. Free acids are also removed during deodorization by steam
distillation (physical refining). This latter method is preferred to reduce environmental impact (Gupta
2008).

Bleaching, present only in the chemical refining process, can be performed from 80°C to 180°C with
acid-activated bleaching earth; it is the most expensive refining step considering the price of bleaching
earth and disposing of spent earth. The process is designed to remove pigmentation composed by
carotenes (hydrocarbons group) and chlorophyll. Blanching is a careful process; under acidic conditions
free sterols may be dehydrated to steradienes and cis bonds in fatty acids may change to the trans form.
Polycyclic aromatic hydrocarbons (PAH) when present in the oil are not removed by bleaching (Tom
Verleyen et al. 2002).

Deodorization is the final refining step and requires the oil to be washed with steam at temperature
from 170°C to 250°C under vacuum and it is focused on the remove off-flavor. At higher temperatures
(more than 240°C) there is isomerization of cis to trans bonds so highly unsaturated oils should be
deodorized at the lowest possible temperature. Deodorized distillate is itself a valuable by-product that

serves as a source of sterols and tocopherols (Sabah 2007).

22



| Crude-oil storage |

-

| Cregumming |

) i
[ Meutralization |

.
Physical refining | | Water washing I
v

| Drying |
]

¥

| Bleaching |

-

| Filtration |
L 4 l
Pretreated or
meutralised and
bleached storage

+

| Decdonsation |

*

F'-::Iish1irn
| g |

!

[ Coaling |

}

| Edible-ail storage |

Figure 2: refining process for vegetable fats matters; image edited by Hamm et al., 2013

A recent study showed that high time temperature deodorization process leads the formation of undesirable
component named dialkyl ketones (Salgarella et al., 2021) that are usually related to a randomized

interesterification events.

1.3.3 Modification of fats matter for food purpose

All oil modification processes are focused on change of physical behaviors and structural proprieties of fats
matters, so the modification technique differed from the extraction and refining process because the last is
oriented towards improved organoleptic proprieties, nutritional value and increase shelf life.

There are three main modification technologies available in the edible oils industry at present that are usually
implemented: the fractionation that is a fractional crystallization of the oil, followed by a phase separation;
hydrogenation that involved the reduction of degree of unsaturation on the acyl chains to improve the
saturation degree and iodine value and interesterification, both chemical than enzymatical, which provide to

an intermolecular redistribution of the acyl groups on the glycerol backbone. In the last decades a new
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technique to modify the physical proprieties of fats matters has been deep evaluated — the texturization or

organogelation.

1.3.3.1 Fractionation

Term “fractionation” in oils and fats industry is usually referring to a process involving a fractional
crystallization to pursuit a specifical separation of some species or fraction based on melting point to focus
on reduction of an undesired component or the intentional concentration of another. Although some specific
techniques developed and applied in recent decades, among which molecular distillation and supercritical
carbon dioxide extraction two main fractionation technologies are used in the 21st century’s edible oil
industry:

e Dry fractionation: the simplest and economist technology allows it to be used for the production of
commodity fats and it is based on the use of specific gradient used to cool the matrix and lead the
crystallization.

o Solvent fractionation: patented in the 1950s, this involves the use of solvents (hexane or acetone) to
allow the high-melting components to crystallize in a very low-viscous organic solvent. This can be
helpful with respect to the selectivity of the reaction, but mainly offers advantages in the field of phase
separation: much pure solid fractions can be obtained, even with a vacuum filtration (Gunstone 2005;

Gupta 2008).

1.3.3.2 Hydrogenation

Originally, hydrogenation of edible oils was mainly used to improve the oxidative stability of oils that
contained multiple polyunsaturated fatty acids, such as fish oil. The first outcome regarding this process were
provide by the Nobel Prize winner Paul Sabatier was the first to work out the hydrogenation chemistry of
volatile triglycerides and Wilhelm Normann at the beginning of twenty century (Gunstone 2005).

Hydrogenation allows liquid oils to be stored for much longer and the reduction of unsaturation to lead at
considerable increase of melting point and thus an increasing transformation of the oil into fat. Hydrogenation
reaction consists in a sequence of reactions that allow the adding of hydrogen atoms (proton) to an acid chain.
This basic reaction it is not a pure reaction, and different types of reactions can occur when a fatty acid chain
(with double bond) adsorbs on the catalyst surface and dissociated hydrogen is present. It possible that the
hydrogenation leads a shifting of the double bond down the fatty acid chain (positional isomerism). This
isomerization has little impact on the physical behavior of the oil. At the moment of addition of the first
hydrogen-atom and the existence of the ‘half-hydrogenated’ intermediate, the sp3-orbital momentarily allows
free rotation over the C-C axis. This randomness behavior permits formation of trans fatty acids (geometrical

isomerization). A competition exists between these two reactions: saturation and isomerization (Dijkstra
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2012). Process parameters such as temperature, pressure, type (nickel or platinum), purity of catalyst and
carrier materials (e.g. zeolite) might to influent the ratio between isomerization and saturation (Gupta 2008).
In 2020 partially hydrogenated fats were definitively banned also in USA by Food and Drug Administration
(FDA) department following the “zero trans fats” policy (Puligundla et al., 2012).

1.3.3.3 Interesterification

Esterification is a common practice of fats and oils industry to change the physical proprieties of fats matter
or their mixtures without altering the chemical structure of the fatty acids acylglycerols. Both intra —
molecular acyl residue exchanges (e.g. interesterification) and inter — molecular acyl residue exchange
(esterification) occur in the reaction until an equilibrium is reached which depends on the structure and
composition of the TAGs molecules (Gunstone 2005). Interesterification is performed both from chemical
(CIE) or enzymatical (EIE) pathway (Santoro et al., 2018). The chemical interesterification is performed with
a catalyst, 0.05% to 0.15% w/w can be an acid, alkaline or metal compound like sodium ethoxide or sodium
methoxide (Gupta 2008) that provide to the reaction. Alkali metal alkoxides like Na-methylate is one of more
adopted catalyst for this process. Interesterification is usually carried out in a single phase (liquid). With a
nonselective catalyst, rearrangement of the fatty acids will then ultimately result in their statistical or random
distribution over all possible positions. Enzymatic interesterification (EIE) is a relatively new method based
on immobilized lipases column action with very small amount of water dispersed in a continuous organic
phase comprising the reactants and a solvent such as hexane. The catalysts provide a random or stereospecific
action depending on the type of enzymes that are chosen. The enzymatic process must be more closely
controlled to avoid catalyst inactivity (Danthine et al., 2022). Currently, few industries are involved in the
development of study of an EIE system and a translation from scale plant to industrial level is not easy.
Sodium ethoxide or methoxide catalyzed batch interesterification is applied more widely (Gupta 2008).

The process can be carried out in conventional neutralizing-bleaching equipment provided with adequate

facilities for catalyst dosing and oil drying (Holm and Cowan 2008).

1.3.3.4 Texturization

Rheological proprieties of fats are the results of the combined effects of solid fat content (SFC),
polymorphism - different spatial arrangements, and fats crystal network microstructures that are related to
shape, size and area fraction of crystals fats (Soleimanian et al., 2020). Full saturated fatty acids composed
the “hard-stock” in triacylglycerols (TAGs) system. Hard-stock is responsible of the “start” of network
structure; so in many cases, it is more difficult or impossible to eliminate this fraction without sacrificing
structural and rheological properties (Marangoni et al., 2020). In the last decade, the study of texturization
technique like oleogelation for food industry purpose, has been receiving great attention due to both

nutritional and legislative aspects. On the other hand, the negative health effects of saturated and trans fatty
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acids on human health were intensely discussed (Yi et al., 2017). Numerous studies have shown that excessive
intake of these dietetic components can increase the risk of cardiovascular diseases (CVDs) by lowering
serum levels of high-density lipoproteins and increasing serum concentrations of low-density lipoproteins
(Clifton and Keogh 2017). The organogelation or oleogelation is emerged as a new method of plasticization
oil’s technology (Yilmaz and Otiitcii 2015). Oleogels used in foods are usually composed of a liquid vegetable
oil and GRAS (Generally Recognized As Safe) additives (da Silva et al., 2018a). From a physical point of
view, oleogels are viscoelastic, anhydrous and self-supporting materials; they have rheological characteristics
like a solid but are formed in highest amount (>90%, w/w) of a liquid matter (e.g., vegetable oil). From a
thermal point of view, oleogels are structured and thermos-reversible substances. The additives or
“oleogelators” lead to the formation of a three-dimensional super-molecular network (Doan et al., 2015). The
oleogelators can be divided into two broad categories: low molecular weight oleogelators (LMOGs), small
molecules such as fatty acids and waxes and high molecular weight oleogelators (HMOGs) obtained by
molecular network of polymers produced by chemical reactions or physical interactions (Palla et al., 2017)
Therefore, based on a correct melting and structuring behavior, the oleogels can provide a suitable alternative
in different processed foods, such as chocolate and spreads (Patel et al., 2020) , ice cream (Zulim Botega et

al., 2013) and biscuits (Hughes et al., 2009).

1.4 Quality parameter in food lipids production

During all steps of supply chain of fat matter production, starting from harvesting, continuing to extraction,
refining, and modification process (but also during transport and storage), lipids must be protected against
deterioration and adulteration. Since this is most likely to be the consequence of hydrolytic or oxidative
change requiring water and oxygen, respectively, these materials should be excluded as far as possible. Such
changes are temperature dependent and oxidation can be promoted by light and by some metals, thus oils and
fats must therefore always be handled under appropriate conditions (Gunstone 2009). To assay the quality
and authenticity of fats and oils a several privates and public agency had promoted a robustness group of
regulatory guidelines supported by several official methods that provide to assay all the chemical and physical

parameter useful for the commercial categorization of edible oils and fats. The major agencies are reported

below:
- AOCS American Oil Chemists’ Society
- AOAC Association of Official Agricultural Chemists
- COIl International Olive Council — only for olive oil
- IUPAC International Union of Pure and Applied Chemistry
- UNI Ente Nazionale Italiano di Unificazione (UNI EN 1SO)
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1.4.1 Common quality assurance parameters

Vegetable oil is analyzed during different steps of processing. Each analysis provides specific information to

the processor as well as to the users. The most commonly analysis in oil processing plants are reported

following with brief descriptions.

lodine Value (1V) is evaluated to determines the degree of unsaturation in the oil. The results are
expressed as grams of iodine absorbed per 100 g of the oil sample. Oils with higher unsaturation
show higher 7V values. To reduce the formation of trans fatty acids in hydrogenated fats, only a
process that leads an 7V equal to 0 can provided the absence of fatty acids.

Free Fatty Acids - FFAs are expressed as percent oleic acid for seed oils and it is expressed as percent
palmitic acid for palm oil and palm oil derivatives. For palm kernel or coconut oils it is expressed as
percent lauric acid. After a refining process the value is up to zero (<0.5%), instead for extra virgin
olive oils the value is < 0.8%.

Acid Value for oil is the number of mg of potassium hydroxide required to neutralize the free acid in
1g of the oil.

Peroxide Value (PV) assays the primary oxidation products in oil. The fatty acid can be in free or
esterified form. This method measures all substances in the oil, which oxidize potassium iodide and
are expressed as milliequivalents of peroxide per 1kg oil or fat.

para-Anisidine Value (pAV) measures some of the secondary oxidation compounds of oils and fats
generated from the decomposition of the peroxides. Specifically, 2-alkenals and 2,4-dienals are
measured by this method. Freshly deodorized oil may have a pAV content of 2—6.

Solid Fat Index (SFI) - it is an empirical measure of solids fats content evaluated by dilatometric
method which determines the combined volume of solid and liquid in the sample at specific
temperatures. The information is used in formulating shortenings, margarines, and spreads.

Solid Fat Content (SFC) - carried out by a Nuclear Magnetic Resonance Spectrometry (NMR)
method focused on the estimation of amount of fat solids present in the oil (fat) sample at specific
temperatures.

Fatty Acid Composition - this method is focused to the identification of fatty acids in a fat or oil by
analysis of fatty acid methyl esters (FAME) by capillary gas—liquid chromatography.
Unsaponifiable Matter - how reported above, the unsaponifiable matter is composed by substances
frequently found dissolved in fats and oils, which cannot be saponified by the usual caustic treatment,
but are soluble in ordinary fat and oil solvents. Included in this group are high aliphatic alcohols,
sterols, pigments, and hydrocarbons. Punctual gravimetric determination of total unsaponifiable

matter gives a fast information about the oils and fats raw materials.

27



However, there are other three unusual analysis that can lead more information about the quality of fats matter

and future technological use of raw materials:

o Determination of triacylglycerols profile — where TAGs groups having the same carbon number are
separated by direct gas/liquid chromatography using a packed column under temperature
programmed condition. Based on peak area measurements, TAGs content, by carbon numbers, is
expressed as a percentage relative to the total triglycerides content of the sample.

o Determination of fatty acids sn2 profile — useful to evaluate the presence of fraudulent admixture. It
is a method based on pancreatic lipase reaction, separations on thin layer chromatography (TLC) and
analysis by gas liquid chromatography for the determination of the percentage of fatty acid esterified
at 2-position of the triacylglycerols (AOCS Official Method Ch 3-91).

o Determination of Mono- and Di- glycerides — focused on determination of MAGs and DAGs
converted in trimethylsilyl ether and analyzed by capillary GLC solution. The result is expressed
like a percentage related to total mass of triglycerides (Gupta 2008).

Other powerful chemical analysis should be performed on lipids to assay quality and safety of fats matters
like the evaluation of mineral oil saturated hydrocarbons (MOSH) and aromatic hydrocarbons (MOAH)
(Bauwens et al., 2023) originating from petroleum distilled products, the evaluation of 3-monochloropropane
1,2-diol (3-MCPD) and glycidyl esters (GE) content (Sevindirici et al., 2018) or the evaluation of the presence
of dialkyl ketones (DAKSs) (Mascrez et al., 2021; Santoro et al., 2018) in different industrial fats matter to

evaluate in deep the process and the quality of the raw materials and the final refined products.

1.5 Lipids for confectionary industries

The term “confectionary products” describe goods with high commercial value usually composed by high
percentage of sugar, carbohydrates and lipids. A wide variety of products are included like spreadable cream,
chocolates, cookies, bars, gummies, mints, and others. The confectionary market is a billion business that
involved several local and international company with a structured supply chain with several stakeholder and
business partner. The global confectionery market size was valued at USD 298.4 billion in 2022. It is
estimated to reach USD 421.05 billion by 2031, growing at a compound annual growth rate (CAGR) of 3.9%
during the forecast period (2023 — 2031) (https://straitsresearch.com/).

Even if the confectionary industry covered a several type of goods, the chocolate derivates represents a
biggest percentage of the confectionary market. The global chocolate market size was estimated at USD
119.39 billion in 2023 and is anticipated to grow at a CAGR of 4.1% from 2024 to 2030

(https://www.researchandmarkets.com).
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Chocolate industries based their business over the cocoa — Theobroma cacao L.— and its derivates like cocoa
liquor, cocoa powder and cocoa butter.
The historical uncertainty in the cocoa butter supply and the volatility in cocoa butter prices depending on
fluctuating cocoa bean prices forced confectioners to seek other alternatives, which may have a stabilizing
influence on the prices of cocoa butter. The continuous need to find new cheap vegetable fats to replace cocoa
butter in chocolate and confectionery products has always been a great challenge for the fats supply chain
which has always responded with intelligence and cunning. These reformulated fats have become known by
the term hard butters that were developed using common fats matter like palm kernel, coconut, palm, and
other tropical oils such as shea and illipe. The processes involved in producing included hydrogenation,
interesterification, solvent or dry fractionation, and blending. The hard butters can be divided into the
following three main groups based on their characteristics and raw materials used to produce them:
e Lauric cocoa butter substitutes (lauric CBS): fats that are incompatible with cocoa butter but that have
physical properties resembling those of cocoa butter.
e Non-lauric cocoa butter substitutes (non-lauric CBS): these are fats that are partly compatible with
cocoa butter chemical composition.
o Cocoa butter equivalents or extenders (CBE): these are fats that are fully compatible with cocoa butter

and shows chemical and physical properties similar to those of cocoa butter.

Other terms usually used to describe hard butters include cocoa butter partial replacers, total replacers,
modifiers, and extenders. All of these categories can be further subdivided into a range of specialty fats,

tailored to suit particular purposes (Shukla and International 2005).
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