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Abstract

The doctoral thesis explores the preparation of methyl esters from vegetable oils and
their use in epoxidation. Initially, methyl esters were synthesized via homogeneous
(KOH) and heterogeneous (MgAl mixed oxides) transesterification. The study
examined vyield loss in homogeneous reactions and the impact of residual sodium
compounds on the properties of mixed oxides and ester yields in heterogeneous
reactions. In the second part, methyl esters were applied in epoxidation, with product
composition analysis through various methods. The effects of reaction conditions on
product properties were assessed, resulting in predictive equations for epoxide
characteristics. Thermodynamic parameters (AH, AG) were calculated using quantum
chemistry. Finally, novel titanium phosphate based heterogeneous catalysts enabled
successful epoxidation of waste-derived methyl esters with successful scale-up.
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Abstrakt

Diserta¢ni prace se zabyva piipravou methylestert z rostlinnych olejt a jejich vyuzitim
pii epoxidaci. Nejprve byly methylestery syntetizovany pomoci homogenni (KOH) a
heterogenni (MgAl smiSené oxidy) transesterifikace. V praci byly zkoumdny ztraty
vytézku pii homogenni reakci a vliv zbytkovych sodnych sloucenin na vlastnosti
smésnych oxidu a vytézky esterll pii heterogenni reakci. Ve druhé ¢asti prace byly
methylestery vyuzity k epoxidaci, kdy slozeni produkti bylo analyzovano rtznymi
metodami. Byl zkoumdan vliv reakénich podminek na vlastnosti produktti, coz vedlo k
vytvofeni rovnic umoznujicich pfedpovéd vlastnosti epoxidi. Termodynamické
parametry (AH, AG) byly ziskdny kvantové-chemickymi vypocty. Nakonec byly
uspésné pouzity nové heterogenni katalyzatory na bazi titanu a fosforu pro epoxidaci
methylesterd z odpadnich tukd a oleji véetné Uspésného prevodu reakce do vétsiho
m¢ftitka (scale-up).
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Introduction

Since the discovery of fire, humankind has been using biomass combustion for energy
production. At the present time, modern technologies and the development of the
standard of living is associated with an increasing energy consumption. Approximately
80.3 % of the energy consumed worldwide in 2023 came from non-renewable sources
(such as coal, oil, natural gas, uranium) [1]. The declining reserves of fossil fuels and
the effort of independency on foreign countries have lead to greater emphasis on the
implementation of renewable sources for energy gain. The broad spectrum of renewable
sources includes solar, geothermal, wind, hydro, or biomass energy [2].

The most commonly used biomass processing methods include: (i) fermentation of
sugars [3] (production of bioethanol and biogas), (ii) pyrolysis of biomass (production
of pyrolysis oil, synthesis gas) [4], (iii) hydrolysis of cellulose (production of sugars and
bioethanol), and (iv) transesterification of oils (production of biodiesel) [5]. Bioethanol
has a variety of applications, such as solvent, disinfectant, food preservative, and it is
used for synthesis of propene [6], 1-butanol, hexanol [7], etc. Furthermore, bioethanol
and biodiesel are used as additives to fuel for combustion engines. Biofuels are further
classified into first, second, and third generation biofuels, according to the origin of the
biomass from which they are produced.

First generation biofuels are derived from edible products, such as sugars, starches, fats
and oils [8]. Brazil and the USA are among the largest producers of bioethanol as a first-
generation biofuel [9]. Ethanol is usually added to gasoline at a 10 wt.% concentration
and the resulting blend is labeled as an E10 mixture. The addition of ethanol results in
an increased octane number, reduced CO- emissions, and sometimes lowers the price of
gas. On the contrary, ethanol is hygroscopic (it absorbs water from air), which results in
engine rusting; and lowers the calorific value of blend, resulting in an increased fuel
consumption [10]. The biggest issue with first generation biofuels is their availability,
cost, growth of monocultures, and competition with the food industry [11]. Second
generation biofuels are synthesized from resources other than food crops, e.g., energy
crops, forest residues (wood chips, leaves), grass, waste oils or other sources [12].
Therefore, the second generation biofuels do not influence the price of food. Cellulose,
hemicellulose and lignin (contained in the biomass) need to be separated first, and can
be then used for ethanol production [13]. Third generation biofuels are made from algae
biomass. The algae needs less nutrients, pesticides, land area and water than
conventional crops to produce the same amount of energy [14]. Furthermore, it contains
20-30 times more oil [15]. The major disadvantages of algae biomass are: (i) the need
for controlled circulation of water of a certain purity, (ii) higher price of biodiesel, and
(iii) the need for employement of staged reactor arrangement [16]. Furthermore, the high
content of unsaturated fatty acids in the oil from microalgae disallows its application as
additives for internal combustion engines without additional treatment.



Aims of doctoral thesis

e Study the loss of esters yield of various vegetable oils and their mixtures due to
their leaching to glycerol phase based on used alcohol for the reaction and on the
type of quenching of transesterification

e Synthesize MgAIl mixed oxides with different amounts of residue sodium
compounds and describe their effect on catalyst properties and ester yield of
transesterification

e Study the epoxidation process of methyl esters from various vegetable oils and
find suitable methods to analyze reaction products

e Study the epoxidation process of methyl esters from Camelina sativa and
describe the influence of reaction conditions on the composition of products

e Study the influence of reaction conditions on the properties of epoxides from
linseed and rapeseed methyl esters, and try to prevent the formation of unwanted
subsequent products

e Compare performance of novel heterogeneous titanium phosphate based
catalysts in the epoxidation process of methyl esters from waste cooking oils with
other conventionally used catalysts for epoxidation



1 Biodiesel

Biodiesel is a biodegradable, non-toxic alternative fuel, usually synthesized from
vegetable oils, grease, waste cooking oil, or animal fats. It is sometimes referred to as
FAME, which stands for the mixture of Fatty Acid Methyl Esters. It is used as an
additive to fuel in diesel engines [17]. Biodiesel is mainly produced through
transesterification, a reaction between vegetable oils and a low-molecular alhocol.

1.1 Advantages and disadvantages

The main advantage of biodiesel application as a fuel is that it has zero overall carbon
balance (all the CO, that is formed in combustion process had been absorbed by plants
during photosynthesis) [18]. Another advantage is its lower emission of hydrocarbons,
sulphur oxides and particulate matter compared to fossil diesel [19]; and it improves
lubricating properties of fuel [20]. Finally, biodiesel is biodegradable and non-toxic;
therefore, handling it is much safer [21].

The disadvantages of biodiesel compared to fossil diesel include: (i) lower calorific
value than diesel, resulting in higher fuel consumption and lower performance of engine
[22], (i) lower cloud and pour point (temperature at which crystals start to appear and
can clog up filters) [23], and (iii) higher NOx emissions [24]. Furthermore, long time
storage of biodiesel can lead to hydrolysis of methyl esters to free fatty acids [25].
Another issue is the competition of food vs. biofuel crops (especially in first-generation
biofuels).

1.2 Feedstock for biodiesel production

Biodiesel can be synthesized from edible and non-edible vegetable oils, waste oils or
animal fats. Each biodiesel has unique composition, which depends on fatty acids (FA)
profile of used feedstock [26]. Feedstocks high in saturated FA content tend to solidify
at a room temperature, whereas feedstocks high in unsaturated FA are not suitable for
direct combustion in engines without additional treatment.

The production of biodiesel consists of two steps — (i) extraction of oils from plants and
its processing, and (ii) conversion of oils/fats through various means. Transesterification
is the most used method of conversion - it offers relatively high yield of biodiesel
(>95 %), glycerol as a side product, requires mild reaction conditions (in homogeneous
catalysis), and it is the most economically viable method [27].

2 Transesterification

The production of biodiesel is mostly implemented in the industry through
transesterification reaction [28]. In the reaction, triacylglycerides (the main component
of vegetable oils) react with a low molecular weight alcohol (usually methanol) in the
presence of a catalyst (enzymatic, acidic or basic) [29], Fig. 1. Two main products of
the reaction are (i) mixture of FAME, and (ii) glycerol. Glycerol is used in food
processing, pharmacy [30], or as a precursor for synthesis of other chemicals (such as
epichlorhydrin, or butanediol) [31]. The FAME is used for the production of other
chemicals, such as lubricants, carboxylic acids, or monomers for polymerization [32].
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Fig. 1: Transesterification scheme

The products of transesterification are separated after the reaction according to their
polarities. Glycerol phase (GP) contains mainly glycerol, salts, soaps, dissolved catalyst,
water, alcohol, and trace amounts of esters and/or free fatty acids. Ester phase (EP)
contains mainly esters, unreacted triacylglycerides and intermediate products, trace
amounts of water and glycerol [33]. The quantity and type of impurities produced in
transterification depend on the specific reaction conditions, catalyst type, and feedstock
[34]. Mutual contamination of phases is undesirable as it requires employment of
purification processes and increases the cost of products.

2.1 Catalysis in transesterification

Transesterification is usually catalyzed by enzymes or acidic/basic chemicals [35].
Catalysts can be homogeneous (same phase as the reaction mixture, e.g., KOH, NaOH)
or heterogeneous (different phase, e.g., mixed oxides, zeolites).

In homogeneous acid catalysis, strong mineral acids (H2SOa4, HCI, or BF3) are often used
[36]. Their major advantage is the low sensitivity to water and FFA content in oil
because saponification does not occur (a basic environment is needed). Major
disadvantages include: (i) lower reaction rate than basic catalysts, (ii) corrosiveness of
the environment, (iii) requirement of higher molar ratio of alcohol to oil (20:1 — 245:1),
(iv) need for higher reaction temperatures (>100 °C), and (v) difficult separation from
products [37]. However, the separation can be improved by the use of heterogenenous
catalysts, such as AICls, ZnCly, or SnO», zeolites, or heteropolyacids [38].

Homogeneous basic catalysts (hydroxides or methoxides of sodium and potassium) are
mostly used in industry. Major advantages are: (i) high activity (i.e., quick reaction —
usually 60-120 minutes), (ii) low catalyst cost, and (iii) mild reaction conditions (60 °C,
atmospheric pressure). Disadvantages include: (i) sensitivity to FFA and water (soaps
are formed - reduced vyield) [39], (ii) use of vast amounts of washing water for
purification of products, and (iii) the inability to reuse the catalyst [40]. The issues of
catalyst recovery can be adressed by the use of heterogeneous catalysts, such as mixed
oxides. However, disadvantage of heterogeneous basic catalysts is their lower catalytic
activity (a higher reaction temperature is needed, often 60-150 °C to obtain similar
yields of esters [41]. Furthermore, metals from catalysts can leach into the reaction
mixture, leading to catalyst deactivation, problems with its structural stability, and
contamination of products [42].



2.2 Purification of products of a homogeneous transesterification

Purity of glycerol is strongly influenced by reaction conditions of transesterification,
such as type of alcohol used, and/or a method of reaction stopping [43]. The ester content
in GP (ester losses) generally increases with an increasing amount of soaps. As a result,
ester yield is reduced and the cost of glycerol is increased (purification is needed).

In Paper I, the transesterification of different vegetable oils and their mixtures was
carried out using various alcohols (methanol, ethanol, or butanol) with KOH as a
catalyst. Furthermore, the method of reaction stopping (catalyst neutralization by precise
addition of phosphoric acid, saturation by CO>, or saturation by CO> in water) was
studied. The content of esters was determined using GC-FID.

The lowest ester loss was observed for methyl esters (ME, 6-8 wt.%). On the contrary,
the highest loss of esters was observed for transesterification with ethanol (20-34 wt.%),
and the loss of 16-30 wt.% was observed for butyl esters (BE) due to high soap
formation. The saturation by CO- in water increased ester losses up to 40 wt.% due to
dissociation of soaps.

Fatty acid profiles of butyl esters in both phases were similar independent of reaction
stopping, whereas methyl esters of oleic acid (CO: stopping) and linolenic acid (HzPO4
stopping) had the highest affinity towards glycerol phase (Fig. 2). The losses of methyl
esters varied from oil to oil, e.g., 2.9 and 3.5 wt.% for acidic and gaseous stopping of
Camelina sativa oil, respectively; or 7.3 and 6.6 wt.% for acidic and gaseous stopping
of rapeseed oil, respectively. In comparison, losses of BE of rapeseed oil were much
higher (18.1 wt.% for HsPO4 stopping, and 16.4 wt.% for CO. stopping), which was
caused by an increased formation of soaps. Eventually, high pH (>10, insufficient
catalyst neutralization) of reaction mixture and higher ionic strength increased the
content of linolenic acid esters in glycerol phase.

I Oleic Il Linoleic [l Linolenic

100

©
o

Content of methyl esters in the GP, wt%

Qils/ mixture of oils

Fig. 2: Fatty acids distribution profiles after methanolysis

Note: In Fig. 2, R = Rapeseed oil; O = Olive oil; P = Palm oil; S = Sunflower oil; C = Camelina sativa oil; S:R,
O:R, P:R and C:R = mixture of these oils; E = composition of ester phase after reaction; A = composition of
glycerol phase after stopping with phosphoric acid; C = composition of glycerol phase after stopping with CO;



2.3 Heterogeneous catalysis in transesterification

Various heterogeneous catalysts can be used for the synthesis of methyl esters, such as
mixed oxides, or zeolites [44]. The mixed oxides, which had been synthesized from
hydrotalcites, were further studied because of their low cost, easy preparation and high
yield of methyl esters.

Hydrotalcites and mixed oxides

Hydrotalcites are materials derived from brucite mineral Mg(OH).. They have
alternating cation and anion layers (Fig. 3). The cation layers are made of hydroxides in
octaedric crystal modification, in which various M?* and M3* ions of metals are
embedded (such as Mg?*, Ni?*, Cu?*, Ca?*, AI®*, Fe®*, etc.). The anion layers are made
of water and anions (such as COs?, Cl-, OH", etc.) Hydrotalcites are widely used as
building materials additives [45], adsorbers [46], or for CO- capture [47].

Brucite Mg(OH), octahedra Layered hydrotalcite structure

© Mg* cation
OH"™ anion

Interlayer anion, e.g., CO% G

H,0 molecule @

Fig. 3: Hydrotalcite layered structure [48]

Hydrotalcites can be synthesized via three routes: (i) sol-gel, (ii) hydrolysis of urea, or
(ili) co-precipitation method with hydroxides or carbonates. Materials are usually
washed after the synthesis, however, throughout the literature research, it was found that
the procedure for washing the materials differs (various amounts of water are used, if
any). Chemicals left in hydrotalcites and mixed oxides can influence properties of
materials, which was the focus of Paper Il. All hydrotalcites in this work were prepared
by co-precipitation method with NaOH solution (molar ratio Mg:Al 3:1 based on
literature research). The materials were washed several times with redistilled water and
filtered, so they contained various amounts of residue sodium compounds (from NaOH).

Mixed oxides (MO) are materials synthesized from hydrotalcites by their temperature
decomposition. In this process, the layers of hydrotalcites collapse and MOs are
synthesized. During TGA-MS analysis, a decomposition of nitrates was detected by
NOXx signal at an interval 350-650 °C. At this interval, NaNO3z decomposed to NaNO»,
which further decomposed to Na>O, which will play a key role in transesterification.
Mixed oxides are characterized by weak basic sites (OH"), medium strength basic sites
(Mg?* - O?pairs) and strong basic sites (O%), which are all suitable for basic
transesterification [49]. The MOs have high specific surface area (usually 100-300 m?/g)
[50], even distribution of basic centres [51], and temperature stability up to 800 °C.
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The content of sodium ions in filtrate was determined by Na* ion selective electrode.
The relative amount of sodium left in materials was calculated from the known amount
of NaOH used in co-precipitation minus the amount of sodium determined in the filtrate.

Afterwards, XRD was used to confirm successful synthesis of materials. The analysis
revealed signals typical for hydrotalcites and mixed oxides (the syntheses were
successful). Furthermore, a signal at 29.4° was detected (red rectangle in Fig. 4), which
was attributed to NaNOs signal. Sodium nitrate had been probably formed by the
recombination of ions (hydroxide was exchanged for nitrate) during the synthesis of
materials.

Hydrotalcites 20
. y ﬂ N : HT_0.25I
=]
= N~ - HT_0.5I
> ,
E A '
D HT_3.51
.g f SN i SRR N HT_5I
- v N \ HT_7I
————1 — T T —— - W
10 20 30 40 50 60 70
20, °

Mixed oxides 110
/ \ A\ MO_0.251
%J\ MO_0.5I

=
E n
< | |
cl IANS MO_3.5I
Q /L____/¥ MO_5I
£ = /\ . MO_71
- o gt
T T T T T T T T T T T T
10 20 30 40 50 60 70

20, °

Fig.4: XRD diffractograms of hydrotalcite and mixed oxides washed with various
amounts of redistilled water

TPD-CO2 method was used to study the basicity of MOs. The amount of desorbed CO>
increased with an increasing amount of washing water, i.e., decreasing amount of
sodium compounds (Fig. 5B). Sodium compounds likely contributed to the blockage of
MO pores, which decreased their overall basicity. Additionally, the less washed
materials showed larger desorption signals at higher temperatures (300-450 °C, medium
strong basic sites), whereas the more washed materials showed predominantly signal at
lower temperatures (70-180 °C, weak basic sites). Furthermore, artificial addition of
NaNO3 decreased the amount of CO. desorbed, which higlights its influence on the
properties of MOs.

Eventually, transesterification was carried out and the composition of ester phase was
determined using GC-FID (Fig. 5C). Higher ester yields were obtained (63-66 wt.%)
with the least washed catalysts. With the increasing amount of washing water, the yield
decreased to only 19 wt.% for MO washed with 10 dm? of water. The Na.O, which had
formed during the calcination, probably leached into methanol. It then reacted with
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water in methanol to form NaOH, which acted as a homogeneous catalyst, increasing
ester yield. Artificial addition of NaNOs increased ester yield of the most washed
material (from 19 to 50 wt.%).
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Washing water, dm’

Fig. 5: Dependency of: (A) results of chemical analysis, (B) TPD-CO., and
(C) transesterification on the amount of washing water

3 Epoxidation

Currently, the consumption of glycerol increases every year [52]. With the transition of
combustion engines to electric and/or hydrogen engines, a new problem arises in the
production of glycerol — excess of methyl esters. Moreover, MEs from second-
generation renewables (e.g., Camelina sativa) may have unsuitable properties (e.g., high
iodine value, viscosity) for use as diesel additives [53]. However, their high iodine value
makes them suitable for epoxidation.

An epoxidation is a reaction of a double bond located between two adjacent carbon
atoms and an oxygen atom. The oxygen atom is usually in form of a peroxyacid
(performic or peracetic), or in a form of oxygen atom adsorbed on a heterogeneous
catalyst [54]. A product of epoxidation is an epoxide bond, sometimes referred to as an
oxirane bond, which is an oxygen atom bonded to two adjacent carbon atoms in a
hydrocarbon chain. Epoxides are used as surface protective agents [55], additives to
paints [56], or for CO> capture [57]. Additionally, they serve as precursors for synthesis
of other chemicals, such as alcohols [58], or epoxy resins [59].
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Epoxides from methyl esters of vegetable oils can be synthesized by two methods. The
first methods is through Prileschajew/Prilezhaev route, where performic or peracetic
acid is synthesized in situ from corresponding organic acid and H2O> [60]. The per-acid
then reacts with the double bond of a carbon chain and an epoxide bond is formed
(Fig. 6). The disadvantage of this method is a formation of unwanted by-products
(mainly alcohols) caused by the epoxide ring opening (sometimes referred to as oxirane
bond cleavage) [61].

The second method of methyl esters epoxidation is with the use of heterogeneous
catalysts. Main advantages of heterogeneous catalysts include their reusability and no
need for formic or acetic acid. On the contrary, heterogeneous catalysts need higher
reaction temperatures to obtain the same yield of epoxides and a co-solvent is needed
(usually large amounts of acetonitrile are used).

o]
/ &
HC/ +HO—OH —— H C\

OH 0—0o
Formic acid  Hydrogen peroxide Performic acid

He o CHy —»
S B+ HCT W/VV\/V\NV\/
0-—¢q

o

H

Performic acid Methyl ester of oleic acid
o)
Vi 0
— HC\ + HsC \[(\/\/\W/\/\/\/\/\CHS
OH o o
Formic acid Epoxide of methyl ester of oleic acid

Fig. 6: A reaction scheme of epoxidation of ME of oleic acid
3.1 Analysis of reaction products

Identification of epoxidation products is challenging, as the number of possible epoxides
rises exponentially with increasing double bonds in fatty acid MEs. Each double bond
can exist in cis- or trans- form, and each epoxide may undergo oxirane bond cleavage.
Most products lack analytical standards and mass spectral data.

lodine value (1V, the amount of unreacted double bonds) and epoxy value/index (El, the
amount of epoxide bonds in a sample) determined by titration are widely used to monitor
epoxidation [62]. However, these methods are insufficient for identification of
individual reaction products, and they lack in accuracy due to visual determination of
titration equilibrium. The aim of Paper Il was to develop methods suitable for
identification of individual epoxidation products, enabling better process control and
reduced by-products formation.

A simulated distillation method was used first. A signal at 325 °C corresponded to ME
of palmitic acid, and a signal at 360 °C was attributed to ME of C18 molecules (stearic,
oleic, linoleic, and linolenic acid). After the epoxidation, two additional signals appeared
at 375 and 395 °C, which were attributed to epoxides (extra oxygen atom increases the
boiling point of ME).
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Infrared spectroscopy with Attenuated Total Reflectance (IR-ATR) was used
afterwards, Fig. 7. Several absorption bands, which allow to directly monitor the
epoxidation process, were identified: (i) a broad band at 3100-3600 cm™ was attributed
to -OH groups (Fig. 7A), (ii) band at 3010-3012 cm™ was attributed to =CH- bond
(Fig. 7B), and (iii) band at 824-845 cm™ was attributed to an epoxide bond (Fig. 7C).
The broad band at 3100-3600 cm™ was attributed to alcohol functional group of by-
products because methyl esters of linseed oil have a high content of linolenic acid, which
is more prone to oxirane bond cleavage [63].

Then, HPLC-RI was used. Methyl esters with an epoxide bond were eluted sooner (5.0-
11.4 min) than pure methyl esters without epoxide bonds (11.5-25.0 min). Moreover,
retention time increased with shorter carbon chains and fewer double bonds. However,
this method was not sufficient to distinguish between intemediate and final products of
the same molecule (such as in case of linolenic acid).
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030 17431740} Reaction time: A 1743-1740 Reaction time:
0 min 300 min Omin 300 min
360 min 360 min

420 min
180 min 480 min

420 min
180 min 480 min 0.20

BRI Ny W

1650 1600 3600 3400 3200 180D 1750 1700 1650 1600
Wavenumber {cm’™)

Reaction time.

Qmin 300 min
360 min
420 min

180 min 480 min

Reaction time:
Omin 300 min

160 min
420 min
180 min 480 min

Absorbance, -
= o o
&

0.00 = . v \ e X
T
3100 3060 3000 2950 2900 2850 2800 2750 3100 3000 ,.2900 2800
Wavenumber jcm ™) Wavenumber {cm )

0.10 _
172 Reaction ime: C 012+ 111172 Reaction time:
Dmin 300 min

1153ﬂ Omin 300 min
380 min 360 min

420 min
180 min 480 min

00754

0.0504

Absorbance, -

) 524845 ¢

e \/
1 WA= LAY /’-
002+ ‘-1;4‘/ ; X

o 1000, 800 600 1600 1400 1200 1000 800 500
Wavenumber e Wavenumber {cm '}

o
o
5]
]

o000 "

1600 1400 1201

Fig. 7: Infrared spectra of epoxides of various methyl esters

Eventually, gas chromatography with mass spectrometer (GC-MS) was used
(identification of retention peaks is presented in Fig. 8). Individual products were
identified by mutual comparison of epoxides from various ME (rapeseed oil rich in
C18:1, sunflower oil rich in C18:2, linseed oil rich in C18:3, and Camelina sativa rich
in C20:1). Furthermore, C17:0 was used as an internal standard (this fatty acid does not
naturally occur in plants) to improve the accuracy of determination.
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Fig. 8: GC-MS chromatogram

All methyl esters without any oxirane ring were successfully identified by comparison
of their m/z spectra with the database. Other products were denoted based on the number
of carbon atoms, the number of double bonds before epoxidation, number of epoxide
bonds after the reaction, and roman number indicates some form of geometric
conformation (cis-/trans- combinations). E.g., C18:3 2-Ep | is an epoxide of linolenic
acid ME with two oxirane bonds and some geometric conformation (I). In conclusion,
GC-MS is a suitable method for identification and quantification of products of
epoxidation with high reproducibility, fast analysis, and low measurement cost.

Subsequently in Paper 1V, epoxides were analyzed using Raman spetroscopy. A signal
at 1659 cm* was attributed to C=C bond. A correlation of areas of this signal of methyl
esters of different vegetable oils with various degrees of epoxidation with their
respective iodine value was made (Fig. 9). A linear model in range of 0-80 g 1,/100 g
was obtained. This correlation can be used to determine IV with the use of Raman
spectroscopy, which: (i) is quick, (ii) can be carried out in situ, (iii) does not need
chemicals (compared to classical titration), (iv) and is universal for all vegetable oils.
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3.2 Optimization and description of homogeneous epoxidations
Epoxidation of Camelina sativa

As the shift toward sustainable methyl ester sources continues, second- and third-
generation oils, such as waste cooking oils (WCO), are favored over first-generation
ones. WCO is a renewable, low-cost feedstock, which was used in several papers [64,
65]. Although the application of WCO for epoxidation looks primising, it comes with
several issues. First, WCO require pre-treatment, such as degumming, filtration,
neutralization, deodorization, etc. More importantly, the composition (fatty acid profile)
of WCO is strongly dependent on the type of used oil in cooking. Therefore, its iodine
value is ambiguous, and the quality of products can vary. On the contrary, the Camelina
sativa (second generation source) has always similar profile of fatty acids and, therefore,
the quality of products is clearly defined.

Camelina sativa (CS) is a non-edible plant with short ripening time (90-110 days), cold
tolerance, requires low amounts of water and fertilizer, and has relatively high 1V
(142-167 g 12/100 g of oil), which is favorable for epoxidation [66]. The aim of Paper 1V
was to describe relationships between reaction conditions and properties of products in
detail, and to possibly explain these relationships through thermodynamic calculations.

A Plackett-Burman experimental design was utilized to find relationships between
7 independent variables (reaction temperature T, reaction time t, molar ratio of H.O> to
double bonds MRH, molar ratio of formic acid to double bonds MR, intensity of stirring
@, H2SO4 as a co-catalyst cat, and oil un/refinement ref) and 6 properties of epoxides —
dependent variables (1V, El, viscosity, density, yield of epoxides, and ME conversion).

High IV (100 — 124 g 1,/100 g) was obtained when short reaction time (1 h) was utilized,
independent on other reaction conditions. On the contrary, low IV (<5 g 12/100 g) was
achieved when high reaction temperature (50 or 60 °C) with long reaction times (>3 h)
was used. Furthermore, the highest EI (>3.2 mol/kg) was achieved when the reaction
was carried out without H.SO4, which is often used in epoxidations with acetic acid.

Principal component analysis (PCA) was used to reveal hidden relationships between
variables. Fig. 10A showed that the increasing t, T, and MRf, decreased the
concentration of ME from unsaturated fatty acids (double bonds reacted to epoxide
bonds, which is favorable). On the contrary, the concentration of methyl esters from
saturated fatty acids (C16:0, C18:0) did not change. However, their concentration
decreased with an increasing amount of cat, because hydrolysis of methyl esters took
place. Fig. 10B revealed that products and intermediate products form groups (i) — (v)
depending on the total number of double bonds, and on the number of epoxide bonds.
Groups (i) and (iii) were formed by fully epoxidized methyl esters, whereas groups (ii),
(iv), and (v) were formed by intermediate products, whose concentration decreased with
an increasing t and T. Fig. 10C revealed that higher T and longer t has the strongest
influence on the decrease of iodine value (IVp), and conversion of FAME (Xester).
Furthermore, higher MRr, MR and cat are responsible for an increased viscosity and
density of products, probably due to oxirane bond cleavage. Eventually, higher El and
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yield of epoxides (Yepox) is positively influenced by an increased t. Most importantly, in
all PCA graphs, un/refinement of oil is not present. This means that oil refining is
redundant, which can lower the price of products.
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Fig. 10: PCA results — Relationship between reaction conditions and (A) reactants,
(B) products, (C) properties of epoxides

Afterwards, thermodynamic calculations were carried out. First, calculated enthalpies
of epoxidation were between —247 and —269 kJ/mol, which is in correlation with
literature. Then, Gibbs* energies of epoxidation were calculated. Mono-unsaturated fatty
acids (C18:1, C20:1, C22:1) showed similar Gibb’s energy (=257 to —260 kJ/mol)
explaining their cohesion in group (i) in Fig. 10B. For poly-unsaturated acids (C18:2,
C18:3), the first epoxidation step had Gibb’s energy of —257 to —260 kJ/mol, ragardless
of double bond position — except for C12-Ci3 bond with —250 kJ/mol and —248 kJ/mol
Gibb’s energy in C18:2 and C18:3, respectively, likely by limited accessibility, as
observed by Orellana-Coca C. et al [67]. While these calculations clarify epoxidation
trends, they don't fully explain all groupings in Fig. 10B.

Optimization of rapeseed and linseed methyl esters epoxidation

Many by-products (mainly alcohols) are formed in homogeneous epoxidation. This
phenomenon is caused by high reactivity of an epoxide ring, which undergoes oxirane
bond cleavage in an acidic environment. These subsequent reactions can be minimized
by the optimization of reaction conditions. However, vegetable oils have various
profiles of fatty acids, which differ in reactivity; therefore, they need to be optimized
separately. Several papers focused on optimization of epoxidation were published,
however, many experiments (9-27) are needed to study the influence of reaction
conditions on properties of products. The aim of Paper V was to minimize the number
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of required experiments using Plackett-Burman experimental design, and to create
mathematical models that could predict properties of products before their synthesis.

First, a comparison of epoxidations of methyl esters with different fatty acid profiles
was carried out under the same reaction conditions to investigate how the yields and
properties of epoxides vary. Rapeseed and linseed methyl esters were further used for
optimization of epoxidation due to: (i) high conversion of double bonds but low yield
of rapeseed epoxides, (ii) low conversion of double bonds and low yield of linseed
epoxides, and (iii) various profiles of fatty acids with very different 1V (105.7 g 12/100 g
for rapeseed and 181.3 g 12/100 g for linseed oil).

A principal component analysis was used to find relationships between 7 independent
variables (reaction temperature T, reaction time t, molar ratio of H20- to double bonds
MRH, molar ratio of formic acid to double bonds MR, stirring o, presence of H.SO4
co-catalyst cat, and initial iodine value 1Vo) and 6 properties of epoxides — dependent
variables (IVp, El, kinematic viscosity, density, RCO, and MEs conversion Xwe).
Variable limits were set based on literature research, and 20 experiments were
conducted, with some repeated several times to confirm reproducibility.

A series of equations (Eq 1 to Eq 6) were obtained using programme QC Expert 2.5.
Statistical parameters such as residual square of sums, coefficient of determination,
Atkinson distance, Williams parameter, and p-value were monitored to construct model
equations. The standard deviation of the model is approximately 5 rel.%. The equations
revealed that higher IVp can be achieved by: (i) an epoxidation of ME with higher initial
iodine value (from linseed oil), because more double bonds increase the reaction rate,
(i) higher amounts of formic acid due to an increase in formation of performic acid,
which is the rate-determining step in a homogeneous epoxidation [68], and (iii) longer t
and higher T (the reaction is faster and can proceed more thoroughly).

IVp = 66.90 + 3.891Vo + 11.32MRg + 16.61T + 14.20t Eq (1)
El =2.69 + 0.361Vo + 0.62MRr + 0.78T + 0.83t Eq (2)
RCO =52.96-5.091Vo + 15.22MRFr + 17.43T + 16.41t Eq (3)
Xme = 77.13 + 8.011Vo + 16.03MRFg + 16.53T + 14.20t Eq (4)
kinematic viscosity = 9.13 + 2.501Vo — 1.78MRn + 2.07T + 2.94t Eq (5)
p=0.929 +0.0171Vo — 0.015MRH + 0.016T + 0.021t Eq (6)

To achieve higher El and RCO, higher MRr (performic acid formation is quicker), higher
T and t (the reaction proceeds faster and more thoroughly) were needed. Moreover, El
was positively influenced by higher IVo (more double bonds can be epoxidized), whereas
RCO was negatively influenced by higher 1Vo. It is because ME with high 1V contain
more C18:2 and C18:3 fatty acids, which are epoxidized faster, and can therefore
undergo oxirane cleavage reactions much sooner than MEs rich in oleic acid.

Higher viscosity, favorable for biolubricant epoxide applications, was obtained with
higher Vo, T and t (more epoxides were formed). Higher density, favorable for
transportation of epoxides, was achieved with higher Vo, T and t (more epoxides were
formed), and lower MRy (less oxirane bond cleavage took place). Most importantly, all
parameters were independent on @ (sufficient to provide good contact between phases),
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and cat (not required). Moreover, MRn concentration was optimized because it was not
present in equations.

3.3 Heterogeneous catalysis in epoxidation

The issue of oxirane bond cleavage in homogeneous epoxidation can be diminished by
the use of heterogeneous catalysts, as these systems do not include acids (formic/acetic)
responsible for degradation of an epoxide bond [69]. Moreover, the catalyst can be easily
removed and reused for epoxidation. On the contrary, a solvent is needed (usually
acetonitrile, or tert-butanol) [70], because non-polar esters and polar aqueous solution
of H20. are immiscible liquids. By minimizing the number of phases in the system, the
interaction of reactants with active sites of the catalyst is increased [71].

Heterogeneous catalysts in epoxidation work by transferring the oxygen from hydrogen
peroxide (or other oxidant) to a double bond via active sites. Therefore, a transition
metal (such as W, V, Ti, Mo, etc.) needs to be present in a catalyst in an active oxidation
form [72, 73]. Titanium silicate derived from zeolite (commercially known as TS-1) is
the most often used catalyst for heterogeneous epoxidation of propene with H2O> [74].

Paper VI was carried out with the aim to find a novel titanium phosphate based (Ti-P)
heterogeneous catalyst for epoxidation of methyl esters from waste cooking oils, which
would achieve high conversion of esters and low selectivity to oxirane cleavage
products. The catalysts were synthesized from various sources of titanium and structure
directing agents based on paper [75]. Furthermore, other conventionally used catalysts
for epoxidation were synthesized for comparison: (i) Ti-MCM-41 based on paper [76],
(if) Ti-SBA-15 according to [77], and (iii) Ti-AIP based on [78]. Moreover, TS-1 as a
standard industrial catalyst was purchased for comparison.

The composition of catalysts was determined by XRF. The Ti content in TS-1,
Ti-MCM-41 and Ti-SBA-15 was 1.75, 1.47, and 2.13 wt.%, respectively, whereas the
content of Si was the same in all catalysts (45.0-45.2 wt.%). The catalyst Ti-AlP
contained 5.25 wt.% of Ti, 21.4 wt.% of Al, 18.4 wt.% of P, and approximately 8.2 wt.%
of chloride (residues from its synthesis). The Ti content in Ti-P catalysts varied from
29.2 wt.% to 31.3 wt.%, and P content varied from 18.4 wt.% to 22.2 wt.%.

Catalyst synthesis was confirmed by XRD. TS-1 showed the SiO- signal, while Ti-AlP
contained boehmite and NH4Cl impurities (Fig. 11A). Ti-MCM-41 and Ti-SBA-15
displayed typical low-angle peaks (Figs. 11B, 11C); Ti-SBA-15 also showed ZrO: and
anatase TiO2, which is undesirable due to H.0» decomposition [79]. In Ti-P (Fig. 11D),
peaks indicated H2Ti:07 and Ti(HPO4)a.

A UV-VIS method was employed to monitor the oxidative state of titanium species in
catalysts (Fig. 12). Literature research revealed that only Ti in an oxidative state IV* is
active in epoxidation [80, 81]. The method allows to quantify the amount of Ti(IV)
species through an absorption band at 205-220 nm. Other absorption bands, such as
250-290 nm belong to Ti(V) and Ti(VI) [82], whereas band at 310-330 nm belongs to
anatase phase of TiO2 [83]. The presence of both these absorption bands is undesirable,
as these Ti forms are inactive in epoxidation, or promote H>O> decomposition,
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respectively. The analysis revealed that TS-1 catalyst had only Ti(IV) species, however,
its intensity was the lowest among all the catalysts. Catalyst Ti-MCM-41 active sites
were predominantly composed of Ti(V) and Ti(VI) species, which is undesirable for
epoxidation. Catalysts Ti-SBA-15 and Ti-AlIP had similar profiles with Ti(1V) and Ti(V)
+ Ti(VI) active sites being of similar intensities. All Ti-P catalysts had a very similar
UV-VIS spectra, where all Ti species (IV, V, VI and the anatase phase) were observed.
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Fig. 11: Diffractograms of synthesized titanium catalysts
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Fig. 12: Results of UV-VIS measurements

Next, mercury porosimetry was applied to study the morphology of catalysts (pore size
distribution, area of pores, and porosity). This method is suitable for description of
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meso- and macro-pores, which is favourable, as large methyl ester molecules are
epoxidized. The measurements revealed that Ti-SBA-15 and Ti-MCM-41 (Fig. 13A)
are mesoporous materials with an average pore diameter of 4-5 and
10-15 nm, respectively. The pore diameters of TS-1 and Ti-AlP catalysts were
determined at around 50 nm. All Ti-P catalysts had a similar desorption curves with an
increasing pore diameter up to around 500 nm (Fig. 13B). This indicates that the material
is macroporous, and therefore should be suitable for epoxidation of large methyl ester
molecules.
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Fig. 13: Results of Hg-porosimetry measurements

At last, the catalysts were tested in an epoxidation of methyl esters from waste cooking
oils. The reaction was carried out at 50 °C for 24 h. Approximately 1.5 g of ME was
used with 1.5 g of H202, 30 wt.% catalyst, and acetonitrile as a solvent. Conversion of
methyl esters and selectivity to nonanal (as the main product of oxirane bond cleavage

[84]) were monitored.
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Fig. 14: Results of catalytic testing for various catalysts

The lowest ester conversion (approximately 19% after 24 h) was observed for
Ti-SBA-15 catalyst (Fig. 14A). The reason for that is probably small pore diameter
(Fig. 13A). The pores were probably difficult to access by large methyl ester molecules
(their size is approximately 3-4 nm) [85]. Furthermore, ME molecules are usually in a
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cis- conformation (they are curved), pores are probably not straight (but of an irregular
shape), and the double bond in the middle of the carbon chain of methyl esters has to be
correctly oriented with an active site and H20. molecule. Therefore, the reaction
probably proceeded on the surface of the catalyst, where small amounts of Ti(IV) are
located, rather than in its pores. The conversion of methyl esters for Ti-MCM-41 and
Ti-AlP was the same (approximately 43% after 24 h, Fig. 14A). This relatively low
conversion was probably caused by the presence of Ti(V) and Ti(V1), which are inactive
in epoxidation. However, selectivity to nonanal was increasing with an increasing ME
conversion up to 0.7% for Ti-MCM-41, whereas nonanal was not detected in case of
Ti-AlP (Fig. 14B). Furthermore, Ti-AlP catalyst had been also calcined at 400 °C and
used in epoxidation, because this procedure is usually applied by other authors.
However, in paper VI the achieved ME conversion was only 15% after 24 h, which was
different compared to other papers [86, 87]. The Ti-P catalysts had not been calcined
before epoxidation (because of their similar properties to Ti-AlP materials) to avoid low
conversions of methyl esters.

Afterwards, commercial TS-1 catalyst was employed for comparison. The highest
conversion (approximately 65% after 24h) was achieved with a relatively small
selectivity to nonanal (0.5%), Fig. 14A and 14B, respectively. High activity can be
explained by the high amount of Ti(IV) species, which promote epoxidation. On the
contrary, profiles of conversion of ME on reaction time were very similar for all Ti-P
materials, regardless of the chemicals they had been synthesized from. The maximum
methyl esters conversion of 49 % (Fig. 14C) was observed after 24 h with Ti-P_6.
Furthermore, the selectivity to nonanal increased with an increasing methyl esters
conversion and reached a maximum of approximately 2.7 % (Fig. 14D).

The most active Ti-P_6 catalyst was employed for a scale-up epoxidation ina6 | reactor.
This is a novelty, as authors in other papers usually carry out the epoxidation in small
amounts. The amount of catalyst was increased to 180 g, whereas all other molar ratios
were kept the same as in the reaction in smaller reactor. The conversion of ME reached
71 % after 48 h of reaction time with the selectivity to nonanal reaching 2.0 %, which
was slightly lower than in a small-scale epoxidation, and was probably influenced by
chemical engineering parameters (such as stirring, diffusion, etc.). Moreover, the
leaching of Ti to the reaction mixture was measured after 48 h of reaction time, and only
0.025 wt.% of Ti was determined by ICP. Furthermore, epoxy index of 2.55 mol/kg was
determined in the reaction mixture, which confirmed successful formation of epoxides
from WCO methyl esters. Moreover, the formation of epoxide products was confirmed
by simulated distillation.

In conclusion, the new titanium-phosphate materials were successfully employed in an
epoxidation of ME from waste cooking oils (49 % ME conversion) compared to
commercially used TS-1 material (65% ME conversion). Furthermore, the scale-up was
successful, and 70 % ME conversion was achieved after 48 h of reaction time. However,
vast amouns of acetonitrile solvent are required for the reaction to proceed. Further
research is recommended to minimize the amount of solvent consumption and to tune
the properties of Ti-P materials to obtain higher yields of products.
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4 Conclusion

The disertation thesis was focused on preparation of methyl esters from various
vegetable and their application in epoxidation. In the first part, homogeneous (KOH)
and heterogeneous (MgAIl mixed oxides) catalysts were employed in transesterification.
In the second part, the epoxidation process of methyl esters from various vegetable oils
was studied.

First, methyl and butyl esters from various vegetable oils were prepared by
homogeneous transesterification (KOH). The influence of three methods of reaction
quenching on ester losses (leaching into glycerol phase) were studied. The losses of
butyl esters were higher than losses of methyl esters independent on the way of reaction
quenching. Fatty acid profiles of butyl esters were consistent, while methyl esters of
linolenic acid favored the glycerol phase. The losses of methyl esters varied for CO>
stopping and phosphoric acid stopping from oil to oil. Moreover, high pH (>10) and
higher ionic strength increased content of linolenic acid esters in glycerol phase.

The second study examined how sodium residues in Mg-Al mixed oxides affect their
properties and methyl ester yield. More residue sodium decreased overall basicity and
decreased the amount of medium strong basic centres at the expense of an increase in
the amount of weak basic sites. The highest yield of methyl esters was achieved with
the least washed materials because Na>O (from NaNOz decomposition) formed NaOH
with water in methanol, promoting homogeneous catalysis and increased yield. This was
proved by addition of NaNOz to mixed oxides before their synthesis.

Homogeneous epoxidations of methyl esters from various oils were carried out and
suitable analytical methods for identification of individual reaction products were found.
IR-ATR was used to monitor: (i) degree of oxirane bond cleavage, (ii) conversion of
double bonds, and (iii) formation of epoxides. The HPLC-RI separated products of
epoxidation according to the length of their carbon chain and presence/absence of an
epoxide bond. The GC-MS method was used to identify epoxides of methyl esters with
different fatty acid profiles and various degrees of epoxidation. Furthermore, this
method was used for quantification of individual reaction products.

In next two papers, the homogeneous epoxidation of methyl esters of Camelina sativa,
rapeseed and linseed oil was thoroughly described. The relationships between reaction
conditions and properties of products were explained using principal component
analysis. Higher reaction time and temperature were favourable for the epoxidation,
whereas the presence of H>SO4 was undesirable (oxirane bond cleavage took place). The
homogeneous epoxidation process of methyl esters of linseed and rapeseed oil was
optimized in terms of reaction conditions and a series of mathematical equations that
allow to tune the properties of products before their synthesis was obtained.
Furthermore, thermodynamic parameters (AG, AH) were calculated using quantum
chemistry calculations. The most favourable order of epoxidation of double bonds for
individual molecules was described.
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Novel catalysts based on Ti-P materials were synthesized, characterized, and used in a
heterogeneous epoxidation of methyl esters of waste cooking oils. The oxidative state
of Ti species was studied by UV-VIS. The porosity and distribution of pores was studied
by mercury porosimetry. The materials were compared with conventionally used
catalysts for epoxidation. A 50% conversion of methyl esters was achieved with novel
Ti-P catalysts, whereas the best performing commercial catalyst achieved 65%
conversion. Furthermore, Ti-P catalysts were successfully employed in a scale-up
epoxidation with 70% conversion of methyl esters.
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