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Abstract

Biodiesel as renewable resource is a well-established substitute or blending component for
petrodiesel. It is produced by transesterification of a plant oil, waste oil or animal fat with methanol
to obtain fatty acid methyl esters (FAME).

Biodiesel tends to degrade when stored or stressed for a long time, due to its chemical composition.
From lipid aging, it has been known that many reaction steps are involved in this degeneration, like
fragmentation, oxidation or di- and oligomerization. The oxidative attack occurs on the double bonds
of the fatty acids. When blended with petrodiesel and after a long aging time, precipitation of polar
dimers and oligomers in the nonpolar petrodiesel can occur. The identification of these compounds is
difficult and characterization of di- and oligomeric aging products is not reported in literature. But
there are different reaction types known in the lipid oxidation to form dimers and oligomers like the
linkage with oxygen, reaction of esters or epoxides and Diels-Alder reaction.

The aim of the research was the time-resolved analysis of the change of the biodiesel’s (B100) and
biodiesel blends’ (B50 and B7) composition during accelerated aging. The aging was performed in a
Rancimat or PetroOxy device with increased temperature and air/oxygen supply. The investigation of
formed molecules with a higher molecular mass could be achieved with a chromatographic
separation of the polar and nonpolar content of the samples, followed by size-exclusion
chromatography (SEC) of the fractions. With a longer aging time, the amount of polar compounds
increases because of the reaction with oxygen and also the formation of molecules with a higher
mass is increasing with longer aging time.

Furthermore, an identification of aging products of oleic acid methyl ester (OAME) via high resolution
mass spectrometry (GC-TOF-MS and MALDI-TOF-MS) was performed. In the spectra of aged OAME a
wide range of molecular masses appear besides the obvious binding of two molecules of OAME from
the oxidizing step, so there are far more reactions occurring during the aging process than expected.
It can be demonstrated that with a longer aging time the regions of molecular masses shift to higher
molecular masses. A further saponification and transesterification step shows the presence of ester-
linked di-and oligomers.



Kurzfassung

Biodiesel als erneuerbarer Rohstoff ist ein bewdhrter Ersatz oder eine bewdhrte
Mischungskomponente fiir fossilen Diesel. Er wird durch die Umesterung von Pflanzendlen,
Altspeisedlen oder Tierfetten mit Methanol zu Fettsauremethylester (FAME) hergestellt.

Aufgrund seiner chemischen Zusammensetzung ist Biodiesel oxidationsempfindlich, wenn er fir
einen langeren Zeitraum gelagert oder thermisch beansprucht wird. Von der Lipidalterung ist
bekannt, dass dieser Abbau durch viele Reaktionsschritte wie Fragmentierung, Oxidation, oder Di-
bzw. Oligomerisierung, stattfindet. Der oxidative Angriff erfolgt an den Doppelbindungen der im
Biodiesel vorhandenen Fettsauren. Falls er mit fossilem Diesel vermischt wird, entsteht bei langer
Alterungsdauer eine Abscheidung der zunachst gelésten polaren Di- und Oligomeren im unpolaren
Mineraldldiesel. Die Identifikation dieser hohermolekularen Stoffe gestaltet sich als schwierig und die
Charakterisierung von Di- und Oligomeren ist in der Literatur kaum beschrieben. Verschiedene
Reaktionstypen werden bei der Lipidoxidation vorgeschlagen, die zu einer Bildung von Di- bzw.
Oligomeren fuhrt, wie die Verknlipfung Uber Sauerstoff, eine Reaktion von Estern oder Epoxiden
oder Uber die Diels-Alder Reaktion.

Die Zielsetzung dieser Untersuchung war die zeitaufgeloste Analyse der veranderten
Zusammensetzung wahrend der beschleunigten Alterung von Biodiesel (B100) und
Biodieselmischungen (B50, B7). Die Alterung wurde in Rancimat und PetroOxy-Analysensystemen,
bei erhohter Temperatur und Luft- bzw. Sauerstoffzufuhr, durchgefiihrt. Die Untersuchung der
gebildeten hohermolekularen Alterungsprodukte konnte mittels chromatographischer Trennung der
unpolaren und polaren Bestandteile und anschlieRender GroRenausschlusschromatographie (SEC)
der Fraktionen erreicht werden. Mit der Alterungsdauer erhéht sich auch, wegen der Aufnahme von
Sauerstoff, die Menge an polaren Molekiilen, auBerdem wird die Bildung von héhermolekularen
Stoffen durch die langere Alterungsdauer beglinstigt.

Weiters wurden Alterungsprodukte von Olsduremethylester (OAME) iiber hochauflésende
Massenspektroskopie (GC-TOF-MS und MALDI-TOF-MS) identifiziert. Im Massenspektrum des
gealterten OAME tauchen eine Vielzahl an Molekiilmassen, abseits von dem offensichtlichen
Verkniipfen zweier OAME-Monomer-Molekiilen durch den Oxidationsschritt, auf. Also entstehen
durch die Alterung von FAME viel mehr Verbindungen als bisher angenommen. Es kann gezeigt
werden, dass diese gefunden Komponenten bei langerer Alterung eine hohere Molekiilmasse
erreichen. Ein erneuter Veresterungsschritt zeigt die Verknlipfung von Di- und Oligomeren ber
Esterbriicken.



1 Introduction

1 Introduction

Biodiesel tends, due to its chemical composition, to degradation. During these degradation processes
precipitates can be formed when the biofuel is blended with petrodiesel. With the development of
higher efficient engines the fuel gets more and more stressed due to higher temperatures and
pressures in the injection systems.

Manufacturers of fuel carrying parts and injector systems are interested to investigate the
degeneration of biodiesel, because cases of damage are reported due to these precipitations. An
identification of the aging products and their properties are helpful for those manufacturers to
develop more robust parts and systems.

The aim of this work is the investigation and identification of these aging products with a special
attention to the high molecular mass range.

The time-resolved analysis of the formed di- and oligomers was performed by accelerated aging of
biodiesel (B100) and biodiesel blends (B50, B7) and separation of the polar aging products by column
chromatography and size-exclusion chromatography (SEC).

For a more accurate identification of the biodiesel aging products, an analysis of aged oleic acid
methyl ester (OAME) was performed. This analysis includes high resolution time-of-flight mass
spectrometry with MALDI and gas chromatography-electron ionization. The investigation of the aging
of OAME was selected because of its high content in rape seed oil and the presence of double bonds
as well as the lower tendency to isomerization than linoleic or linolenic acid methyl ester.
Furthermore, a renewed mass analysis after a transesterification reaction should show the presence
of monomers linked with an ester group to form di- and oligomers.



2 Background and Theoretical Part

2 Background and Theoretical Part

2.1 B100 Biodiesel
Biodiesel is a mono alkyl ester produced via transesterification reaction of triacylglycerol with short
chain monovalent alcohols like methanol or ethanol. The most commercially used one is esterified
with methanol (fatty acid methyl ester (FAME)).

The fatty acids are mono carboxylic acids with a saturated or unsaturated carbon chain. The source
of the fatty acids can be plant, waste and used frying oils or animal fats. The fatty acids are available
in this oils and fats as triglycerides (Figure 1).

o]

o« 0 OH
R, 0 Cat )J\

0« 4 3ROH —=—> 3 o~ Ng + )—OH

0 Ry [

o« Rz OH
Ry

. . Cat.

Triglyceride + 3 Alcohol ——> 3 Alkyl ester + Gylcerol

Figure 1: Scheme of the transesterification reaction. R, is the carbon chain of various fatty acids; R, is the alcohol
(methanol for the production of FAME) ™e%fied from [1]

Typically, strong acids or bases are used as catalyst for the industrial production of biodiesel. Studies
have shown that the base-catalyzed reaction is much faster than the reaction with an acid as
catalyst P, For that reason, the alkali-catalyzed process is commercially used for the biodiesel
production. The acid-catalyzed reaction is used by the transesterification of feedstocks with a high
content of free fatty acids, so the catalyst does not produce soaps “. Furthermore, catalytic reactions

[5], [6] [7]

with enzymes and with non-ionic bases

(8], [9]

as well as non-catalytic supercritical trans-

esterification reactions have been reported.

Glycerol is obtained as by-product during the transesterification of fats and oils to biodiesel. The

amount of the received glycerol is about 10%,, of the yield of the fatty acid methyl esters ™. This

] [2], [10]

glycerol has various applications™™ and can be used as chemical intermediate Some

applications are in the cosmetic and pharmaceutical industry, as component to form alkyd resin, as

moistener in tobacco products or as antifreeze or in cleaner or polishers ],

Depending on the used feedstock, the fatty acid composition is different for the produced biodiesel.
Table 1 summarizes the average content in rape seed oil with a low erucic acid concentration.



2 Background and Theoretical Part

Table 1: Common fatty acids and their content in rape seed oils (low erucic acid)

C14:0 Myristic acid Tetradecanoic acid ND-0.2
Saturated C16:0 Palmitic acid Hexadecanoic acid 2.5-7.0
C18:0 Stearic acid Octadecanoic acid 0.8-3.0
C20:0 Arachidic acid Eicosanoic acid 0.2-1.2
C16:1 Palmitoleicacid (9Z)-Hexadec-9-enoic acid ND-0.6
C18:1 Oleic acid (92)-Octadec-9-enoic acid 51.0-70.0
C18:2 Linoleic acid (92,122)-Octadec-9,12-dienoic acid 15.0-30.0*
Unsaturated C18:3 a-Linolenicacid (97,12Z,15Z)-Octadec-9,12,15-trienoic acid 5.0-14.0*
C20:1 Gondoic acid (11Z)-Eicos-11-enoic acid 0.1-4.3*
C22:1 Erucic acid (132)-Docos-13-enoic acid ND-2.0

(>2.0-60 high erucic acid rape seed oil)

ND: not detectable (<0.05%) *double bond position isomers are possible

2.1.1 Ecological Aspects
The combustion of fossil fuels releases the long-term stored carbon from the earth’s lithosphere to
the atmosphere. Without considering the indirect land use change, life-cycle analyses show, that the
use of 1 L rape seed oil biodiesel, in comparison to fossil petrodiesel, saves 2.2 kg CO,-equivalents of
greenhouse gases 131 A 57% reduction of greenhouse gas emissions can be achieved by replacing
petrodiesel with biodiesel 14 Furthermore, the sustainability of biodiesel, because of the use of
renewable resources for the production, is an ecological advantage in contrast to the use of fossil
fuel for transportation. But renewable biofuels are also not totally neutral in the global carbon cycle
(15l 181 The biodiesel emissions of green house gases are caused by fertilizing (N,0), the use of
methanol or the processing steps 7
Within the European Directive 2009/28/EC all member states have to meet the following target, until
2020: 10% share of biofuels in all forms of transportation ™®. For Germany, the share of biofuels in
transportation, was 5.7% in 2012 19 This amount has almost to be doubled to reach the EU goal.
Until 2020 the objective target of 10% of renewable fuels will be mainly covered by the so-called
1* Generation of biofuels like biodiesel blends with fatty acid methyl esters or bioethanol as petrol
substitute from the fermentation of sugars or other carbohydrates.

In the year 2011 8,607,000 tons of biodiesel were produced in the EU-27 2% and 10,816,616 tons of
biofuels ?Y were consumed for transportation. With 2,800,000 tons (33% of the EU-27) Germany

| 29 Rape seed oil is commonly used for the German

produced the highest amount of biodiese
biodiesel production (87%) and also waste oils get transesterified (5%). Further feedstocks were

soybean oil (2%), palm oil (0.5%) and animal fats (2%) 2.

Because of the properties of biodiesel, it can be used as 100% substitute or blending component for
petrodiesel. The EN 590 (23] specification allows an addition of 7%,, biodiesel to petrodiesel and
manufactures give warranty for the use of this blending ratio in all diesel engines. The use of FAME as
fuel is covered in the European Standard EN 14214 %, Important properties are specified in this
standard with the corresponding analytical methods and values which the FAME has to meet.

10



2 Background and Theoretical Part

2.1.2 Technical Aspects
The relatively low stability of biodiesel in contrast to petrodiesel against oxidation leads to aging of
the fuel. Oxidation of the fuel can occur when it is in contact with oxygen over a longer time or at
elevated temperatures, e.g. at long term storage or in the tank and injection parts like common rail.

A result of the aging of the fuel is the formation of deposits. These deposits are a problem for all fuel
carrying parts in the engine and become a bigger issue by the invention and development of the

common-rail fuel injection system. The fuel gets compressed up to 1,800 bar %°!

and also thermally
stressed before it gets injected. Furthermore, unused fuel drains back as recycle flow to the tank,
gets mixed with fresh fuel and the combustion cycle is started again (Figure 2). Deposits are also

produced when free fatty acids form soaps with metals.

A deposit in the injector system leads to a bad nebulizing of the fuel or a complete plug of the fuel
filter or injector, which can cause a damage of the engine. New injector-systems get tested in long
term experiments, with biodiesel blends and under real engine conditions [261

Furthermore, oxidation of biofuel also produces short chain acids like formic or acetic acid. The
corrosivity is increasing with the concentration of these acids and further oxidation is also promoted
because of the catalytic factor. Events of damage are reported, caused by corrosion of fuel carrying

parts [27], (28]

High Pressure

Pump I Rail Pressure
Sensor ‘
o Common Rail
0g — ))
Sensors H‘ HActuators .
Injector

JéN
l“ 4

= High Pressure
1 Low Pressure

Fuel Tank

Fuel return flow

Figure 2: Scheme of a common rail injection system ™™ %)
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2 Background and Theoretical Part

2.2 Aging of Biodiesel
The degeneration of fats and lipids is well known (30}, 31, 32 The aging of biodiesel is similar because
of the similar chemical functional groups like double bonds or the ester group.

The stability of biodiesel is primarily depending on the amount of double bonds in the fatty acids
(Table 1). Polyunsaturated fatty acids tend more to autoxidation than a monounsaturated fatty acid,
because of the much more reactive bis-allylic methylene group (Figure 3). The reported relative
oxidation rates from C18:1 to C18:2 to C18:3 fluctuate from 1:10:25 ®** and 1:41:98 ** or €18:0 to
C18:1 to C18:2 to C18:3 is 1:100:1200:2500, ** depending on the method of measurement. The
oxidation starts with a free radical initiation step, then the reaction on the allylic carbon and at last
the termination step to form stable oxidation products, primarily hydroperoxides (Figure 4).

The first initiation step is the abstraction of an allylic hydrogen, with a delocalized allyic radical as
result (Figure 3). A double bond migration can happen because of this delocalization and form all
kinds of conformational- and cis/trans-isomers 2%, An addition of molecular oxygen on the radical
takes place. The formation of peroxyl radicals out of oleic acid and termination with a hydrogen
radical to form hydroperoxides is shown in Figure 4. With a higher grade of unsaturation a variety of

[36].
(a) = (b) = =
H
H H
H°

isomers are possible

Figure 3: Initiation step and formation of a delocalized allylic radical from (a) a monounsaturated fatty acid like oleic acid
and a bis- allylic radical (b) from a polyunsaturated fatty acid like linoleic acid "¢ °" %2

9

o e ﬂ e

11-Hydroperoxide  9-Hydroperoxide 10-Hydroperoxide 8HydroperOX|de

Figure 4: Formation of hydroperoxide isomers from oleic acid (methyl ester) ?2*°" 3%

Further decomposition reactions of the hydroperoxides lead to secondary oxidation products. These
oxidation reactions can be classified by the molecular weight of the formed products, where the
mass can decrease by fragmentation, stays almost constant by addition of oxygen or is increasing
with the formation of dimers and oligomers.

12



2 Background and Theoretical Part

e Polar Monomers

The formation of epoxides out of hydroperoxides is one of the dominant reactions during biodiesel
oxidation 2%, but also reactions of hydroperoxides to form ketones or alcohols have been reported
(371 (Figure 5). These reactions form oxidation products with a slight increase of the molecular mass,

because of the addition of oxygen to the fatty acid methyl ester.

SRR
/9<-'ﬂ,/9<i;//<9

OH

+RH
9 +R*
ﬂ

based on [30]

Figure 5: Formation of epoxystearate out of the hydroperoxide and the formation of ketones or alcohols as

aging poducts "2¢4°n 7]

* Fragmentation

Smaller molecules are formed by the thermal hydroperoxide decomposition of the hydroperoxides.
These fragmentation reactions form aldehydes, alkyl and olefinic radicals by B-scission. Further

reactions of the radicals produce stable secondary oxidation products [30] (

Figure 6). The high isomer
variety of the formed hydroperoxides leads to a high variety of this secondary oxidation products.

The formed aldehydes can undergo further oxidation to form carboxylic acids.

/ H :

HO—R;

Figure 6: B-Fragmentation of the oleic acid- 9-hydroperoxide ***% °" 3%

13



2 Background and Theoretical Part

e Di-and Oligomerization

Oxidation products with a higher molecular mass are formed mainly in the termination step of the
free radical reaction, where the recombination of two radicals takes place (Figure 7, a). Furthermore,
reactions of radicals with a double bond lead to an unstable radical, which can undergo further
reactions *® (Figure 7, b).

FAME FAME

(a) FAME-O 4+ FAME-O .~ —> Dimers, Oligomers, Polymers
FAME-OO FAME-OO
Fragm. Fragm.

Ry Ry
w
9 R, R, *
/ * U O
Ry R, 9 9
R / R,

Figure 7: Formation of aging products with a higher molecular mass (381

A further possible pathway to form dimers is the cyclization via a Diels-Alder reaction. Decades ago,
this reaction became from a theoretically possible to an accepted reaction, which occurs under
certain conditions B% B% 19 A previous isomerisation step of a poly unsaturated fatty acid is needed

) 14 ) ¥ could not

to form a conjugated diene. But Arca et al. (2012 and also Hwang et al. (2013
identify any of these Diels-Alder products as aging product via the characteristic methine-carbon
NMR-signals of the ring system (Figure 8).

NV VAR

1 2

l Isomerisation

Methine carbons

NanVi

Diels-Alder reaction R, R,

/AR
R

4

Y

Figure 8: Dimerization reaction via the Diels-Alder cyclization "¢ °" 42
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2 Background and Theoretical Part

The amount of oligomers in used frying oils can be more than 21% of the sample and also a dimer-
content of 14% of the used frying oil sample was found from Ruiz-Méndez et al. (2008) 3] pereira et
al. published 2013 their results of the determination of di- and oligomers in oxidized soybean-oil-
biodiesel (methyl ester). They found a content of 0.8% oligomers and a dimeric content of 1.4% in
the FAME-sample, after an oxidation time of 6 hours (Rancimat conditions (see chapter 2.2.1.1)) .
The quantification of these di-and oligomers were performed by size-exclusion-chromatography (SEC
(see chapter 2.3.1.3)).

Figure 9 summarizes the oxidation reactions discussed here for lipid aging and further suggested

pathways “*.

AN INTEGRATED SCHEME FOR LIPID OXIDATION

LH
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Polymers Dimers
L -| L* ‘-\"\.
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{ _ ‘\‘ ’ " Endoperoxides-
-CH=CH- additon -0k~ | LOO* [ Cyclization i
¢ e
Epoxides-* +— & ., ’
+ o “»K 0
i 2
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Figure 9: Scheme of lipid oxidation

from [38]



2 Background and Theoretical Part

2.2.1 Oxidation stability
Different strategies are performed to increase the oxidation stability of biodiesel. The inactivating,
reduction or eliminating of catalytically working metals 7 %8 the addition of antioxidants 7"
59 the reduction of polyunsaturated compounds by hydrogenation B or blending 8l are reported.

The induction period (IP) is the time that is needed to reduce the biodiesel’s oxidation reserve and
the start of the formation of oxidation products. The IP can be determined with different devices.

2.2.1.1 Rancimat
The standard method EN 15751 Y describes the determination of the oxidation stability value with
the Rancimat device of FAME and their blends with a minimum amount of 2%, FAME content.

Air filter and dryer
Controlled gas membrane pump

Arr

PC for meassuring
and recording

Reaction tube — Measuring vessel

— Conductivity measuring cell

Sample — Distilled water

Controlled Heating block

Figure 10: Scheme of a Rancimat device used for the determination of the IP of a biodiesel sample (Mo%fied scheme from Stephanie

Flitsch [52])

For the IP determination the biodiesel samples are heated up to 110°C in the commercially available
Rancimat device. A permanent dry air flow with 10 L/h is blown through the sample and volatile
components are carried out of the system. They are transferred into a beaker with distilled water
and get dissolved in it. Volatile aging products like formic or acetic acid increase the conductivity of
the water. A measuring cell analyses this increase of conductivity continuously and transmits the
data to the evaluation unit. The software calculates the IP with the maxima of the second derivative
of the conductivity graph. A manual method of the determination is to create a tangent at the
inflection point and the base line. The intersection point of the two lines also gives the IP (see Figure
11). Both methods are approved in the standard EN 15751 51 Figure 11 shows a typical conductivity
trend for the IP determination of a biodiesel out of rape seed oil with the manual determination of
the IP.

16



2 Background and Theoretical Part

IP=525h
B100 RancimatIP

120

100

80 A

60

40

20 A

Conductivity [uS/cm]

Aging dutration [h]

Figure 11: Conductivity trend of the determination of the oxidation stability value of a rape seed oil biodiesel.

In the beginning the oxidation reserve of the biodiesel is consumed. Natural and synthetic
antioxidants extend the induction period. After the full use of the oxidation reserve a strong increase
in conductivity occurs. The biodiesel gets degenerated and aging products are formed.

2.2.1.2 PetroOXY

The oxidation stability can also be determined with the use of the European standard EN 16091 1531,
For this standard method the biofuel or petrodiesel sample is heated up to 140°C in a sealed reactor
under a pure oxygen atmosphere with a pressure of 7 bar. Because of the oxidation process of the
sample, the oxygen gets consumed and a pressure drop occurs. The IP is defined as the time it takes
for a 10% pressure drop of the maximum pressure. In Figure 12 a typical PetroOxy IP determination
test of a B100 biodiesel out of rape seed oil is shown.
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Figure 12: Determination of the induction period of rape seed oil biodiesel

The reactor is closed and charged with a pressure of 7 bar of oxygen. The pressure is also increasing
during the heating up stage of the reactor from room temperature to 140°C. In this time some of the
aging reserve gets already consumed. The maximum pressure is reached after approximately 5
minutes. After this time the pressure slowly begins to decrease. When the oxidation reserve is
consumed, the pressure drops immediately. The IP is determined after a pressure drop of 10%.
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2.3 Analytical Methods

2.3.1 Chromatography
The IUPAC defines chromatography as a physical separation method for components which are
distributed differently between two immiscible phases. One phase is stationary and the other one
moves as mobile phase in a defined direction ®¥. The different distribution occurs because of
different interaction, due to various properties of the analytes, with the stationary or mobile phase.
The interactions lead to a slower velocity of the molecules and to a defined retention time for each
component.

Chromatography can be classified depending on the various separation properties of the analytes.
The commonly used techniques are adsorption, partition, exclusion, ion-exchange, or affinity
chromatography. The methods used for this work should be viewed on detail.

For instrumental analytics, any kind of continuous detector can be used at the end of the stationary
phase to detect the compounds. Different detector devices are UV-VIS, refraction index, evaporate
light scattering for liquid and flame ionization, thermal conductivity detectors for gaseous mobile
phases. Depending on the ionization method, also a mass selective detector can be used for liquid or
gaseous mobile phases.

2.3.1.1 Adsorption Chromatography

The separation in the adsorption chromatography of the compounds in a sample happens because of
repeated adsorption and desorption processes of the analytes on the surface of an active solid phase
like silica gel. Polar compounds in the sample have a longer retention time because they are held
back longer on the polar hydroxyl groups of the silica gel. Hydrogen bonds and Van-der-Waals
interactions slow down the more polar compounds on their way through the column. A higher
retention time is the result .

This principle is used in the liquid column chromatography to separate nonpolar and polar analytes in
a sample. The sample amount in the column chromatography can be a few milligram (solid phase
extraction, SPE) or, depending on the column size, several tens of gram. Because of the defined
retention times of the analytes, this technique is used for analytical applications to characterize
samples qualitatively. The columns for HPLC- applications for adsorption chromatography either have
a polar package like silica gel (normal phase) or a nonpolar one with long chain hydrocarbons (C8 or
C18) (reverse phase) (551,

2.3.1.2 Partition Chromatography

In the partition chromatography the analytes are distributed between the stationary and mobile
phase because of their different solubility in one of the two phases 54

Gas chromatography represents a special case for the partition chromatography. Here the separation
is based on the boiling points of the analytes and then the vaporized molecules are separated by
partition processes with the stationary phase in the column.
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2.3.1.3 Size-Exclusion Chromatography

In the size-exclusion chromatography (SEC) the separation is effected by the size and shape of the
anlytes in solution, precisely their hydrodynamic volume. As stationary phase porous solids are
packed in a column. The analytes get distributed in the pores, whereby three cases can occur. First,
when the analyte is too big in size, it does not fit in the pore and gets excluded (V,). Second, analytes
with a too small hydrodynamic volume totally permeate the whole volume of the pores and elute
with the column volume (V). In the third case, the analyte has a retention volume between V,and V,,
where the solid phase gets selective permeated. In this range the separation of the analytes occurs
¢ The slope and position of the selective separation graph (Figure 13, left) depends on the column
57 Figure 13 (right) shows the
selective separation of two analytes. The smaller molecule A has a longer distance in each of the

package, the absolute pore size, and the pore size distribution

pores and is therefore slower than the molecule B, which has a bigger size. This delay leads to a
higher retention time of the smaller analyt A. A calibration of SEC-columns is performed with
standards with known molecular masses and a comparison of the retention times. With a higher

retention time the analyzed molecules get smaller and therefore their molecular mass decreases (58],
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Figure 13: Size exclusion chromatography calibration and separation range and scheme of the

. _ . > dified scheme from [58
selective separation in the size exclusion chromatography m°¢ied scheme from [58]

2.3.2 Mass Spectrometry
Mass spectrometry allows the measurement of the atom or molecule masses of samples. Because of
the separation and detection technique the mass to charge ratio (m/z) is analyzed.

2.3.2.1 lonization

lonization is required for the analytes to measure their mass to charge ratio. Different types of
ionization methods are established in the mass spectrometry like electron impact (El), atmospheric
pressure chemical ionization (APCI), electrospray ionization (ESI), inductive coupled plasma (ICP) or
matrix assisted laser desorption/ionization (MALDI). The preferred ionization method generally
depends on the physical state of the samples or sample preparation (Figure 14). Depending on the
energy input of the used ionization method a hard (El) or soft (APCI) ionization occurs and the
measurement of fragments (hard) or molecule peaks (soft) is preferred.Furthermore, if the analytes
are not gaseous, a vaporization of the analytes is required for the mass analysator and is processed
simultaneously with (MALDI) or after (ESI) the ionization. Figure 14 shows the broad variety of

applications for ionization.
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e Electron lonization (El)

Electron ionization is widely used in gas chromatography coupled with a mass spectrometry as
detector unit. A filament generates electrons, through thermoionic emission. These electrons are
accelerated to a collision zone with the analyte. The acceleration energy is usually set at 70 eV, which
corresponds to a de Broglie wavelength of 1.4 A. The energy of the electrons is transferred to the
molecules, if this wavelength is disturbed by the bond length of the analyte 60 As result a radical ion

is generated. A fragmentation of this radical ion occurs because of a further reaction to reach the

[61]

thermodynamically most stable molecule ™. Each molecule has its own specific fragmentation

[62], [63], [64], [65]

pattern and can therefore be characterized, when found in databases or by their typical

fragmentation like a-cleavage, formation of carbeniumions, loss of neutral particles or
rearrangement reactions like McLafferty or retro Diels-Alder ®°..
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Figure 15: Scheme of the Electron lonization technique ™°%fied from (0]

20



2 Background and Theoretical Part

*  Matrix Assisted Laser Desorption/lonization (MALDI)

The analysis of synthetic polymers or biopolymers by mass spectrometers with MALDI as ion source
has become an established characterizing method. In the sample preparation the analytes are mixed
with a matrix of organic molecules, which can absorb the laser energy like substituted cinnamic acids
and acetophenones or dithtranol and other additives. The ablation of the matrix-analyte mixture
occurs by a short intense laser pulse on the solid sample. The energy of the laser causes sublimation
of the matrix molecules and the analyte is also ejected with this matrix ”\. A charge transfer occurs
in the gas phase to ionize the analytes to form mainly single charged pseudo molecule ions 9 This
technique of ionization is unsuitable for coupling with a continuous chromatographic method, but
discontinuous off-line techniques have been designed [681
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Figure 16: Scheme of the MALD lonization technique

modified from [60]

2.3.2.2 Mass Analyzers

The gaseous ionized analytes are separated according to their mass to charge ratio in the mass
selective analyzer. Different methods can be used for mass separation, such as quadrupole mass
filter, magnetic sector instruments, time of flight analyzator or ion traps.

e Quadrupole Mass Analyzer

A quadrupole mass analyzer consists of four parallel electrode rods, ordered in a square. The
generated ions from the ion source are accelerated before entering the quadrupole mass analyzer
and fly along these rods. On these rods a direct current and an oscillating radio frequency voltage are
applied and generate an electromagnetic field. A selection occurs because this field allows just a
certain m/z a complete passing on a stable path. Other m/z are filtered out and collide with the wall
of a rod. By sequentially changing the radio frequency or the voltages on the rods, the field is set so
that other smaller or larger ions can reach the ion detector and give a signal .
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e Time of Flight Mass Analyzer

Heavier ions need a longer time for a certain distance, when accelerated with the same kinetic
energy. This effect is used in the analytsis of charged molecules or fragments with a time of flight

2
separator. With the correlation of mass and flight time over "/, = 2e * E *S(E) the m/z are

analyzed by a measured time the analytes need to pass the flight tube and reach the detector.
Where “e” is the elementary charge, “E” the extraction pulse potential, “s” is the length of the
acceleration field and “d” is the length of the field free drift zone 1 The flight tube can be

constructed linear or with a reflector design. The reflector corrects possible kinetic energy
dispersions and gives a higher mass resolution (601,

The big advantage of using a TOF mass analyzer is the much higher resolution that can be achieved
than with a quadrupol mass analyzer (Fehler! Verweisquelle konnte nicht gefunden werden. left). A
higher mass resolution allows the determination of the elemental formula, because of the
identification of the exact masses. A separation of the ions with the same nominal masses (isobaric
molecules) is possible. Also the identification of the molecular formula of the fragmental pattern
(with El) is possible, which supports the identification of unknown compounds. The high resolution

mass spectrometry became a powerful tool for identification of compounds in mixtures, biological
molecules or drug characterization 7% 721 1731, [74].
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3 Experimental Section

3.1 Chemicals

A\

YV VV VY YVVYVY

VVVVYVYVYVYVVYYVYYVYYVY

VVVVYVYVVVVVYVYYVYVYVYVYY

3.1.1 Starting material
Petrodiesel OMV with pre-additives (Spring 2012)
Rapeseed oil biodiesel (ADM) (Hamburg, Germany)

3.1.2 Solvents

Acetonitrile (HPLC-grade 299.9%), Fischer-Scientific

Diethyl ether (techn.), Institute of Chemistry, University of Graz
n-Hexane (HPLC-grade 297%), VWR

n-Hexane (techn. 95%), Carl Roth

Methanol (HPLC-grade 299,5%), VWR

Methanol (techn. >98%), VWR

Petroleum ether (40-60°C bp.) puriss, Sigma-Aldrich
Tetrahydrofuran (THF) (HPLC-grade 299,5%), VWR

3.1.3 Reference material

1,3-Diolein (299%), Sigma-Aldrich

Linoleic acid (C18:2) (299%), Sigma-Aldrich

Linoleic acid methyl ester (C18:2 ME) (299%), Fluka
Linolenic acid (C18:3) (299%), Fluka

Linolenic acid methyl ester (C18:3 ME) (298%), Merck
1-Monoolein (299%), Sigma-Aldrich

Oleic acid (C18:1) (299%), Sigma Aldrich

Oleic acid methyl ester (C18:1 ME) (299%), Fluka
Stearic acid (C18:0) (299%), Sigma-Aldrich

Stearic acid methyl ester (C18:0 ME) (299%), Sigma-Aldrich
Triolein (299%), Sigma-Aldrich

3.1.4 Reagents

Acetic acid (96%), VWR

Boron trifluoride in methanol (20% BF;-MeOH adduct), Merk

Formic acid (298%), Sigma-Aldich

Helium (5.0) and Nitrogen (5.0), Messer

Hydrogen peroxide (30%), VWR

Magnesium sulphate (297%, anhydrous), Acros

Oleic acid, Institute of Chemistry, University of Graz

Sand (50-70 mesh particle size, heated up to 775°C for 20 hours), Sigma-Aldrich
Silicagel 60 (0,015-0,040 mm; heated up to 200°C for 24 hours), Merck
Sodium chlorid, Institute of Chemistry, University of Graz

Sodium hydrogen carbonate (299%), Riedel-de Haén

Sodium hydroxide, Institute of Chemistry, University of Graz

Sodium sulphate (299%, anhydrous), Carl Roth

Sulfuric acid (295%), Carl Roth
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3.2 Instruments

YV V VYV VYV

3.2.1 Sample preparation

Analytical balance Sartorius BP210S, max. 210 g; d =0.1 mg

Autovortex SA6, Stuart Scientific, Staffordshire, United Kingdom

Glas tubes (Pyrex®) with PTFE screw caps

PetroOXY, Petrotest, Dahlewitz, Germany

Rancimat 743, Metrohm, Herisau, Switzerland

Rotavapor, Heidolph VV2000 with water bath Heidolph WB2000 and membrane vacuum
pump ABM MZ 2C, Schwabach, Germany

3.2.2 Mass spectrometry

GC-MS: Hewlett-Packard HP6890 gas chromatography system with HP7683 Autosampler and
HP5973 Mass selective detector and an Agilent J&W DB-5MS Ul capillary column (max.
325°C, 30mx250 um x0.25 um  (5%-Phenyl)-methylpolysiloxane ultra inert) with
split/splitless injection, Helium 5.0 as carrier gas

GC-TOF-MS: Agilent 7890A gas chromatography system with an Waters GCT Premier
orthogonal time-of-flight mass spectrometer and J&W DB-5MS (30 m x 250 um x 0.25 um
(5%-Phenyl)-methylpolysiloxane)

MALDI-TOF-MS: Waters Micromas MALDI micro MX™ time-of-flight mass spectrometer

3.2.3 Size-exclusion chromatography

Hewlett-Packard HP1100 series high performance liquid chromatography with Degasser
G1322A, Quaternary pump G1311A, Auto sampler G1313A and Column thermostat G1316A
and a Knauer K2301 refractive index detector with Interface HP35900

Agilent PLgel columns (300 mm x 7.5 mm x 5 um) 50, 100 or 500 A

3.2.4 High performance liquid chromatography

Hewlett-Packard HP1100 series high performance liquid chromatography with Degasser
G1322A, Quaternary pump G1311A, Auto sampler G1313A and Column thermostat G1316A
and a UV- VIS detector G1314A

Agilent Column Zorbax Eclipse XDB-C18 (4.6 x 150 mm and 5um)
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3.3 Experimental pathway
The IP of biodiesel, biodiesel blends and oleic acid methyl ester was determined by the Rancimat and
PetroOxy device. The aging process in the Rancimat was stopped at certain aging time. Samples were
separated by column chromatography in 3 fractions with different polarities.

The fractions were analyzed by high performance liquid chromatography and size exclusion
chromatography. The measurements give information on the polarity, molecular weight and mass
distribution of the fractions. The identification of aging products was performed by high resolution
mass spectrometry. A saponification and methylation step was performed in order to allow a
characterization of the linkage of di-and oligomers.

B7
Oleic acid methyl ester
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Figure 19: Experimental flow chart of the analytical procedures
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3.4 Sample Preparation
The biodiesel-blends were made by mixing the biodiesel with the exact volumetric amount of
petrodiesel to make B7 and B50.

Oleic- and linoleic acid methyl ester were produced by acid catalyzed methylation. The acids (oleic
acid (200 g) or linoleic acid (15 g) were mixed with methanol (40 g) and sulfuric acid (0.5 g 95%) and
then heated up to reflux for 4 h. Oleic acid was mixed with methanol (40 mL) again and heated up a
second time. For the work up, the reaction mixtures were washed with water till the pH of the
washing water was neutral. Then the organic phase was washed two times with NaCl (aq) and dried
over MgS0O,. Analysis by GC-MS shows the purity of the products.

3.5 Accelerated Aging of Biodiesel
Two different types of devices were used for the simulated aging and oxidation of biodiesel or
biodiesel blends.

3.5.1 Rancimat
The biodiesel and biodiesel blend samples (7.5 g) were aged under Rancimat conditions as specified
in the standard method EN 15751 Y. The air stream through the samples was 10 L/h and the
samples were heated up to 110°C +AT=1.4°C. Products of the oxidation were blown out of the
reaction tube and passed in a beaker with distilled water (20 mL). A measure cell analyses the
increasing conductivity. The aging was stopped at certain times and the samples were stored at -20°C
and under nitrogen till they were used.

3.5.2 PetroOXY

Biodiesel samples (5 mL) were filled in the PetroOxy-device. For sealing a new rubber O-ring was put
in the groove before closing the screw cap. After locking the safety hood, the device was purged once
with oxygen. The measurement starts when the oxygen pressure is at 700 kPa. The chamber was
heated up to 140°C so the final oxygen pressure is approximately at 1,000 kPa. The measurement
was stopped at a pressure drop of 10% of the maximal pressure and the samples were filled in a
screw cap tube under nitrogen and stored in a fridge at -20 °C. The rubber O-ring was exchanged for
every new test.

3.6 Synthesis and Reaction of Epoxides
Oleic acid methyl ester (5 mL) mixed with formic acid (98%, 2 mL) was cooled on an ice bath.
Hydrogen peroxide (30%, 3.5 mL) was added dropwise to the cold solution. This reaction mixture was
stirred for 16 h and washed with aqueous sat. NaHCO; to neutral and two times with sat. NaCl (aq).
The product of the reaction was dried over MgSQ,, filtered and stored under nitrogen in the fridge at
6°C.

The stearic acid methyl ester epoxide (1 g) was dissolved in hexane (20 mL) and mixed with formic
(98%) and acetic acid (96%) (0.5 mL each). This solution was heated up to reflux for 5 hours and then
stirred at room temperature overnight. The solution was washed with water to neutral and two
times with sat. NaCl(aq), dried over MgSO, and filtered. The solvent was removed with a nitrogen
stream. The analysis of the products was performed by a GC-MS.

3.7 Quantitative and Qualitative Characterization
Different types of chromatography and mass spectrometry were used for the quantitative and

qualitative characterization of aged biodiesel.
26



3 Experimental Section

3.7.1 Column Chromatography

A silica gel-column-chromatography was used to separate the polar and the nonpolar substances in
the biodiesel samples which were aged in the Rancimat device (3.5.1). The method was done
according to the AOCS Cd 20-91 method 78] The column was filled with a small amount of sand
(approx. 5 g) before the anhydrous silica gel (50 g), slurried in petrol ether, was put into the column.
On top of the silica layer a second layer of sand (5 g) was put into the column. Eluent 1 was a mixture
of petrol ether and diethyl ether (87:13 v/v). The accurately weighed samples (2 g for B100 and B50
and 4 g for B7 samples) were dissolved in eluent 1 (2 mL) and put on the column. The samples were
chromatographed with eluent 1 (160 mL). The second eluent was diethyl ether (100 mL) and a
mixture of petrol ether, diethyl ether and methanol (10:70:20 v/v/v) (100 mL). The third eluent was
methanol (50 mL). These three fractions were collected separately. The column was conditioned with
eluent 1 (200 mL) again before the next use. The solvents were removed by the use of a rotavapor.
The amount of the fractions was weighed accurately. The separated compounds were stored in the
fridge at -20°C and under nitrogen. The amount of the polar content is the mass of each fraction
proportional to the used sample amount (Equation 1).

Yom,r = % +* 100 (Equation 1)

Equation 1: Quantification of the polar content of an aged biodiesel sample with column chromatography; %, is the
mass proportion of a fraction; m; is the mass of a fraction; m is the mass of the initial sample

Table 2 summarizes the composition and the used volume of the eluents for the polarity separation
in the column chromatography.

Table 2: Eluent composition for column chromatography

Fraction Nonpolar Medium polar Strong polar -
Petrol ether [%,.] 87 - 10 - 87
Diethyl ether[%,,] 13 100 70 - 13

Methanol [%.,.] - - 20 100 -
Volume [mL] 160 100 100 50 200

3.7.2 Size-Exclusion Chromatography
The size-exclusion-chromatography (SEC) performed on HP Series 1100 was used to separate the
samples by their hydrodynamic volumes. A method according to the standard method DGF-C Il 3c
(10) """ was used. Therefore, 1 drop of the sample (approx. 30 mg) was dissolved in a vial with
tetrahydrofuran (THF) (5 mL). The sample (50 uL) was injected via an auto sampler into the SEC-
system. THF was used as eluent and the eluent flow was 1 mL/min. A 5 um guard column (30 mm)
was installed. The first separation column was a 100 A column followed by a 500 A column. Both
columns were Agilent PLgel columns (300 mm x 7.5 mm x 5 um). The columns were tempered at
40°C. A Knauer K2301 refractive index detector gives the signal via the Interface HP 35900 to the
data analyzing software “ChemStation” A.10.02.1757 from Agilent. The peak areas reflect the
content of the molecular size distribution of the aged biofuel sample. By size exclusion
chromatography the samples were separated in their fragmental, monomeric, dimeric and

27



3 Experimental Section

oligomeric content. The area proportion of each peak to all peaks gives the portion of the mass
distribution for this content (Equation 2).

Yom,sec = ;—’; * 100 (Equation 2)

Equation 2: Quantification of molecular size of the aged biodiesel samples with size-exclusion chromatography; % sc is
the mass distribution of a peak; A, is the area of a peak; ZA is the sum of all peaks areas.

For the comparison of the MALDI-TOF-MS and the SEC (4.7.3) results, additionally a 50 A column with
the same dimensions were used in front of the 100 A and 500 A columns. The higher resolution leads
to a better separation of peaks between the region of the dimeric and monomeric content. The
molecular size was approximately determined with the use of standards. The used standards were
oleic acid methyl ester, stearic acid, and the 1-mono-, 1,3-di- and triglycerides of oleic acid. The
triglyceride of oleic acid represents trimers as aging product and the 1,3-glyceride of oleic acid
dimers. Polar oxidized aging products in the monomeric molecular range are determined with the 1-
mono glyceride of oleic acid.

3.7.3 Composition of a Sample
The results of the size-exclusion chromatography and the column chromatography give the content
of products formed during the aging of biodiesel for each fraction in the whole sample (Equation 3).

%M,sample = %m,f * %M,SEC (Equation 3)

Equation 3: Quantification of the molecular size for each fraction in the sample input; % sec is the molecular content for
each fraction for the sample; %, ¢is the result of the column chromatography; %y sec is result of the SEC-analysis.

3.7.4 High Performance Liquid Chromatography

An HPLC-system from HP Series 1100 was used to separate the samples by their polarity. The sample
(ca. 30 mg) was dissolved in acetonitrile and injected (5 pL) into the HPLC system. A solvent gradient
was performed. The start solvent mixture was 90% H,0 and 10% acetonitrile. In the next 15 minutes
the polarity changed constantly to a mixture of 10% H,0 and 90% acetonitrile, which was held for the
next 5 minutes. For column conditioning the start mixture was eluated for 10 minutes through the
system. The solvent flow was set constant by 1 mL/min for the analysis. The used column was an
Agilent Zorbax Eclipse XDB-C18 (4.6 x 150 mm and 5 um). The UV-VIS detection was adjusted by a
wavelength of 205 nm.

3.7.5 Gas Chromatography-Mass Spectrometry
The GC-MS measurements were performed on a HP6890 gas chromatograph with an HP5973
quadrupole mass detector and a capillary column (DB-5MS, max. 325°C, 30 m x 250 um x 0.25 um).
The samples (1 plL) were injected with an HP7683 autosampler. The inlet temperature was set at
300°C. As carrier gas helium (1 mL/min, 50:1 split) was used. The oven temperature program was
started from 80°C with a gradient of 30°C/min up to 280°C then with a gradient of 15°C/min to 310°C
and this temperature was held for 10 minutes, till the third gradient of 15°C/min heated the oven up
to 320°C for 2 minutes. A mass-spectrometer was used as detector. The GC-transfer line to the MS
was heated to 300°C. The MS worked in the scan mode within a mass range of 40-800 u. The
quadrupole temperature was set at 150°C and the source temperature at 230°C. The fragmentation
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was performed by electron ionization with 70 eV acceleration voltage. Data analysis was performed
with the Agilent “MSD ChemStation” E.02.02.1431 software and the Wiley 275 mass spectra
database.

3.7.6 High Resolution Mass Spectrometry

Samples of oleic and linoleic acid methyl ester (7.5 g) were aged for 21 hours and 42 hours (just oleic
acid methyl ester) in the Rancimat device (3.5.1). These samples and also an un-aged oleic acid
methyl ester were chromatographed and separated in a nonpolar, medium polar and strong polar
fraction by column chromatography (3.7.1). These sample fractions were stored under nitrogen and
were handed to Dr. Robert Saf who analyzed these aged and fractionated samples with a MALDI-
TOF-MS and GC-TOF-MS. The analysis software was “MassLynx 4.1” with the NIST MS search 2.0 and
Wiley registry mass spectra 8" edition database.

3.7.6.1 GC-TOF-MS

The GC-TOF-mass spectrometry was performed on an Agilent 7890A with a Waters GCT Premier
orthogonal time-of-flight mass analyser. The temperature program for the GC-method starts at 40°C
for 2 minutes. The oven was heated up to 280°C with a rate of 30°C/min. The next temperature ramp
was 15°C/min to 310°C. This temperature was held for 10 minutes till the oven was finally heated up
to 320°C with 15°C/minutes for 2 minutes. The sample (1 uL) was injected via an auto sampler. The
split/splitless (1:100 split ratio) inlet had a temperature of 320°C. The carrier gas helium had a flow of
1 mL/min through the column (DB5-MS 30 m x 250 pm x 0.25 um). The transfer line temperature was
260°C. Electron ionization (70 eV, source 250°C) was used to produce ions. The analyzed mass range
was 50 to 800 u with approx. 7000 FWHM resolution.

3.7.6.2 MALDI-TOF-MS

The MALDI-TOF-MS analyses were performed on a Waters Micromass MALDI micro MX time of flight
mass spectrometer. For the MALDI-method a laser (337 nm wavelength, 5 Hz frequency) generates
ions by irradiation. For sample preparation a solution of analytes (5 mg/mL in THF) was mixed with
the matrix dithranol solution (10 mg/mL in THF) and CF;COONa-solution (0.1 mg/mL in THF) in a
microtube cap in a ratio of 2:10:1 (v/v/v). The resulting mixture (0.5 pL) was positioned on the
sample plate (Stainless steel) and dryed under air.

3.8 Esterification of aged Biodiesel and Oleic acid methyl ester

The three fractions of the 24 hours aged Biodiesel and the 21 hours aged oleic acid methyl ester
were saponified and again methylated for the analysis by GC-MS. According to the official method of
DGF-(C-VI11a(98)) "® the accurately weighed samples (50-150 mg) were mixed in a 50 mL round
bottom flask with NaOH/MeOH (4 mL 0.5 mol/L). This solution was stirred under reflux for 10
minutes. BF;-MeOH (5 mL, 10%) was added with a pipette through the condenser and also stirred
under reflux for further 30 min. This mixture was allowed to cool down to room temperature and
hexane (5 mL) was added also through the condenser. After washing with sat. NaCl (aq) the organic
phase was dried over MgSO, and stored in a screw cap tube under nitrogen before analyzed with a
GC- and MALDI-TOF-MS.
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4 Results and Discussion

4.1 Determination of the IP of Biodiesel
The Metrohm software of the Rancimat device determines the IP of the biofuels via the maximum of
the second derivative of the conductivity trend.

The IP was also measured with the PetroOxy device. The IP is the time it takes to a pressure drop of
10% of the maximal pressure during the aging simulation.

The biofuel samples were stored under nitrogen in the dark. But the determination of the IP after six
or ten months (Table 3) shows that the samples also degrade to a certain extent at room
temperature over the months. They lose their oxidation reserve during the storage. So for preparing
the biofuels samples for further tests, the aged samples were stored under nitrogen and in a freezer
at -20°C so no further aging should happen and lead to reproducible results.

Table 3: IP determination of biodiesel and blends.

B100 7.5 5.6 25.0 19.5
B50 11.4 8.0 29.7 23.8
B7 31.3 27.1 62.9 60.1

As expected, samples with a lower biodiesel-content have a higher IP. The IP is increasing because
the content of unsaturated fatty acid methyl esters in the mixture is lower. The aging process starts
at the double bonds. First they get oxidized and fragmented. These fragments produce volatile acids
which increase the conductivity of the measuring cell.

The Rancimat method EN 15751 ®* for the determination of the IP of blends, is specified for diesel
fuels with a minimum content of 2%, fatty acid methyl esters. The BO petrodiesel is not included in
this standard method. The software is not able to give a reproducible result for the analysis of BO and
stops the measurement at undefined times but manual determination of IP is possible.

30



4 Results and Discussion

4.2 Aging of Biodiesel
During the aging of bio- and petrodiesel in the Rancimat device the samples begin to change their
chemical and physical properties. The effect of the aging time on these samples can be shown in a

change of color, density and viscosity 791,

— i ——
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Figure 20: Color change during the aging of biofuel types ((a) B100 (b) B50 (c) B7 and petrodiesel ((d) BO) with the
Rancimat device

The process of aging could easily be followed by the color change during the different aging steps of
a biodiesel. The yellow color of biodiesel comes from natural antioxidants like tocopherols or
carotenoids . The biofuel B100 (a) does not change its yellow color in the first 7 hours in the
Rancimat device. But after 9 hours of aging, the sample gets colorless and with prolonged aging the
sample gets lightly yellow again. The aging of B50 (b) shows the same trend, but after a longer aging
time. The change from yellow to colorless occurs between 10-12 hours and then the sample gets
lightly yellow again. The time for changing from yellow to colorless corresponds to the measured IP.
At this time all of the colored antioxidants are consumed and the methyl esters get oxidized. The
lightly yellow color could come from aging products like epoxides or oligomers. The sample of B50
aged for 50 hours has a more intensive color than the B100 sample at 51 hours. The high petrodiesel
content in the B7 biofuel leads to quite different results. The antioxidants have a lower concentration
and the un-aged sample has a lighter yellow than B100. After 29 hours of aging, the sample was
colorless but cloudy. The cloudiness disappears with a longer aging and the 42 hours sample was
clear again. After 48 hours the color changes to orange and a brown residue occurs. After a long
aging of 172 hours the sample became red-orange. The residue occurs because of the polarity
difference from the almost nonpolar sample to the polar oxidized products. Also, the color of
petrodiesel BO changes during the aging. First, the petrodiesel is colorless and gets yellow to orange
and after a long time in the Rancimat device the color of the sample was red. After 55 hours aging
time a brown-red residue occurs. The sample which was 172 hours in the Rancimat device had an
intensive red color that could be caused by aging products like oxidized aromatic systems or
oligomers. The red- brown color of the petrodiesel comes from oxidation products like oligomers.
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4 Results and Discussion

4.3 Content of polar Compounds
The quantification of the polar content in Biodiesel during the aging was done by column
chromatography (3.7.1). The aging time versus the amount of the fractions gives the time resolved
polarity trend of the aged biodiesel samples.

4.3.1 Aging of B100 Biodiesel
Table 4 and Figure 21 show the formation of polar compounds during the aging of B100.

The nonpolar fraction elutes with a mixture of petrol ether: diethyl ether 87:13 (160 mL). The
medium polar content was the collected fractions of diethyl ether (100 mL) and a mixture of petrol
ether: diethyl ether: methanol 10:70:20 (100 mL) and the strong polar fraction elutes with methanol
(50 mL).

Table 4: Polar content of aged B100 biodiesel

Aging time [h] [% m/m] [% m/m] [%0 m/m]
0 97.2 2.6 1.2
2 97.7 2.0 1.1
4 98.5 1.7 1.2
7 95.8 2.8 1.4
9 86.2 12.6 3.7 IP
10 84.1 12.3 3.6
12 64.8 27.6 8.2
17 49.7 31.6 17.2
24 42.1 42.2 17.3
42 36.3 45.3 20.4
B100
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Figure 21: Column chromatography of time resolved biodiesel aging

Before reaching the IP of biodiesel at 8 hours, the content of nonpolar and polar compounds was
constant and almost the whole sample consists of the nonpolar fatty acid methyl esters. After
reaching the IP of biodiesel at 8 hours, Figure 21 shows the decreasing amount of the nonpolar and
the increasing amount of the two polar fractions. First, the slope of the aging process is high and gets
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4 Results and Discussion

lower by the length of the aging time. The sample which was in the Rancimat device for 42 hours has
a content of 65% of medium or strong polar compounds. GC-MS analyses show the presence of
epoxides, alcohols, aldehydes and ketones in these polar fractions.

4.3.2 Aging of B50 Biodiesel
The formation of polar aging products during the aging of B50 biodiesel out of rape seed oil is shown
in Table 5 and Figure 22.

Table 5: Polar content of aged B50 biodiesel

Aging time [h] [% m/m] [% m/m] [% m/m]
0 94.2 1.6 0.5
3 99.5 1.6 0.7
6 98.8 1.8 0.9
10 88.4 11.1 1.5 IP
12 90.0 7.4 3.1
16 75.4 19.8 6.7
24 54.4 33.2 12.8
50 41.9 51.1 7.3
B50
IP A Nonpolar (1)
100 A A
B A A OMedium Polar (1)
B
X 80 A + Strong Polar (111)
g 60
2 R
Y 40
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Figure 22: Column chromatography of time resolved B50 biodiesel/petrodiesel blend aging

As shown for the aging of B100, the amounts of polar compounds in the B50 blend increase after
reaching the IP of 9.5 hours. The lower slope after this point indicates that the formation of polar
aging products is slower compared to the B100 samples. The unaged sample (0O hours) sums up to
just 96%, the missing 4% of the sample were volatiles and were removed with the solvent in the
rotavapor. During the aging with the Rancimat device these volatile molecules were blown out of the
system and were not inserted in the column.

An amount of 58% of polar compounds was formed after an aging time of 50 hours. This is almost as
high as the polar content in B100 biodiesel with an amount of 65% polar compounds in total. The
prolonged aging time and the continuous oxygen supply leads to this high polar content. Previous
work shows, that some molecules in the petrodiesel can also get oxidized and form polar cyclo-

aromatic systems like tetralin-1-ol or tetralon [81]
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4 Results and Discussion

4.3.3 Aging of B7 Biodiesel
The polar content of B7 biodiesel aged different long is shown in Figure 23 and Table 6. The
separation of the polar compounds was performed by column chromatography.

Table 6: Polar content of aged B7 biodiesel

Aging time [h] [% m/m] [% m/m] [% m/m]

0 95.1 0.3 0.4

24 98.2 0.4 0.3

29 96.9 2.3 1.0

31 95.6 4.7 1.0 IP

34 95.8 4.0 1.1

42 88.9 10.1 3.1

51 84.3 13.4 3.9

97 78.5 17.1 5.4
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IP '
- OMedium Polar (I1)
= 100 A A A, a
£ A . + Strong Polar (I1)
;\f 80 - R
£ 60
3
5 40 -
©
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Figure 23: Column chromatography of time resolved B7 biodiesel/petrodiesel blend aging

Because of the high content of petrodiesel in the B7 blend, the slope of the increasing polar
compounds which is formed during aging is much lower than in B100 biodiesel or B50 biodiesel
blend. The petrodiesel in the blend gives a higher IP and also the aging reaction occurs slower. After
an aging procedure of 97 hours, the B7 biodiesel blend contains in total 22% polar products.
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4 Results and Discussion

4.4 High Performance Liquid Chromatography (HPLC)
Both polar fractions of a B100 biodiesel which was aged for 17 hours in the Rancimat device (3.2.4)
were analyzed by HPLC (3.7.4). This analysis should show the polarity trend of the polar fractions and
also the quality of the column chromatography separation.

B100 17 hours

(a)
Medium Polar ()

(b)
Strong Polar (ll1)

M bt

\

sloo " "10'o0 " " 1200 14’00 16!00 i8'oo ' 20o0 " 22'oc0 24’00

0.0
Figure 24: HPLC-analysis of the polar fractions of a B100 aged for 17 hours in the Rancimat device

The HPLC-analysis of an aged B100 biodiesel is shown in Figure 24. Several different aging products
are formed during the aging reaction in the Rancimat device and a lot of peaks occur in the
chromatograms.

A nonpolar C18-HPLC-column separates the aging products according to their polarity. The polarity of
the analyzed molecules is decreasing with higher retention times. This can be shown in Figure 24,
where the marked aging products in the medium polar fraction (a) occur at higher retention times
than in the strong polar fraction. The aging products found in the strong polar fraction (b) have a
lower retention time. Some peaks, especially in the retention time region of 12-16 minutes between
the marked aging products, can be found in both fractions. The column chromatography was not
efficient enough for the separation of all the aging products in one of the fractions. But because of
consistently performing the same method, the results for the column chromatography are
reproducible and should not influence further analyses.

The detector was a UV-VIS spectrometer, which gives no further information of the analyzed aging
products. A further identification of the aging products was not possible in this case. The use of a
mass spectrometer with an APC or ES ionization as detector could produce more information of the
aging products.
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4.5 Size-Exclusion-Chromatography
The content of the aged and fractionated biodiesel samples was analyzed by size exclusion
chromatography (3.7.2). The peak areas divided by the sum of all areas give the mass fraction of this
peak. The higher the retention times, the smaller is the molecular weight.

For an example, Figure 25 shows a typical size exclusion chromatogram of the strong polar fraction of
B100 biodiesel aged for 10 hours in the Rancimat device.

B100 10h strong polar fraction
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Figure 25: Example SEC-analysis of the strong polar fraction of a B100 biodiesel aged for 10 hours in the Rancimat device

The peak at a retention time of 15.6 minutes in Figure 25 represents the dimeric content. Further
peaks are, with a retention time of 16.7 minutes, the monomeric content and with 18.0 minutes the
amount of fragments. In this example of the strong polar fraction the dimeric content was 39%, the
monomeric content 52% and the fragmental content was 8% of the sample. A shoulder at the
dimeric peak (approx. 15 minutes) can be observed at higher aging time. This shoulder suggests the
existence of some molecules with a higher mass, probably between a dimer and trimer, what is also
shown in further analysis.
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4.5.1 SEC-analysis of B100 Biodiesel
The B100 biodiesel were aged for different times in a Rancimat device and fractionated by the use of

column chromatography. A SEC analysis shows the mass distribution of the samples.

4 Results and Discussion

Table 7: SEC-analysis of the nonpolar fraction of aged B100 biodiesel

0 96.1
2 95.0
4 95.6
7 95.9
9 95.1
10 95.1
12 94.3
17 97.0
24 93.6
42 71.5

Monomer [%]

Dimer [%]
1.6
1.7
1.7
1.9
1.9
2.4
3.2
0.7
1.4
27.5

2.2
3.3
2.7
2.2
3.0
2.5
2.5
2.4
3.2
1.0

Fragment [%]
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Figure 26: Time resolved SEC-analysis of the nonpolar fraction of aged B100 biodiesel

The content of the nonpolar fraction during the aging does not change significantly. Almost all

samples were in the region of monomer. Just after a long aging time of 42 hours, the dimeric content

increased to 25% in this fraction.
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4 Results and Discussion

Table 8: SEC-analysis of the medium polar fraction of aged B100 biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 77.6 8.4 8.9
2 78.9 13.6 6.1
4 82.2 11.0 6.8
7 75.4 19.8 4.9
9 56.0 36.8 7.2
10 63.7 27.1 6.7
12 60.4 19.1 9.8
17 59.3 31.3 5.1
24 36.8 50.6 12.6
42 20.5 64.1 154
B100 Medium Polar Fraction (1)
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Figure 27: Time resolved SEC-analysis of the medium polar fraction of aged B100 biodiesel

probably produced out of these oxidized monomers.

Table 9: SEC-analysis of the strong polar fraction of aged B100 biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 95.5 1.3 3.1
2 85.8 7.0 7.2
4 78.0 12.7 7.4
7 72.0 21.0 5.2
9 65.2 23.9 7.0
10 52.8 38.8 8.5
12 41.9 46.1 12.0
17 38.2 48.5 13.3
24 26.6 66.8 6.6
42 13.1 77.4 9.5

Differently to the nonpolar fraction, the medium polar fraction shows a big increase of the dimer
content and also fragments of the fatty acid methyl esters were produced after reaching the IP. The
polar monomer content is decreasing during the whole aging process. Therefore, the dimers are
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Figure 28: Time resolved SEC-analysis of the strong polar fraction of aged B100 biodiesel

The content of dimers and also fragments increases immediately when the B100 gets aged and not
after reaching the IP like in the other fractions. The decreasing polar monomer content might show
that these polar monomers are dimerizing or breaking to fragments.

4.5.2 SEC-analysis of B50 Biodiesel blend
Also the B50 biodiesel blend was aged in a Rancimat device. The aging was stopped at certain aging
intervals and the samples were chromatographed in three different fractions. The SEC analyses of
these samples give the mass distribution of the fraction.

Table 10: SEC-analysis of the nonpolar fraction of aged B50 biodiesel

Monomer [%] Dimer [%] Fragment and Petrodiesel[%]

0 58.9 0.8 33.7
3 65.3 1.2 33.5
6 63.7 0.8 33.5
10 60.4 0.9 38.7
12 59.0 0.7 40.3
16 58.6 0.6 40.8
24 67.7 0.3 32.0
50 50.4 6.4 43.3
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Figure 29: Time resolved SEC-analysis of the nonpolar fraction of aged B50 biodiesel

The aging of the nonpolar fraction of B50 biodiesel shows similar results to the aging of the nonpolar
fraction of B100. The content of this fraction versus aging time is quite constant and no significant
change occurs. Because of the petrodiesel in the mixture the integration of the peaks was difficult
(shown in Figure 30). The petrodiesel gives, because it is composed of molecules with a broad
molecular mass range, a broad peak over a long time which also overlays with the monomer peak
and has the same retention time as the fragments, which explains the inconsistent results. There is
no significant dimeric content in the nonpolar faction until 24 hours of aging, but after a longer aging
time the dimeric content was about 6%. The amount of the “fragment and petrodiesel” content was
about 35% instead of the expected 50% in the un-aged B50 blend. Peak overlapping (Figure 30) leads
to this lower amount.

B50 10 hours nonpolar fraction

17.275

25 min

Figure 30: Example of a size exclusion chromatogram of the nonpolar fraction of B50 biodiesel aged for 10 hours
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Figure 30 shows the nonpolar fraction of a B50 biodiesel aged for 10 hours in the Rancimat device.
The broad “fragment and petrodiesel” peak (estimated 16.5-21 minutes) overlays with the monomer
peak (17.3 minutes). The overlapping part of the “fragment and petrodiesel” peak has the same
molecular mass as the monomeric content.

Table 11: SEC-analysis of the medium polar fraction of aged B50 biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 87.9 1.1 4.9
3 60.0 12.9 16.7
6 71.0 13.3 12.5
10 83.8 1.0 3.5
12 58.9 32.7 7.1
16 53.3 25.5 21.2
24 46.1 29.5 23.6
50 23.3 54.5 22.2
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Figure 31: Time resolved SEC-analysis of the medium polar fraction of aged B50 biodiesel

The SEC-results of the medium polar fraction after the aging of B50 shows a fluctuating composition.
The amount of this fraction with an aging time less than 10 hours is, with 1.6% of the whole sample,
very low. Therefore, errors like peak overlapping or inaccurate integration have a bigger influence to
the results. The IP of B50 determined with the Rancimat method is about 10 hours and here the drop
of the monomer content and the increasing of the dimer and also the fragment content becomes
visible. After an aging time of 50 hours a dimeric content of more than 50% occurs.
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Table 12: SEC-analysis of the strong polar fraction of aged B50 biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 75.9 8.5 11.8
3 66.6 5.3 21.2
6 69.9 10.6 15.9
10 69.4 19.4 9.5
12 55.2 30.9 12.5
16 38.6 42.7 18.7
24 25.8 53.3 20.9
50 22.0 66.9 11.0
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Figure 32: Time resolved SEC-analysis of the strong polar fraction of aged B50 biodiesel

The un-aged (0 hours) strong polar fraction of B50 biodiesel blend consists 75% of polar monomers.
During the aging the monomeric content starts to decrease after reaching the IP while the content of

dimers is increasing. The fragment content shows an unclear trend.

4.5.3 SEC-analysis of B7 Biodiesel
The different polar fractions of the aged B7 samples were analyzed by SEC.

Table 13: SEC-analysis of the nonpolar fraction of aged B7 biodiesel

Monomer [%]

Dimer [%]

Fragment and Petrodiesel [%]

0 22.7 0.3 77.1
24 24.3 0.2 75.5
29 23.8 0.2 76.0
31 24.3 0.2 75.5
34 23.1 0.2 76.8
42 25.9 n.d. 74.1
51 26.0 n.d. 74.0
97 31.8 n.d. 68.2
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Figure 33: Time resolved SEC-analysis of the nonpolar fraction of aged B7 biodiesel

The SEC-analyses of the nonpolar fraction show constant results during the aging of B7 Biodiesel. The
amount of 20% monomers instead of the expected 7% is a result of peak overlapping (discussed in
Figure 30 for B50 biodiesel). Furthermore, different response factors of the petrodiesel and biodiesel
for the refraction index detector can also lead to this higher monomeric content.

No dimers could be found in the nonpolar fraction, even after a prolonged aging time. Therefore, the
aging process of B7 produces only polar dimers. The petrodiesel gives wide peaks with a high
retention time and overlay the peaks of formed fragments (see Figure 30 for B50). A separation of
the fragment peaks and the wide petrodiesel peak without manipulating the result is not possible.

Table 14: SEC-analysis of the medium polar fraction of aged B7 biodiesel

24
29
31
34
42

51
97

58.0
49.2
39.6
38.4
33.1
30.3
28.5
21.0

Monomer [%]

Dimer [%]
26.2
11.7
9.7
9.1
9.9
16.6
21.7
35.1

Fragment [%]

9.9
37.2
50.4
52.2
56.7
53.0
49.6
43.9
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Figure 34: Time resolved SEC-analysis of the medium polar fraction of aged B7 biodiesel

In the chromatogram of the un-aged sample (0 hours) a peak occurs at shorter retention time than
the dimer peak. This peak represents 6% of the sample. Because of the shorter retention time the
molecules of this peak must have a bigger size than a dimer. These molecules could be trimers or
dimers with an attached fragment what give a higher mass. After an aging procedure of 24 hours,
this peak reflects just 1% of all areas and with longer aging time this peak disappears from the
chromatograms. By aging, polar monomers, dimers and fragments occur in a higher amount or
maybe these big molecules break down to smaller molecules. The increase of the fragments might
come from the fragmentation of the polar monomers, which are decreasing during the aging before
reaching the IP, but also from the oxidation of the petrodiesel.

Table 15: SEC-analysis of the strong polar fraction of aged B7 biodiesel

24

29
31
34
42
51
97

Monomer [%] Dimer [%] Fragment [%]
n.d. n.d. n.d.
61.5 25.4 9.8
59.0 17.5 22.4
46.8 21.2 31.0
47.0 27.8 24.9
315 349 334
31.0 42.2 26.7
24.5 55.8 18.6
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Figure 35: Time resolved SEC-analysis of the strong polar fraction of aged B7 biodiesel

The amount of the un-aged (0 hours) strong polar fraction was too small to create a SEC-
chromatogram. During the aging of B7 biodiesel the strong polar fraction is produced in sufficient
amount for the SEC analysis.

During the aging procedure the polar monomer content is decreasing. These polar molecules break
up to fragments whose content is increasing. With a longer aging time the dimeric content is
increasing up to 56%. These dimers might be formed from the reaction of polar monomers and their
fractions.
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4.6 Component Distribution of Biodiesel and -blends after aging
The combination of the content of polar compounds (column chromatography 4.3) and the results of
the size exclusion chromatography (4.5) for all fractions give the absolute mass fraction of the
components of the aged biodiesel in the samples.

4.6.1 Component Distribution of a B100 Sample during the Rancimat aging
The absolute amount of the aging products which are formed during the aging of B100 biodiesel is

shown in the following tables and figures.

Table 16: Content analysis of the nonpolar fraction of aged B100 Biodiesel

Fragment [%]

Monomer [%] Dimer [%]

0 94.1 1.6 2.2
2 94.7 1.7 33
4 94.2 1.7 2.7
7 95.2 1.9 2.2
9 82.0 1.6 2.6
10 76.1 1.9 2.0
12 61.1 2.1 1.6
17 48.2 0.3 1.2
24 39.5 0.6 1.4
42 259 10.0 0.4
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Figure 36: Time resolved analysis of the nonpolar fraction of aged B100

The Rancimat-IP of B100 was at 8 hours. After reaching the IP of B100 the monomeric content in the
nonpolar fraction decreases, because the monomers in this fraction are oxidized and get a higher
polarity. These oxidized products of the monomers can be found in the two polar fractions. After an
aging time of 42 hours, nonpolar dimers were formed in an amount of 10% of the aged sample.
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Table 17: Content analysis of the medium polar fraction of aged B100 Biodiesel

Monomer [%]

Dimer [%]

Fragment [%]

0 2.0 0.2 0.2

2 1.6 0.3 0.1

4 1.4 0.2 0.1

7 2.2 0.6 0.1

9 7.1 4.6 0.9

10 11.7 5.0 1.2

12 16.7 5.3 2.7

17 18.8 9.9 1.6

24 15.6 21.4 5.3

42 9.3 29.0 7.0

B100 Medium Polar Fraction (1) 4 Monomer
40 - ODimer
— * Fragment
§ 30 | o
S
2 | ]
§ 20 . R
E 10 - 4 O A
§ EH:I m] . *
E b o s & oo * - ‘ ‘ : : : ‘
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Figure 37: Time resolved analysis of the polar fraction of aged B100

First, after reaching the IP of B100 the amount of dimers, polar monomers and fragments is

increasing. The monomers in the nonpolar fraction are getting oxidized and can be found in this polar

fraction. At first, the content of polar monomers increases very fast, but after a longer aging time the

polar monomers decrease and more dimers were formed out of these polar molecules. So the

formation of dimers is obviously directly linked to the production of polar monomers. The amount of

the dimers found in this polar fraction of the inserted sample is 29% after an aging time of 42 hours.
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Table 18: Content analysis of the strong polar fraction of aged B100 Biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 1.1 n.d. n.d.
2 1.0 0.1 0.1
4 0.9 0.1 0.1
7 1.0 0.3 0.1
9 2.4 0.9 0.3
10 2.7 2.0 0.4
12 3.4 3.8 1.0
17 6.6 8.3 2.3
24 4.6 11.6 1.1
42 2.7 15.8 1.9

. ODimer
B100 Strong Polar Fraction (I11)
A Monomer
20
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2 O
3 15 -
)
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% 10 |
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Figure 38: Time resolved analysis of the strong polar fraction of aged B100

Also, as the medium polar fraction of B100, the strong polar fraction shows an increase of the
content of fragments, polar monomers and dimers after reaching the IP. Furthermore, the content of
polar monomers is increasing first and then decreasing while the dimer content increases. The
dimeric content in this fraction after the aging time of 42 hours is 16% of the starting sample.

The total dimeric content of B100 biodiesel after an aging time of 42 hours is 55% of the starting
sample. This amount of dimers can explain the increasing viscosity during the aging.
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4.6.2 Component Distribution of a B50 Sample during the Rancimat aging

Table 19: Content analysis of the nonpolar fraction of aged B50 Biodiesel

0 55.5
3 65.0
6 62.9
10 54.9
12 54.6
16 43.9
24 38.1
50 21.9

Monomer [%]

Dimer [%]
0.8
1.2
0.8
0.8
0.7
0.4
0.2
2.8

Fragment and Petrodiesel [%]

31.7
334
33.1
35.2
37.3
30.6
18.0
18.8

Amount in sample [% w/w]

Figure 39: Time resolved analysis of the nonpolar fraction of aged B50

B50 Nonpolar Fraction (1)

A Monomer

¢ Fragment and

Petrodiesel
ODimer
A
A
* *
‘ o ‘ . ‘ . o
20 25 30 35 40 45 50

Aging time [h]

The amount of monomers in the B50 biodiesel blend is constantly decreasing during the aging

process. It starts with an amount of 65% monomeric content after 3 hours in the Rancimat device

and falls to an amount of 22% after an aging time of 50 hours. These monomers are getting oxidized

and can be found in the polar fractions. Also the fragment and petrodiesel content is decreasing but

not as strong as the monomeric content. Just a small amount of dimers (3%) can be found in the

nonpolar fraction after an aging time of 50 hours.
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Table 20: Content analysis of the medium polar fraction of aged B50 Biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 14 n.d. 0.1
3 1.0 0.2 0.3
6 1.3 0.2 0.2
10 9.6 0.1 0.4
12 4.5 2.5 0.5
16 10.2 4.9 4.1
24 15.9 10.2 8.1
50 12.3 28.9 11.8

. . A Monomer
B50 Medium Polar Fraction (1)
ODimer
40 -
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E
F\i 30 - (m]
()
=
g 20 -
[2])
£
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o & & I : : : : : : ‘
0 5 10 15 20 25 30 35 40 45 50

Aging time [h]

Figure 40: Time resolved analysis of the medium polar fraction of aged B50

After reaching the IP of B50 biodiesel, the content of polar monomers, fragments and dimers start to
increase. Like the aging of B100 Biodiesel (Figure 37) the polar fraction shows that the polar
monomer content is higher than the content of dimers first, but after higher aging times these polar
monomers are dimerizing or fragmenting. The dimeric content after 50 hours was 30% of the total
sample.

Table 21: Content analysis of the strong polar fraction of aged B50 Biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 0.4 n.d. 0.1
3 0.5 n.d. 0.1
6 0.6 0.1 0.1
10 1.0 0.3 0.1
12 1.8 1.0 0.4
16 2.6 2.9 1.3
24 3.4 7.1 2.8
50 1.7 5.1 0.8
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Figure 41: Time resolved analysis of the strong polar fraction of aged B50

The oxidation process of the strong polar fraction of B50 biodiesel shows an increase of the polar
content after reaching the IP, like the medium polar fraction (Figure 40). The strong polar fraction of
B50 is in a much lower concentration than the medium polar fraction (Figure 22 and Table 5). The
strong polar dimeric content reached a maximum of 7% of the B50 sample at 24 hours of aging.

The dimeric content in total is 38% of the starting B50 biodiesel-blend sample after an aging time of
50 hours.
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4.6.3 Component Distribution of a B7 Sample during the Rancimat aging

Table 22: Content analysis of the nonpolar fraction of aged B7 Biodiesel

Monomer [%] Dimer [%] Fragment and Petrodiesel [%]

0 215 0.3 73.3
24 23.9 0.2 74.2
29 23.1 0.2 73.6
31 23.2 0.2 72.1
34 221 0.1 73.5
42 23.0 n.d. 65.9
51 21.9 n.d. 62.4
97 26.8 n.d. 57.5

B7 Nonpolar Fraction (1)
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100
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]
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Figure 42: Time resolved analysis of the nonpolar fraction of aged B7

Because of the high content of petrodiesel in the blend, the amount of compounds in the nonpolar
fraction during the aging stays nearly unchanged.

Table 23: Content analysis of the medium polar fraction of aged B7 Biodiesel

Monomer [%] Dimer [%] Fragment [%]
0 0.2 0.1 n.d.
24 0.2 n.d. 0.1
29 0.9 0.2 1.2
31 1.8 0.4 2.4
34 1.3 0.4 2.3
42 3.1 1.7 5.4
51 3.8 2.9 6.6
97 3.6 6.0 7.5
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Figure 43: Time resolved analysis of the medium polar fraction of aged B7

Like in the aging of B100 and B50 biodiesel, the content of polar monomers, dimers and fragments
starts to increase after reaching the IP. In the beginning the polar monomeric content is higher than
the dimer content and just after the aging time of 97 hours the dimeric content was, with 6% of the
total sample, higher. But on the contrary to the others, the highest amount was the polar fragment
content. These molecules originate from splitting the monomers and by oxidizing some of the
petrodiesel substances. Because of the high petrodiesel content in the blend the amounts of the
polar aging products are smaller than in the B100 biodiesel.

Table 24: Content analysis of the strong polar fraction of aged B7 Biodiesel

Monomer [%] Dimer [%] Fragment [%]

0 n.d. n.d. n.d.
24 0.2 0.1 n.d.
29 0.6 0.2 0.2
31 0.5 0.2 0.3
34 0.5 0.3 0.3
42 1.0 1.1 1.0
51 1.2 1.6 1.0
97 1.3 3.0 1.0
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Figure 44: Time resolved analysis of the strong polar fraction of aged B7

The amount of the strong polar content formed during the aging of B7 Biodiesel is very low because
of the blending ratio (Figure 23 and Table 6). The dimeric content was about 3% of the whole sample
in the strong polar fraction after the aging time of 97 hours.
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4.7 Identification of aging Products
The identification of oxidized products during the aging of Biofuel was performed by high resolution
time of flight mass spectrometry with gas chromatography (GC-TOF-MS) and matrix associated laser
desorption/ionization (MALDI-TOF-MS).

For an easier identification, oleic acid methyl ester was investigated instead of B100 biodiesel. Oleic
acid methyl ester is the major component of B100 biodiesel derived from rape seed oil (50-70%).
Also, oleic acid methyl ester is, because of its double bond, more sensitive towards oxidation than
saturated fatty acid methyl esters. Linoleic acid methyl ester, which also occurs in a relatively high
amount in rape seed oil biodiesel (15-30%), on the other hand has, because of the two double bonds,
a higher possibility for the forming of isomer aging products 2%, These multitudes of isomers are
causing peak overlapping and a more difficult identification of the aging products.

4.7.1 GC-TOF-MS
The identification of products formed during the accelerated aging of oleic acid methyl ester was
performed with an Agilent GC-TOF-MS. These measurements were done by Prof. Saf at the Graz
University of Technology, Institute for Chemistry and Technology of Materials.

The analyzed samples were the three fractions of oleic acid methyl ester which has been aged for
21 hours in the Rancimat device. This aged methyl ester was separated by column chromatography in
a nonpolar, medium polar, and strong polar fraction (3.7.1).

The data analysis was performed with the MassLynx 4.1 software. The identification of the
substances was done by comparison of the mass spectra and the Wiley database, reference
substances or literature.

The results for the analysis of the aged linoleic acid methyl ester were more complex with more
overlapping peaks. Furthermore, many identical molecules could be identified compared to the

analyzed aged oleic acid methyl ester, especially in the fragmental mass region.

(c)
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Figure 45: Gas chromatogram of oleic acid methyl ester aged for 21 hours, (a) nonpolar fraction, (b) medium polar
fraction and (c) strong polar fraction
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Formed fragments could be identified in the medium and strong polar but not in the nonpolar
fraction (Figure 45). This correlates to the results of the SEC-analysis of the aged B100 sample (Figure
36 -Figure 38). Here, also both of the polar fractions contain fragments after the aging with the
Rancimat, while the nonpolar fraction shows no fragmental content. Some peaks occur in more than
one of the fractions. This is a result of inaccurate separation of the column chromatography and is
also shown in the HPLC analysis (4.4).

4.7.1.1 Nonpolar fraction of oleic acid methyl ester aged for 21 hours

The following figures show the gas chromatogram of the nonpolar fraction of oleic acid methyl ester,
which was aged for 21 hours in the Rancimat device and fractionated by column chromatography. In
the following, the identified molecules are summarized in Table 25 - Table 32.

10.59

10.64

10.09

1"
5.84 9.76 03

vy Time
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Figure 46: Gas chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (3-13 min)
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Figure 47: Gas chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (5-10 min)

Table 25: Identified peaks of the chromatogram in Figure 47

Not identified
(occurs in all fractions, maybe solvent impurity)

1 5.838

Hzcw(o\CHg
3 6.435 Ci0H150; 170.2

o]
8-nonenoic acid methyl ester

ch\/\/\/\/\/\/\/\n/o\CH
3
5 9.422 C17H3,0, 270.5

o
hexadecanoic acid methyl ester

H 3C/\/\/\/\/\/\/\/\n/ O\CH3
C13H3602 284.5

(o]
heptadecanoic acid methyl ester
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Table 26: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 47 and the characteristic mass fragments of the peak with their relative abundance

Not 84.0351 (100);

1 5.838 identified No molecular ion observable 129.0730 (60);
57.0557 (45)

74.0357 (100);

2 5.931 CoH150, 158.1305  158.1307 -0.2 -1.3 71.0490 (85);
87.0446 (40)
74.0368 (100);
69.0695 (37);
87.0454 (35);
138.1057 (25)
74.0359 (100);
4 8.693 CisH300,  242.2262  242.2246 1.6 6.6 87.0442 (64);
143.1078 (20)
74.0263 (100);
87.0356 (87);
143.1051 (32);
270.2540 (25)
74.0353 (100);
87.0437 (62);
143.1074 (18);
284.2725 (17)
74.0311 (100);
87.0411 (70);
143.1071 (18);
284.2719 (16)

3 6.435 Ci0H150, No molecular ion observable

5 9.422 Ci7H3,0,  270.2583  270.2559 24 8.9

6 9.669 CisH360,  284.2723  284.2715 0.8 2.8

7 9.761 CisH360,  284.2743  284.2715 2.8 9.8

Table 25 and Table 26 show the substances found in the nonpolar fraction of an oleic acid methyl
ester sample aged for 21 hours. While Table 25 shows the structure of the molecule, Table 26 gives
the difference of the measured mass peak to the calculated mass peak. The smaller this difference is,
the better the probability of the estimation of the chemical formula and so the structure is. A
difference of 5-10 ppm should be acceptable for the identification of the aging molecules. Higher
differences can occur because of an oversaturation of the detector, when the analyte is too highly
concentrated and the mass accuracy deteriorates. A completely wrong estimated chemical formula
also has a big difference.

Different methyl esters with chain lengths from 8 to 17 carbon atoms occur in the first 5-10 minutes
of the chromatogram of the nonpolar fraction of aged oleic acid methyl ester (Figure 47).

The not identified molecule no.1 occurs with the same retention time in all fractions (no. 6 in the
medium and no. 1 in the strong polar fraction), so maybe this molecule is a solvent impurity. But in
the polar fractions the fragmentation pattern is completely different and this molecule in the polar
fractions could be identified as nonanal.
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Figure 48: Gas chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (10-11 min)

Table 27: Identified peaks of the chromatogram in Figure 48

8 10019 (o) C19H3602 2963
cis-9-octadecenoic acid methyl ester

o
ch/\/\/\/\w/\/\/\/\n/ “CH,

10 10.593 o o CioH3605  312.3
trans-9,10-epoxyoctadecanoic acid methyl ester

o

HSC\/\/\/\/U\/\/\/\/\”/O\
12 10.665 CHs CioH3c0;  312.3

(o]
10-oxooctadecanoic acid methyl ester
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Table 28: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the

chromatogram in Figure 48 and the characteristic mass fragments of the peak with rel. abundance

10

11

12

13

10.019

10.086

10.593

10.643

10.665

10.834

C19H3602

C19H3802

C19H3603

Ci19H3603

C19H36O3

C19H34O3

296.2736  296.2715 2.1 7.1

298.2872 -0.5 -1.7

298.2867

No molecular ion observable

No molecular ion observable

17.3

312.2718 312.2664 5.4

310.2522  310.2508 14 4.5

69.0678 (100);
264.251 (65);
55.0551 (65);
84.0564 (55)

74.0319 (100);
87.0411 (75);
69.0690 (32);
143.1066 (20)

74.0285 (100);
155.0983 (91);
87.0392 (65);
67.0501 (58)

155.0948 (100);
74.0261 (95);
87.0375 (75);
69.0620 (70)

125.0950 (100);
156.1467 (75);
58.0421 (74);
281.2489 (29)

153.1171 (100);
97.0589 (95);
167.1335 (90);
55.0159 (85)

Different methyl esters are identified in the chromatogram (Figure 48) with a retention time of 10-
11 minutes. Here, the educt oleic acid methyl ester and also stearic acid methyl ester can be found.
Also oxidized species like epoxides and ketones could be found in high amounts in this fraction.
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Figure 49: Gas chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (10-11 min)

Figure 49 shows the zoomed chromatogram of the nonpolar fraction of oleic acid methyl ester which
was aged for 21 hours with a retention time of 10-11 minutes.

Table 29: Identified peaks of the chromatogram in Figure 49

A 10.168 Not identified C19H3203 308
Hac\/\/\/\/E/\/\/\/\n/o\
CHj
B 10.243 (o) C20H3302 310
9-nonadecenoic acid methyl ester
H3CWVV\W(O\¢H3
C 10.320 (o) C20H4002 312

nonadecanoic acid methyl ester
[e] o

Hac\/\/\/\/u\/\/\/\/u\ s
D 10336 o~ C18H3403 298

9-oxoheptadecanoic acid methyl ester
0.

H;C.
3 VWWA/M( SCH,

E 10.408 CHy 0 Cy0H100, 312
9-methyl octadecanoic acid methyl ester

F 10.460 Not identified C1oH340; 310

G 10.483 Similar to (F) ->isomer CigH3403 310

H 10.523 Not identified C1oH340; 310

| 10.560 Similar to (H) ->isomer CigH3403 310

H3C. . _ O\CH3

J 10.759 \/WW/\LI/ C19H340, 294
9,12-octadecadienoic acid methyl ester

K 11.031 Not identified C1oH340,4 326
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Table 30: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 49 and the characteristic mass fragments of the peak with rel. abundance

95.0498 (100);
179.1440 (95);
165.1284 (58);
107.0500 (50)

A 10.168 CioH;3,0;3  308.2370 308.2351 1.9 6.2

74.0346 (100);
87.0435 (67);

143.1076 (20);
69.0694 (20)

C 10.320 CyoHaO,  312.3041 312.3028 13 4.2

74.0339 (100);
87.0432 (78);
71.0485 (57);
169.1582 (30)

E 10.408 CyoHi00,  312.3033 312.3028 0.5 1.6

137.0982 (100);
141.1290 (70);

119.0878 (55);

169.1258 (40)

G 10.483 CioH3,0;  310.2543  310.2508 3.5 11.3

83.0859 (100);
125.1326 (90);
129.0553 (90);
111.0816 (50)

| 10.560 CioH3,0;  310.2480 310.2508 -1.9 -6.1

57.0699 (100);
83.0851 (80);
111.0814 (60);
125.0974 (59)

K 11.031 CioH3,0,  326.2469  326.2457 1.2 3.7

62
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In the zoomed chromatogram in Figure 49 of the nonpolar fraction of oleic acid methyl ester aged for
21 hours with a retention time of 10-11 minutes, the methyl esters of the unsaturated, saturated and
branched C19 fatty acids can be found. The keto-C17 fatty acid methyl ester occur in small amounts.

Figure 50 shows the chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21
hours with a retention time of 11-15 min.

3

Figure 50: Gas chromatogram of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (11-15 min)

Table 31: Identified peaks of the chromatogram in Figure 50

L 12.673 © Cy7Hs004 438

N 14.348 Not identified C29H5203 448
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Table 32: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 50 and the characteristic mass fragments of the peak with rel. abundance

127.1104 (100);
311.2584 (60);
279.2343 (45);
294.2558 (30)

141.1261 (100);
311.2583 (50);
279.2341 (45);
294.2557 (40)

171.1032 (100);
311.2625 (66);
279.2367 (50);
139.0789 (50)

185.1189 (100);
311.2612 (70);
294.2581 (60);
279.2363 (50)

L 12.673 C7Hs00,  438.3744  438.3709 3.5 8.0

M 13.098 CysHs,0,  452.3940 452.3866 7.4 16.4

N 14.348 CyoHs;0;  448.4003  448.3916 8.7 19.4

(0) 15.064 CyHs,06  496.3756  496.3764 -0.8 -1.6

With higher retention times the molecular mass increases, so compounds with a molecular mass of
more than 400 g/mol can be found in the chromatogram at retention times from 12 to 15 minutes. A
linkage from an oleic acid methyl ester to a formed fragment is plausible for this mass range like
molecule M or L in Table 31. Just small peaks of these molecules are found in the chromatogram. The
peaks are small because of the small concentrations in the sample, or the molecules are not
sufficiently volatile or are bad to ionize. Therefore, they are not really suitable for the analysis by GC-
MS. The exact linkage like a C-C bond or via an oxo- or dioxo bridge or via an ester could not be
identified.
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4.7.1.2 Medium polar fraction of oleic acid methyl ester aged for 21 hours

The following figures show the aged and fractionated sample of the medium polar fraction of oleic
acid methyl ester.

Figure 51: Gas chromatogram of the medium polar fraction of oleic acid methyl ester aged for 21 hours (3-17 min)

In Figure 52 the part of the chromatogram of the medium polar fraction of the aged oleic acid methyl
ester is shown, in which the fragments occur as aging products.

18

20

881

8,63

Figure 52: Gas chromatogram of the medium polar fraction of oleic acid methyl ester aged for 21 hours (4-9 min)
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Table 33: Identified peaks of the chromatogram in Figure 52

1 4.473 Not identified C;H140, 114

Not identified

heptanoic acid methyl ester

H3C )
N
7 5.930 CgH150, 158

O
octanoic acid methyl ester

9 6.502 Not identified CgH1,0; 140

0]
OM CH,
11 7.021 CoH1605 172

(@]
8-oxooctanoic acid

(6]
HZCW

10-undecenal

13 7.204

Cy1H200 168

H3C /CH3
15 7.410 o CioHis0; 186

o]
8-oxononanoic acid methyl ester
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9-oxononanoic acid methyl ester

O
SN
17 7.708 HO CH3 CoH160, 188
(6]
octanedioic acid monomethyl ester
(@) (@)

18 8.135 HOWO CHz  CyHis0, 202

nonanedioic acid monomethyl ester

19 8.197 Not identified C11H160; 180
20 8.608 Not identified C11H160; 180
o
0 =
™ M
21 8.628 o Ci0H1604 200

5-(5-oxotetrahydrofuran-2-yl)pentanoic acid
methyl ester

Table 34: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 52 and the characteristic mass fragments of the peak with rel. abundance

85.1009 (100);
75.0438 (60);
59.0494 (58);
69.0694 (50)

71.0443 (100);
57.0344 (10)

83.0837 (100);

3 4.947 CeHpO, 116.0849  116.0837 1.2 10.3 55.0556 (32);
71.0494 (20)

84.0929 (100);
56.0627 (53);
69.0692 (50);
82.0779 (47)

74.0344 (100);
87.0439 (25);

101.0605 (15);
113.0971 (15)

98.1082 (100);
70.0773 (95);
82.0772 (85);
56.0625 (80)

74.0342 (100);
87.0437 (48);
71.0489 (26);
127.1125 (10)

60.0202 (100);

8 6.168 CeHic0,  144.1152  144.1150 0.2 1.4 73.0276 (95);

101.0602 (30);
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1 4.473 CH1,0,  114.1047 114.1045 0.2 1.8

2 4,576 No molecular ion observable

4 5.200 CgHiO; 1281192 128.1201 -0.7 -5.5

5 5.319 CgH160, 144.1151 144.1150 0.1 0.7

6 5.838 CoHi30;  142.1357 142.1358 -0.1 -0.7

7 5.930 CoH130,  158.1304  158.1307 -0.3 -1.9




4 Results and Discussion

87.0442 (100);

115.0758 (75);
74.0364 (70);
81.0707 (45)

9 6.502 CsHi; 0, 140.0826 140.0837 -11 -7.9

74.0339 (100);
87.0422 (95);
69.0680 (60);
129.0895 (50)

11 7.021 CoH4605 No molecular ion observable

85.0263 (100);
70.0414 (25);
57.0344 (10);
121.1025 (7)

13 7.204 Ci1H200,;  168.1516 168.1514 0.2 1.2

129.0916 (100);
97.0664 (95);
69.0696 (52);
87.0452 (35)

15 7.410 CioH150;  186.1284  186.1256 2.8 15.0

74.0323 (100);

138.0652 (80);
69.0680 (50);
97.0640 (45)

17 7.708 CoH160, No molecular ion observable

70.0412 (100);

138.1036 (80);
98.0720 (75);
94.0783 (40)

19 8.197 C;1H60,  180.1166 180.1150 1.6 8.9

85.0276 (100);
21 8.628 C10H1604 No molecular ion observable 150.0698 (12);
123.0821 (10);

6
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4 Results and Discussion

A lot of fragments are found in the medium polar fraction of aged oleic acid methyl ester. These
fragments are aldehydes, saturated acids or methyl esters, with a chain length of 8 to 10 carbon
atoms and also a lacton derivative was identified. The lacton results via intermolecular esterification.
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Figure 53: Gas chromatogram of the medium polar fraction of oleic acid methyl ester aged for 21 hours (9-11 min)

The peaks with a retention time of 9-11 minutes of the medium polar fraction of oleic acid methyl
ester aged for 21 hours are shown in Figure 53.
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4 Results and Discussion

Table 35: Identified peaks of the chromatogram in Figure 53

22 9.354 Not identified C11H1404 194

H3C o
3\/\/\/\/\/\/\/\/\[]/ ~cH,

24 10083 o C19H3302 298
octadecanoic acid methyl ester

o} o

Hy
C\/\/\/\/U\/\/\/\/[LO/CH:; C18 H3403 298

26 10.335
9-oxoheptadecanoic acid methyl ester

O
ch/W\/\W/\/\/\/\n/ \CH3

o [¢] C19H3503 312
cis-9,10-epoxyoctadecanoic acid methyl ester

H3WVYW(O\
CH,
30 10.759 CioH3503 314

OH (0]
9-hydroxyoctadecanoic acid methyl ester

32 11.029 Not identified Ci9H340,4 326

7

0



4 Results and Discussion

Table 36: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 53 and the characteristic mass fragments of the peak with rel. abundance

75.0440 (100);
71.0494 (25);
166.1012 (25);
195.1042 (20)

22 9.354 Ci1H140;3  194.0932 194.0943  -1.1 -5.7

74.0348 (100);
24 10.083 CiH3s0, 298.2883 298.2872 1.1 3.7 87.0436 (65);
143.1074 (20)

156.1515 (100);
200.1416 (65);

168.1167 (50);

140.1218 (40)

26 10.335 CisH3,03 298.2576 298.2508 6.8 22.8

74.0305 (100);

155.1022 (95);
69.0658 (45);
87.0415 (40)

28 10.638 CiH360;  312.2662 312.2664  -0.2 -0.6

87.0418 (100);

155.1051 (80);

169.1208 (70);
69.0683 (55)

30 10.759 CioH3503 No molecular ion observable

57.0695 (100);
83.0847 (65);

125.0968 (50);
69.0684 (50)

7

32 11.029 CioH3,0,  326.2473 326.2457 1.5 4.6

1



4 Results and Discussion

The peaks with a retention time of 10-11 minutes (Figure 53) correspond to methyl esters of a fatty
acid with 17 or mostly 18 carbon atoms. A high amount of the epoxides of oleic acid methyl ester are
in the sample and can be found in the big peaks in this chromatogram. Also 9-oxo- and 9-hydroxy-
stearic acid methyl ester were identified in this chromatogram.

The identification of the cis/trans isomer of 9,10-epoxy stearic acid methyl ester (molecule no. 27
and no. 28) was done by comparison with literature data, where the trans-isomer elutes first with

the use of a polar capillary column 2 [

. A comparison of the peak areas of the synthesized
epoxides (3.6) with a polar and a nonpolar capillary columns show the same results for both isomer
peaks. Here the trans-isomer has a much smaller peak because of the epoxidation of the cis-double
bond of oleic acid methyl ester. The smaller epoxide peak (trans—isomer) elutes first in the
measurements with both of the different columns. The trans-isomer of the stearic acid methyl ester

epoxide could be identified because it elutes first.

Figure 54 shows the chromatogram with the retention time of 12-17 minutes of the medium polar
fraction of aged oleic acid methyl ester. In this region the dimerized aging products of oleic acid
methyl ester with a fragment should occur.

34

Figure 54: Gas chromatogram of the medium polar fraction of oleic acid methyl ester aged for 21 hours (12-17 min)
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4 Results and Discussion

Table 37: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 54 and the characteristic mass fragments of the peak with rel. abundance

239.2371 (100);
325.2361 (70);
137.1298 (60);
221.2272 (50)

209.1169 (100);
187.1318 (70);
152.1201 (40);
137.1310 (35)

353.2336 (100);
284.2740 (30);
239.2416 (15);
155.1467 (10)

187.1305 (100);
155.1052 (75);
127.1098 (45);
145.1220 (35)

187.1298 (100);
155.1049 (70);
159.1377 (20);
141.1250 (20)

157.1204 (100);
245.1259 (70);
311.2609 (50);
343.2485(20)

189.1132 (100);
144.1151 (90);
367.2874 (30);
285.2092 (25)

185.1167 (100);
155.1079 (35);
187.1332 (30);
203.1292 (25)

34 12.134 Ci9H3404 326.2442 326.2457 -1.5 -4.6

35 12.258 Cy7H4505 420.3654  420.3603 5.1 12.1

36 12.903 Cys5H350, 370.2753  370.2872 -11.9 -32.1

37 13.514 CysH5,04 436.3811  436.3916 -10.5 -24.1

38 14.068 Cy7H400, 396.2969  396.3028 -5.9 -14.9

39 15.062 No molecular ion observable

40 15.773 No molecular ion observable

41 16.754 Cy9H5,06 496.3856  496.3764 9.2 18.5

A substance with a higher molecular mass than 300 g/mol and some with more than 400 g/mol can
be found from Figure 54. The structures of these molecules are unknown but the linkage between an
oleic acid methyl ester and different fragments could be possible.
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4 Results and Discussion

4.7.1.3 Strong polar Fraction of Oleic acid methyl ester aged for 21 hours

Figure 55: Gas chromatogram of the strong polar fraction of oleic acid methyl ester aged for 21 hours (3-17 min)

Figure 55 shows the whole gas chromatogram of the strong polar fraction of oleic acid methyl ester
which was aged for 21 hours in the Rancimat device and Figure 56 the chromatogram within the
retention time of 5-9 minutes.
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Figure 56: Gas chromatogram of the strong polar fraction of oleic acid methyl ester aged for 21 hours (5-9 min)
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Table 38: Identified peaks of the chromatogram in Figure 56

H-C
3\/\/\/\/\0

nonanal

1 5.839 CoH150 142

HSCM(OH
3 6.166 CgH160, 144

O
octanoic acid

OH
H3C/W(
5 6.677 CoH150, 158

O

nonanoic acid

HO O
M \CH3
7 7.255 CgH140,4 174

o] O
heptanedioic acid monomethyl ester

H3C /CH3
9 7.410 o CioH1503 186

o]
8-oxononanoic acid methyl ester

11 7.707 CoH1604 188

o]
octanedioic acid monomethyl ester

7

(€]



4 Results and Discussion

o)

13 7.947 OMO CHz  CiHp0s 200

10-oxodecanoic acid methyl ester

15 8.167 W CoH1404 186

5-(5-oxotetrahydrofuran-2-yl)butanoic acid
methyl ester

17 8.538 Not identified

19 8.706 Not identified

Table 39: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 56 and the characteristic mass fragments of the peak with rel. abundance

98.1093 (100);
70.0783 (95);
56.0629 (80);
82.0779 (80)

1 5.839 CoHq50 142.1320 142.1358 -3.8 -26.7

60.0213 (100);
73.0294 (60);

101.0606 (30);
85.1017 (30)

3 6.166 CsH160, 144.1131 144.1150 -1.9 -13.2

73.0290 (100);
60.0209 (80);
115.0760 (30);
129.0921 (25)

5 6.677 CyHi15 0, 158.1329  158.1307 2.2 13.9

7

)]



4 Results and Discussion

74.0361 (100);
115.0759 (45);
69.0696 (40);
128.0841 (30)

7 7.255 CsH1404 No molecular ion observable

129.0910 (100);
97.0667 (90);
87.0446 (40);
155.1101 (22)

9 7.410 Cy0H1505 No molecular ion observable

74.0336 (100);
138.0663 (70);
97.0643 (40);
157.0864 (20)

11 7.707 CoH1604 No molecular ion observable

74.0362 (100);
87.0448 (60);
125.0979 (50);
157.1234 (30)

13 7.947 Cq1H2005 No molecular ion observable

85.0227 (100);
126.0676 (20);
74.0350 (20);
155.0703 (15)

15 8.167 CoH140,4 186.0892  186.0892 -3.8 -20.4

83.0138 (100);
84.0212 (100);
166.0679 (65);
167.0736 (65)

17 8.538 No molecular ion observable

136.0894 (100);
94.0787 (70);
74.0366 (70);
99.0442 (60)

19 8.706 No molecular ion observable

7
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4 Results and Discussion

167.0724 (100);
136.0872 (40);
114.0350 (15);

111.0449 (10)

20 8.773 No molecular ion observable

The strong polar fraction contains also a lot of formed fragments like the medium polar fraction.
These fragments have a retention time from 5-9 minutes. Identified molecules were aldehydes, acids
or methyl esters. Also lactone derivatives with a different carbon chain length could be identified.
Some of them are the same molecules found also in the medium polar fraction. The column
chromatography does not separate the aging products completely in one of the polar fractions. This
could also be shown in the HPLC analysis (4.4)

The identified BHT (no. 12) is an antioxidant and is used in some solvents for stabilization. Therefore,
it is probable that this substance is an impurity.

Figure 57: Gas chromatogram of the strong polar fraction of oleic acid methyl ester aged for 21 hours (10-12 min)

Figure 57 shows the chromatogram of the strong polar fraction of the aged oleic acid methyl ester
with the retention time of 10-12 minutes.
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4 Results and Discussion

Table 40: Identified peaks of the chromatogram in Figure 57

21 9.355 Not identified

9,12-octadecadienoic acid methyl ester

o}
ch/\/\/\/\w/\/\/\/\n/ \CH3

27 10.637 o ¢} C19H3503 312
9,10-epoxy octadecanoic acid methyl ester

HsC o
M/\W/\/\/\/\n/— “cH,

[e] [¢]
9,10-epoxy-12-octadecenoic acid methyl
ester

29 10.832 CigH3403 310

31 11.364 Not identified




4 Results and Discussion

Table 41: Difference of the analyzed molecular ions to the calculated molecular masses of the peaks found in the
chromatogram in Figure 57 and the characteristic mass fragments of the peak with rel. abundance

166.1015 (100);
21 9.355 No molecular ion observable 83.0142 (55);
195.1033 (50)

69.0700 (100);
74.0366 (90);
83.0831 (62);
264.2743 (50)

23 10.011 CigH360,  296.2801  296.2715 8.6 29.0

294.2568 (100);
150.1039 (54);
124.1258 (50);
135.1164 (45)

25 10.291 CioH340,  294.2569  294.2559 1.0 34

74.0367 (100);
155.1086 (65);
87.0442 (50);
67.0549 (50)

27 10.637 No molecular ion observable

75.0263 (100);
153.1281 (70);
167.1449 (50);
244.1490 (50)

29 10.832 CioH;3403  310.2528  310.2508 2.0 6.4

155.0718 (100);
292.2387 (20);
130.1026(10);
250.2425 (10)

31 11.364 No molecular ion observable




4 Results and Discussion

Identified compounds in the strong polar fraction were oleic acid methyl ester and its oxidized
derivatives such as epoxides.

The identified molecule hexanedioic acid dioctyl ester (no. 30) is a known plasticizer in the polymeric

industry. Although its structure has two ester groups, this compound is an impurity from the sample
preparation or treatment.
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4 Results and Discussion

4.7.2 MALDI-TOF-MS
To analyze the progress of aging of oleic acid methyl ester a MALDI-TOF-MS was used. Dithranol and
the sodium salt of trifluoracetate were used as matrix. The measurements were done by Prof. Saf
from the Graz University of Technology, Institute for Chemistry and Technology of Materials (ICTM).

The investigated samples were an un-aged (0 hours) and two differently aged samples of oleic acid
methyl ester. The two samples were aged for 21 and 42 hours in the Rancimat device. These three
samples were each fractionated by column chromatography (3.7.1) in a nonpolar, a medium polar
and a strong polar fraction.

The analysis by MALDI-TOF-MS should give the content of the sample with a higher molecular mass
compared to the GC-TOF-MS. In the GC, these high mass molecules cannot be analyzed because of
their high boiling points leading to decomposition.

The chosen MALDI-TOF-MS method was the same for all the analyzed samples, so the comparability
of the results among different analyses is better. But because of the use of the same method for all
measurements and not the optimal setting for each sample the analyses are not optimized for every
single sample and therefore the mass accurateness decreases.

The result of the fractionation with column chromatography of the investigated oleic acid methyl
esters is summarized in Table 42.

Table 42: Amount of the fractions of un-aged and aged oleic acid methyl ester

un-aged Oh 96 2 0.5
21 hours 33 60 7
42 hours 21 73 6

Table 42 gives the result of the fractionation of the oleic acid methyl esters. The measured IP with
the Rancimat device for oleic acid methyl ester was 1.5 hours. With an aging time of 21 or 42 hours
the samples are aged for beyond their IP. Column chromatography of oleic acid methyl ester gives
similar results to the time resolved fractionation of B100 biodiesel. Because of the absence of natural
antioxidants, the IP is lower in oleic acid methyl ester compared to the mixture in the rape seed oil
Biodiesel B100. The un-aged oleic acid methyl ester (0 hours) consists almost exclusively of the
nonpolar fraction. Just impurities from the synthesis of the methyl ester could be found in the polar
fractions. The synthesis of the methyl ester was not performed under inert conditions (3.4). It is
possible that in the methylation step also fragments, dimers or oligomers were formed. With longer
aging time the samples get more and more polar like the biodiesel B100 sample. The oleic acid
methyl ester reacts with oxygen and forms epoxides, ketones, aldehydes and also dimeric and
oligomeric molecules.
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OelMe Oh unpolar 91 (1.516) Sb (99,30.00 ), Cm (7:97) TOF LD+
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Figure 58: MALDI-TOF mass spectra of the nonpolar fraction of oleic acid methyl ester ((a) unaged; (b) 21 hours and (c) 42 hours); M: 300-1100; marked masses are from the
matrix

83



4 Results and Discussion

OelMe Oh unpolar 91 (1.516) Sb (99,30.00 ), Cm (7:97) TOF LD+
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Figure 59: MALDI-TOF mass spectra of the nonpolar fraction of oleic acid methyl ester ((a) unaged; (b) 21 hours and (c) 42 hours); M: 700-1100; marked masses are from the
matrix
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The MALDI-TOF mass spectra of the nonpolar fraction of oleic acid methyl ester show the process of the
accelerated aging with the Rancimat device. With the higher aging time of oleic acid methyl ester the
groups of peaks marked with the circles in Figure 58 and Figure 59 shift to the right to higher molecular
masses. The nonpolar un-aged sample (Figure 59 a) just shows some peaks at a molecular mass between
877 and 909 g/mol. The sample aged for 21 hours (Figure 59 b) has a mass peak region from 879 to 985
g/mol and the sample aged for 42 hours (Figure 59 c) a found mass range from 899 to 1015 g/mol. This
shift to higher molecular masses with longer aging times can be observed in all four groups found. The
shift to the higher molecular masses comes from the further oxidation of the formed oligomers. Oxygen
can react with an oligomer and increases the molecular mass. Longer aging and therefore a longer
reaction time leads to higher molecular masses.

Compared to the matrix peak at 685.4 g/mol, Figure 58 shows that the intensities of the mass peaks in
the long aged sample (c) are higher than in the un-aged (a) and also higher than the peaks of the sample
aged for 21 hours (b). Higher intensities can be interpreted as higher concentration of these molecules in
the sample.

The highest peak of a group to the next highest group is usually 14 (-CH,-) or sometimes 16 (+ oxygen)
mass units higher. As an example Table 43 gives this result for the last mass region of the nonpolar
fraction of the oleic acid methyl ester aged for 42 hours (Figure 59 c mass range from 894 to 1016 g/mol)

Table 43: Difference between the highest peak of a molecular group to the next highest peak in the group in the last mass
region of the nonpolar fraction of the 42 hours aged oleic acid methyl ester (Figure 59 c).

899.8
913.7 14
929.7 16
943.7 14
959.8 16
973.8 14
987.8 14
1001.7 14
1015.8 14

A comparison of the nonpolar samples of oleic acid methyl ester with an aging time of 21 hours (b) and
42 hours (c) shows that the most intense peaks of a group in the sample aged for 21 hours can be found
in the sample aged for 42 hours with a 16 g/mol higher molecular mass. During the longer aging time an
addition of oxygen to the molecule can occur. For example the highest peak of Figure 59 b (21 hours) is
898 g/mol while in Figure 59 c (42 hours) the highest is 914 g/mol in this group.
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The marked peaks within the circles are mass regions found in the nonpolar fractions during the aging of
oleic acid methyl ester. Table 44 gives the marked mass ranges found in the nonpolar fraction for aging
oleic acid methyl ester and the assumed structure within this molecular mass range.

Table 44: Mass regions in the nonpolar fraction during the aging of oleic acid methyl ester (Figure 58 a-c and Figure 59 a-c)

460-530 Oleic acid methyl ester and fragment (C8-C11)
600-700 2x Oleic acid methyl ester

760-850 2x Oleic acid methyl ester and fragment
880-1020 3x Oleic acid methyl ester

The assumed structures in Table 44 should give a hint of the molecular size of the mass regions. The
mass of the fragment reach from 159 g/mol for a C8 to 197 g/mol for a C11 fragment. These fragments
occur because of the isomerization of the double bond during the autoxidation reaction. Two oleic acid
methyl esters, which are linked with a C-C bond, have a mass of 615 g/mol. An oleic acid methyl ester
trimer has a mass of 911 g/mol, when linked with a simple C-C bond. Higher masses than these di and
trimers could be found. The higher masses could result from oxo- or dioxo- linkage to form oligomers or
an addition of oxygen to the carbon chain like the forming of epoxides, hydroxides, ketones or
hydroperoxides.
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Figure 60: MALDI-TOF mass spectra of the medium polar fraction of oleic acid methyl ester ((a) unaged; (b) 21 hours and (c) 42 hours); M: 300-1500; marked masses are from the
matrix
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Figure 61: MALDI-TOF mass spectra of the strong polar fraction of oleic acid methyl ester ((a) unaged; (b) 21 hours and (c) 42 hours); M: 300-1500; marked masses are from the
matrix
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The high resolution MALDI-TOF mass spectra of both of the polar fractions of oleic acid methyl ester
(Figure 60 and Figure 61) show quite similar results to the mass spectra of the nonpolar fractions (Figure
58) before. The marked groups shift with longer aging times (from (a) to (c) in both figures) to higher
molecular masses. This shift occurs because of the further oxidation and addition of oxygen during the
aging process. The intensities of the peaks are getting higher with the longer aging time compared to the
matrix mass of 685.4 g/mol marked with a star in all spectra, especially from the un-aged (a) to the aged
fractions (b and c). Also the amounts of both polar phases increase with longer aging times compared to
the un-aged sample (Table 42).

The peaks marked with the circles are mass regions found in the polar fractions during the aging of oleic
acid methyl ester. Table 45 gives the marked mass ranges found in the polar fractions for aged oleic acid
methyl ester and the estimated structure within this molecular mass range.

Table 45: Found mass regions in the medium and strong polar fraction during the aging of oleic acid methyl ester (Figure 60 a-
c and Figure 61 a-c)

470-600 Oleic acid methyl ester and fragment (C8-C11)
Medium polar 650-750 2x Oleic acid methyl ester
P 800-925 3x Oleic acid methyl ester
950-1100 3x Oleic acid methyl ester and fragment
320-400 Oxidized oleic acid methyl ester
470-600 Oleic acid methyl ester and fragment (C8-C11)
Strong polar 650-800 2x Oleic acid methyl esjcer and 2x Oleic acid methyl
ester with fragment
850-1050 3x Oleic acid methyl ester and 3x Oleic acid methyl

ester with fragment

Table 45 lists the estimated molecular structures of the found mass regions of the polar fractions. Like in
the nonpolar fraction, the found molecules are combined to mass regions where peaks in the mass
spectra occur. Fragments have a mass from 159 g/mol for a C8 to 197 g/mol for a C11-fragment. Two
oleic acid methyl esters, which are linked with a C-C bond, have a mass of 615 g/mol. An oleic acid
methyl ester trimer has a mass of 911 g/mol, when linked with simple a C-C bond. The wider mass
regions result from all the diverse aging products formed from oleic acid methyl ester. A high variety of
oxidation products have a higher molecular mass than the monomeric oleic acid methyl ester. This
variety comes from different carbon chain lengths and different oxidation reactions with oxygen to form
epoxides, hydroxides, hydroperoxides, ketones or ether compounds.
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4.7.3 Comparison of the Size-Exclusion-Chromatography (SEC) and MALDI-TOF-MS

Two different analytical systems were used for the determination of the content of oligomers in aged
oleic acid methyl ester samples. While the SEC separates the molecules by their size and shape, the
MALDI-TOF-MS separates by their molecular mass, specifically their flying time to the detector.
Furthermore, the soft ionization of the MALDI guarantees that no fragmentation of the molecules
occurs.

For comparison the same samples were used for both types of analytical techniques. The samples were
the three fractions of the differently aged oleic acid methyl ester.

Standard molecules were used for a better comparison of the analytical systems. With these molecules
the retention times in the SEC are connected to their molecular mass. The standard molecules are listed
in Table 46 with their measured retention times of the SEC and their molecular mass. The standard
molecule monoolein is the 1-monogylcerid, diolein the 1,3-diglycerid and triolein the triglyceride of oleic
acid.

Table 46: Retention time of the used standards

Oleic acid methyl ester 21.8 296.5 319.5
Stearic acid 21.2 284.5 307.5
Monoolein 20.6 356.5 379.5

Diolein 19.2 621.0 644.0
Triolein 18.5 885.4 908.4
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Figure 62: SEC-analysis of the aged oleic acid methyl ester samples. The marks TG (triglycerid), DG (diglycerid),
MG (monoglycerid), FFA (free fatty acid), ME (methyl ester) and Fragm (fragment) are for the retention times of the used
standards. The areas of the shown graphs correlated to their concentration in the fractions.
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The SEC-analysis was done with all the three fractions of the un-aged, and the oleic acid methyl esters
aged for 21 and 42 hours. The marks show the retention times of the used standards, which were used
for these experiments. These standards should show the molecular masses in the SEC analysis with a
specific retention time. The standards are different to the formed oligomers as aging products in size and
shape. The glycerides are fatty acids, which are linked at the end of the carbon chain via an ester bond to
glycerine. On the other hand, the fatty acid methyl esters of the oligomers as aging products are linked in
the middle of their carbon chain with oxygen. This causes different shapes of the molecules which
influence the separation by size exclusion chromatography although they have nearly the same masses.
The masses of the molecules could not be determined exactly, but the standards should give an
approximate molecular weight.

The shown area proportions of each fraction give the amount in the original sample before the
separation of the polar content (Table 42). With a lower amount of a fraction in the sample, the area of
the chromatogram is also smaller. So the area of the polar fractions of the un-aged sample (Figure 62 b
and c green line) is small compared to the two aged samples.

Figure 62 (a) shows the nonpolar fractions of the oleic acid methyl ester samples. A high amount of the
analytes is in the mass range of the methyl ester as expected. The peak of the sample aged for 42 hours
(black line) has a smaller retention time than the others and therefore a higher molecular mass. This
higher molecular mass comes from the oxidation of the methyl ester. The aged samples also show peaks
with a smaller retention time and these molecules have therefore a higher molecular weight. The molar
mass of those peaks are between the mono- and diglyceride standards. These peaks could be the linkage
of an oleic acid methyl ester with a fragment with 8-11 carbon atoms or a second oleic acid methyl ester.

The medium polar fraction of the differently long aged oleic acid methyl ester is shown in Figure 62 (b).
The amount of the un-aged medium polar fraction is just 2% of the total un-aged sample. So the area
under the green line (0 hours aged) is much smaller than the area under the two polar fraction graphs,
which have an amount of 60% or 73% in the sample. The longer aged sample (42 hours, black line) has a
higher peak area with smaller retention times than the graph of the sample aged for 21 hours and so a
higher molecular mass. Also peaks with a higher retention time than the methyl ester were found. These
peaks come from molecules with a lower molecular mass and are fragments of the oxidation. The
maximum of the sample aged for 21 hours (violet) is in the range from 21 to 22 minutes and comes from
methyl ester or its oxidized derivatives. With the longer aging time this peak gets smaller so the
molecules get oligomerized (smaller retention times) or fragmented (bigger retention times).

The strong polar fraction (Figure 62 (c)) shows similar results to the medium polar fraction. The retention
times of the peaks found are lower, and therefore the molecular masses higher, than in the medium (b)
or nonpolar fraction (a). The shape of the sample aged for 21 hours (violet) is a result of a too low
concentration for the refraction index detector. To get the correct scale for the area correlation in this
figure, this graph has to be magnified extremely. Therefore small differences or a drift in the baseline
have a big influence to the results. The chromatogram is not that exact and just should give a hint for the
molecular masses in its sample. However, Figure 62 (c) as Figure 62 (b) shows that with a longer aging
time a shift to higher molecular masses happens.
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Figure 63: MALDI-TOF-MS (left) in comparison to SEC (right). The plotted marks correlate to the mass or the retention time of
the standards used. TG (Triglycerid), DG (Diglycerid), MG (Monoglycerid), FFA (free fatty acid), ME (Methyl ester) and Fragm
(Fragment)
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The vertical lines in the MALDI-TOF-MS (Figure 63, left side) represent the masses of the triolein (TG),
diolein (DG), and monoolein (MG) standards with an attached Na*-ion (M: 23 g/mol) which is needed for
the measurement. All peaks in this figure have this Na'-ion because of the ionization. The standards
should give an approximate estimation of the molecular masses (left side) to the retention times of the
SEC (right side). In the MALDI-TOF-MS measurements the molecular masses increase from left to right
while in the SEC-analysis the mass is decreasing with a higher retention time.

In Figure 63, the SEC-results (right side) are not shown in their ratio to their content in the sample (Table
42), but they are normalized to the highest peak of the chromatogram. This correlates better to the
MALDI-TOF-MS results.

The nonpolar fraction of the oleic acid methyl ester samples is shown in Figure 63 (l). The oleic acid
methyl ester is not detected in the MALDI-TOF-MS measurement. But all the other the peaks could be
found with both analytical procedures. The peaks do not match exactly because of their different kind of
linkage. While the used standards are linked via an ester group at the end of the fatty acid with glycerin,
the formed oligomers are connected in the middle of each carbon chain with an undefined amount of
oxygen. This gives a different shape and also size of the molecule and leads to this little shift.

In the SEC-analysis the stronger aged nonpolar sample (42 hours, Figure 63 (1), black) shows an increase
of the baseline before the TG marker and also the MALDI-TOF-MS measurement shows peaks after the
TG marker. Single molecule peaks found in the MALDI-TOF-MS are summarized to peak groups and both
analytical methods show the same peak area ratios. The aged samples have two groups between the MG
and almost to the DG marker in both procedures and further a small amount of a much higher masses
than the TG standard.

Figure 63 (I1) and (Ill) show the medium and strong polar fraction of the oleic acid methyl ester samples.
In both analytical procedures, especially in the aged samples, molecules with a higher molecular mass
than the TG are present. The retention times of the polar peaks in the SEC analysis are getting slightly
lower with higher polarity and aging time. And also the MALDI-TOF-MS measurements show this trend.

The SEC result of the strong polar fraction (Figure 63 (lll)) has no clear peaks because of the overlapping
peak width of different peaks. The broad peak width comes from the big variety of molecules in these
samples. And also the peaks found by MALDI-TOF-MS has wide regions with slightly higher masses
(marked in circles) followed by or overlapped with the next regions.

94



4 Results and Discussion

4.8 Further Reactions of the Epoxides as Aging Products
Because of the fact that epoxides are one of the major oxidation products, a reaction was performed to
show that these epoxides are also quite reactive at even 70°C (reflux hexane) and can also give further
aging products. The Racimat conditions are even harsher with 110°C and a permanent oxygen flow.

Formic and acetic acid were added to the reaction mixture, because these acids also occur during the
aging of biodiesel. In the Rancimat accelerated aging, these acids are formed in B100 biodiesel to an
amount of 0.56%,/m for formic and 0.14%,, for acetic acid after an aging time of 12 hours. About 98%
of formic and 65% of the acetic acid are stripped out of the biodiesel system and are collected in the
water vessel ®¥ but in a closed system like the PetroOxy, these acids remain in the biodiesel system and
can further react with aging products or catalyzes aging reactions.

C18:0 Epoxid

I

c16:.0
c18:0
c18:1

(@) |

(b) H |

| A M

'550 600 650 700 750 800 850 900 950

Figure 64: GC-MS from (a) a prepared epoxide out of oleic acid and (b) this epoxide after the reaction with formic and acetic
acid.

The chromatograms (Figure 64) show that a new peak at 8.4 min appears after the treatment of the
epoxide with formic and acetic acid. The comparison of the database gives a molecule with two hydroxyl-
groups at the carbons 9 and 10. So the oxidized aging product out of oleic acid methyl ester can also
react further and give also a still reactive molecule with functional hydroxyl-groups.
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Figure 65: Mass spectra of (a) GC-MS Peak at retention time 8.4 min (b) reference spectra of the database

The formed molecule is identified as 9,10-dihydroxy stearic acid methyl ester. The reaction was
performed in an excess of formic and acetic acids. These acids have a purity of 98% or 96% and introduce
a certain amount of water. The found diol is formed by the nucleophilic addition of water to the epoxide.
The added acids catalyze the ring opening reaction with the nucleophile ®.

Due to the diol structure, further reaction steps are possible like the esterification with an acid,
dimerization ®® fragmentation at the carbons 9 and 10 or the building of a lactone (Table 38 no. 15 and
no. 18).
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4.9 Esterification of aged Oleic acid methyl ester

4.9.1 GC-TOF-MS

The three fractions of oleic acid methyl ester aged for 21 hours were analyzed with a GC-TOF-MS after
the saponification, esterification and sample clean up steps.

Molecules with a high molecular mass like the oligomers cannot be detected by gas chromatography
because of their high boiling points. The reaction should break the oligomers in smaller molecules for the
detection for the GC. All ester linkages of oligomers to fragments or other methyl esters are broken in
the saponification step. For the injection in the GC-TOF-MS, the second reaction step produces the
methyl esters out of the fatty acid salts. It can be assumed, that these reaction steps should give new
peaks in the chromatogram and these new methyl ester peaks should be fragments or monomers
previously attached to an oligomer.

o OH
+NaOH +BF,-MeOH

o +MeOH o Na' +MeOH

> O——CHs
AT AT
Rz o [}

R R,

OH

Figure 66: Reaction scheme of the saponification and re-esterification step. R, is the oligomer and R, is the carbon chain of
the newly formed methyl ester

The reaction scheme (Figure 66) shows, how it is possible that new peaks appear in the gas
chromatogram. While a fragment is bound to an oligomer, it cannot get detected. After the reaction
steps it is possible to detect the newly formed methyl esters.

The previous GC-TOF-MS analysis (4.7.1) identified some aging products with a free carboxylic acid as
functional group. These existing carboxylic acids also get methylated in the esterification step. They have
a lower retention time because of the lower polarity and higher volatility. Therefore not all of the new
peaks are molecules originating from an oligomer.
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Figure 67: GC-TOF-MS —analysis of the nonpolar fraction of the oleic acid methyl ester aged for 21 hours before (a, black) and
after the saponification and re-esterification steps (b, blue); retention time: 6-10 Minutes.

After the saponification and esterification step some new peaks occur in the GC chromatogram. These
newly formed molecules are dimethoxy acetals and dicarboxylic acid methyl esters. The dimethoxy
acetals have a carbon chain length from 8-10 and are formed during the esterification step out of the
respective aldehydes ©”\. Also dicarboxylic acid methyl esters with 8-10 carbon atoms in their chain could
be found. It is possible, that the dicarboxylic acids originate from the oligomers, which are linked with a
fragment via an ester. During the saponification step the sodium salts were created and while the
esterification, dicarboxylic acid methyl esters were produced. Before the reaction steps, the respective
acids of these newly formed methyl esters cannot be detected, or are in a too low concentration in the
sample. Therefore, these methyl esters are probably from an oligomer.

Table 47: Identified molecules after the saponification and re-esterification steps

6.47
6.73
7.21
7.53
7.75
7.97
8.17

C9:0 ME
1,1 Dimethoxy octane
1,1 Dimethoxy nonane
Octane dioic acid dimethyl ester
6,6 Dimethoxy octanoic acid methyl ester
Nonanedioic acid dimethyl ester
1,1 Dimethoxy decane
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Figure 68: GC-TOF-MS —analysis of the nonpolar fraction of the 21 hours aged oleic acid methyl ester before (a, black) and
after the saponification and re-esterification steps (b, blue). 9-12 Minutes

Most of the peaks in the chromatogram (Figure 68) do not change after the reaction steps (like the oleic
or stearic acid methyl esters). The biggest differences are that the stearic acid methyl ester epoxides
(retention time 10.59 and 10.64 minutes) react during the saponification step and are not found in the
chromatogram after the reaction steps. The reactivity of epoxides is shown in section 4.8. Furthermore a
new peak with a retention time of 10.95 minutes is found and a big new peak occurs with a retention
time of 11.05 minutes.

The peak with the retention time of 11.05 minutes is an hydroxy methoxy stearic acid methyl ester
isomer. This is probably the reaction product of the reaction of the epoxides and the saponification and
re-esterification step & % The further reactivity of the formed epoxides as aging products is shown in
section 4.8.

The peak area ratios of the C18:0 and C18:1 methyl esters are bigger compared to the peaks A-D after
the reaction steps. So it is possible, that also some of the C18:0 and C18:1 methyl ester molecules in the
blue graph (b) are from an oligomer before the saponification step (a). The peak area ratio of C18:0 to
C18:1 methyl ester remains constant before and after the reaction steps. During the reaction the amount
of C18:0 and C18:1 methyl ester increases compared to the other molecules.
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Figure 69: GC-TOF-MS—analysis of the medium (1) and strong polar (ll) fraction of the oleic acid methyl ester aged for 21 hours
before (a, black) and after the saponification and re-esterification steps (b, blue).

In both polar fractions (Figure 69) a lot of newly formed molecules occur in high amounts. Table 48 lists
some of the molecules with the highest peak areas of these newly formed peaks and also their

appearance in the nonpolar fraction.

Table 48: Some newly formed molecules after the saponification and re-esterification steps, n.i.: not identified

6.47 C9:0 ME X X

7.06 Heptanedioic acid dimethyl ester X X
7.53 Octanedioic acid dimethyl ester X X X
7.97 Nonanedioic acid dimethyl ester X X X
8.38 Decanedioic acid dimethyl ester X X

n.i.

1040 seems that 2 peaks are overlapping X X X
10.77 n.i. X X
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The C9:0 methyl ester is just found in the medium polar fraction in relatively high amounts after the
reaction steps, while in the strong polar fraction a really small peak of this methyl ester appears. But the
respective C9:0 acid was also identified in the medium polar fraction before the reaction. Therefore, this
methyl ester is probably just the methylated acid from the original sample. The C9:0 acid was in a lower
amount in the strong polar fraction than in the medium polar. And also the newly formed C9:0 methyl
ester occurs in a very small amount after the reaction.

Most of the new peaks in both polar fractions are dimethyl esters of dicarboxylic acids with a carbon
chain length of 7-10. Their appearance in the chromatograms shows that the fragments of oleic acid
methyl esters react to an unidentified dimer or oligomer. But it is also possible that these methyl esters
are resulting from the identified acids before the reaction. These acid peaks disappear in the second
(blue) chromatogram, so they react to the methyl ester in the methylation step. The detector response
factors of the GC-TOF-MS of all the free acids to the respective methyl esters are unknown. If all of the
found molecules are from these acids, or if there are more additional methyl esters from an oligomer is
impossible to say without the correlating response factors for this method.

The peak at a retention time of 10.40 minutes seems to be a co-elution of two different molecules
because the left and right shoulder of this peak shows different ionization fragments.

4.9.2 MALDI-TOF-MS

All the three fractions of oleic acid methyl ester aged for 21 hours were also analyzed after the
saponification and esterification step by MALDI-TOF-MS. With the comparison of the mass spectra
before these reaction steps it should be possible to identify if there are differences in the oligomeric
regions and if there is a mass decrease because of the loss of the fragments linked by ester bonds or
methyl esters to an oligomer during the reaction step.

Also here, as in the comparison of the aging process with longer aged methyl ester (4.7.2), the same
MALDI-TOF-MS method was used with the best results for all of the different fractions and not the best
for each of the fractions. With the same method the results are better to compare with each other, but
also the mass accurateness decreases.

The comparison of the nonpolar fractions of oleic acid methyl ester aged for 21 hours before and after
the saponification and esterification step is shown in Figure 70. The biggest differences are highlighted in
the marked areas.

The oligomeric molecule groups in the mass range of 890-950 g/mol cannot be identified after the
reaction step and also the molecule groups in the mass range 780-840 g/mol are significantly reduced.
Furthermore, a new oligomeric molecule group appears in a high amount next to the other existing
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groups in the mass range of 700-800 g/mol after the reaction steps. A loss of a fragment or a whole oleic
acid methyl ester derivative seems to be possible and explains this mass shift of the oligomers.

Further new molecule groups are found in the mass range of 350-400 g/mol. Oxidized species of oleic
acid methyl esters or two fragments linked together can reach this mass range. But also a loss of a
fragment of the dimers in a mass range of 500-530 or a monomer of the dimers at 610-700 could be
possible to produce these molecule groups.

The other two still existing molecule groups with the mass range of 460-530 and 600-700 g/mol do not
change their position in the mass range a lot but the discrete mass group peaks seem to be wider.
Because of the soft ionization method of the MALDI each molecule creates its own mass peak and no
fragmentation occur during the ionization. A wide mass group peak indicates therefore that far more
molecules are produced in these mass areas.
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Figure 70: MALDI-TOF Mass spectra of the nonpolar fraction of oleic acid methyl ester aged for 21 hours (before (green) and after (red) the saponification and esterification step)
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The MALDI-TOF-MS results of both polar fractions, the medium (I) and the strong (ll) polar fractions
after the reactions steps are shown in Figure 71. And also here the biggest differences in the mass
spectra are highlighted in the marked areas.

The outstanding difference of the comparison with the received mass spectra before and after the
reaction steps in the medium polar fraction (I in Figure 71) is the occurrence of a new peak group in
the mass range of 720-800 g/mol in a high amount. Furthermore, a decrease of the peaks in the mass
range of 850-920 g/mol after the reaction occurs.

The reduction of the peak group in the mass range of 850-950 g/mol and the occurrence of a new
peak group in the range of 720-800 g/mol is also found in the strong polar fraction (Il) after the
reaction step. Additionally the peak group with a mass of 1150-1220 g/mol is reduced and cannot be
identified as an individual group, but a new group occurs at 1020-1120 g/mol during the reaction.

These shifts may result from the loss of a fragment group from the original oligomer. Because of the
reaction, these losses result from the breaking of ester linkages.
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5 Summary and Outlook

As mentioned in the introduction, the aim of this work was the investigation of aging products
formed during the accelerated aging in biodiesel and biodiesel/petrodiesel blends. It was focused on
the higher molecular mass range with the formation of dimers and oligomers.

This could be achieved by the aging with a Rancimat device followed by column chromatography to
separate polar compounds from the nonpolar biodiesel. It can be shown, that the polar content start
to increase after reaching the IP of the B100 biodiesel and the B50 and B7 blends. A correlation of
the aging time and formed polar compounds could be found. Surprisingly, a B50 blend forms almost
the same amount of polar compounds as B100 biodiesel (65% and 58% respectively) and also the B7
blend forms 22% polar compounds after a prolonged aging time.

All the fractions were analyzed by SEC to quantify the dimeric content and the component
distribution. In all the polar fractions of aged B100 biodiesel and B50 and B7 blends dimers could be
found. The total dimeric content of B100 after an aging time of 42 hours was 55% of the initial
sample. B50 has an amount of 38% and B7 an amount of 9% of dimers after a prolonged aging time.

The identification of aging products by high resolution mass spectroscopy was performed with aged
oleic acid methyl ester. Various aging products could be identified by GC-TOF-MS, especially in the
mass range of the formed fragments and oxidized monomers. An identification of dimers could not
be achieved because of the unfavorable molecular structure, vaporization or ionization technique.
Analyses by MALDI-TOF-MS show the formation of a high variety of dimers and also the presence of
molecules with a much higher molecular mass (dimers linked with fragments and trimers). As a result
of the high variety of these molecules wider peak groups than the few initially assumed dimers can
be found. The molecules vary in different carbon lengths, linkage or oxidation stage. No preferred
dimer as reference molecule for the aging of biodiesel could be identified. A correlation of the aging
time and molecular weight could be found. A prolonged aging leads to molecules with a higher mass.
Fatty acid dimers and also trimers could be identified as aging products.

A performed saponification and methylation reaction of the oligomers shows the type of the linkage
of the monomers. This reaction breaks ester groups and the newly formed methyl esters can be
identified by GC and MALDI-TOF-MS. The decrease of peaks after the reaction step and the formation
of new peaks indicates the presence of ester-linked oligomers.

The formation of di- and oligomers as aging products in biodiesel is shown in this work. The biodiesel
samples were B100 biodiesel, B50 and B7 biodiesel blend. Evidence was found that also the
petrodiesel component forms oligomers. Further experiments with the petrodiesel BO could support
a deeper understanding of the formation of di- and oligomers in the blends. Furthermore an analysis
by HPLC/LCMS where the samples do not have to be vaporized like in the GCMS could give additional
information about the aging process of biodiesel.
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