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Abstract

Within the scope of this thesis, a new concept of completely sustainable biofuels was

developed and patented, which enables the usage of high amounts of vegetable oils and

glycerol derivatives simultaneously in mixtures with biodiesel. This concept significantly

enhances the profitability of biodiesel production and thus strongly contributes to the

sustainability of future biofuels. Besides their successful implementation, the presence of

these glycerol derivatives leads to further advantages due to their amphiphilic character.

For the first time, natural, hydrophilic antioxidants, which are even more effective than

the currently utilised, synthetic and highly toxic hydroquinones, can be solubilised in ve-

getable oil-containing biofuels without any additives. Further, water can be implemented

into several biofuel formulations, so-called hydrofuels, without the necessity of surfactants,

due to the presence of glycerol derivatives. During the investigations on ethanol as biofuel

component, considerable contributions to ethanol-containing biofuels were achieved. The

presence of nanostructures in these formulations could finally be indisputably verified and

the term ethanolotrope was introduced to describe the decisive compound for this struc-

turing. By precisely specifying the nanostructured areas of these mixtures, the influence

of these structures on relevant physicochemical parameters of biofuels could be shown.

As a result of the versatile properties of the glycerol derivatives in biofuel formulations,

their applicability in completely different, industrial processes was also investigated. After

developing a simple extraction, detection and isolation method, it could be shown that

some of these derivatives could be used as extracting agents for valuable antioxidants from

vegetable oils. With regard to the biofuel concept, this extraction process could be realised

before the biofuel formulation and within the same facilities, since the glycerol derivative

is added to the vegetable oil anyway. Based on the research contract of WIGO Chemie

GmbH, different alternatives to ethanol as freezing point depressants were also investiga-

ted. With one of the glycerol derivatives reducing the freezing point of water significantly,

this request could be successfully fulfilled as well.

Besides several publications, these results led to many subsequent, industrial projects and

collaborations, due to the direct applicability and versatility of the developed concept.

While the Handelshaus Runkel will start selling its own biofuel in Austria this year, which

will most likely make use of the biofuel concept, even more experiments are currently

performed at the Volkswagen AG, the University of Applied Sciences Coburg and the

GLACONCHEMIE GmbH.
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Zusammenfassung

Im Rahmen dieser Doktorarbeit wurde ein neues Konzept bezüglich vollständig nachhal-

tiger Biotreibstoffe entwickelt und patentiert, das die gleichzeitige Verwendung von hohen

Anteilen von Pflanzenölen sowie Glycerinderivaten in Mischungen mit Biodiesel ermög-

licht. Dieses Konzept erhöht die Profitabilität der Biodieselproduktion deutlich und leistet

somit einen wichtigen Beitrag zur Nachhaltigkeit von zukünftigen Biotreibstoffen. Zusätz-

lich zur erfolgreichen Implementierung führt die Anwesenheit dieser Glycerinderivate, auf-

grund ihrer amphiphilen Eigenschaften, zu weiteren Vorteilen. Zum ersten Mal ist es mög-

lich, natürliche, hydrophile Antioxidantien, die sogar noch effektiver als die momentan

genutzten, synthetischen und hochgiftigen Hydrochinone sind, in Pflanzenöl enthaltenden

Biotreibstoffen ohne Additive zu verwenden. Des Weiteren kann Wasser durch die An-

wesenheit der Glycerinderivate in zahlreiche Biotreibstoffe, sogenannte Hydrofuels, ohne

die Notwendigkeit von Tensiden implementiert werden. Während der Untersuchungen zu

Ethanol als Biotreibstoffkomponente konnten weitere Erkenntnisse gewonnen werden. So

wurde das Auftreten von Nanostrukturen in Ethanol enthaltenden Biotreibstoffen nach-

gewiesen und hierfür der Fachbegriff Ethanolotrop für die ausschlaggebende Komponente

eingeführt. Da die vorliegenden Nanostrukturen präzise identifiziert wurden, konnte der

Einfluss jener auf relevante, physikalisch-chemische Parameter gezeigt werden.

Aufgrund der vielseitigen Eigenschaften der Glycerinderivate in den Biotreibstoffen wurde

zusätzlich deren Anwendbarkeit in weiteren, industriellen Prozessen untersucht. Nach der

Entwicklung einer möglichst einfachen Extraktions-, Detektions- und Aufreinigungsme-

thode konnte nachgewiesen werden, dass manche dieser Derivate als Extraktionsmittel für

wertvolle Antioxidantien in Pflanzenölen eingesetzt werden können. Im Hinblick auf das

Biotreibstoffkonzept könnte dieser Extraktionsprozess vor der Biotreibstoffformulierung,

bei der das Glycerinderivat ohnehin zum Pflanzenöl hinzugegeben wird, umgesetzt werden.

Ausgehend von einem Forschungsauftrag der WIGO Chemie GmbH wurden außerdem ver-

schiedene, alternative Substanzen zu Ethanol als Gefrierpunktserniedriger untersucht. Da

ein Glycerinderivat den Gefrierpunkt von Wasser erheblich senken konnte, wurde diese

Aufgabe ebenfalls erfolgreich erfüllt.

Neben mehreren Publikationen führten diese Ergebnisse, wegen der direkten Anwend-

barkeit und Vielseitigkeit des entwickelten Konzepts, zu einer Reihe von weiteren Indus-

trieprojekten und Kooperationen. Während das Handelshaus Runkel in diesem Jahr in

Österreich damit beginnen wird, seinen Biotreibstoff, bei dem höchstwahrscheinlich das

Biotreibstoffkonzept verwendet werden wird, zu verkaufen, werden aktuell noch weitere

Experimente bei der Volkswagen AG, der Hochschule für Angewandte Wissenschaften

Coburg und der GLACONCHEMIE GmbH durchgeführt.
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INTRODUCTION

1 Introduction

Unsustainable fuels like fossil oil are among the most widely consumed liquid mixtures

all over the world. In the recent decades, their unstable and unpredictable prices, the

uncertainties in their supply and the global warming problems caused by their continuous

usage have raised interest in alternative energy sources. Since the worldwide energy de-

mand is still growing and the fossil oil reserves are limited or rather difficult to exploit, the

development of fuels based on sustainable resources becomes increasingly important [1,2].

The urgency of new proceedings in this research topic was particularly influenced by lat-

est scandals in the automotive sector, such as the “Dieselgate” scandal of Volkswagen. A

very detailed and unbiased evaluation of this topic can be found in section 2.1.1.1. Thus,

fuels in agreement with the principles of green chemistry, established by Paul Anastas

in 1998, would have a significant, positive environmental impact [3, 4]. The strict appli-

cation of these principles implies that all fuel components should be renewable instead

of depleting [5]. Fuels, which fulfil this condition, are called biofuels and represent one

of the biggest current research topics in sustainable and green chemistry [6, 7]. From an

environmental point of view, biomass-derived fuels such as vegetable oils, biodiesel and

bioethanol can help solving global warming and environmental pollution problems due

to their renewability and negative CO2 footprint as well as due to the absence of sulfur,

aromatic hydrocarbons and metals [8, 9].
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INTRODUCTION

However, many companies and research groups mistakenly use the catchphrase “biofuel”

as marketing strategy to promote mixtures of a green substance with fossil fuels. The

fuel E10 is an example in Germany, which consists of common petrol and ten weight

percent of bioethanol. Although the mixture is mostly composed of a fossil fuel, even

the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety of

Germany frequently used terms including “biofuel”, “sustainability” and “green” to pro-

mote its implementation in 2010 [10]. But since environmentalists ambitiously informed

the broad mass of citizens about this eyewash, the consumer acceptance was low from

the very beginning [11, 12]. In fact, the main purpose of this new fuel mixture was to

increase the amount of sustainable components in automotive fuels, but the promotion

should have been more honest. Other currently promising fuel additives are, among oth-

ers, furan derivatives and terpenes, which are more precisely described in section 2.1.5.1.

While they could be potential substitutes for winter and aviation fuels, the main research

is just focused on blends with either petrol or diesel [13,14]. It is further remarkable that

current literature almost exclusively reports on new or improved green chemical syntheses

and reactions to obtain biofuels, but just a small part is devoted to the actual product

formulation. Since this strategy just leads to slow environmental improvements, a new

concept for the formulation of completely renewable biofuels seems desirable and even

necessary.

As the demands for alternatives to fossil and biomass-derived fuels in general raised in

the past years, the status quo of electrically produced fuels (E-fuels) and E-mobility is

critically discussed in chapter 2.1.2. By pointing out the slow pace of the development

of these alternatives, the motivation for the focus on biofuels in this work will become

evident. Unfortunately, many known biofuels exhibit undesired physicochemical proper-

ties like high viscosities and freezing points. The consequences of these drawbacks for

the formulation, combustion process and storage of the biofuel are precisely explained in

chapter 2.1.3. Due to these problems, the usage of further components is usually neces-

sary, which leads to another way of falsely advertising biofuels: Several enhanced biofuel

formulations are already proposed, but most of the additives do not fulfil the guidelines

of green chemistry, which makes the usage in biofuels inappropriate and pointless. Be-

sides adding explosive organic peroxides as ignition promoters for biofuels or highly toxic

hydroquinone as antioxidant, a current example is the usage of ethanol in blends of vege-

table oils or diesel [15,16]. Ethanol belongs to the oxygenated additives, which facilitate a

complete combustion as well as the reduction of soot emissions and distinctly decrease the

viscosity of the fuel [17]. While its advantages and disadvantages will be shown in detail

in section 2.1.2.4, it is important to mention that ethanol is hardly miscible with vegetable

oils and diesel. Therefore, further components, in particular emulsifiers, are necessary to

prevent phase separation [18, 19]. Instead of using a surfactant, which is expensive and

2



INTRODUCTION

unfavourable for the combustion process, other green substances with similar properties

to hydrotropes are investigated to increase the solubility of rapeseed oil in ethanol. Anal-

ogous to a hydrotrope, the term ethanolotrope is introduced in this work to describe a

substance, which is able to increase the solubility of organic compounds in ethanol with-

out being a surfactant. These mixtures are further examined regarding the formation of

nanostructures and its influence on important fuel parameters.

In the scope of my master thesis, completely green biofuels consisting of rapeseed oil,

its biodiesel and either a furan derivative or a terpene were successfully formulated and

characterised. Nevertheless, the amount of necessary furans or terpenes to fulfil the Eu-

ropean and American viscosity and low-temperature standards for biodiesel was too high

to commercialise these biofuels. This work, however, already showed that it is possible to

implement high amounts of a vegetable oil in biofuels without using any unsustainable or

highly toxic compounds, although the self-chosen conditions and standards that had to be

fulfilled were very ambitious (see section 2.1.5.1). The direct usage of vegetable oils ob-

viates their chemical transformation with methanol to biodiesel, which is coupled, among

others, with the production of the by-product glycerol. Due to its strong hydrophilicity

and high viscosity, there are just a few large-scale applications. Therefore, the new biofuel

concept should implement high amounts of vegetable oils as well as glycerol without being

noncommercial. Eventually, these conditions and approaches led to an European patent

as part of this PhD thesis.

Additionally to some investigations on several other existing problems concerning the usage

of biofuels, further applications of glycerol derivatives are examined. To this purpose, dif-

ferent industrial fields of application are chosen, in which hazardous substances, ranging

from flammable to even highly toxic chemicals, are generally used. These substances have

to be replaced due to either drastically increasing expenses for the usage of hazardous

compounds or stricter guidelines. As a result of its flammability, alternatives to ethanol

are sought in many formulations like freezing point depressants and window cleaners [20].

Alkanes are another group of chemical substances that require sustainable alternatives in

their industrial applications. A typical example is the usage of toxic hexane as extracting

agent for a variety of natural compounds [21]. For these completely different fields of

application, formulations and methods could be developed, too, that enable a replacement

of the harmful substances by glycerol derivatives on an industrial scale.

3





FUNDAMENTALS

2 Fundamentals

2.1 Investigations on completely green biofuels

2.1.1 Fuels from biomass – biofuels

As it is the main topic of this thesis, this chapter deals with the current status of fuels

derived from biomass. Thus, a closer look is given on the proceedings of the last decades.

Especially incidents like the “Dieselgate” scandal and the upcoming driving bans for diesel

cars in German cities are profoundly and objectively discussed. For that, headlines and

reports of the media and their impact on political decisions in Germany and worldwide

are analysed. Additionally, the current technical advances to improve the image of diesel

engines are outlined and their influence on future biofuel formulations is explained. In the

second part of this chapter, the status quo of liquid biofuels, in particular vegetable oils

and their biodiesels, is shown in detail.

2.1.1.1 Increasing demand for sustainable energy

“A debacle for the whole automotive industry; [...] [German automotive industry] is in

the deepest crisis of its history” [22]. Since September 2015, headlines like this could be

read in the media all over the world and even in 2018, the “Dieselgate” scandal is still

5
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one of the main political issues in Germany [23]. Since the automotive industry is the

most influential and important employer in Germany, the media always have an eye on

the original equipment manufacturers (OEM) like Volkswagen or Audi. According to the

media, a software with a cut-off device was used in German diesel cars of Volkswagen,

Audi, Porsche, Mercedes and Opel, which led to lower nitrogen oxide (NOx) emissions in

standardised test cycles, but not during common driving conditions. Thus, many German

cars are allegedly dangerous for the environment and especially for humans [22]. Since

negative news are, by far, more lucrative than positive ones nowadays, the population

was exaggeratedly frightened of and incensed by this topic. Fig. 1 is exemplary for the

overstated presentation of the “Dieselgate” scandal in the media.

Figure 1: Example of an exaggerated, but typical depiction of the “Dieselgate” scandal in German
media [24]. Even though the caption made in Germany is true, the exhaust gas plume is drastically
supersized compared to the car. Figures like this negatively influenced badly informed citizens about the
scandal.

Due to the high pressure of the media, politics had to react immediately to calm down the

population and to show their commitment. However, since the current German govern-

ment is economically oriented and thus acting in the interest of industry and economic

strength, the mood of the population was also incited by opposition parties. The party

Bündnis 90/Die Grünen, for example, claim to know the cause for the crisis: organ-

ised government failure. Instead of referring to profound scientific research, which were

published after a few months and precisely identified the real causes and environmental

impacts of this scandal, they seized their moment. Their arguments and claims were based

on the media’s unscientific statements. This in turn unnecessarily pushed this topic into

the foreground of governmental discussions, since complete investigations were already

enacted, but have not been finished yet. Their most concise claim was the prohibition of

combustion engines until 2030, justifiable and viable due to the economic power of the

country, according to their opinion [25]. This example impressively shows the media’s and

politic’s premature dealing with the scandal and proves the importance of scientific re-

6
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search. To reduce the impact of road transportation on the air quality, emission standards

for vehicles were introduced in 1991. Since their entry into force, the sales of light-duty

diesel vehicles distinctly increased due to their lower CO2 emissions, compared to petrol

engines [26]. At that time, the reduction of CO2 emissions was prioritised, because of in-

ternational agreements on climate change, even though diesel engines emitted more NOx

emissions. As the environmental pollution caused by exhaust gas emissions did not de-

crease as considerably as expected, although newly registered vehicles passed the approval

tests, authorities became suspicious [27]. Further, the European Environment Agency

(EEA) complained about emissions of diesel engines being commonly higher during real-

life driving conditions than during the type approval tests [28]. In May 2014, Thompson

et al. measured excess emissions of light-duty diesel vehicles of Volkswagen, which led to

allegations by the US Environmental Protection Agency (EPA) [29]. More than one year

later, the Volkswagen Group admitted the usage of so-called “defeat devices”. The soft-

ware was designed to significantly reduce NOx emissions during vehicle type approval tests

to fulfil emission standards. These devices, however, are turned off during on-road driving

conditions [30]. Globally, 11 million sold diesel cars of Volkswagen possess these devices,

with 8.5 million being sold in Europe and 2.6 million particularly in Germany [26,27]. In

Europe, the first standard to limit the emissions of passenger cars, the Euro 1 standard,

was introduced in 1992. With an interval of about five years, the limits were progressively

tightened. Currently, the Euro 6 standards are in force, regulating the test methods and

the most important emissions of diesel and petrol cars [31]. In 2017, this standard was

extended by a new type approval for light-duty vehicles, in which real driving emissions are

measured with portable emission measurement systems. The same applies for the USA,

which introduced even stricter Low Emission Vehicle III / Tier 3 standards in 2017 [32].

Since the “Dieselgate” scandal, NOx emissions gained most public attention. They consist

of up to nine different gaseous nitrogen oxide compounds, with nitrogen monoxide (NO)

being the most common one during engine combustion. It is produced at temperatures

above 2000 K and low excess air. As it is thermodynamically unstable at ambient condi-

tions, it reacts with atmospheric oxygen to nitrogen dioxide (NO2). NO2 emissions are

perceptible and toxic for humans. Further, it can react with atmospheric water to form

nitric acid, which led to acid rain due to too high concentrations in the 1980s. NO2 is

also responsible for the formation of ground-level ozone [31]. Even though the ozone layer

in the stratosphere is inevitable for human viability, it is a toxic gas, which should not

occur at ground-level [33]. Particulate matter emissions or soot emissions are defined as

particles that pass through a size-selective air inlet of a monitoring device with a diameter

of either 10 µm (PM10) or 2.5 µm (PM2.5). Soot is produced in the combustion chamber

at oxygen deficiency, which leads to incomplete oxidation processes. Soot emissions are

toxic for humans, as they can accumulate in the lungs due to their small sizes [31,33].
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Road traffic, industrial combustion processes, the energy sector, households and agricul-

ture are the primary sources of air pollutants. The pollution level is also influenced by

weather conditions, too. At low temperatures, emissions increase due to the usage of heat-

ing systems. High-pressure areas lead to a concentration of the ground-level pollutants

because of low wind velocities. In the summer, this weather condition coupled with in-

tense sunlight causes ozone formation [33]. The NOx emissions produced by combustion

engines account for about 70% of the total anthropogenic NOx emissions in German cities

like Stuttgart. With diesel engines emitting distinctly more NOx than petrol engines,

their share thereof prevails. The amount of soot emissions caused by diesel combustion

engines in German cities, on the other hand, is about 8% of the anthropogenic overall

exposure. Most of these 8% come from end-of-life vehicles, which possess no particle fil-

ter [31]. Due to the “defeat devices”, affected diesel passenger cars emit 0.9 g NOx per

kilometre [29]. This is about 21 times the allowed amount in the USA and 5-11 times the

permitted amount in the European Union [34]. Anenberg et al. could show that across

eleven OEMs, which represent about 80% of the global diesel vehicle sales, more than half

of the light-duty vehicles and approximately one third of the heavy-duty vehicles exceed

the emission standards [32]. In another study, Oldenkamp et al. calculated the amount

of additionally emitted NOx by manipulated diesel cars from 2009 to 2015 with resulting

526 ktonnes [34]. It could even be shown that some Euro 5 light-duty diesel vehicles have

higher emissions than previous Euro class vehicles at real driving conditions [35]. The

excess emissions caused about 38 000 premature deaths globally in 2015, with heavy-duty

diesel vehicles being the main contributor and PM2.5 as well as ozone the most dangerous

emissions for humans [27,32]. About half of these deaths would have been avoided if there

were no difference between real driving and approval test emissions [26].

Due to these facts, the media attention and the demands for further restrictions or even

driving bans are comprehensible. Nevertheless, it is necessary to evaluate from a scientific

point of view, if these purposes are justified. The “dieselgate” scandal and the questionable

reporting violated the public’s trust in the automotive industry and the diesel technology.

Even if driving bans for diesel vehicles are introduced in some city centres, the usage of

diesel engines is crucial to fulfil international CO2 emission goals. In its annual report

on air quality, the German Federal Ministry of Environment shows the amount and ge-

ographic distribution of pollutants in Germany with respect to the past 17 years. They

are determined several times a day at more than 650 measuring stations. Fig. 2 shows the

evolution of the annual mean NO2 values for the rural and urban background as well as

urban traffic. The rural background relates to regions with an air quality uninfluenced

by local emissions, whereas the urban background represents the typical air quality in

German cities. The data for the urban traffic values is obtained from busy roads in cities.

Thus, comparing the urban traffic results with the urban background, the direct road
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traffic emissions can be obtained. From 2000 to 2017, the amount of NO2 in the air of

rural areas slightly decreased to about 10 µg/m3. The same tendency applies to the air

pollution of the urban background, which is about 20 µg/m3.

Figure 2: Comparison of the annual mean NO2 values of the rural background, urban background and
urban traffic in Germany, according to [33].

The European limit for the annual mean NO2 exposure outdoors is 40 µg/m3. Conse-

quently, the results for the urban traffic are below the limit since 2016 (see Fig. 2). There

are several reasons for the distinct decline of these emissions in the past ten years, which

will be further discussed later in this chapter [33]. Nevertheless, there are still many Ger-

man cities with exceeding NO2 values, but, as confirmed by the executive director of the

IVU Umwelt GmbH, Volker Diegmann, the measuring points are very selective. This

means that already a few metres away from the measuring device, the obtained pollution

value can be completely different [36]. Since the exceeding urban traffic values led to

several controversial public discussions and headlines, it is indispensable to also mention

mandatory NO2 limits for other areas. While humans are allegedly acutely endangered by

40 µg/m3 NO2 outdoors, the maximum allowable concentration (MAC) at German work-

places is 60 µg/m3 and at manufacturing facilities even 950 µg/m3. With this data, the

question arises, why there should be a driving ban for diesel vehicles [37]. Leading toxi-

cologists like Helmut Greim of the Technical University of Munich and former chairman

of the German MAC-commission even disputes the scientific basis of these limits. Since

people are more than 70% of the day in interiors, he even says that limits are always

political values [38]. As explained in the beginning of this chapter, politics could have

possibly placated the public and the media with this unreasonable NO2 limit for urban

traffic.
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Similar to the NO2 emissions, Fig. 3 shows the annual mean PM10 emissions of the last 17

years measured for the rural and urban background as well as the urban traffic. With the

European limit of 40 µg/m3, identical to the NO2 limit, it is evident that the emissions

were already below this value 17 years ago. Compared to the NO2 emissions, the share

of the urban traffic on the total PM10 emissions is rather low, since the rural and thus

also the urban background values are already high, comprising about 75% of the total

PM10 pollution [33]. In this context, a closer look at the shipping industry is appropriate.

Exhaust gases of ships consist of sulphur oxides (SOx), NOx, CO2, soot, heavy metals,

ash and sediments. Since generally heavy fuel oil is used in ships, they are responsible for

about 15% of the global NOx, 13% of the SOx and 3% of the CO2 emissions. Due to its

high viscosity, the oil must be heated up to 130 ◦C for the injection into the combustion

chamber. Surprisingly, there are no uniform regulations regarding the emissions of ships,

which is the reason for the usage of the cheap, but highly toxic heavy fuel oil. The world

fleet, which consists of about 90 000 ships, combusts 370 million tonnes fuel per year and

emits 20 million tonnes of SOx. Just the 15 biggest ships in the world already emit more

pollutants per year than 750 million cars [39,40]. Not only these facts, but also the techni-

cal progresses of the last years concerning the optimisation of the diesel engine and its

emissions shed another light on the whole discussion.

Figure 3: Comparison of the annual mean PM10 values of the rural background, urban background and
urban traffic in Germany, according to [33].

Indicated by Fig. 2 and Fig. 3, many technical advances already show their effects con-

cerning the reduction of emissions of diesel engines. There are two different approaches

to reduce the emissions of a vehicle: engine internal measures and exhaust gas after-

treatment. Regarding the internal measures in diesel engines, there is a trade-off between
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high NOx and low soot emissions and vice versa. These measures act as basis for the

subsequent exhaust gas after-treatments [31]. A very common measure is the exhaust gas

recirculation method (EGR), which is explained in detail in section 2.1.3.5. For the exhaust

gas after-treatment, it is state of the art to use a diesel oxidation catalyst (DOC), followed

by a selective catalytic reduction (SCR) on a diesel particulate filter and an ammonia slip

catalyst (ASC) [41]. The DOC oxidises unburnt hydrocarbons, CO and SOx [31]. The

SCR catalyst is used to reduce NOx emissions. With ammonia (NH3) being the selective

reducing agent, a NH3 precursor is necessary, since the on-board storage of gaseous NH3

is too dangerous. An aqueous solution of 32.5 wt% urea, better known as AdBlue, is used

as precursor and injected into the exhaust tract [41]. Due to thermal activation, urea is

decomposed as follows:

(NH2)2CO → HNCO + NH3 (1)

HNCO + H2O → CO2 + NH3 (2)

After the evaporation of water, the thermolysis of urea leads to one equivalent of NH3

and isocyanic acid. A second equivalent of NH3 is obtained due to the hydrolysis of this

acid, which also causes the formation of CO2 (see Eq. 2). A TiO2 supported V2O5 − WO3

catalyst is commercially used to improve these two reaction steps [42]. The NH3 molecules

are stored on the surface of the SCR catalyst.

Standard − SCR : 4 NH3 + 4 NO + O2 → 4 N2 + 6 H2O (3)

Fast − SCR : 2 NH3 + NO + NO2 → 2 N2 + 3 H2O (4)

NO2 − SCR : 8 NH3 + 6 NO2 → 7 N2 + 12 H2O (5)

Eq. 3-5 show the possible SCR reactions, depending on the NO/NO2 ratio. As NO is the

main NOx emission with 85 to 95%, the standard-SCR describes the common reaction to

reduce NOx emissions. The fast-SCR reaction, which needs a NO/NO2 ratio of 1:1, has

high conversions at lower temperatures, which makes it the most favourable SCR reaction.

The necessary NO2 can be produced by the DOC. If the amount of NO2 is too high, the

NO2-SCR reaction takes place, which leads to a higher AdBlue consumption, since more

NH3 is needed. To avoid NH3 emissions, the ASC is used [41]. The drawback of this

SCR catalyst is the necessary temperature of about 180 ◦C to decompose urea [31]. Thus,

the SCR catalyst is deactivated at cold starts [43]. Due to the development of new vehi-

cle architectures, the exhaust gas after-treatment can proceed close to the engine, where

the temperature is increased [31]. Nevertheless, since future engine systems will have a

higher thermal efficiency, which will lead to lower exhaust gas temperatures, this problem
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will remain. There are two different approaches to solve this issue: the usage of another

NH3 precursor and SCR catalyst. Regarding the latter approach, iron and copper zeolites

could replace the vanadia-based SCR systems. Many substances were already investiga-

ted as alternative NH3 precursors like ammonium compounds and the commercially sold

AdAmmine, which is a strontium complex. The alternatives are very similar, since ammo-

nia is still the only known substance, which reduces NOx in a stoichiometric ratio of 1:1.

Nevertheless, most of them are hazardous or toxic and the handling of solid precursors is

more complicated than of liquids [41].

There are further technologies to prevent NOx emissions like a NOx storage catalyst, a

passive NOx adsorber and a lean NOx trap. The storage catalyst works at oxygen-rich

gas compositions already at 120 ◦C, which is the reason for its combined usage with the

SCR catalyst. It is regenerated during oxygen-poor conditions with CO and unburnt hy-

drocarbons [31]. With the passive adsorber, NOx is stored at low temperatures. Since

it gets released unconverted at higher temperatures, subsequent after-treatments are still

necessary. The lean NOx trap is an already common after-treatment method for passenger

cars. At lean combustion conditions, NO2 reacts with the storage compound like barium

carbonate to form nitrates. During rich combustion conditions, NOx is released again and

reduced by the generated CO [41].

To reduce soot emissions, a diesel particulate filter (DPF) is commonly used. While fil-

tering even small particles was already possible with this device, its regeneration was

challenging. The particle loading leads to an exhaust gas counter pressure, which impedes

exhaust emissions. Currently, the continuously regenerating trap method is used in pas-

senger cars in combination with a DPF, which is also known as continuously regenerating

diesel particulate filter (CRDPF). For that, the filter is coated with an oxidation catalyst.

There are two different operating principles: the active and the passive regeneration. At

low load conditions like the urban traffic, the active regeneration is performed by increas-

ing the exhaust gas temperature to about 600 ◦C with a post-injection, which oxidises

the soot to CO2. To enable the usage of the passive regeneration method, the operating

temperature as well as the NO2 concentration must be high enough. With NO2 being a

stronger oxidant than O2, soot is oxidised at temperatures between 200 and 500 ◦C [44,45].

Due to its high effectiveness, the DPF not only reduces the soot emissions of diesel engines,

but also the soot of the sucked in ambient air [31].

From what is written before, it can be concluded that great technological progress was

achieved in the last years concerning the reduction of emissions of diesel vehicle engines.

In the past 20 years, the soot emissions produced by traffic were reduced by more than

50% and the NOx emissions by even 64% without taking the Euro 6 standard into con-

sideration [31]. Since it takes about 13 years to replace 90% of the passenger cars by

modern ones, these reductions will even further increase in the years to come. It is also
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mentionable that petrol engines like the GDI of Volkswagen or TFSI of Audi are currently

sold, which inject the fuel directly into the cylinders. These vehicles produce emissions

like old diesel cars without any filter systems, which are not necessary, since there are no

comparable standards for petrol engines [46]. Thus, the diesel engine by itself is sufficiently

developed to significantly contribute to the contemporary mobility. It is indisputable that

the manipulations within the “Dieselgate” scandal must result in penalties for those re-

sponsible. The diesel technology, however, is still of great importance for the mobility

sector due to its high efficiency. Therefore, this thesis deliberately focuses on new fuels

for diesel engines. As the “Dieselgate” scandal also intensified the demand for a more

sustainable energy production, the next section will explicitly describe the status quo of

liquid biofuels.

2.1.1.2 Status quo of liquid biofuels

Figure 4: Global energy consumption of the last 26 years in million tonnes of oil equivalent, according
to [47].

As already mentioned in the introduction of this thesis, sustainable energy production

became one of the most urgent research topics of our time. Before going into detail con-

cerning specific sources of bioenergy, an overview of the current global energy consumption

is given. Fig. 4 outlines that less than 10% of the consumed energy is derived from sus-

tainable resources. Even though the overall energy consumption increased during the last

years, the main reason for that is not the growing demand for renewable energy, but the
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increasing exploitation of coal deposits. Further, about 70% of the sustainable energy

shown in this figure is obtained from hydroelectricity, which also entails several environ-

mental and social drawbacks [47]. Since fossil fuels, which are still the most consumed

energy source, have limited reserves and their production volume is already at its peak,

alternatives are inevitably required [48].

With the industry being forced to develop either new exploitation methods for the remai-

ning fossil fuels or fuels based on sustainable resources, this thesis deals with the latter

possibility. To be able to compare the properties and the current state of biofuels with

common diesel, a brief outline of fossil fuels, in particular diesel, is necessary. While pet-

rol is spark-ignited, the heat of compression leads to the self-ignition of diesel in diesel

engines. Therefore, a diesel engine is also called compression-ignition engine [49]. Diesel

consists of about 75% aliphatic hydrocarbons, which are primarily paraffins, and 25% aro-

matic hydrocarbons. There is no precise composition of diesel, as it is a complex mixture

obtained from distillation of crude oil. On average, the hydrocarbons of diesel range from

C10 to C15. Petrol, on the other hand, is mainly a mixture of small alkanes, aromatics,

cycloalkanes and alkenes in the range of C4 to C10 [50]. Assuming a fuel only consisting

of alkanes, Eq. 6 shows the complete combustion, which leads to the products CO2 and

water [49].

CnH2n+2 + (1.5n + 0.5) O2 → n CO2 + (n + 1) H2O (6)

Certainly, not only hydrocarbons are combusted in diesel engines. About 10 to 50 ppm of

sulphur components, for example, are present in diesel [51]. Further, since air is needed

for the combustion process, nitrogen and oxygen are also inside the engine. This in turn

leads to the common and in section 2.1.1.1 more thoroughly described emissions of fuel

engines: COx, NOx, SOx, soot and water [52]. The most important advantage of diesel

compared to petrol is its higher level of efficiency. As diesel is more than 20% more effi-

cient than petrol, less diesel is consumed for the same distance. Additionally, diesel has

a higher power output due to its higher torque to the drive shaft, compared to a petrol

engine [31,53]. After introducing promising biofuels that could replace diesel in the future,

the physicochemical properties of diesel will be explained within a comprehensive table

(see Table 2).

The most utilised source for sustainable fuels is biomass, which commonly refers to plant-

based materials. Before being used for power generation, it has to be converted into

appropriate compounds [17]. Due to their global cultivation and thus large available

quantity, vegetable oils are one of the most promising biofuel sources. Their use and ap-

plicability in diesel engines was already investigated by the inventor of the diesel engine,

Rudolf Diesel, in 1900. He used peanut oil as fuel for his developed engine for demonstra-

tion purposes [54]. Because of the fuel and energy crisis of the late 1970s and early 1980s,
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which led to concerns about the depletion of the fossil fuels for the first time, intensive

research on alternative fuels started. Since then, hundreds of scientific articles, with many

of them dealing with vegetable oil-based biofuels, were published every year [49]. Not only

the increasing world population, but also this research distinctly increased the amount of

produced vegetable oils in the past years.

Figure 5: Global oilseed consumption of the last 27 years in million tonnes, according to [55,56].

Starting with the usage of vegetable oils as biofuels in 2000, its share compared to the

global oilseed consumption was still very small even in 2017, since most of the oilseeds are

used as animal feed (see Fig. 5). Considering the usage of just the oils, however, the share of

biofuels increased from 1% in 2001 to 7% in 2008 and to 12% in 2017 [55,56]. A main reason

for this fast increase are the simple agricultural and industrial processes like cold pressing

and refining stages to obtain vegetable oils. Therefore, even small-scale production could

be interesting for farmers, who could use vegetable oils for their on-farm energy generation

[57,58]. To emphasise the global applicability of vegetable oil derived biofuels, De Almeida

et al. examined the social and economic advantages of the Amazon region, exemplarily,

resulting from the implementation of vegetable oils as fuel source. The population of this

South American area is distributed to small villages in the margins of rivers. Since most of

these people have a very low income, the costs of having access to conventional electricity

are high. Thus, power is commonly generated by diesel combustion engines, which in turn

enables the usage of vegetable oil-based biofuels as alternative. Especially these regions

possess suitable soils and climatic conditions to cultivate their own biofuel source without

the necessity of high investments. This implementation would considerably increase the
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quality of life, rural employment and income opportunities, while simultaneously using

sustainable energy [8,59]. There are other examples pointing out the utilisation of arable

wasteland by cultivating vegetable oils, which would scale up their production volume.

This in turn could temporarily moderate the ubiquitous “Food vs. Fuel” problem and lead

to decreasing costs due to improved mechanised farming and rising production yields. A

study of Herres et al. concludes that only 2% of the arable land worldwide are necessary to

produce enough vegetable oils for the global fuel consumption [60–62]. There are, however,

still several problems: while most European, American and Asian countries focused on

increasing their yields in the past decades, especially sub-Saharan countries just increased

their cultivation areas. As the know-how is missing and high investments are necessary to

cultivate crops efficiently in these regions, the “Food vs. Fuel” problem remains as major

point for discussion [63,64].

Figure 6: Chemical structure of vegetable oils with saturated fatty acid chains.

To understand the differences between vegetable oils regarding their physicochemical pro-

perties, a closer look has to be taken on their chemical structure (see Fig. 6). Primarily,

they consist of triglycerides, which are characterised by a glycerol backbone and hydro-

carbon chains. These chains belong to fatty acids, which are attached to the backbone

by their carboxylic acid group forming ester bonds. The indices l, m and n indicate the

variety of fatty acids that differ in the size of the carbon chain and the amount of carbon-

carbon double bonds [7,49]. Before explaining the influence of the fatty acid composition

of the triglycerides on important biofuel properties, the global distribution of vegetable oils

is outlined. More than 75% of the globally produced vegetable oils are palm oil, soybean

oil and rapeseed oil [55]. Due to the necessity of tropical conditions, palm oil is mainly

cultivated in Southeast Asia. With its low production costs and high yield, palm oil is

not only used as feed and cooking oil, but also as base material for detergents, soaps and

waxes [65]. Soybean oil, on the other hand, is grown all over the world, with the US being

the main producer with a share of about 25% [66]. The third most cultivated vegetable oil

is rapeseed oil, which is typically grown in Europe and especially in Germany. In general,

the growing region of the respective vegetable oils is decisive for the research interest of the

countries regarding the usage as biofuels. This means that soybean oil is of main interest
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as biodiesel source in the US, whereas rapeseed oil is favoured in Europe [49]. This in turn

is also the reason for the usage of rapeseed oil in this thesis.

As there are commonly three fatty acids attached to the glycerol backbone, there is a

huge variety of possible vegetable oil compositions. In most cases, vegetable oils consist of

about 95% triglycerides, 1–5% free fatty acids and a few sterols, phosphatides, phospho-

lipids, carotenes and tocopherols [7, 67]. This already indicates a typical problem, when

dealing with biomass-derived compounds: they are prone to impurities [59]. Compared

to palm oil and soybean oil, rapeseed oil is mainly composed of unsaturated fatty acids,

in particular oleic, linoleic and linolenic acid (see Table 1) [7, 49]. In general, vegetable

oils do not contain any aromatic hydrocarbons, crude oil substances, metals and sulphur.

Especially the absence of the latter is important, since SOx emissions are a considerable

problem of fossil fuels [8,67]. While the meaning and determination of the physicochemical

properties shown in Table 2 are explained in detail in chapter 2.1.3, a correlation between

the fatty acid composition of rapeseed oil and its properties can already be established.

Table 1: Fatty acid composition of palm oil, soybean oil and rapeseed oil [7, 49]. The fatty acids are
described by their carbon chain length and the amount of carbon-carbon double bonds. Therefore, 18:1,
for example, represents a C18-chain with one double bond.

Vegetable oil ωfatty acid[wt%]

14:0 16:0 18:0 18:1 18:2 18:3

Palm 0.5–2 32–46 4–6 37–53 6–12 –

Soybean – 2–11 2–6 22–31 49–55 2–11

Rapeseed – 1–5 1–4 53–70 15–30 5–10

Considering the usage of a vegetable oil as biofuel, the most demanding challenge for

formulators as well as engineers is its high viscosity. The kinematic viscosity ηkin of a

vegetable oil is typically in the range of 30 to 40 mm2/s at 40 ◦C. As depicted in Table

2, ηkin of the used rapeseed oil is nearly ten times higher than that of the used diesel.

Since the viscosity of a vegetable oil increases with the chain lengths of the fatty acids

and their degree of saturation, Table 1 explains the particularly high viscosity of rapeseed

oil. Palm and soybean oil do not only consist of distinctly more short-chain, but also less

unsaturated fatty acids. Additionally, the high molar mass of vegetable oils facilitates the

polymerisation induced by the unsaturation of the fatty acids, leading to agglomerations

and subsequent gumming. This low degree of saturation also causes a low stability of

rapeseed oil towards oxidation and thus storage problems [59, 67, 68]. Another problem

regarding the usage of vegetable oils are their high cloud and freezing points. Although the

used rapeseed oil possesses an unusually low cloud point, which is explained in chapter
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2.1.3, this parameter restricts its implementation as biofuel in cold regions and in the

aviation sector [69]. The worse ignition quality of a vegetable oil compared to a fossil fuel

like diesel is depicted by the lower cetane number (CN) of rapeseed oil in Table 2 [60].

Since diesel must have a CN of at least 51, this value can be used as reference to estimate

the ignition quality of other fuel components investigated in this thesis (see Table 2). The

literature values of the combustion enthalpies ∆CH298 of rapeseed oil and diesel indicate

that vegetable oils possess nearly the same energy content as diesel [7]. During short-term

engine tests, their power outputs are the same and the thermal efficiency of vegetable oils

is even higher than that of diesel [70]. On the one hand, the chemically bound oxygen of

the ester bonds facilitates the combustion process, but on the other hand, the presence

of oxygen atoms in the molecule reduces the heating values. Due to its high flash point

compared to most of the oxygenates like ethanol, rapeseed oil can be stored at high

temperatures without any fire hazard. This high flash point, however, is coupled with

a low volatility, which increases engine problems like deposit formation, lubricating oil

dilution, carbonisation of injector tips and ring sticking [7, 67].

Table 2: Measured densities ρ, kinematic viscosities ηkin, cloud points TCloud, cetane numbers (CN) and
combustion enthalpies ∆CH298 of most of the investigated, single components of the biofuel formulations
compared to literature values. The densities and kinematic viscosities were determined at 40 ◦C according
to current fuel standards, except for the literature values marked by *, which were measured at 25 ◦C. The
difference between the measured viscosities as well as cloud points and the literature values of rapeseed oil
and FAME result from their diversity, depending on their origin and producer. As the glycerol derivatives,
methyl decanoate (MeC10), 2-methylfuran (2-MF) and ethanol are pure components, their freezing points
are given and marked by * instead of the cloud points [1, 49,59,71–87].

Compound ρ[kg/m3] ηkin[mm2/s] TCloud[◦C] CN ∆CH298[MJ/kg]

Used Lit. Used Lit. Used Lit. Lit. Used Lit.

Diesel 840 820–860 3.8 2.0–4.5 −10 −10 ≥51 – −44.8

Rapeseed oil 903 912 33 35–37 −14 −3.9 41 −38.5 −39.7

FAME 862 860–900 4.3 3.5–5.0 2.5 −2.0 54 −35.4 −40.4

MeC10 856 870 1.8 1.7 <−20* −10* 52 −32.3 −36.7

Glycerol – 1262* – 749* – 18* 0 – −19.0

Solketal 1049 1066* 5.1 5.4 – −26* <10 −24.9 −25.9

Triacetin 1141 1160* 4.6 7.8* – 4.0* <5 – −4.21

Tributyrin 1014 1028* 5.4 9.7* – −75* 7 −9.2 −8.12

2-MF 915 916 0.39 0.37 – −89* 8 −24.6 −27.6

Ethanol – 790 – 1.0 – −114* 8 – −29.8

Despite these drawbacks, there are many proposals to optimise the implementation of

vegetable oils as biofuels. Besides mechanical adaptions of the injecting system, for exam-

ple, most suggestions are focused on changing the combustion conditions like increasing
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the injection pressure or adding a turbo-charger to increase the pressure and temperature

inside the cylinders [8]. Mainly the emission characteristics of vegetable oils justify these

implementation efforts. They drastically reduce NOx emissions by up to 70% compared

to diesel and produce less PM emissions, while the COx and total hydrocarbon (THC)

emissions are just slightly increased [60,67,69]. Since vegetable oils require CO2 from the

atmosphere during their growth period, they consume more CO2 than is produced during

their combustion, leading to a negative CO2 balance [7, 67].

Figure 7: Transesterification reaction of a generalised triglyceride with three different fatty acid residues
R1−3 with methanol, leading to different fatty acid methyl esters (FAME), also known as biodiesel, and
glycerol [1].

A commercially implemented method to solve most of the abovementioned issues, when

using vegetable oils as biofuels, is the biodiesel production. Biodiesel is defined as the

fatty acid mono-alkyl esters derived from sustainable lipid feedstock like vegetable oils

or animal fats that are used in diesel engines [49]. It is obtained by a transesterification

reaction of a triglyceride with a mono-alkyl alcohol (see Fig. 7). As methanol is the least

expensive and most available alcohol, fatty acid methyl esters (FAME) are the most widely

produced biodiesel [1, 7]. On an industrial scale, the reaction is performed with a molar

ratio between methanol and the vegetable oil of 6 to 1 for one hour at 60 ◦C with either

0.5 mol% sodium methoxide or 1 mol% sodium hydroxide as catalyst [88]. Thus, besides

the byproduct glycerol, further components like methanol, waste water and the catalyst

have to be removed after the transesterification [89]. There are new reactor designs that

improve the contact between oil and methanol. A particularly promising method is the

usage of ultrasound that induces the formation of cavitational microbubbles in the reactor,

whose collapse causes better convection and mixing [90, 91]. Another obstacle are mass

transfer limitations, which can be negotiated by supercritical conditions, in particular

300 – 400 ◦C and 15 – 45 MPa. With this method, the reaction mixture is monophasic,

the reaction rate and its yield is increased, no catalyst is necessary and the reaction is

insensitive to water and free fatty acids [92]. Another possibility to obtain a monophasic

mixture is the usage of co-solvents like tetrahydrofuran [93].
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Coming back to the already mentioned “Food vs. Fuel” issue, which refers to the usage

of vegetable oils as biofuels and thus also affects the utilisation of FAME, there are not

enough vegetable oils cultivated to completely replace diesel. Further, the production costs

of FAME are mostly determined by the price of the feedstock. Therefore, less expensive

feedstocks like waste oils, greases and animal fats have been investigated for decades. Since

they usually contain free fatty acids, water and further impurities, their quality needs to

be improved before producing FAME [1]. In recent years, jatropha oil was a very promi-

sing example of an alternative feedstock. After cultivating more than 12 million hectares

of Jatropha curcas in Asia and Africa, farmers had to deal with much less seed production

and slower growth of the plants as expected. Especially in India, this cultivation became

famous for being a well-intentioned climate mitigation approach without adequate prepa-

ration and ignoring conflicts of interest, driving thousands of farmers into bankruptcy [94].

This in turn drew most of the researchers’ attention towards photosynthetic microalgae.

They can also be cultivated on non-arable land and the photosynthetic efficiency of micro-

algae is even higher than of plants [95]. Nevertheless, their oils can contain high amounts

of polyunsaturated fatty acids, depending on the climatic conditions, making them prone

to oxidation [96]. Additionally, they require more fertilisers and energy for cultivation,

harvest and post-harvest treatment than vegetable oils, demanding further technological

breakthroughs, before implementing the production of microalgae oils on an industrial

scale [97].

FAME is a technically competitive and sustainable alternative to conventional diesel due

to its physicochemical properties. It is obvious that FAME possesses the same advantages

as vegetable oils concerning sustainability, non-toxicity and biodegradability [71]. The

latter is improved by its high oxygen content, which lets FAME degrade about four times

faster than diesel [98]. It also contains no sulphur as well as aromatics and is completely

miscible with diesel [1,99]. As shown in Fig. 7, the transesterification leads to a distinctly

reduced molecular weight of FAME, which in turn decreases the viscosity by about an

order of magnitude compared to the vegetable oil. In the scope of this thesis, FAME

derived from rapeseed oil is used, whose kinematic viscosity is very close to diesel (see

Table 2). This makes FAME compatible with the existing fuel distribution infrastructure

and diesel engines without further modifications, increasing its economic applicability [1].

Table 2 also shows that the CN of FAME is usually even higher than that of diesel, which

can be explained by its higher oxygen content [7]. There are further advantages of FAME

like its high flash point and inherent lubricity, which are not further described, since these

properties were not considered in this thesis.

Despite its high CN, FAME usually leads to slightly more NOx emissions than diesel [100].

Its most important drawbacks, however, are the flow properties and the phase behaviour

at low temperatures. They affect the usage of pure FAME and of blends with diesel [1].
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As it is a mixture of various esters, which differ in the degree of saturation of the fatty

acid chains, its cloud and pour point are distinctly higher than that of vegetable oils or

diesel (see Table 2) [49,101]. In general, the higher the degree of saturation, the higher the

melting point of the compound [1]. There are several approaches to improve the properties

of FAME at low temperatures. Many additives, usually polymers, are known to reduce the

cloud and pour point of FAME. Further, the usage of branched alcohols like iso-propanol

instead of methanol, leading to branched esters, also decreases these points [102, 103].

A very similar and promising approach is the utilisation of branched fatty acid chains,

since branching the ester moiety negligibly influences the viscosity [1]. Within the win-

terisation method, the esters are cooled down and solid components, mainly saturated

esters, are removed. As these esters have higher CNs than unsaturated esters, this meth-

od improves the low-temperature properties of FAME, but simultaneously deteriorates its

ignition quality [104, 105]. Besides saturated esters, there are more compounds that af-

fect the cold flow properties. Especially monoacylglycerols, which are intermediates of the

transesterification reaction, and steryl glucosides are problematic. Already the presence of

0.01 wt% increase the cloud point of a FAME/diesel blend by 4 ◦C [106]. Another impor-

tant drawback of FAME is its low oxidative stability. As already mentioned for vegetable

oils, unsaturated fatty acid residues are prone to oxidation and thus lead to loss of quality

during long-term storage, which is explained in more details in section 2.1.3.3 [1]. The

combustion enthalpies of Table 2 indicate that FAME has a lower energy content than

diesel. Again due to its unsaturation, the heating values are reduced by about 12%, which

causes higher fuel consumption [98]. This drawback is at least partially compensated by

the higher density of FAME compared to diesel [1].

Since the properties of FAME depend on the source and growing conditions of the vege-

table oils, the search for the best suitable source for FAME production bothered many

research groups in the past decades. Especially Knothe et al. achieved success by screen-

ing and comparing a variety of vegetable oils as well as their respective biodiesels. Their

most promising source is the cuphea plant, which is native to North and South America.

With most of its species containing oils with high amounts of saturated fatty acid residues

with chain lengths between C8 and C16, the auspicious properties can be attributed to

its chemical composition. It is well known that saturated medium-chain fatty acids are

most qualified for FAME processing [71]. Thus, especially the species Cuphea lanceolate

and Cuphea Viscosissima are suitable, as they contain about 84% and 62% of decanoic

acid, respectively [107]. Therefore, the methyl ester of decanoic acid, methyl decanoate

(MeC10), is investigated as alternative to common FAME within the scope of this thesis

and its properties are also outlined in Table 2.

Due to standards like the ASTM D6751 in the US and the EN 14214 in Europe, which

promote the usage of FAME, it became the prevailing biofuel [74,108]. In 2005, all Euro-
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pean Member States had to blend diesel with 2 vol% of FAME for vehicles because of the

2003/30/EU guideline [109]. Simultaneously, Minnesota was the first U.S. state to intro-

duce the same amount of FAME to diesel [110]. According to the standard EN 14214, the

amount of FAME added to diesel should increase to 10 vol% until 2020, with 7 vol% being

currently used in Germany [111]. As shown in Fig. 8, global FAME production increased

to more than 30 million tonnes in 2016. Further, it is produced all over the world, with

Europe, USA and Brazil being the main contributors [112]. In 2017, Germany produced

about 3.1 million tonnes of FAME, mostly derived from rapeseed oil [113]. Many inves-

tigations are currently carried out leading to so-called “designer” biodiesel. On the one

hand, there are common approaches like the usage of additives or changing the feedstock

to optimise its properties. But on the other hand, highly complex processes like genetic

modifications are developed to change, for example, the fatty acid profile of a vegetable

oil specifically [1].

Figure 8: Global biodiesel production of the past years in million tonnes, according to [112].

In general, biodiesels and especially FAME are currently crucial to fulfil international

climate objectives, dealing with the implementation of sustainable energy. Since vegetable

oils are more expensive than fossil resources and the transesterification to FAME is coupled

with the production of the by-product glycerol, the production profitability of FAME is

about half compared to diesel. This implies that the industrial applicability of glycerol

has a huge impact on FAME’s profitability. Already decades ago, bio-derived glycerol was

used in pharmaceutical, cosmetic and food industry, sufficiently satisfying the demand for

100 kilotonnes in 1995 [114]. Since glycerol arises in a weight ratio of 1:10 compared to
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FAME, the amount of produced glycerol sharply increased to about 3.5 million tonnes per

year in 2015, which led to an oversupply and low prices [115,116]. With the crude glycerol

price currently being 20 ct/kg, just the large scale producers refine the waste stream for

industrial applications. The small scale producers, however, are unable to justify the refin-

ing costs. Therefore, they pay a fee for the glycerol removal, causing huge environmental

problems regarding waste disposal [114,117].

Figure 9: Glycerol derivatives obtained by addition reactions of glycerol with either short-chain carboxylic
acids or building block chemicals. This work explicitly focuses on the products of the reactions with acetone,
acetic and butyric acid, leading to solketal, triacetin and tributyrin, respectively.

The demand for glycerol is mainly limited due to several drawbacks. Its strong hydrophi-

licity makes it completely immiscible with many organic compounds, vegetable oils and

common fuels. This already excludes the implementation of glycerol into fuels, which

would obviously be the best-case scenario. Further, it possesses a very high viscosity and

freezing point [117, 118]. Therefore, the usage of glycerol as feedstock for the prepara-

tion of more valuable products is still of considerable interest for companies and research

groups. Besides the utilisation of glycerol as reaction medium, there are many patents

and publications dealing with the syntheses of important building block chemicals like

propanediol, glycerol carbonate, lactic and acrylic acid [114, 119]. Lari et al. showed

that the implementation of biorefineries based on glycerol combined with the FAME pro-

23



FUNDAMENTALS

duction process would increase the FAME profitability from the current value of about

0.01–0.1 $/kg(vegetable oil) to 0.07–0.18 $/kg(vegetable oil). This in turn is comparable

with the current profit of fossil fuels [114].

Regarding the scope of this thesis, especially simple and cheap derivatisation reactions

of glycerol to more hydrophobic compounds like glycerol ethers, esters and acetals are

relevant (see Fig. 9). After easy and industrially already price-competitive addition re-

actions with short-chain carboxylic acids or building block chemicals like acetone, glycerol

derivatives with low viscosities and freezing points are obtained (see Table 2) [116, 120].

During this thesis, investigations dealing with the usage of glycerol derivatives as possible

fuel components explicitly focused on the products of the reactions with acetone, acetic

and butyric acid, referred to as solketal, triacetin and tributyrin, respectively [116, 118].

The comparison of the properties of these three glycerol derivatives with fuels like diesel

or FAME in Table 2 shows that their kinematic viscosity is nearly as low as the value

of FAME. Regarding their freezing points, just solketal and tributyrin possess sufficiently

low values. Besides their very low CNs, the combustion enthalpies especially of triacetin

and tributyrin are reduced due to the presence of ester bonds [82,83,85].

Another promising solution of the “Food vs. Fuel” debate could be the hydrotreating

of vegetable oils or animal fats. Hydrotreated vegetable oils (HVOs) can be either pro-

duced from common vegetable oils, similar to FAME, or from waste cooking oils or non-

agricultural feedstocks. HVOs, which are nowadays also referred to as “renewable diesel

fuels”, exclusively consist of paraffinic hydrocarbons [121, 122]. Therefore, in contrast to

FAME, they have no increased gaseous emissions as well as no deposit formation, no sta-

bility problems during storage and they do not depend on the feedstock. Since HVOs are

similar to diesel regarding their chemical composition, they possess high CNs and fulfil

conventional diesel standards [121]. This in turn enables the utilisation as drop-in fuel,

which indicates that HVOs can be used in high blends [122]. Due to the absence of aro-

matic compounds and their low emissions in general, HVOs could significantly contribute

to a cold start phase with less unburnt raw emissions, as current diesel engines have low

exhaust gas temperatures, leading to issues at cold starts [123]. Although there is just

one considerable drawback, it is severe enough to distinctly retard the implementation of

HVOs into the fuel market: the production expenses of the hydrotreatment. The process

consists of two steps. Firstly, paraffins are produced during a catalytic hydrotreatment

at pressures of about 4 – 6 MPa and 300 – 350 ◦C. During this process, triglycerides, fatty

acids and FAME are hydrogenated and converted by decarboxylation, decarbonylation and

hydrodeoxygenation reactions in the presence of silica- and alumina-supported catalysts

containing nickel or molybdenum. Secondly, these paraffins are catalytically isomerised to

a mixture of n- and iso-paraffins. A few years ago, a new method, the catalytic cracking

process, was developed to produce HVOs with lower expenses. After decarbonisation, the
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hydrogenation takes place at 1 MPa and 150 ◦C, consuming only a tenth of the amount of

hydrogen used during direct hydrogenation [122, 124]. Although being costly processed,

HVOs are currently promoted by several countries and companies. The Neste Oyj com-

pany is the most important manufacturer of HVOs with a total capacisty of 2.6 million

tonnes per year, mainly produced in Finland and the Netherlands [125].
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2.1.2 Alternatives to biofuels – E-fuels and E-mobility

Figure 10: Different fuel production routes displaying their CO2 footprints. In particular, the production
of fossil fuels, biofuels and E-fuels is shown [126].

With the current fuel situation and the proceedings in developing sustainable biofuels

being described in detail in the previous chapter, alternatives to these biofuels need to be

mentioned as well. To keep track of the different fuel production routes, Fig. 10 outlines

the three main fuel types of our time: fossil fuels, biofuels and E-fuels [126]. The latter

comprises synthetic fuels, also known as tailor-made fuels, produced with electricity from

sustainable energy sources [127]. Fig. 10 also indicates the CO2 footprint of these processes.

It is obvious that the usage of fossil fuels does not contribute to the reduction of CO2

emissions, whereas the production of biofuels and E-fuels gives the opportunity to achieve

neutral or even negative CO2 emissions [126]. This chapter will give an insight into the

currently most promoted E-fuels, in particular the base materials hydrogen, methane and

methanol as well as Fischer-Tropsch hydrocarbons and oxymethylenethers (OMEs). In

this context, the usage of ethanol as fuel is also explained, although it belongs to the

biomass-derived fuels. Since most of these compounds possess properties that impede

their industrial application as competitive alternative to fossil fuels, ethanol takes an
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exceptional position in this chapter. Further, the present stage of development regarding

the establishment of pure electric mobility is described, before summarising and evaluating

E-fuels with respect to their impact on international climate objectives.

2.1.2.1 Electrolytic production of hydrogen and fuel cells

Hydrogen is one of the most important starting materials of the chemical industry. As it

is part of the synthesis gas, it is essential for the production of many platform chemicals.

H2 is also necessary to obtain most of the already mentioned E-fuels, which will be further

described in the subsequent sections. Nevertheless, H2 itself can also be used as fuel in

a combustion engine or in fuel cells [126]. Since about 96% of H2 is obtained from fossil

resources like coal gasification, alternative H2 production routes are required to use it as

E-fuel [128]. The usual sustainable source for H2 is water, which is split to O2 and H2

during water electrolysis according to following net reaction [126]:

2 H2O → 2 H2 + O2 ∆H0 = 571.8 kJ/mol (7)

The high reaction enthalpy displays the main problem of H2 obtained from sustainable

sources. H2 production is typically the most energy demanding step of chemical syntheses.

Thus, water electrolysis is currently just used to produce H2 with high purity [129]. As

the reduction of the energy consumption during electrolysis is a main research topic,

there are already different industrial approaches to solve this problem. Alkaline electrolysis

is the state-of-the-art industrial process, which uses an aqueous solution of 20–40 wt%

potassium hydroxide. Commonly, the electrodes are coated with nickel as catalyst and

both half cells are separated by a diaphragm. In the past 20 years, the proton-exchange

membrane (PEM) electrolysis has been developed, which uses pure water and enables a

compact setup. Nevertheless, this technology leads to high investment costs due to the

utilisation of platinum and iridium as catalysts [126]. In the scope of the e-gas project

of Audi, the PEM technology is essential. In a unique facility in Werlte, Germany, wind

turbines provide the necessary electricity to produce H2 with PEM electrolysers. H2 is

then further processed to methane, with the required CO2 coming from the exhaust stream

of an adjacent biogas plant. After that, methane is fed into the natural gas grid [130]. A

promising method to distinctly reduce the energy consumption of water electrolysis is the

addition of activating compounds into the electrolyte. These ionic activators commonly

consist of ethylenediamine metal chloride complexes ([M(en)3]Clx, M = Co, Ni) or sodium

molybdate and tungstate. During electrolysis, these compounds are electrodeposited in

situ on the cathode surface and increase the catalytic activity for hydrogen generation

even more than an ex-situ electrodeposition. With this method, the energy consumption

decreases by about 15% [131–133].
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In general, the amount of electricity necessary to split water can be reduced by higher

temperatures. Compared to water electrolysis at 25 ◦C, energy consumption decreases

by 23%, when performed at 900 ◦C. This effect is utilised in a solid oxide electrolysis

cell. Within this approach, the cathode and anode are isolated by a solid electrolyte.

At temperatures between 600 and 1000 ◦C, water is decomposed to H2 and O2−, with

the anions being transported through the electrolyte and oxidised to O2 at the anode.

Although this method possesses the highest energy efficiency of the currently investigated

electrolysis approaches, it is still not suitable for industrial application. With zirconium

dioxide, doped with yttrium oxide, and lanthanides being used as solid electrolyte and

electrode materials, respectively, more development time is required to establish H2 as

E-fuel [129].

Since the solid oxide electrolysis method can be also described as reverse fuel cell process, a

brief comparison with this power generation approach can be drawn. In a typical hydrogen-

oxygen fuel cell, H2 is catalytically oxidised to protons, which move through a polymer

membrane that is only permeable for protons. The electrons are first redirected to an

electrical load and then to the cathode, where O2 is reduced to O2−, which in turn reacts

with the protons to water [129]. Considering the overall system, dealing with the high

costs, low energy density of H2 and its storage problems, the fuel cell technology will not

be able to replace fossil fuels for passenger cars. One possible application of fuel cells in

the driving sector could be their implementation into heavy-duty vehicles. In the case of

trucks, for example, there could be enough space for H2 storage, although the permission

for this modification still needs to be granted [134].

2.1.2.2 Methane and methanol-to-gasoline hydrocarbons

Other very important starting materials for chemical syntheses are currently promoted

as alternative E-fuel sources: methane and methanol. Apart from methane (CH4) being

obtained from fossil resources, it can also be produced according to the Sabatier process

(see Eq. 8). After generating H2 from water electrolysis powered by sustainable energy, it

can react with CO2 from either the ambient air or exhaust streams [135].

CO2 + 4 H2 → CH4 + 2 H2O ∆H0 = −165 kJ/mol (8)

As already mentioned in the section before, this concept is tested by Audi regarding

its industrial applicability. The main advantages of using methane as fuel in Germany

are the accessibility and compatibility of the natural gas grid. Thus, the infrastructure

to implement methane into the fuel market already exists. As in the case of Audi’s

pilot plant, the produced methane is fed into the grid, reducing the amount of natural
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gas required by the transportation sector [127]. Thus, the production of methane is a

promising energy storage option for intermittent power from sustainable sources. During

this process, however, large amounts of water are produced, which indicates that half of

the costly generated H2 is used to form water [126].

Similar to methane, methanol (CH3OH) is commonly obtained from synthesis gas with a

production volume of several million tonnes per year. The alternative approach to produce

methanol is again based on the hydrogenation of CO2 by H2 generated by water electrolysis

(see Eq. 9).

CO2 + 3 H2 → CH3OH + H2O ∆H298 K, 50 bar = −40.9 kJ/mol (9)

The George Olah Renewable Methanol Plant in Iceland is the most prominent pilot pro-

ject to produce methanol from sustainable resources. Starting in 2011 and being further

optimised, it currently synthesises 4000 tonnes of methanol per year. The CO2 comes

from a geothermal power plant, which is used for H2 production by water electrolysis.

With a continuous operation and the methanol being added to gasoline, this sustainable

pilot plant substitutes about 2.5% of Iceland’s fuel consumption [136]. In general, a max-

imum of 3% of methanol can be added to fuels without subsequent drawbacks, classifying

it as possible drop-in fuel. For blends with higher amounts of methanol, the respective

fuel standards and the engine setup need to be adjusted. As for nearly every alternative

to fossil fuels, the infrastructure must be extended and further developed to be able to

refuel vehicles with methanol. Further, even if common fuels are considered as harmful

for human health, the implementation of a sustainable, but very toxic compound could

fail because of lacking acceptance [127]. The main obstacle, however, is once again the

production of H2 by water electrolysis. This process prevails regarding capital costs, with

the electrolysers representing 75% of the total installation costs. It can be assumed that

upscaling will not significantly reduce these costs, since the capacity of electrolysers is

mainly increased by a higher amount of stacks [126].

As methanol also serves as chemical base material, it is used to produce further fuels

and fuel additives. In this so-called methanol-to-gasoline or methanol-to-olefins process,

olefins like ethylene or propylene are produced from methanol with zeolite catalysts [126].

Within this context, the Fischer-Tropsch process should be mentioned, which describes

several reactions of gaseous compounds to liquid hydrocarbons (see Eq. 10 and 11).

n CO + (2n + 1) H2 → CnH2n+2 + n H2O (10)

n CO + 2n H2 → CnH2n + n H2O (11)
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Similar to the methane and methanol syntheses, the hydrocarbons are generated from

synthesis gas with high amounts of water as by-product [137]. There are several approaches

to remove the produced water and to obtain purified hydrocarbons. Besides uneconomic

drying steps, the water-gas shift reaction is utilised to convert the by-product into hydrogen

again (see Eq. 12). In the presence of iron catalysts, the overall yield of the Fischer-Tropsch

process is distinctly increased. In contrast to E-fuels like methanol, these synthetic fuels

can not only be used as drop-in fuels, but also completely replace fossil hydrocarbons

[126,137].

CO + H2O → CO2 + H2 ∆H0 = −41.2 kJ/mol (12)

The German start-up company sunfire operates the first power-to-liquid pilot plant in

Dresden. Combining a steam electrolysis, Fischer-Tropsch synthesis and water-gas shift

reaction, fuels like synthetic diesel are produced from renewable energy, water and CO2.

Nevertheless, while the company claims to save about three tonnes of CO2 for each tonne

of fuel they produce, the production volume of the plant is one barrel per day [126].

2.1.2.3 Oxymethylenether

As already explained in section 2.1.1.1, the upcoming legislations for real driving emis-

sions will demand complex exhaust gas after-treatment systems. Simultaneously, the

carbon footprint of the fuels as well as the soot formation during combustion have to be

reduced. Especially oxygenated fuels are considered as promising option to solve these

problems. Among the synthetic fuels, in particular oxymethylenether (OME) gets a lot

of attention in Europe and Asia nowadays [138]. Although just 10 000 tonnes per year

are currently produced from coal in China, there is a sustainable synthesis route based

on methanol [127, 138]. To produce OME from methanol on a large scale, its monomer,

formaldehyde, is required. There are several approaches to obtain formaldehyde from

methanol, with the silver catalysed process being the most economic one (see Eq. 13).

During this reaction, methanol is partially oxidised and dehydrogenated. In the next step,

formaldehyde is converted into trioxane in the presence of sulfuric acid as catalyst (see

Eq. 14). To isolate trioxane, several distillations are required, increasing the production

costs of OME. Methylal is another necessary compound of the OME synthesis, which is

obtained from methanol and formaldehyde according to Eq. 15. Similar to the trioxane

production, an acidic catalyst is used and methylal is subsequently distilled to remove

the by-product water. As shown in Eq. 16, the acid catalysed reaction of trioxane and

methylal finally leads to the formation of OMEs [139].
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CH3OH → CH2O + H2 (13)

3 CH2O ⇋ (CH2O)3 (14)

2 CH3OH + CH2O ⇋ CH3O − CH2O − CH3 + H2O (15)

CH3O − CH2O − CH3 + (n − 1) CH2O ⇋ H3C − O − (CH2O)n − CH3 (16)

By using OME as fuel, NOx as well as soot emissions can be simultaneously reduced

due to the elimination of the trade-off between these emissions, mentioned in section

2.1.1.1. In particular, the exceedingly high amount of oxygen bound in the molecule,

the lack of carbon-carbon bonds, high volatility and low reactivity enable this favourable

property [127, 138]. Härtl et al. compared many oxygenated fuels concerning their soot

reduction potential, with OME leading to the lowest emissions. Therefore, they propose

implementing OME as non-toxic blending component into diesel fuel to reduce its emissions

[140]. Its production process already indicates OME’s high costs and energy consumption.

Further, its high vapor pressure causes fugitive emissions and a flammability hazard, when

the tank is open. Together with its incompatibility with common sealing materials, several

engine and tank modifications are necessary, before implementing OME into fuel industry.

The unalterable handicap of OME, however, is its low heating value, which is with about

23 MJ/kg far below the typical values of fuels and biofuels shown in Table 2 [127, 138].

The usage of OME as blending compound could thus be a compromise to still benefit from

its considerable advantages, but without being too affected by its drawbacks [2].

2.1.2.4 Exceptional position of ethanol

Bioethanol is currently the most widely used biofuel in the world [87]. Already in 1894,

bioethanol was utilised in internal combustion engines [141]. The main reason for its

worldwide application in blends with petrol, like the fuel E10 in Germany, is its high

octane number and thus high performance in petrol engines [87]. In general, bioethanol

is obtained by the fermentation of sugar-rich biomass and subsequent distillation steps.

After extracting the sugar from the plant material or enzymatically dissolving the sugar of

starch, it is fermented by common yeasts. Eq. 17 shows the common fermentation reaction

of glucose to ethanol [126].

C6H12O6 → 2 C2H5OH + 2 CO2 (17)
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The fermentation process leads to an aqueous ethanol solution with an alcohol content of

about 12 vol%, as the toxic effect of ethanol on the yeast inhibits its further production.

For the usage as biofuel, the ethanol content must be increased to 98.7 wt% by several

distillation and dehydration steps. In total, about 2.1 tonnes of glucose are necessary to

obtain 1 tonne of ethanol. This high overall biomass utilisation efficiency is one of the main

advantages of bioethanol compared to other substances derived from biomass [126, 142].

Initially, oxygenated compounds like ethanol were added to diesel to reduce particulate

emissions by lowering the ignition temperature due to their high oxygen content [15, 86].

This effect also leads to a significant reduction of NOx emissions in the presence of about

10 wt% of ethanol without affecting the energy output [84]. Further, the addition of etha-

nol improves the cold flow properties of diesel, in particular its cloud and pour point as

well as viscosity [143].

Nevertheless, the usage of ethanol in mixtures with diesel entails serious drawbacks, which

also question its promotion as sustainable biofuel compound. The most important disad-

vantage is the immiscibility of ethanol with diesel. Since 10–25 wt% of ethanol are neces-

sary to utilise its abovementioned properties, high amounts of surfactants or co-solvents

must be added [18, 69]. Without using these additives, phase separation will occur if the

temperature is below 10 ◦C or if the fuel mixture is exposed to water due to high humidity

in the fuel delivery tank [18, 144]. Suitable surfactants, however, are too expensive for

this application and their presence considerably affects engine and combustion properties,

which is further explained in section 2.1.4.1. Since the octane number of a substance

describes its potential to prevent early ignition, it is obvious that ethanol reduces the CN

of diesel (see Table 2). Therefore, harmful cetane improvers, usually isoamyl nitrite or

2-ethylhexyl nitrate, have to be used to compensate the presence of ethanol. With its

low viscosity, ethanol also affects the lubrication of the injection pumps, when used in

high amounts [145, 146]. Considering these issues, the still challenging implementation of

bioethanol as fuel in diesel engines justifies its appearance in this section, although it is

not an E-fuel.

2.1.2.5 Electric mobility

With the European Commission setting the target of emission-free urban freight trans-

portation until 2030 and urban passenger transportation until 2050, completely different

alternatives to combustion engines are necessary [147]. Not only these targets prohibit the

use of conventionally fuelled cars in European cities in the future, but also the increasing

fossil fuel dependence. The key technology to achieve these goals can be summarised as

electric mobility (E-mobility) and, concerning the transportation as well as automotive
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sector in particular, the introduction of electric vehicles (EV). An EV is either fully or

partially electrically powered and its usage does not lead to any driving emissions. Be-

sides the reduced air pollution and thus improved human health, there are also economic

reasons like low operational costs due to their high efficiency, which favour EVs [148]. Es-

pecially the freight transportation sector is supposed to be an early adopter of E-mobility,

as the concerned companies have high purchasing rates and use their vehicles intensively.

Regarding the lifetime vehicle costs, E-mobility becomes attractive to these companies,

since the high vehicle purchase price is compensated by its low operational costs [149,150].

There are several types of EVs, which differ considerably in their technology and sustain-

ability. A battery electric vehicle (BEV), for example, runs solely on electricity due to

on-board batteries, which are charged by using power outlets or charging stations. Thus,

BEVs contain no combustion engines and do not cause any tailpipe emissions. A hybrid

electric vehicle (HEV), on the other hand, possesses an internal combustion engine, which

utilises common fuels or biofuels, and an additional electric motor, which uses energy from

batteries. These are charged during regenerative braking and by the combustion engine,

which obviates their manual recharging. To reduce the fuel consumption even further,

plug-in hybrids were developed, whose batteries can be recharged by both the combustion

engine and power outlets [148,151].

Indicated by the detailed description of the most important E-fuels in this chapter, the im-

plementation of E-mobility into the transportation and automotive sector makes currently

just slow progress due to several significant obstacles. This statement is supported by the

market share of EVs in Europe, which was above 2% for just very few countries like Swe-

den and Belgium in 2017. Apart from the necessity of sustainable electricity to recharge

EVs, there are some severe environmental issues concerning the batteries of EVs. Lithium

ion batteries are currently the most used and further investigated batteries for EVs, be-

cause of their high energy density and cycling stability. With the Chinese government

promoting their EV industry, research is primarily focused on optimising the performance

of the batteries without considering the environmental impact [152]. While layered oxides

like LiNiCoMnO2 and LiNiCoAlO2 are typically used as cathode material, graphite with

intercalated lithium is utilised as anode material. In presence of a lithium ions containing

salt as electrolyte, following reactions occur during discharging the battery [153,154]:

Anode : LixCn → Cn + x Li+ + x e− (18)

Cathode : Li1−xNiCoMnO2 + x Li+ + x e− → LiNiCoMnO2 (19)

Total : Li1−xNiCoMnO2 + LixCn → LiNiCoMnO2 + Cn (20)
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As the anode material is rather cheap, most of the expenses arise from the cathode pre-

paration. Besides the production of highly purified lithium, which consists of several ex-

traction and electrolysis steps, nickel, cobalt and manganese, the synthesis of the cathode

material LiNiCoMnO2 is based on heat treatment processes and is thus also very energy

consuming [155]. In order to assess the environmental impact of the battery production

of EVs, Martin Wietschel, deputy head of the competence centre for energy technology

and energy systems of the Fraunhofer Institute in Karlsruhe, made following comparison:

A passenger car with an old internal combustion engine, which means that it does not

fulfil the Euro 6 standard, must drive 60 – 80 000 km to emit the same amount of CO2 as

during the current battery production for EVs, depending on the production process [134].

From a political point of view, the insufficient infrastructure for EVs is the most urgent

obstacle. With the unavailable charging station network being a key barrier for mar-

ket diffusion and consumer acceptance, the public as well as private sector are required

to shoulder the large-scale implementation of this expensive infrastructure [148]. At this

point, it is once again important to emphasise that current public and political discussions

about E-mobility rarely take into account the necessity of a sustainable electricity source.

Without further breakthroughs concerning the production, accessibility and distribution

of renewable energy, most of the latest arrangements and guidelines become irrelevant.

There are even much more unsolved economic, logistic and social problems that impede

the implementation of E-mobility, but their evaluation exceeds the scope of this thesis.

2.1.2.6 Evaluation and forecast for the future of E-fuels and E-mobility

Since many alternatives to fossil fuels are already developed, including biofuels, E-fuels

and E-mobility, an impartial evaluation is necessary to make a reliable forecast for the

future of the transportation and energy sector. Currently, biofuels like bioethanol and

biodiesel are just used in blends with petrol and diesel fuels. Further, in only a few cases

worldwide, E-fuels are produced on an industrial scale, but still from fossil resources. In

China and South Africa, for example, Fischer-Tropsch hydrocarbons and methanol are

obtained from coal, whereas Malaysia and Qatar use natural gas to produce these E-fuels.

With international climate objectives prescribing the reduction of CO2 emissions until 2050

by 80% compared to 1990, fundamental technological changes are still necessary in the

transportation sector. Within the Effort Sharing Decision, Germany committed itself to

increase the ratio of renewable energy used in the transportation sector to 10% until 2020.

To curtail the expectations and to accurately reflect the preliminary up-to-date status

in Europe, the emissions caused by traffic increased by 20% compared to 1990. Solely

considering the CO2 emissions in German traffic, the values remained nearly constant

during the last 27 years [127].
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There are about 45.8 million passenger cars in Germany with an average age of 9.3 years.

Governmental incentives on EVs are thus not effective due to the slowly changing traffic

sector. The current stock of EVs in Germany amounts to about 200 000 passenger cars,

with forecasts predicting an increase to 6 million EVs until 2030, which would just account

for about 13% of the total amount of passenger cars [156]. This already indicates that

combustion engines will most likely be still the main propulsion technology in the near

future. As the electrification of heavy-duty vehicles, ships and planes is presumed to be

not feasible, they will also remain consumers of liquid fuels in the future. Therefore, just

considering the contribution of E-mobility, the international climate objectives cannot

be fulfilled. Since a change in consumer behaviour is not conceivable, the DECHEMA,

a German association dealing with the development of chemical technologies, proposed

three different approaches to solve these issues in Germany. Firstly, the fleet consumption

could be distinctly reduced by combustion engines with significantly higher efficiencies.

These progresses, however, did not lead to lower CO2 emissions in the past, as current

passenger cars tend to possess more powerful engines, to be heavier and to provide greater

comfort as well as passenger security. Secondly, the amount of biofuels used as alternative

to fossil fuels should be increased. Since the DECHEMA mainly promotes E-fuels due to

its industrial cooperations with E-fuel producers, biofuels are just mentioned in passing.

To increase the share of biofuels in the fuel sector, however, much larger cultivation areas

are necessary. The third and as most promising promoted approach is the implementation

of E-fuels into the transportation sector. The DECHEMA emphasises that electricity

from sustainable resources is essential for the production of E-fuels. With the plans of

the German government to further extend renewable energy in the electricity sector, valid

since 2016, a maximum of 47.5 TWh from photovoltaics and 170.6 TWh from wind energy

could be produced in 2030, assuming current technologies. Further contributors are hydro

power and biogas, whose capabilities are mostly exhausted, and other energy sources like

geothermal energy, whose shares are not considerable. The share of renewable sources on

the total electricity used in the German transportation sector could thus be up to 53.7%.

Nevertheless, this amount can just be achieved, when the necessary electricity of other

sectors is excluded. To make this desperate situation even more obvious, an available

amount of 25 TWh sustainable electricity for the production of E-fuels in 2030, which is a

reasonable value, leads to a maximum of 1 million tonnes of E-fuel. Considering the fuel

consumption of solely Germany, which is currently above 50 million tonnes of fossil fuel,

more than 1 000 world-scale power plants would be necessary to produce enough electricity

for the sufficient production of E-fuels [127].

Due to this critical situation, the DECHEMA suggests the development and construction

of industrial complexes that produce sustainable electricity, which is subsequently used

to synthesise E-fuels. Such complexes could be located on coasts next to offshore wind
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farms or in Southern Europe close to photovoltaic power plants. So far, there are only

a few projects promoted by European governments like the Power-to-X (P2X) project of

Germany [157]. Besides huge costs to build these complexes and the lacking collaboration

of the affected industrial sectors, which is also known as integrated energy, the availability

of the required resources, in particular CO2 and water, is the main challenge. Since

highly purified CO2 is necessary in huge amounts for the synthesis of many E-fuels, other

companies that produce CO2 continuously like cement plants should be close. Assuming

that the total CO2 emissions will distinctly decrease in the next years due to the interna-

tional climate objectives, however, its availability will become even worse. When including

Southern Europe, the high amounts of required water should not be underestimated. As

known from China, for example, water is the limiting factor in arid regions due to the

high consumption of the chemical industry.

This detailed evaluation shows that, although E-mobility and E-fuels have already been

dominating the media since a few years, they are still far away from a comprehensive

implementation. This conclusion leads to the confirmation that, at least currently, biofuels

are a significantly better alternative to fossil fuels. In particular, the production processes

should be kept simple and at best, existing and industrially applied processes should be

combined to avoid problems regarding integrated energy.
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2.1.3 Important parameters for fuel characterisation

The detailed comparison between biofuels and E-fuels in chapter 2.1.1 and 2.1.2 makes

clear that most of the fuel’s properties can be deduced from just a few physicochemical

parameters. In particular, this section outlines the influence of the kinematic viscosity,

low-temperature phase behaviour, heating values and oxidative stability of the fuel on

its properties. As all formulated biofuels of this thesis are multi-component systems, the

characterisation of the individual components concerning their advantages and drawbacks

is essential. Further, different methods, applied during the engine tests, to obtain precise

information on the ignition, combustion and emission properties of the formulated biofuels

are explained.

2.1.3.1 Kinematic viscosity

The viscosity of a fluid can be described as the resistance that occurs, when the substance

is irreversibly deformed. It determines the flow behaviour of liquid as well as gaseous

compounds and the resistance that is opposed to a solid, which moves inside a fluid [158].

In particular, this viscosity is called dynamic or shear viscosity ηdyn. An easy and precise

apparatus to measure ηdyn of a fluid is the rolling ball viscometer (see Fig. 11).

Figure 11: Common setup of an automated rolling ball viscometer.
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With this method, the sample with the density ρsample is filled into a glass canula. The

viscometer tilts this canula at a specific angle, while the temperature of the sample is

controlled by a tempering cover. During this measurement, the time t is determined,

until a steel ball with the density ρball passed through a certain distance of the canula.

This distance is predefined by magnetic induction sensors. Based on the friction law of

Stokes for a ball falling through a liquid, this process is driven by gravity and the density

difference between the steel ball and the sample. The apparatus possesses a technical

constant K, which is determined by calibration oils with known dynamic viscosities [159].

These parameters lead to Eq. 21 for the calculation of the dynamic viscosity of the sample

ηdyn,sample:

ηdyn,sample = K · (ρball − ρsample) · t (21)

τ = ηdyn ·
dv

dy
(22)

In general, ηdyn is the proportionality constant between the shear stress τ and the velocity

gradient dv/dy perpendicular to the direction of motion (see Eq. 22). This equation shows

that the density of the sample ρsample is necessary to obtain its dynamic viscosity. Thus,

a densitometer is required, which is commonly based on the oscillating U-tube method.

In this process, the sample is filled in a U-shaped tube, which is electronically excited

to oscillate in its characteristic frequency. This frequency depends on the density of the

sample, which in turn is distinctly influenced by the temperature. Therefore, a precise

temperature control is essential for density measurements [160]. The sample’s density

is also necessary to convert the dynamic viscosity into the kinematic viscosity ηkin (see

Eq. 23). It describes the flow behaviour of the fluid with respect to gravity and inertia.

Further, it is the common viscosity parameter for standardisations in fuel industry [158].

ηkin =
ηdyn

ρ
(23)

Since the viscosity of a fuel has a huge impact on its ignition, combustion and emission

properties, it was the most important parameter of this thesis to ensure the applicability

of the formulated biofuels. Thus, a detailed look into the consequences of high as well as

low fuel viscosities is required. A high viscosity, as occurring for most of the vegetable

oils explained in section 2.1.1.2, causes bad flow behaviour of the fuel in the engine. This

increases fuel spray penetration, which is partly responsible for engine deposits and thick-

ening of the lubricating oil [8]. The bad flow behaviour also leads to carbon deposits on

the injection nozzles, valve seat and in the combustion chamber. Further, the lubricating

oil can be contaminated with unburnt residues and the injection rate can be decreased

because of heat losses in the fuel injection pumps and filters [58,59,67]. Another drawback
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of a high viscosity is the poor spray behaviour from the injector. It reduces fuel atomisa-

tion, which leads to incomplete combustion in the engine because of larger droplet sizes

and therefore higher soot emissions and lower efficiency [161–163]. Since a high viscosity

is often coupled with a low volatility, it can cause poor cold engine start-ups, ignition

delays and misfires [7]. These aspects explain, why highly viscous fluids are not suitable

in modern diesel engines without any modification. One way to avoid at least some of

these issues and to reduce the viscosity is heating up the fuel, before reaching the fuel

pump and injectors [60].

Due to the considerable influence of the viscosity on the fuel properties, there are many

different viscosity standardisations depending on the continent, country, climate and tem-

perature. They certify optimal fuel properties, when used in engines and allow predictions

concerning the potential impact of the fuel on the environment. Within the scope of this

thesis, two different biodiesel standards are taken into consideration for the biofuel for-

mulations: the American standard ASTM D6751 and the European standard EN 14214.

While the American standard accepts viscosity values between 1.9 to 6.0 mm2/s at 40 ◦C,

the European standard applies to 3.5 to 5.0 mm2/s at 40 ◦C [59]. At this point, it is

important to mention that there are already some standards for vegetable oil containing

fuels. However, they are by far less stringent than current biodiesel standards. Typical

examples are the DIN 51623 for vegetable oil fuels and the DIN 51605 for rapeseed oil

biofuels, which sets the maximum of the kinematic viscosity to 36.0 mm2/s at 40 ◦C, which

simply is the average value of pure rapeseed oil’s viscosity [164]. As these standards do not

ensure a direct usage in an unmodified up-to-date diesel engine, they are not considered

in this thesis.

2.1.3.2 Low-temperature phase behaviour

A common problem of using biofuels is their low-temperature phase behaviour. The ex-

amples in section 2.1.1.2 already showed that predicting this property for fuels and in

particular biofuels is not evident. Thus, some distinctive conditions were chosen to cha-

racterise and compare fuels regarding their low-temperature phase behaviour. The most

important parameter to determine this property is the cloud point. It describes the tem-

perature, at which the crystallisation process or phase separation of the fuel starts to

occur. There are automated apparatus, which cool down the sample and determine the

cloud point with optical detectors. Another parameter is the pour point, which is defined

as the lowest temperature, at which the substance is still fluid, even if there are already

some crystals in the liquid [19]. Thus, the pour point is always lower than the cloud point.

Vegetable oils do not only have unsuitably high viscosities, as mentioned in the section
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above, but also high cloud and pour points. These can cause engine durability problems

like sticking of piston rings and coking of injector nozzles [7, 49]. Therefore, additives are

necessary to achieve low-temperature properties similar to fossil fuels. Currently, so-called

pour point depressants like polymethacrylates, polyacrylates and alkalated naphthalenes

are used to inhibit crystal formation in the fuel at low temperatures. They adsorb on

the crystal’s surface and prevent its growth by forming a surface layer. Nevertheless,

their influence on the cloud and pour point is not distinct enough to use these mixtures

as biofuels [165, 166]. There are also standards that regulate the low-temperature phase

behaviour of fuels like the European standard EN 590 for diesel fuels. It defines that a

winter diesel, for example, must have a cold filter plugging point of −20 ◦C in Central and

Western Europe [74]. This point usually occurs between the cloud and the pour point

and describes the lowest temperature, at which a fluid still passes through a standardi-

sed filter [49]. Within the scope of this thesis, these standards are considered regarding

the cloud and pour points of the formulated biofuels, but without having a standardised

measuring device in the laboratory.

2.1.3.3 Oxidative stability

Besides their high viscosities and cloud points, their low stability towards oxidation is

another drawback of biofuels like vegetable oils and biodiesel. This stability can be de-

scribed as the time necessary to attain a critical point either associated with a sensorial

change or an abrupt acceleration of the oxidation process [167]. Since it distinctly affects

the quality and durability of liquids derived from vegetable plants, a closer look to this

process is essential. In general, there are two different mechanisms: autoxidation and

photooxidation. The autoxidation is a free radical chain reaction (see Fig. 12). In the

initiation step, a hydrogen atom is removed from e.g. an acylglycerol like rapeseed oil or a

fatty acid chain occurring in biodiesel [168]. The required energy of this process strongly

depends on the position of the hydrogen in the molecule. As mentioned in section 2.1.1.2,

vegetable oils and especially rapeseed oil as well as biodiesel mostly consist of unsaturated

fatty acids. Removing a hydrogen atom adjacent to a double bond of the fatty acid residue

leads to a stabilised allylic radical. In the case of linoleic acid, which is a common fatty

acid of rapeseed oil’s triglycerides, the hydrogen atom at the C11-position is even more

favoured due to the formation of a bis-allylic radical (see Table 1). Additionally, heat,

light and metal catalysts can even accelerate this initiation process. In the presence of

air, the formed radical R can react with atmospheric triplet oxygen 3O2. Due to its two

unpaired electrons in the antibonding orbitals, 3O2 is a radical as well and thus reacts

with R to form a peroxy radical ROO .
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Figure 12: Mechanism of autoxidation divided in initiation, propagation and termination steps. In the
case of a vegetable oil or biodiesel, R implies an acylglycerol or fatty acid methyl ester, respectively [168].

Since this peroxy radical can again remove a hydrogen atom from an acylglyceride or fatty

acid chain, another R can be formed, which leads to a radical chain reaction and a propa-

gation of the autoxidation [168]. During this propagation, hydroperoxides, which are the

primary oxidation products, can decompose and thus produce e.g. aldehydes and ketones.

Especially in rapeseed oil, this secondary product formation is distinctly pronounced [169].

The chain reaction stops, when two radicals react with each other, leading to nonradical

substances. In the second oxidation process, the photooxidation, singlet oxygen 1O2 must

be produced by either sensitisers or specific and harsh conditions in the laboratory, thus

making it less important in the scope of this thesis. Since one of its antibonding orbitals

is filled with paired electrons and the other one is empty, 1O2 is electrophilic. Therefore,

it reacts with substances with high electron densities like the double bonds of unsaturated

fatty acids. This in turn leads to allyl hydroperoxides as primary oxidation products,

which are again further oxidised similarly to the autoxidation process [168,170].

There are two major methods to determine the oxidative stability of fuels: the Rancimat

method and the PetroOxy method. In the Rancimat method, the reaction vessel, which

is filled with the sample, is rinsed with air at a constant temperature. This accelerates

the oxidation process and the volatile products are transported into the measuring vessel

by the air stream. This vessel contains deionised water and its electrical conductivity,

which is increased by the oxidation products, is continuously measured [171]. Once the

secondary oxidation products are detected, the induction time is reached. Since the sta-

bility towards oxidation is one of the key problems of biofuels and in particular biodiesel,

it is regulated by several standards. The European standard EN 14112 as well as the

American standard ASTM D6751 for biodiesel prescribe, among other parameters, the

measuring conditions of the Rancimat method. The temperature in the reaction vessel
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is set to 110 ◦C and the minimum induction period to 8 h by the European and 3 h by

the American standard [172]. The PetroOxy method is another standardised accelerated

oxidation test, which was invented just ten years ago. The sample is put into a reaction

vessel, filled with oxygen and then heated up to a specific temperature. Due to the ox-

idation of the sample and thus consumption of oxygen, the pressure inside the chamber

decreases over time [173]. The setup for this method is prescribed by the DIN standard

DIN EN 16091, which demands an oxygen pressure of 700 kPa at 140 ◦C. The induction

time is reached, once the pressure drops by 10%, compared to the maximum pressure in

the reaction vessel [172]. The PetroOxy method is a significantly faster alternative to the

Rancimat method. Further, the results of the latter are incomplete, as just the highly

volatile compounds are detected. The PetroOxy method, on the other hand, considers all

volatile as well as non-volatile substances [173,174]. In 2017, the PetroOxy was upgraded

to the RapidOxy, which allows the usage of much smaller sample volumes [175]. As the

PetroOxy and thus also the RapidOxy method were recently developed, a standardised

minimum value for the induction time has yet to be accepted. Nevertheless, there are

several empirical studies that investigate the correlation between the Rancimat and the

PetroOxy method. Regarding the used compounds in this thesis, the following regression

model is most suitable:

tRancimat = (31.89 − 20.63 · f) · tPetroOxy + (−214.65 + 319.68 · f) (24)

with the induction times of the Rancimat and the PetroOxy method in minutes tRancimat

and tPetroOxy and f = 0, if no additives are used and f = 1 in the presence of additives.

According to this equation, the necessary induction time of a biofuel measured by the

PetroOxy and RapidOxy method to be in agreement with the European standard EN

14112 is reduced to 33.3 min. This impressively shows the much shorter duration for the

determination of the oxidative stability of these methods compared to the Rancimat meth-

od [174].

Especially biodiesel’s susceptibility towards oxidation retards its consolidation into the

world energy matrix. During long-term storage, the autoxidation process and its conse-

quent oxidation products drastically harm its fuel properties [176]. They lead to sediment

and gum formation, which e.g. cause fuel filter plugging, and corrosion damage to the

engine [177,178]. To delay this oxidation process, so-called antioxidants are added to the

biofuel [176]. In general, antioxidants capture free radicals like peroxy or alkyl radicals,

control transition metals, quench singlet oxygen and inactivate sensitisers [168]. They

donate hydrogen atoms to the radicals, converting them to nonradical compounds [179].

As they are typically sterically hindered phenols or secondary aromatic amines, the anti-

oxidant radical has lower energy than the peroxy and alkyl radical due to resonance sta-
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bilisation [168]. The ability of antioxidants to prevent oils from oxidation mainly depends

on their chemical structure. As they act differently in oils and oil-in-water emulsions, the

polar paradox theory was proposed. It summarises the empirical observations that polar

antioxidants are more effective in less polar media and vice versa. It is assumed that the

presence of polar antioxidants leads to association colloids in the oil. Thus, they are not

located on the oil-air interface, but on the surface of the colloids. Non-polar antioxidants,

on the other hand, dissolve in the oil and therefore do not prevent it from oxidation [180].

Figure 13: Chemical structures of the synthetic antioxidants hydroquinone (HQ) and 2-tert-
butylhydroquinone (TBHQ).

Table 3: Composition of the commercially sold and as green promoted antioxidant mixture inaAOX1
from inaCHEM GmbH [182].

Compound ωCompound(wt%)

Hydroquinone 10

2-tert-Butylhydroquinone 30

L-Ascorbic acid 0.4

Solketal (as solvent) 60

Inorganic ash 0.02

In commercial biodiesel, hydroquinone and its derivatives are used, as they are obtained

from petrochemistry and are thus very cheap (see Fig. 13). As hydroquinone is classified

as carcinogenic, mutagenic and highly aquatoxic, it should not be used as additive for

biofuels. Nevertheless, there are several current publications and patents that either deal

with the stabilisation of biofuels with hydroquinones or even promote mixtures of natural

antioxidants and hydroquinones as green and sustainable. In these mixtures, the actual

effect of natural antioxidants needs to be questioned, as they are used in very small

amounts compared to the hydroquinones [176, 181]. A typical example is the patented
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antioxidant mixture inaAOX1 from inaCHEM GmbH (see Table 3). Although the amount

of L-ascorbic acid, also known as vitamin C, is less than 1% of the total amount of

antioxidants in the mixture, with the rest being highly toxic hydroquinones, it is promoted

as “natural stabilisation of biodiesel”. A closer look at the corresponding patent shows

that, indeed, the hydroquinones are used due to their effectiveness and ascorbic acid

just acts as their regenerating agent. Additionally, pictures of oranges are part of its

advertising campaign to make the customer think that vitamin C is a main component of

this mixture [182]. Besides ascorbic acid, a lot of different natural antioxidants are already

known like phenolic acids, carotenoids and vitamins [183]. Research groups that dealt with

the implementation of natural antioxidants into biofuels faced the problem of insufficient

solubility of the hydrophilic antioxidants. Therefore, they also had to use hydroquinones

in high amounts compared to the natural antioxidants, similar to the patent of inaCHEM,

to still fulfil the standards. This in turn increased the total amount of antioxidants to up to

1 wt% of the biofuel [174,176,184]. To sum up, the usage of natural antioxidants in biofuels

is hindered by their bad solubility, making hydroquinones and other synthetic antioxidants

indispensible. In combination with natural antioxidants, however, their total quantity

increases to industrially inappropriate amounts. There are different ideas to solve these

problems like adding co-solubilisers or surfactants to implement the natural antioxidant

into the oil [177]. The most promising approach is the utilisation of the synergistic effect

of two different antioxidants in radical trapping chain transfer reactions [176,185]. When

using a very effective and a rather ineffective antioxidant simultaneously in a formulation,

the ineffective one can sometimes regenerate the effective antioxidant, thus increasing

the overall antioxidative capacity of the system [185]. This synergism could already be

observed in mixtures of synthetic as well as natural antioxidants [186, 187]. Therefore,

the usage of this synergistic effect could possibly compensate the bad solubility of natural

antioxidants in biofuels, which obviates synthetic and toxic hydroquinones.

2.1.3.4 Heating value

There are various technologies to convert fuels obtained from biomass to energy. Since

combustion is the most developed and common one, significant parameters of combustion

systems are inevitable. Especially for a fuel, regardless of whether it is a complete biofuel

or a drop-in fuel, its so-called heating value is essential [188]. This parameter can be

calculated by two different approaches leading to either the higher heating value or the

lower heating value. With the assumption that the fuel consists of hydrocarbons exclu-

sively, following combustion equation can be used to explain the difference between the

two values:
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Fuel + x O2 → y CO2 + z H2O (25)

While both heating values refer to the heat released from the fuel combustion, they differ

in the final temperature of the combustion products. This in turn changes the state of

aggregation of the produced water. The approach leading to the higher heating value

considers the combustion products at 25 ◦C. Thus, water is in a condensed state and its

latent heat of evaporation is taken into account. With the lower heating value approach,

however, the products are considered at 150 ◦C and therefore, water is treated as vapour

and its latent heat of evaporation is not recovered [189].

Commonly, an adiabatic bomb calorimeter is used to determine combustion energies and

enthalpies. For that, a definite amount of sample is put into a crucible with cotton

threads to enable a contact with the ignition device. To ensure a quick and complete

combustion, the chamber is filled with oxygen. After placing the bomb into a thermosta-

tically controlled water bath, the sample is ignited and the temperature of the water bath

is recorded [190]. Due to the adiabatic insulation and the isochoric combustion in the

bomb, the molar combustion energy at room temperature ∆CU298 can then be calculated

as follows:

∆CU298 = −

Ccal · ∆T +
∑

i
qi

n
(26)

with the calibration constant Ccal, the measured temperature difference ∆T , further con-

tributions qi to the combustion energy like the usage of the cotton threads as ignition

promoters and the ignition energy itself, and the amount of substance n. The combustion

energy of a cotton thread and the ignition energy correspond to 50 J and 70 J, respectively.

Ccal already indicates that the calorimeter needs to be calibrated with a substance with

a known combustion energy, typically benzoic acid. The combustion enthalpy at room

temperature ∆CH298 can then be obtained with following equation:

∆CH298 = ∆CU298 + RT∆Cn (27)

with the general gas constant R, the reference temperature T and the change of the

amount of substance in the gas phase during combustion ∆Cn. With Eq. 25 and assuming

a complete combustion of the sample, which can be at least visually detected by looking

at the crucible after the combustion, ∆Cn can be determined as follows:

∆Cn = y − x (28)

Eq. 28 shows that the produced water is assumed to be condensed in this approach. Thus,

these calculations lead to the higher heating value of the sample.
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2.1.3.5 Engine tests

As it is not only the scope of this thesis to formulate new biofuels, but also to develop

them to be directly applicable in unmodified up-to-date diesel engines, detailed combustion

tests are essential. A modern engine control unit regulates up to 40 000 components [191].

Thus, a specific choice of engine test methods and investigated parameters is necessary

to simplify the evaluation of new fuels. Regarding the characterisation of the formulated

biofuels of this thesis, ignition delay and exhaust gas recirculation (EGR) measurements

are performed and their combustion process and behaviour is examined.

Figure 14: Simplified illustration of an engine with exhaust gas recirculation (EGR). The colours of the
pipes indicate the temperatures of the gases with blue implying the cold intake air and red the hot exhaust
gases [192].

Ignition delay measurements give information about the combustibility of the fuel. Igni-

tion delay describes the period of time between the injection of the fuel and the start of

combustion. An important parameter for the ignition quality of biofuels in diesel engines

is the dimensionless cetane number (CN) [1]. To compare different fuel components using

their CN, hexadecane, which is also called cetane and possesses a very short ignition delay,

obtained a CN of 100. Saturated and unbranched long-chain hydrocarbons have high CNs

and a good ignition quality, whereas branched hydrocarbons and aromatic compounds

have low CNs and a poor ignition quality. Thus, the higher the CN, the shorter the ig-

nition delay time. Too high as well as too low CNs can cause operational problems. In

the case of a too high CN, the combustion starts, before fuel and air are properly mixed,

leading to an incomplete combustion and smoke. With a too low CN, misfiring, slower
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engine warm-up and an incomplete combustion occur [49]. Since biofuels usually tend to

have low CNs, the respective standards just give minimum values for the CN. Regarding

biodiesel, the European standard EN 14214 prescribes a lower limit of 51, whereas the

American standard ASTM D6751 sets the minimum to 47 [74, 193]. To increase the CN

of biofuels, ignition promoters are added to the formulations. Since these are currently

hazardous compounds like 2-ethylhexylnitrate or organic peroxides, this topic is of main

interest for many research groups [15,194].

The EGR method is commonly used in diesel combustion engines to reduce NOx emissions.

During the combustion process, the hydrocarbons of the fuel are oxidised by atmospheric

oxygen. As the oxygen is completely consumed by this combustion, there is no oxygen left

in the exhaust gases. By adding a defined part of these exhaust gases to the intake air, the

amount of oxygen in the mixture is reduced (see Fig. 14). Therefore, less fuel has to be in-

jected to achieve a complete and slower combustion, which in turn reduces the in-cylinder

peak temperatures [195, 196]. Since the formation of NOx depends exponentially on the

combustion temperature, according to the Zeldovich mechanism, less NOx emissions are

produced due to the EGR [197]. With the NOx emissions being controlled by this method,

the THC, CO and soot emissions as well as the fuel consumption and the air/fuel balance

can be detected simultaneously with respect to a given NOx emission. The air/fuel bal-

ance describes the mass ratio of air and fuel during combustion. By changing the load and

EGR conditions at a constant engine speed, the combustion process and behaviour of the

fuel can be analysed as well.
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2.1.4 Nanostructuring in biofuels

With one of the main research topics of Kunz et al. being the miscibility and compati-

bility in solutions, including the influence of surfactants as well as hydrotropes and thus

structured systems, a closer look was taken at several miscibility problems of fuel formu-

lations. After briefly explaining the fundamental effects leading to surfactant-free micro-

emulsions, the research concerning nanostructured fuels is summarised. In this context,

water containing fuels, so-called hydrofuels, are mentioned and critically evaluated regard-

ing the principles of green chemistry. Since the required measuring techniques and their

interpretations, in particular light and X-ray scattering methods as well as conductivity

measurements, are rather demanding, they are also outlined in the following sections.

2.1.4.1 Existing miscibility problems in fuel formulations

A kinetically stabilised system of two immiscible liquids is called macroemulsion. Due to

the addition of so-called surfactants, surface active reagents, its stability can be sustained

for a long time. Surfactants are amphiphilic molecules, thus containing hydrophilic as well

as hydrophobic properties, which enable simultaneous interactions with polar and non-

polar liquids, generally referred to as aqueous and oil phases. These amphiphiles adsorb

to the interface of both phases, which significantly reduces the interfacial tension. As

the polar and nonpolar parts of the surfactants point to the respective phase, repulsive

interactions occur between the formed aggregates. These interactions, however, are not

strong enough to prevent coalescence and finally a macroscopic phase separation. Once a

specific surfactant concentration, i.e. the critical micellar concentration (cmc), is reached,

thermodynamically stable aggregates, called micelles, are formed by a spontaneous and

reversible self-assembly [198, 199]. These homogeneous, isotropic and optically transpar-

ent mixtures are known as microemulsions. Their stability is strongly attributed to their

droplet sizes. While aggregates of microemulsions possess sizes in the nanometre range,

also known as mesoscale, macroemulsions contain larger droplets with a typical size of a

few micrometres [200,201].

In 1976, Barden et al. noticed that the ternary system water/2-propanol/hexane forms

structures at the mesoscale, which leads to properties identical to microemulsions, al-

though there is no surfactant present [202, 203]. This discovery proved that the addition

of surfactants is not essential to obtain microemulsions. A typical surfactant-free micro-

emulsion (SFME) consists of two immiscible liquids and a third component, which is

completely miscible with both liquids and thus also amphiphilic. These so-called hydro-

tropes usually possess small hydrophobic parts, e.g. short hydrocarbon chains, compared

to common surfactants, but their properties also differ from those of co-solvents [204,205].
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Due to their less pronounced amphiphilic character, higher amounts of hydrotropes are

necessary to form SFMEs [206]. Coming back to the insufficient miscibility of ethanol

with diesel, already mentioned in section 2.1.2.4, many research groups investigated dif-

ferent approaches to close the miscibility gap of this mixture. At lower temperatures,

phase separation occurs and thus, the miscibility gap increases. This process can be pre-

vented by using additional components, in particular either emulsifiers or co-solvents. An

emulsifier, i.e. surfactant, causes a fine distribution of small ethanol droplets in diesel,

whereas a co-solvent like tetrahydrofuran enables a molecular compatibility of ethanol

and diesel, leading to a homogeneous mixture [18,144]. Already in 1980, Moses et al. add-

ed a surfactant to blends of aqueous ethanol and diesel and reported that they obtained

thermodynamically stable mixtures [207]. Most of the investigated fuel blends, however,

needed high amounts of surfactants and even higher ratios of co-solvents to prevent phase

separation. In particular, about 2–10 wt% of surfactants were added, depending on the

climatic conditions [18]. Due to their high prize and high affinity towards surfaces, the

usage of surfactants in fuels is not favourable on an industrial scale. Therefore, reports

about SFMEs as fuels increased rapidly [69]. In 2007, Silva et al. were the first to expli-

citly investigate mixtures of ethanol, diesel and different additives regarding the formation

of SFMEs by performing light scattering experiments. Although solely light scattering is

not sufficient to prove the existence of nanostructures, they concluded that such structures

are formed, similar to those of water-in-oil microemulsions [208]. In contrast to that, Ka-

yali et al. claimed that there is no structuring in similar biofuel mixtures by using NMR

self-diffusion measurements [209]. Most importantly, however, the existence and type of

nanostructures in SFMEs of biofuels as well as their influence on decisive parameters of

fuel formulation could not be proven so far.

2.1.4.2 Hydrofuels

During the past 20 years, the implementation of water into fuel formulations was inten-

sively investigated. It is well known that the presence of water in fuel combustion processes

significantly reduces NOx and soot emissions due to its high heat capacity and influence

on combustion reactions. In particular, water lowers the combustion temperature and

therefore, less thermal NOx emissions are produced according to the Zeldovich mecha-

nism [197,210]. Further, the combustion of water containing fuels generates radicals that

accelerate the decomposition of hydrocarbons, thus minimising their soot emissions [211].

These two effects show that the NOx-soot trade-off, explained in 2.1.1.1, is overcome

by adding water to the fuel [210]. Especially in combustion applications, sufficient mix-

ture formation and long-time stability are essential parameters for consistent combustion

49



FUNDAMENTALS

properties [212]. Similar to ethanol containing fuels mentioned in the section above, sur-

factants are required to obtain microemulsions consisting of water and fuels. Due the

volatility difference between the small water droplets, distributed in the microemulsion,

and the fuel, the combustion is often coupled with the microexplosion phenomenon, lead-

ing to an increased combustion efficiency [213]. Strey et al. patented several approaches to

produce water-in-fuel microemulsions in the presence of surfactants and implemented the

term hydrofuels for these mixtures. In general, they use nonionic surfactants like ethoxy-

lated alkyl polyethylene glycol ethers, sold as Lutensol by BASF [211,214]. Besides their

high costs making them economically inapplicable on an industrial scale, Fig. 15 shows the

fuel consumption of diesel and a typical hydrofuel consisting of diesel, water and about

7–10 wt% of a nonionic surfactant, depending on the amount of water and load conditions

at different engine speeds.

Figure 15: Effective, specific consumption be of diesel as well as formulated microemulsions (ME) consis-
ting of diesel, different amounts of water and about 7–10 wt% of an ethoxylated alkyl polyethylene glycol
ether as surfactant versus the load conditions. Besides showing these consumptions at engine speeds of
1500 rpm (left) and 1800 rpm (right), be is adjusted to obtain the actual value of the energy supplying
compounds be,korr., since the presence of water and surfactant distinctly increases the total fuel consump-
tion [210,211].

Compared to diesel, the effective, specific consumption be of the formulated hydrofuel is

already distinctly higher in the presence of 7.5 wt% of water. Further, there is no linear

dependence of be on the water content, as 22.4 wt% of water increase be by 37.5% at

1500 rpm (see Fig. 15). At a slightly higher engine speed of 1800 rpm, the increase is even

40.8% for the same mixture. These results can be explained by the low heating values of

water and surfactant. Especially the surfactant is important to mention, as the increase

of be is even higher than the amount of added water. This shows that the microexplosion

phenomenon does not compensate the bad combustion properties of the surfactant, thus

50



FUNDAMENTALS

resulting in higher consumptions than expected. Strey et al. deal with this issue by

adjusting be with respect to the low heating value of water and, of course, obtain values

for be,korr. that are below the results of pure diesel [210,211]. Instead of pointing out that

the presence of surfactants is negatively affecting the fuel consumption, it is, unfortunately,

not discussed any further in their patents and publications. Additionally, several injection

and ignition tests were performed by Dittmann et al. with the same hydrofuel, proving

that this mixture leads to considerable cavitational wear of the valves. The nozzle cross-

section also needs to be adjusted to compensate the reduced heating value, which in turn

distinctly increases the ignition delay of the hydrofuel [212]. To conclude, a nanostructured

hydrofuel without any surfactants would be an interesting option, particularly SFMEs.

2.1.4.3 Dynamic and static light scattering

Figure 16: Common setup for dynamic light scattering (DLS) as well as static light scattering (SLS)
used in this thesis.

To investigate colloidal structures like micelles and polymers in solutions, light scattering

experiments are approved methods. In general, light is scattered by particles in solution, as

long as they are smaller than the wavelength of the irradiated light. With the difference

in the refractive indices between the dispersed, moving particles or aggregates and the

dispersion medium, intensity fluctuations of the scattered light occur. Within the dynamic

light scattering (DLS) method, these fluctuations are investigated in a sufficiently small

measuring field and a time resolution of a few microseconds [215]. As shown in Fig. 16,

a laser source and optical devices are used to produce a monochromatic, coherent and
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vertically polarised laser beam, which irradiates the thermostatically controlled sample.

Due to the presence of aggregates in the sample, the light is scattered and a specific

scattering angle θ is chosen to measure its intensity by a photon detector.

Figure 17: Data acquisition and processing by the detector and correlator: After measuring the intensities
of the scattered light over a specific period of time (left), normalised electric field correlation functions
can be derived (right). Within this thesis, these functions are called correlation coefficients for reasons of
simplification. The different results obtained for large and small aggregates are shown, but it needs to be
mentioned that the difference in the absolute values of the intensities is qualitative and just for a better
illustration.

Coming back to the intensity fluctuations of the scattered light, the particles move due to

the Brownian motion, which depends on their size and nature as well as on the tempera-

ture and viscosity of the medium. Therefore, the distance between the aggregates changes

constantly, causing constructive and destructive interferences of the scattered light and

thus intensity fluctuations. Their time-dependent progression obtains information on the

motion, size and distribution of the particles (see Fig. 17). Since small aggregates move

faster than big ones, their intensity fluctuation is more pronounced. A digital autocorrela-

tor compares the intensities at different time intervals. Considering a specific intensity of

the scattered light at the time t, the autocorrelator compares this value with the intensity

just a very short moment t + τ later. In this case, a strong correlation is observed, which

decreases with increasing time intervals between the measuring points. Therefore, the

resulting normalised electric field correlation function remains for a longer period of time,

when large aggregates are present in the solution [215,216].

Assuming monodisperse aggregates, this time correlation function g1(q, τ) is described

with following equation:

g1(q, τ) = a0 + [a1 · e(−a2τ)]2 (29)

with the delay time τ , the constant baseline value a0, which is typically 1, the dynamic

part of the amplitude a1 and the decay rate a2. The scattering vector q is the difference
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between the propagation vectors of the irradiated and the scattered light. a2 is linked to

the diffusion coefficient D and q (see Eq. 30).

a2 = Dq2 (30)

q is defined as:

q =
4πn

λ
sin

θ

2
(31)

with the refractive index n, the wavelength of the irradiating light λ and the detection

angle θ. Assuming spherical aggregates, the hydrodynamic radius rh can be derived from

the diffusion coefficient D, using the Stokes-Einstein equation:

D =
kBT

6πηrh
(32)

with the Boltzmann constant kB, the temperature T and the dynamic viscosity η. There-

fore, η and n need to be measured additionally to obtain rh, which provides information

on the size of the aggregates in the system. While a viscometer, described in section

2.1.3.1, is used to determine η of a liquid, a refractometer, based on the critical angle for

total internal reflection, is utilised to measure n [215, 216]. In contrast to real-time scat-

tering intensities obtained by DLS, time-averaged scattering intensities are measured for

different scattering angles during static light scattering (SLS) experiments. This enables

the determination of the molecular weight of an aggregate or macromolecule and its root

mean square radius, also known as radius of gyration. Since larger aggregates cannot be

considered as isotropic scatterers, their scattering intensity is dependent on the scattering

angle [199]. This dependence is explained within the Rayleigh theory, which needs to be

adjusted to SFMEs with following equation:

Mapp = M · S(q) =
Rsample

Kc
(33)

with the apparent and unchanged molar masses of the aggregates Mapp and M, the struc-

ture factor S(q), which considers the influence of the aggregates’ interactions on the light

scattering, the Rayleigh ratio of the sample Rsample, which is further described in Eq. 35,

and the concentration of the aggregates in the system c. The parameter K can be obtained

from Eq. 34:

K =
4π2n2

λ4NA
(
dn

dc
)2 (34)

with the refractive index increment dn/dc and Avogadro’s number NA. Rsample, which

depends on the scattering angle, is calculated by using the data of the SLS experiments:
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Rsample =
Isample − Isolvent

Istandard
· Rstandard · (

nsolvent

nstandard
)2 (35)

with the scattering intensities of the sample Isample, solvent Isolvent and standard Istandard,

which is toluene, and the correction factor (nsolvent/nstandard)2 of the scattered volume

due to diffraction effects [217]. By assuming spherical aggregates and measuring their

density ρaggregate, which is considered to be the density of the inner phase, their radius r

is obtained from following equation [199,218]:

Vsphere =
Mapp

NA · ρaggregate
=

4
3

πr3 (36)

2.1.4.4 Small- and wide-angle X-ray scattering

While light is scattered by nanostructured mixtures due to fluctuations of the refractive

index, an X-ray beam is scattered because of differences in the electronic densities of a

structured medium. The small- and wide-angle X-ray scattering technique (SWAXS) is a

powerful, but elaborate method to investigate the structuring of mixtures in detail. Fig. 18

shows the simplified measuring principle, in which a monochromatic and collimated X-

ray beam irradiates the sample. The scattered X-rays are collected by a two-dimensional

detector at a modifiable distance. The closer the detector is positioned to the sample, the

bigger the investigated scattering angle.

Figure 18: Simplified setup for small- and wide-angle X-ray scattering (SWAXS) measurements.

In general, the intensity of the scattered X-rays of isotropic scatterers can be described by

following equation:

I(q) = nV 2 · ∆ρ2 · P (q)S(q) (37)

with the particle concentration n, the volume of the aggregates V, the electron density

difference between the scattering aggregate and the solvent ∆ρ, also known as scattering
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length density, the form factor P (q) and the structure factor S(q), which both depend

on the scattering vector q [219]. While the shape of the aggregate is considered by P (q),

S(q) takes into account the interactions between the aggregates in the mixture. There are

many models to derive P (q) and S(q) from the experiments, but evaluating and choosing

the most suitable one, depending on the fitting quality, is often complex. Particularly for

SFMEs, the scattering intensity at low q-values is of interest, as it describes the interactions

between structures and particles in solution. X-ray scattering at higher q-values, on the

other hand, enables information on interactions between the molecules. Since SWAXS

experiments were just performed once within the scope of this thesis and in collaboration

with scattering experts from France, in particular Diat et al. and Bauduin et al., this

method and its principles are not further explained. To describe SWAXS data of SFMEs

for q-values below 1 nm−1, a rather simple Ornstein-Zernike equation is sufficient:

I(q) =
I0

1 + q2ξ2
(38)

With this equation, the correlation length ξ of the aggregates can be determined with the

forward scattering I0 at q = 0 [220,221].

2.1.4.5 Conductivity and percolation models

To obtain information on the structure formation and type of microemulsions, conductivity

measurements are the method of choice. There are different types of microemulsions,

which depend on the composition of the mixture, in particular the water and oil content.

Generally, at high amounts of water, the oil molecules are in the inner phase of the

microemulsion (o/w, oil-in-water), whereas the oil is the continuous phase, if it is the

main component of the system (w/o, water-in-oil). During the transition from o/w to

w/o, the microemulsion is bicontinuous, as the water and the oil phase form a sponge-like

network [222, 223]. Fig. 19 illustrates the typical conductivity behaviour κ of a mixture

consisting of water, oil and an ionic surfactant with an increasing volume ratio of water

φ(W ). At low φ(W ) values, there is nearly no conductivity measurable, as the conductive

water pseudo-phase is in the inner phase of a just forming w/o microemulsion. With further

addition of water, κ slowly increases, until the percolation threshold φP is reached. After

that critical point, κ increases proportionally to φ(W ) because of a higher probability of

charge transport due to micelle collisions [224]. Once the slope of the curve decreases and

a maximum of κ is reached, bicontinuous structures are present [223]. At this point, any

further addition of water leads to the transition to o/w microemulsions and κ decreases

due to dilution effects [225,226].
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Figure 19: Conductivity of a mixture consisting of water (W), oil (O) and a surfactant versus the volume
ratio of water φ(W). The red dashed line indicates the determination of the percolation threshold φP.

The percolation threshold φP indicates the formation of the first infinite cluster of ag-

gregates, whose number rapidly increases with further addition of water. The correlation

between the structural change of the mixture and the distinct increase of the conducti-

vity can be described with two asymptotic scaling power laws (see Eq. 39 and 40). These

equations contain two different exponents s and t, which provide information on the ar-

rangement of the aggregates below and above φP [224,227].

κ ∝ (φP − φ(W ))−s ∀ φ(W ) < φP (39)

κ ∝ (φ(W ) − φP)t ∀ φ(W ) > φP (40)

There are two theoretical approaches to explain the percolation mechanism in microe-

mulsions. The static percolation model, applying for s ≈ 0.6 and t ≈ 1.9, assumes that

bicontinuous oil and water structures are formed, leading to higher conductivities due to

connected water paths. Within the dynamic percolation model, applying for s ≈ 1.2, the

attractive interactions between water-rich aggregates cause the formation of percolation

clusters. This model considers structural rearrangements due to Brownian motion and

the high kinetics of microemulsions, with the charge being transported by the rearranging

clusters. The exponent t just helps proofing the presence of a static percolation and there-

fore does not provide any further information concerning a dynamic percolation [222,224].

As aggregates of SFMEs are known to be formed and destroyed on a microsecond scale,

this model is particularly interesting for these systems. Up to now, there are just a few

publications about conductivity measurements of low-conductive SFMEs and especially

no comparable experiments concerning biofuels.
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2.1.5 Towards a new concept of biofuels

As exemplified in detail in the previous chapters, opportunities to get rid of the dependence

on fossil fuels do not only have to be further developed, but also implemented into everyday

life in the next years. If this is not achieved, the international climate objectives will not

be fulfilled. Driven by the “Dieselgate” scandal and the still fundamental problems of

E-mobility, this thesis focuses on the applicability of new biofuel formulations that are

not related to fossil fuels. During my master thesis, a first approach to a new kind of

completely green biofuels was already developed [228]. After briefly outlining its main

results, the motivation and strategy concerning the main topic of this PhD thesis, biofuel

formulations, are explained.

2.1.5.1 First approach to completely sustainable biofuels

Within the scope of my master thesis, biofuels with a vegetable oil as main component

had to be formulated, which are directly applicable in an unmodified up-to-date diesel

engine and fulfil the principles of green chemistry, i.e. they do not contain any environ-

mentally harmful additives. When using vegetable oils in biofuels, especially ηkin and

the low-temperature phase behaviour must be precisely adjusted, as described in chapter

2.1.3, to ensure that the respective standards are met. To enable the direct usage of the

formulated biofuels in diesel engines, the current biodiesel standard of the United States,

ASTM D6751, as well as the European standard EN 14214 were taken into considera-

tion. In particular, mixtures of rapeseed oil and FAME obtained from rapeseed oil were

investigated. On the one hand, the usage of FAME was assumed to be inevitable due to

its low viscosity and high CN, but on the other hand, its cloud and pour point are even

higher compared to rapeseed oil. To overcome these problems, two different formulation

approaches were performed. The first set of formulations consisted of rapeseed oil, its

FAME and the furan derivatives 2-methyltetrahydrofuran (2-MTHF), 2,5-dimethylfuran

(DMF) and 2-methylfuran (2-MF) as oxygenates (see Fig. 20). The aim with these com-

positions was to ensure rapeseed oil as main component and simultaneously to reduce the

amount of necessary FAME in the formulations. The furan derivatives are environmentally

promising substances, since they can be produced from sugar or cellulose, i.e. from the

waste of vegetable oils [229, 230]. Thus, these mixtures constitute a combination of first

and second generation biofuels, promoting the potential of bioresources. In the second

approach, the terpenes D-limonene, α-pinene and farnesene were added to rapeseed oil in

order to completely avoid the usage of FAME (see Fig. 20 again). Due to their chemical

structure, in particular the high number of carbon atoms and the absence of heteroatoms,

their favourable combustion properties were already known and therefore, FAME was not

required [231].
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Figure 20: Structure of the investigated furan derivatives and terpenes as potential biofuel components.

As the furan derivatives as well as the terpenes are completely miscible with rapeseed

oil and FAME at room temperature, no emulsifiers like in ethanol-containing fuels were

necessary. Without going too far into detail, the main results and optimisation steps

towards the final biofuel formulations are briefly summarised: It could be shown that the

addition of a furan derivative distinctly reduces ηkin and the cloud point of the mixture,

as expected. As 2-MF led to the lowest ηkin as well as cloud point and possessing the

shortest synthesis route of the investigated furans, it was chosen as most suitable furan

derivative [229]. Since the amount of rapeseed oil should be as high as possible and the

amount of expensive 2-MF as low as possible, FAME was still necessary. Therefore, an

exemplary biofuel formulation consisted of about 62 wt% of rapeseed oil, 10 wt% of FAME

and 28 wt% of 2-MF. While the addition of the terpenes reduced ηkin to a lesser extent

than the furans, they significantly decreased the cloud point of rapeseed oil. Thus, higher

amounts of terpenes were required to fulfil the viscosity standards.

In order to obtain more information on the combustion and emission properties of the

formulated biofuel with the composition mentioned above, measurements at an engine

test bench were essential. These experiments were carried out in cooperation with the

chair of combustion engines of Prof. Dr. Hans-Peter Rabl at the Ostbayerische Technische

Hochschule Regensburg. Due to the self-imposed requirements for the formulated biofuel
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to fulfil biodiesel standards, an unmodified up-to-date diesel engine could be used. Several

injection pressure variation, ignition delay and EGR measurements showed that most

properties of the biofuel are close to diesel and especially the THC and soot emissions

are even lower. The slightly higher consumption of the biofuels can be justified with its

complete sustainability and therefore possibly lower price in the future compared to fossil

fuels. In general, this work points out that new kinds of completely green biofuels can be

developed by using solely sustainable compounds. If the formulations are then adjusted

to fulfil current standards regarding their physicochemical properties, their combustion

behaviour, like in this case, can lead to unexpectedly favourable results [228].

2.1.5.2 Goals of the biofuel formulations within this thesis

Figure 21: Scheme of the FAME production process including the developed optimisations within this
thesis. The common production and consumption cycle of FAME is illustrated by black and red arrows.
Red arrows indicate the most important drawbacks of this process, whereas green arrows show the con-
sidered optimisations steps, which distinctly increase the production profitability of FAME.

Even though the formulation approach during my master thesis was successful, there are

still some problems to solve concerning these biofuels: due to their limited availability, high

costs are associated with the usage of terpenes. The same applies to the furan derivatives,

since they have to be produced by chemical conversion of crude materials. Therefore,

the usage of 28 wt% of 2-MF, like in the formulated biofuel for the engine tests, is not
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applicable on an industrial scale. Within this PhD thesis, I decided to focus more on the

industrially established FAME production. Indicated by red arrows, Fig. 21 illustrates the

two major drawbacks of this process that harm the environment. Firstly, it is evident

that the process itself has some disadvantages, since refineries are necessary to synthesise

FAME from methanol and a vegetable oil. Secondly, this transesterification reaction is

coupled with the production of glycerol as by-product, explained in section 2.1.1.2, which

lacks industrial large-scale applications that could consume its high production volume.

To increase the efficiency of this process and to diminish its drawbacks, Fig. 21 also shows

our ideas of maximising its profitability, indicated by green arrows. The direct usage and

implementation of pure vegetable oils into the biofuel formulation make their chemical

transformation to FAME obsolete and thus the production of glycerol. This approach

was obviously already examined and implemented during my master thesis. Additionally,

investigations regarding the compatibility of glycerol with fuel components should be per-

formed to evaluate its potential as biofuel source. Since glycerol is the main waste product

of FAME production, a concept dealing with its implementation into biofuels consisting

of vegetable oils and FAME would distinctly increase FAME’s competitiveness. In parti-

cular, the glycerol derivatives described in Fig. 9 are used for these investigations.

Besides this already challenging issue, the two fundamental problems of biofuels for diesel

engines should also be faced within this thesis: their low stability towards oxidation and

their high NOx emissions during combustion. These two drawbacks should be taken into

consideration by solubilising natural antioxidants in the biofuels without reducing the sta-

bility towards oxidation compared to commercially used and highly toxic hydroquinones

(see section 2.1.3.3). Further, this new biofuel concept should enable the implementation

of water to decrease the NOx emissions without using surfactants. By completely fulfilling

these demands, this biofuel concept would not only significantly increase the profitability

of many industrial processes, but also enable a wide range of possible applications.

As the usage of water in these biofuel formulations leads to investigations on SFMEs,

further experiments are performed to prove the existence of nanostructures in ethanol-

containing, but surfactant-free biofuels. Moreover, the influence of these structures on the

most important physicochemical parameters of the biofuel, in particular the viscosity and

low-temperature phase behaviour, should be verified as well.
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2.2 Further applications of glycerol derivatives

2.2.1 Extraction systems based on glycerol derivatives

Besides the development of a new biofuel concept, where glycerol derivatives should play

a major role, further uses of these compounds were investigated concerning completely

different fields of application. In particular, glycerol derivatives were examined in terms

of replacing currently used, toxic or environmentally harmful substances. As their mixing

and solubilising behaviour is extensively characterised within the biofuel formulations,

specific applications were chosen, whose further development is inhibited due to miscibility

or compatibility issues. In this chapter, the usage of glycerol derivatives as alternative,

sustainable extracting agents is evaluated. Since several research articles of our group,

dealing with sustainable extraction processes, were published in the past years, correlations

between the mixing properties of the extracting agents, e.g. the amphiphilic character of

surfactants or hydrotropes, and the extraction process could be identified [232–234]. After

outlining the industrial status quo of improvable processes like the extraction of antioxi-

dants from vegetable oils, high-performance liquid chromatography (HPLC) as research

method and different approaches to purify and isolate the respective extract are briefly

described.

2.2.1.1 Extraction of antioxidants from vegetable oils

Antioxidants have been known for their anti-aging properties for many years. Besides being

popular in cosmetics due to their positive impact on skin aging, they also decrease the risk

of cardiovascular diseases and cancer [235]. Since many synthetic antioxidants are toxic

and do not fulfil the guidelines of the cosmetic and food industry, natural antioxidants are

required for these applications [236]. Especially vitamin E, which consists of tocopherols

and tocotrienols, is considered as most promising food approved antioxidant mixture,

nowadays [237]. In this context, rapeseed oil plays an important role, as it contains high

amounts of α-tocopherol, the most active form of vitamin E in vivo, with about 0.02 wt%

[237,238]. For comparison, soybean oil consists of about 0.007 wt% of α-tocopherol [239].

Concerning the objectives of the biofuel formulations within this thesis, high amounts of

vegetable oil and in particular rapeseed oil should be used. Therefore, rapeseed oil is simply

combusted with its constituents like α-tocopherol. Considering the polar paradox theory,

this very hydrophobic antioxidant does not efficiently contribute to rapeseed oil’s stability

towards oxidation and thus, it can be removed without hindering the biofuel formulations

(see Fig. 22). Since tocopherols are sensitive to heat, light and air, gentle methods are

necessary to isolate the antioxidants from vegetable oils [237,240]. Extraction is the most
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common process to obtain sensitive or bioactive compounds from plant materials. As

rapeseed oil is used in this work, the liquid-liquid extraction process is chosen, in which

an extracting agent, i.e. solvent, is used to remove the extract from another liquid based

on its solubility. The efficient application of this method requires intensive investigations,

with the yield of extractions depending on a variety of parameters like type of solvents,

temperature, time and extract-to-solvent ratio [241].

Figure 22: Chemical structure of α-tocopherol.

n-Hexane is typically used as extracting agent for antioxidants from vegetable oils. Be-

sides being mainly obtained from fossil oil, its toxicity caused strict regulations for the

usage of this alkane in the past years [242–244]. This in turn led to investigations on

replacing n-hexane by less toxic and sustainable substances like ethanol and acetone.

Consequently, many different extraction methods are currently performed to obtain anti-

oxidants from either the oil plant or the vegetable oil [236,245,246]. When using the most

promoted sustainable extracting agents, methanol and ethanol, high amounts of these

alcohols, extraction times varying from half an hour to up to several weeks, increased

temperatures and their subsequent evaporation is necessary to extract and isolate the

antioxidants [245, 247]. There are, of course, many other extraction techniques including

ultrasound-assisted and supercritical fluid extraction, which are beyond the scope of this

thesis [236,241,248]. Additionally to their flammability and still toxic or at least harmful

properties, the usage of these alternatives often requires the addition of surfactants, simi-

lar to some ethanol-containing fuels (see section 2.1.2.4). Since these compounds need to

be approved for the cosmetic and food industry as well, sorbitan esters like Tween and

Span are commonly utilised [249–251]. Even if these methods are industrially applicable

and more environmentally friendly than n-hexane-based extraction processes, they are still

very energy consuming and partially harmful for the environment. Therefore, the usage

of non-toxic and sustainable extracting agents, which simultaneously leads to a significant

process simplification, should be further investigated. For that reason, the potential of

glycerol derivatives as extracting agents of antioxidants is examined in this chapter.
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2.2.1.2 High-performance liquid chromatography

Chromatography is one of the most important separation techniques in industry. In gene-

ral, the sample is dissolved in a mobile phase, which can be liquid, gaseous or supercritical,

and separated due to different interactions of the components with the stationary phase.

The more a compound interacts with the surface of the stationary phase, the longer it

takes, until it passed through the column. This specific time is also known as the retention

time of the compound. Depending on the mobile phase, this method is called liquid chro-

matography (LC), gas chromatography (GC) or supercritical fluid chromatography (SFC).

In vegetable oil-containing systems, high-performance liquid chromatography (HPLC) is

the most suitable method. Within this separation technique, high pressures are applied to

move the mobile phase through the densely packed stationary phase. A UV/Vis-detector

is commonly used to identify the different compounds of the sample depending on their

light absorption behaviour at specific wavelengths [252, 253]. To particularly detect the

α-tocopherol content of the sample, wavelengths between 290 and 295 nm are commonly

used. A precise description of the HPLC settings is given in the experimental part of this

thesis in section 3.2.1.2.

2.2.1.3 Purification and isolation of extracted antioxidants

After successfully extracting the desired antioxidants with another liquid, different meth-

ods are required to purify and isolate them. As already mentioned before, typical sustain-

able extracting agents like methanol, ethanol or acetone are evaporated after extraction

processes in food industry, since they need to be completely removed in the final pro-

duct [243, 254]. By using nontoxic, sustainable and even food approved extracting agents

like triacetin, shown in Fig. 9, this energy-consuming step would become obsolete. How-

ever, as solketal and tributyrin are not food approved and as there is not much data

about the extraction as well as miscibility properties of the investigated glycerol deriva-

tives in general, many different purification and isolation techniques are considered within

this thesis. In particular, centrifugation and additional extraction experiments as well as

salting-out and temperature effects are examined, further explained in section 3.2.1.4.
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2.2.2 Alternatives to ethanol as freezing point depressant

Freezing point depression is another completely different field of application, in which

non-sustainable or harmful substances will be replaced by sustainable and non-toxic al-

ternatives in the next years. Since the desired performance at low temperatures mostly

depends on the miscibility properties of the components, this topic fits well to the other

chapters of this thesis. With the presence of ethanol being the main issue due to its flam-

mability, glycerol derivatives could again be suitable alternatives. After briefly explaining

the concept of freezing point depression and the used measurements, the initial situation

of the company WIGO Chemie GmbH is outlined, which requested for help to replace

ethanol as main component of their winter windscreen cleaners.

2.2.2.1 Freezing point depression

Figure 23: Used setup of a cryoscopic apparatus according to Beckmann to prevent humidity and super-
cooling effects.
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If two liquids mix spontaneously, the Gibbs free energy of mixing ∆mixG has to be negative.

The entropy of mixing ∆mixS is the driving force of this process, as the entropy of a

mixture, e.g. of a solvent and a solute, is higher than the entropy of a pure solvent (see

Eq. 41). This in turn is also the reason for the chemical potential of the mixture being lower

than that of the pure solvent, which leads to a reduced freezing point and increased boiling

point of the mixture compared to the pure solvent. If a physical parameter depends on the

amount of the solute like the freezing point, it is also called a colligative property [255].

∆mixG = Gafter − Gbefore = ∆mixH − T∆mixS (41)

Since the investigated mixtures are aqueous multi-component systems, the determination

of their freezing point is challenging due to humidity and supercooling effects. Within this

thesis, several measuring techniques like light microscopy, differential scanning calorime-

try (DSC) and cryoscopic processes were used and optimised. Especially the cryoscopic

apparatus according to Beckmann, shown in Fig. 23, is further described, as it led to the

most reliable results. The thermally insulated sample is stirred with a magnetic lifting

mixer. By cooling down the sample with a mixture consisting of water, ice and sodium

chloride, the sample’s temperature reaches a minimum, before it will increase significantly

due to the released heat of crystallisation. After adding a glass case, the sample is cooled

down again, but with a distinctly slower speed. Once a constant temperature is recorded

by the installed thermometer, the freezing point is reached [256,257].

2.2.2.2 Current state of windscreen cleaners

The German company WIGO Chemie GmbH, which is part of the Berner Group, is spe-

cialised in cleaning agents for specific surfaces like glass and interiors of containers as well

as the production of AdBlue. Within their patent on winter windscreen cleaners, they

sum up the requirements of their products: a thorough and lasting cleaning, a sufficiently

reduced freezing point, a low viscosity, a production from environmentally friendly as

well as cheap resources and physiological safety. A closer look at the composition of this

cleaning mixture shows that the product mostly consists of ethanol and water (see Table

4). Both substances act as solvents for the other components and ensure a sufficiently low

viscosity, which is increased by the presence of glycerol and 1,2-propanediol. Along with

ethanol, these three compounds are used as freezing point depressants due to their hydroxy

groups. Further, glycerol and 1,2-propanediol are known to solubilise insect residues and to

form a thin layer on the surface, which inhibits refreezing. Since glycerol is obtained from

renewable resources and cheaper than the diol, it is used in higher amounts to replace 1,2-

propanediol. Considering glycerol’s high viscosity, shown in Table 2, this in turn explains
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the necessity of more than 50 wt% of ethanol. Anionic and zwitterionic surfactants are

primarily used to enable the miscibility of the components. In the case of special requests,

nonionic surfactants, in particular alkyl polyglycosides, are necessary. Small quantities of

complexing agents and fragrances complement this product formulation [258].

Table 4: Composition of the patented and commercially sold winter windscreen cleaner of WIGO Chemie
GmbH [258].

Compound ωcompound(wt%) Task

Ethanol 52–58 Solvent, freezing point depression

Water 23-32 Solvent

Glycerol 10-12 Freezing point depression,

solubilisation of insect residues,

replacement of 1,2-propanediol

Surfactants 3 Miscibility of the components

1,2-Propanediol 2.5 Freezing point depression,

solubilisation of insect residues

Nitrilotriacetic acid 0.5 Complexing agent

Terpenes 0.25 Fragrance

Due to the high ethanol content, this winter windscreen cleaner has a low flash point, which

leads to the labelling as hazardous product. Besides the increasing demand for sustainable

and environmentally friendly components in product formulations, requesting alternatives

to ethanol, WIGO’s highest costs arise from the hazardous materials transportation of

huge amounts of ethanol [259]. Based on this problem, WIGO contacted the SKH GmbH,

an associated institute of the University of Regensburg with Prof. Dr. Werner Kunz as chief

executive, to find suitable, sustainable alternatives to ethanol. As glycerol derivatives are

already investigated to replace ethanol in biofuel formulations within this thesis, taking

into account the viscosity and low-temperature phase behaviour of the mixture, WIGO’s

research contract fits the scope of this thesis. The experiments should be performed ac-

cording to the standard test method for freezing points of aqueous engine coolants ASTM

D1177-12, which is further described in the experimental section 3.2.2.4 [260].
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3 Experimental

3.1 Investigations on completely green biofuels

3.1.1 Chemicals

Acetylsalicylic acid (≥99%), ascorbic acid (AA, ≥99%), benzoic acid (≥99.5%), tert-

butylhydroquinone (TBHQ, ≥97%), caffeic acid (CA, ≥98%), p-coumaric acid (≥98%),

ethanol (purity ≥99.8%), trans-ferulic acid (≥99%), gallic acid (GA, ≥98%), ethyl gal-

late (≥96%), propyl gallate (≥98%), octyl gallate (≥99%), lauryl gallate (≥99%), (R)-

(+)-limonene (≥97%), hydrocinnamic acid (≥99%), 3-hydroxybenzoic acid (≥99%), 4-

hydroxybenzoic acid (≥99%), methyl tert-butyl ether (MTBE, ≥99.8%), tannic acid (≥98%),

tributyl citrate (TBC, ≥97%), vanillic acid (≥97%) and the glycerol derivatives glycerol

triacetate (triacetin, 99%) as well as tributyrate (tributyrin, 97%) were purchased from

Sigma-Aldrich GmbH (Steinheim, Germany). Hydroquinone (HQ, ≥99%) was purchased

from Fluka Chemika (Buchs, Switzerland). 1-Heptanol (HepOH, ≥99%) and anhydrous li-

thium perchlorate (≥99.5%) were purchased from Alfa Aesar (Karlsruhe, Germany). Ethyl

tert-butyl ether (ETBE, ≥95%) was purchased from Tokyo Chemical Industry (Zwijnd-

recht, Belgium). 2-Ethylhexylnitrate (EHN, ≥97%) was a generous gift from EURENCO

(Avignon, France). Pure rapeseed oil from Rapso Österreich GmbH (Aschach, Austria)

was purchased in local grocery stores. The furan derivatives 2,5-dimethylfuran (DMF,

≥98.7%), 2-methylfuran (2-MF, ≥98%) and 2-methyltetrahydrofuran (2-MTHF, ≥99%)
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as well as rapeseed oil FAME-biodiesel and isopropylidene glycerol (solketal, 98.5%) were

respectively generous gifts from Penn A Kem Chemical Company (Memphis, USA), Teco-

sol GmbH (Ochsenfurt, Germany) and GLACONCHEMIE GmbH (Merseburg, Germany).

All chemicals were used without further purification, except for water, which was obtained

from a Millipore purification system.

3.1.2 Sample preparation

In general, every sample was prepared at room temperature, since the formulation of the

biofuels should be realisable with a least possible effort, including standard conditions

during their preparation. Exceptions were just necessary to solubilise a few antioxidants

in different solvents, which required increased temperatures of up to 35 ◦C and vigorous

stirring. Concerning most of the characterisation experiments, which consume just a few

millilitres, tightly closed glass tubes with a maximum volume of 10 mL were commonly

used. Particularly during the biofuel formulations consisting of several components, a

specific compound was changed in 10, 5, 2 or 1 wt% steps within a measurement series,

while the weight ratio of the others was kept constant. The closer the samples approached

the optimal formulation, the smaller was the chosen difference in weight between them.

3.1.3 Dynamic and static light scattering

To prepare the samples for light scattering experiments, a few millilitres were filtered

using a 0.2 µm PTFE membrane filter and put into cylindrical light scattering cells. The

measurements were performed with a temperature-controlled CGS-3 compact goniometer

from ALV (Langen, Germany) combined with an ALV-7004/Fast Multiple Tau digital cor-

relator and a vertically-polarised 22 mW HeNe-laser with a wavelength of 632.8 nm. Every

experiment was conducted at 25 ± 0.1 ◦C and a measuring time of 300 s. Concerning the

DLS experiments, the measuring angle was set to 90°, whereas SLS measurements were

performed at 45°, 90° and 135°. To determine the critical points of some biofuel mixtures,

further described in chapter 3.1.6, the input count rate of signals (SI for scattering inten-

sity) was considered, i.e. the scattered light impulses that reach the detector at constant

attenuator settings.
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3.1.4 Small- and wide-angle X-ray scattering

Concerning the SWAXS experiments, a X-ray bench from Xenocs is used with a sealed

molybdenum tube as radiation source working with a wavelength of 0.071 nm. The colli-

mation is performed by a 12:∞ multilayer mirror from Xenocs coupled with two scatterless

pairs of slits from Forvis leading to a 0.8 · 0.8 mm2 X-ray beam at the sample position. To

detect the X-ray scattering, an off-centered 2D-detector MAR 345 from MAR Research

with a diameter of 345 mm is used with a sample-to-detector distance fixed at 750 mm

that allows covering two orders of magnitude of the scattering angle. A high-density poly-

ethylene film from Goodfellow with a thickness of 2.36 mm is used as calibration standard

(4.9 cm−1 at the small angle scattering peak) with a measuring time of 600 s [261]. Scatter-

ing data are plotted in absolute units (in cm−1), taking into account the transmission and

sample thickness normalisation as well as the empty cell subtraction. These experiments

were performed at the Institut de Chimie Séparative de Marcoule (ICSM) in Marcoule,

France, by the research groups of Dr. Olivier Diat and Dr. Pierre Bauduin.

3.1.5 Conductivity measurements

The conductivity measurements were performed with a Cond 730 conductometer and a

TetraCon 325 electrode from WTW GmbH (Weilheim, Germany) with an alternating

current frequency of 140 Hz at 25 ◦C. 0.3 wt% of LiClO4, which is soluble in alcohols, were

added to every sample to measure the conductivity of vegetable oil-containing, organic

mixtures. Since multi-component systems were investigated and the salt content had to

be constant, no diluting method was applicable. Therefore, 20 mL of each sample were

used to measure their conductivities separately.

3.1.6 Preparation of phase diagrams

To investigate the miscibility of the different compounds and to enable predictions about

the compatibilities of additional components, ternary phase diagrams are essential. To

obtain these diagrams, screw top tubes and a thermostatically controlled test tube rack

were used at 25 ◦C. Binary mixtures had been prepared as starting points, before the

third component was added dropwise with Pasteur pipettes. This process was continued,

until the mixture changed from biphasic to monophasic, which was visually detected by

a change from turbid to transparent and vice versa. Especially for the characterisation

of the nanostructured biofuels, the critical point (CP) of the respective system was im-

portant. It is defined as the point of the phase boundary between the monophasic and
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biphasic region with the length of the tie line approaching zero. Thus, the miscibility

gap disappears and both liquid phases have the same composition [199]. Besides being

indicated by the phase diagram itself and some dynamic light scattering results, the CP

was determined by an additional method. Monophasic samples with compositions close

to phase separation and with the highest SIs were prepared in glass tubes with volume

scaling. By adding two of the three components of the mixture dropwise to the tubes,

the biphasic region was reached. After the complete separation of the two phases, the

samples were thermostatically controlled until the next day to obtain a sharp and easily

identifiable phase boundary. If the ratio of the volume of the lower phase divided by the

total volume was 0.5, the corresponding mixture was considered to be close to the CP

of the system. The final composition of the CP was obtained by taking into account the

average weight of one drop of each component and the number of drops used to achieve

phase separation. Further, the influence of the temperature on the liquid/liquid phase

organisation close to the CP was investigated for several biofuels. Within the temperature

range between −10 and 30 ◦C, the volume ratio of the lower phase was determined. For

that, the biphasic samples were put into the cryostat, described in chapter 3.1.8.

3.1.7 Viscosity measurements

An automated rolling ball viscometer AMVn from Anton Paar GmbH (Graz, Austria) was

used to measure the dynamic viscosity of the mixtures at 40 ◦C. To obtain the kinematic

viscosity from the dynamic viscosity of the samples, their densities were determined with

a DMA 5000 M densitometer from Anton Paar GmbH (Graz, Austria). Every density

measurement was performed one time, as its inaccuracy is small enough (±5 · 10−3 kg/m3),

according to the manufacturer. Concerning the viscosity measurements, each experiment

was repeated five to ten times, which led to deviations of about 0.01%. Depending on

the viscosity of the samples, either a canula with a diameter of 1.6 mm, which had to

be calibrated with deionised water or with 1.8 mm, which had its own calibration oil,

was used. In general, the measuring process was predefined by the considered standards,

mentioned in section 2.1.3.1.

3.1.8 Low-temperature phase behaviour

Concerning the low-temperature phase behaviour of the formulated biofuels, a small

amount of every investigated mixture was put into tightly closed glass tubes and placed

into different cryostats. In most cases, an Alpha RA 8 refrigerated circulator from LAUDA
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GmbH & Co. KG (Lauda-Königshofen, Germany) with a cooling liquid consisting of wa-

ter and ethylene glycol, suitable for temperatures down to −20 ◦C, was used. For some

specific mixtures, a cooling thermostat RK 20 from LAUDA GmbH & Co. KG (Lauda-

Königshofen, Germany) with silicone oil was necessary to obtain temperatures down to

−40 ◦C. The phase behaviour of the samples, including cloud and freezing points, was

visually observed over a period of several days and even weeks.

3.1.9 Calorimetry

The higher heating values of the biofuel mixtures as well as the single components of these

formulations were determined with an IKA C200 calorimeter from IKA-Werke GmbH

& Co. KG (Staufen, Deutschland). After calibrating the device with benzoic acid, the

samples were combusted with an oxygen pressure of 24 bar. Two cotton threads were

used for every sample to ensure a sufficient contact with the ignition device. Further,

the settling time was set to 8 min and the combustion time to 11 min for every single

measurement. The completeness of the combustion was at least visually detected during

the cleaning and disassembling after each experiment. If the crucible was empty without

any soot deposits on the brackets after the measurement, the sample was considered to

combust completely.

3.1.10 Oxidative stability

The stability of the mixtures and pure components towards oxidation was measured with

a RapidOxy Oxidation Stability Tester from Anton Paar GmbH (Graz, Austria) according

to the DIN standard DIN EN 16091. 5 mL of each sample were oxidised with an oxygen

pressure of 700 kPa and a temperature of 140 ◦C. Although the device itself is not suitable

for a quantitative analysis and a precise investigation of the oxidation processes, it is

sufficient to determine the overall stability of a sample towards oxidation and to draw

comparisons to similar mixtures, as validated by the standard.

3.1.11 Engine tests

Similar to my master thesis, the whole engine tests of the formulated biofuels were per-

formed at the chair of combustion engines of Prof. Dr. Hans-Peter Rabl at the Ostbayeri-

sche Technische Hochschule Regensburg. The engine test bench consisted of an up-to-date
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2.2 L diesel engine with a two stage turbocharging concept, an AVL-IndiCom cylinder

pressure indication, an AVL PUMA Open test bench control, both from AVL List GmbH

(Graz, Austria), and an INCA 7.0 application software from ETAS GmbH (Stuttgart,

Germany). In total, the ignition, combustion, emission and consumption behaviour of two

different formulated biofuels, 40 L each, was investigated. The ignition delay measure-

ments of both biofuels and diesel were performed at an engine speed of 1500 rotations per

minute (rpm) and a torque of 80 Nm. The ignition delay can be calculated by using the

injection rates and the combustion start with 5% turnover. In particular, the injection

start is defined as the point with an injection rate higher than 1.5 g/s. The difference

between this point and the combustion start with 5% turnover constitutes the ignition

delay in milliseconds. Further, a constant injection volume of 10 mg at 5° crankshaft angle

before top dead centre was used. By plotting the calculated ignition delay versus the in-

jection pressure and the relative boost pressure, a three-dimensional ignition delay profile

is obtained.

EGR measurements were carried out to get more information on the emission and con-

sumption properties of the formulated biofuels. By adjusting the injection start, the

combustion time with 10% turnover was kept constant during the EGR experiments. The

NOx, THC, CO and soot emissions as well as the air/fuel balance of both biofuel mixtures,

diesel and rapeseed oil were detected by a HORIBA MEXA-9100H exhaust gas measure-

ment device from HORIBA Europe GmbH (Oberursel, Germany) and an AVL 415 Smoke

Meter from AVL List GmbH (Graz, Austria). Their consumption was gravimetrically de-

termined by a fuel scale. Their combustion process and behaviour was investigated by set-

ting the engine speed to 1500 rpm with two different load conditions. Low load conditions

were represented by 80 Nm torque, 200 mbar relative boost pressure and 100 MPa injection

pressure, whereas medium load conditions were represented by 240 Nm torque, 700 mbar

relative boost pressure and 140 MPa injection pressure. Additionally, these measurements

were performed without and with the highest drivable EGR rate. The injection rate was

further investigated by a HDA injection analyser from Moehwald GmbH (Homburg, Ger-

many). With the cylinder pressure indication, the rate of heat release was calculated with

a polytropic exponent of 1.37 for all fuels. These parameters were evaluated for different

driving and EGR conditions.
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3.2 Further applications of glycerol derivatives

3.2.1 Extraction systems based on glycerol derivatives

3.2.1.1 Chemicals

1-pentanol (≥99%), potassium pyrophosphate (97%), sodium chloride (99.9%) and α-

tocopherol (≥95.5%) as well as the surfactants lecithin (≥99%), Tween 20 (≥97%), Tween

40 (≥97%), Tween 60 (≥97%), Tween 80 (≥97%), Span 40 (≥97%) and Span 80 (≥97%)

were purchased from Sigma-Aldrich GmbH (Steinheim, Germany). Span 65 (≥97%)

was obtained from Kolb Distribution AG (Hedingen, Switzerland). Ammonium sulfate

(≥99.5%), hexane (98.5%) and methanol (≥99.9%, gradient grade for liquid chromato-

graphy) were purchased from Merck KGaA (Darmstadt, Germany). Every further chemi-

cal, used within this topic, was already mentioned in chapter 3.1.1.

3.2.1.2 Extraction process and sampling

To determine the most suitable extraction system, phase diagrams of binary mixtures

consisting of rapeseed oil and a glycerol derivative as well as ethanol as reference system

were prepared. Concerning the food approved triacetin, the influence of edible surfactants,

in particular different Tweens and Spans, was investigated with respect to the miscibility

gap between rapeseed oil and triacetin. In general, the extraction of α-tocopherol from

rapeseed oil was carried out for different compositions taking into account the influence

of the extraction as well as cooling temperature, extraction duration and phase separa-

tion process. While the extraction temperatures varied from room temperature to 100 ◦C

as well as the cooling temperature from 4 ◦C to room temperature, the durations of the

extraction and cooling process varied from a few hours to several days. Since these pa-

rameters differ for every examined extraction system, they are explicitly described in the

respective results and discussion sections.

3.2.1.3 High-performance liquid chromatography

A HPLC consisting of a Waters 717plus Autosampler, a Waters 515 HPLC Pump, a

Waters Pump Control Module 2, a Waters 2487 Dual λ Absorbance Detector, a Waters

C18 reversed-phase column and a Waters Empower Chromatography Data Software from

Waters Corporation (Milford, U.S.) was used to measure the amount of extracted α-

tocopherol. After the extraction process, 200 µL of either both existing phases due to phase
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separation or of solely the phase of the extracting agent were taken with an Eppendorf

pipette. These samples were dissolved in 3 mL of 1-pentanol, since every component

of the system, including methanol, which was used as mobile phase, was miscible with

1-pentanol, and put into the autosampler. Before the chromatography was performed

with an isocratic methanol elution with a flow speed of 1 mL/min at 25 ◦C, the methanol

had been degassed for 10 min in an ultrasonic bath. The UV/Vis detector was set to

a wavelength of 295 nm, as α-tocopherol shows, by far, the strongest absorbance of all

components at this wavelength. With these settings, the reference samples with ethanol

as extracting agent were measured for 20 min, whereas the others had a measuring time

of 14 min.

3.2.1.4 Purification and isolation processes of the extracted α-tocopherol

In the case of extracting agents that are not food approved, the extracted α-tocopherol

needs to be isolated. Concerning particularly the system with solketal as extracting agent,

the effect of an additional liquid-liquid extraction with water was investigated. Since

α-tocopherol is immiscible and solketal completely miscible with water, an isolated α-

tocopherol phase was expected. For that, the influence of the amount of water, the α-

tocopherol content in solketal, the temperature and the extraction duration on the second

liquid-liquid extraction was examined. After determining the most suitable conditions,

different process optimisations were evaluated to decrease the extraction duration with

water and to increase the amount of isolated antioxidant. Besides using a centrifuge to

accelerate the phase separation, different salts were added to the mixtures to make use of

their salting-out properties. Due to the addition of electrolytes, the interaction between

water and in this case α-tocopherol is even further reduced.
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3.2.2 Alternatives to ethanol as freezing point depressant

3.2.2.1 Chemicals

Betaine (≥99%) as well as quartz sand (≥99.9%), dimethyl sulfoxide (≥99.9%), fructose

(≥99%) as well as phosphorus pentoxide (Sicapent, ≥99.9%), 1,2-propanediol (≥99.5%)

and γ-valerolactone were purchased from Sigma-Aldrich GmbH (Steinheim, Germany),

Thermo Fisher Scientific (Waltham, U.S.), Merck KGaA (Darmstadt, Germany), VWR

International (Radnor, U.S.) and Chemical Point UG (Oberhaching, Germany), respecti-

vely. All chemicals were used without further purification. Every other substance of this

section was already mentioned in chapter 3.1.1.

3.2.2.2 Differential scanning calorimetry

A Perkin Elmer DSC 8000 differential scanning calorimeter combined with a Perkin Elmer

Intracooler 2 Cooling Accessory from Perkin Elmer (Waltham, U.S.) was one of the used

devices to determine the freezing points of the investigated mixtures. Every sample had

been cooled down to −60 ◦C with a rate of 2 ◦C/min, before being heated up to 25 ◦C with

a rate of 10 ◦C/min. This process was repeated one time and only the freezing point of the

second measurement was considered, since the first one is known to be inaccurate. Due to

several performance issues within these experiments, closed as well as opened pans were

used as measuring vessels.

3.2.2.3 Polarisation microscopy

Additionally to the calorimetric measurements, a JVC TK-C1380 camera from Victor

Company of Japan Limited (Yokohama, Japan) combined with a Linkam liquid nitrogen

pump from Linkam Scientific Instruments (Waterfield, England) was used. One drop of a

sample was put on an object slide and cooled down to −45 ◦C with a rate of 3 ◦C/min. By

using the polarisation microscope, the formation of single crystals as well as the complete

freezing process could be visually observed. To prevent the influence of the ambient

humidity on the freezing behaviour of the samples, a glove box with a nitrogen flux and

Sicapent as drying agent was installed around the microscope.

75



EXPERIMENTAL

3.2.2.4 Cryoscopic measurements

A cryoscopic apparatus according to Beckmann, shown in Fig. 23, was used to determine

the freezing points of the investigated systems without supercooling effects. A mixture

of ethanol and dry ice with a temperature of about −78 ◦C was utilised in a Dewar flask

to cool down the samples. By measuring the temperature of 20 mL of the sample and a

spatula tip of quartz sand as crystallisation seed over time, the resulting temperature-time

profile indicates its freezing point according to the standard ASTM D1177-12. It defines

the freezing point as the intersection of the cooling curve and the horizontal plateau

occurring during freezing. If the sample shows supercooling, the freezing point is defined

as the maximum temperature reached immediately after supercooling [260]. During a

business trip to the head office of the client WIGO Chemie GmbH in Bad Kreuznach,

several reference values could be measured with their standardised test method. They use

a LAUDA Proline RP 890 cryostat with a Lauda Command control unit and a LAUDA

Wintherm Plus software from LAUDA GmbH & Co. KG (Lauda-Königshofen, Germany)

combined with a digital lifting mixer with a Simatic Panel control unit from Siemens AG

(Munich, Germany). The temperature of the cooling bath is manually set to about 15 ◦C

below the expected freezing point of the sample. About 25 mL of a mixture and a spatula

tip of quartz sand are necessary for their test method.
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4 Results and discussion

4.1 Investigations on completely green biofuels

4.1.1 Proof and impact of nanostructures on biofuels

Within this topic, the presence of nanostructures in ethanol-containing biofuels, which was

the subject of extensive debates in the last years with several proving and also refuting

publications, is finally indisputably verified [208, 209]. To define the required properties

of the mixtures to overcome the miscibility problems of ethanol-containing fossil fuels and

biofuels, the term ethanolotrope is introduced. For the first time in fuel and particularly

biofuel science, a combination of SWAXS and conductivity experiments is used [262].

Due to the precise specification of the structured areas in several biofuel formulations,

investigations on the impact of these structures on relevant physicochemical parameters

of the biofuels were possible [263].

4.1.1.1 Proof of nanostructured biofuels

Proceeding from the first investigations of Khoshsima et al., who screened several biomass-

derived substances concerning their potential to close miscibility gaps in fuel formulations,

the ternary system consisting of ethanol, rapeseed oil and 1-heptanol (HepOH) was used
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in the following experiments [264]. The phase diagram of this system is represented in a

typical triangular plot in Fig. 24. Due to the poor miscibility of rapeseed oil with ethanol,

further explained in the sections 2.1.2.4 and 2.1.4.1, a biphasic region is obtained at low

amounts of HepOH, indicated by the darkened area. With an increasing amount of HepOH,

in particular higher than 15 wt%, ethanol and rapeseed oil become miscible in every ratio.

The illustrated paths a and b contain the mixtures being precisely examined by SWAXS

and conductivity measurements. While a constant amount of 20 wt% of HepOH is used

along path a, the amount of HepOH varies within path b, which includes measuring points

with high shares of rapeseed oil.

Figure 24: Ternary phase diagram consisting of rapeseed oil, ethanol and HepOH at 25 ◦C, as taken
from [264]. The darkened area represents the biphasic region of the system. The performed SWAXS
measurements along path a and b are illustrated by the coloured and numbered points of the diagram.
The conductivity experiments were performed along path a. The values are given in mass fractions.

Fig. 25a shows the SWAXS spectra along path a. The high scattering intensity at low

q-values (q < 1 nm−1) indicates the presence of nanostructures. By subtracting the con-

tribution of the solvent, one can assume that the scattering intensity in this q-range decays

with a slope close to 2. These values are expected for the scattering of sub-nanometric

structures ranging from dynamically percolated to bicontinuous-like clusters [265]. In the

high q-range for q > 9 nm−1, where both interatomic and intermolecular correlations are

examined, a broad and intense peak is observed. This peak typically originates from C-C

correlations between liquid alkyl chains. This peak shape, centre and intensity remain

unchanged for all measured samples, indicating that the structure at the molecular level,
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i.e. the chemical environment in terms of local electron density, is not altered and inde-

pendent of the concentration in the ternary system. In the middle q-range between 5 and

9 nm−1, a broad shoulder appears with increasing ethanol content (from red to blue). This

shoulder is related to the structure of bulk liquid ethanol and emerges mainly from the

correlation between oxygen atoms in the ethanol [266]. The presence of this shoulder in

the spectrum of a mixture indicates that ethanol is either the continuous phase or present

as a pseudo-phase. By increasing the amount of rapeseed oil in the mixture from blue to

red in Fig. 25a, this shoulder vanishes. In this case, ethanol is no longer in the bulk phase.

Simultaneously to this process, a peak appears at q-values around 3 nm−1.

Figure 25: SWAXS spectra on a double logarithmic scale of the measured intensities I versus the scatter-
ing vector q in absolute scale for samples along path a (Fig. 25a) and along path b (Fig. 25b) of the phase
diagram. The different colours correspond to the points of the ternary phase diagram shown in Fig. 24.

This peak is present in the spectrum of pure rapeseed oil and its origin arises from the

correlation between the polar parts, i.e. high electron density, and the alkyl chains of the

triglycerides, i.e. low electron density, which are the main components of rapeseed oil [264].

In this mixture, this peak proves that domains of liquid rapeseed oil are present. Along

path b, the intensity of this peak increases significantly with an increasing rapeseed oil

content (see Fig. 25b). This evolution is distinctive of rapeseed oil in the bulk phase, which

means that the bulk changes from an ethanol-rich to a rapeseed oil-rich pseudo-phase with

increasing rapeseed oil concentrations [267]. Therefore, these experiments show that the

solubility of ethanol in rapeseed oil at high amounts of rapeseed oil is coupled with the

formation of nanodroplets, presumably made of an ethanol-rich pseudo-phase. Thus, these

SWAXS results indicate that water-free and surfactant-free microemulsions are present in

such ternary systems.
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Table 5: Forward scattering I0 and correlation length ξ of sample 1 to 5 along path a, calculated with
an Ornstein-Zernike equation (see Eq. 38).

Sample I0 [nm−1] ξ [nm]

1 1.15 2.05

2 3.30 2.84

3 2.60 2.60

4 2.74 2.66

5 1.60 2.10

Table 5 shows the obtained values of the forward scattering I0 and the correlation length ξ

of sample 1 to 5 along path a, calculated with an Ornstein-Zernike equation (see Eq. 38).

These parameters are related to the size of the nano-domains, i.e. aggregates or droplets,

which lead to electron density inhomogeneities in the mixture. In this case, ξ describes

the maximum distance of correlated dynamics of two molecules of the same phase. Thus,

ξ can be used as indicator of the range of intermolecular interactions. The calculations

lead to values of a few nanometres, with a maximum for sample 2, which implies that the

pseudo-phases consist of very small aggregates.

Figure 26: Conductivity measurements performed along path a at 25 ◦C: a) Conductivity κ versus the
volume fraction of ethanol φ(E). Extrapolating the linear fit for high amounts of ethanol leads to the
percolation threshold φP ; b) Specific plot according to Eq. 39 and 40 to determine the critical exponents
of the percolation process with the volume fraction of rapeseed oil φ(R).

To verify the results of the SWAXS experiments, conductivity measurements were per-

formed along path a. Due to the addition of 0.3 wt% of LiClO4 to every sample of the

organic mixture, it was even possible to determine its percolation threshold and to charac-
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terise its percolation behaviour. The measured conductivity κ versus the volume fraction

of ethanol φ(E) along path a is illustrated in Fig. 26. Logically, the higher the amount

of ethanol, the higher the conductivity. Since κ increases linearly at higher amounts of

ethanol, a percolation threshold φP can be determined, which occurs at 25.4 vol%, i.e.

22.5 wt%, of ethanol. Further, the change of the bulk pseudo-phase from rapeseed oil-rich

to ethanol-rich is reflected by the transition from low to high values of κ. To have a closer

look into the nature of the percolation, a specific plot according to Eq. 39 and 40 is used

(see Fig. 26b). According to the dynamic percolation model, further explained in section

2.1.4.5, the following power laws can be applied [224,227]:

κ ∝
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∣
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∣

∣

∣

−t

φP
∀φP > φ(R) (43)

Below the threshold, the critical parameter s = 1.21+0.06, which is obtained by a linear fit

of the part of the conductivity curve with the highest curvature, is in very good agreement

with the dynamic percolation model. This means that the nanostructures rearrange dy-

namically due to Brownian motion and are not statically linked to each other [224, 268].

With the proof of highly dynamic association processes within these mixtures, which is in

line with the small correlation lengths measured with SWAXS, the presence of different

nanostructures in ternary, ethanol-containing biofuel systems is indisputably proven [262].

Figure 27: Ternary phase diagrams investigated by Kayali et al. consisting of water, 1-propanol and
either biodiesel (left) or limonene (right) at 25 ◦C based on [209]. The red lines indicate the investigated
compositions of the DLS and SLS experiments. The diagrams are plotted in mass fractions.
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This in turn also verifies the work of Silva et al., who stated the presence of microemulsions

in such systems by solely light scattering experiments, which was falsely refuted by other

research groups like Kayali et al. [208, 209]. The latter examined several ternary systems

consisting of 1-propanol, water and hydrophobic components like biodiesel and limonene

(see Fig. 27). By using NMR self-diffusion measurements for different samples of each

system, they investigated the presence of aggregates in these mixtures. Since the meas-

ured diffusion coefficients were high for every component regardless of the sample, they

stated that these mixtures are structureless solutions. They even mentioned that SFMEs

could also just be “enhanced concentration fluctuations in near-critical conditions” [209].

Proceeding from the verified nanostructuring of the ethanol-containing biofuels, DLS and

SLS experiments were performed in the same systems with constant 60 wt% of 1-propanol,

indicated by the red lines in Fig. 27.

Figure 28: Time-dependent autocorrelation functions obtained by DLS experiments of the ternary system
1-propanol/water (W)/FAME (top) and 1-propanol/water/limonene (bottom) with constant 60 wt% of 1-
propanol, according to the red lines in Fig. 27, at 25 ◦C. The samples are arranged according to their
correlation coefficient. In the system containing FAME, a maximum correlation is observed at 15 wt% of
FAME, whereas 20 wt% of limonene lead to the maximum correlation in the second system.
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Fig. 28 depicts the time-dependent autocorrelation functions of the DLS experiments of

both ternary systems. Already without any further calculations, the presence of defined

correlation functions implies an aggregation of the mixtures. The evolution of the corre-

lation coefficients shows that, in the FAME-containing system, a maximum correlation is

observed at 15 wt% of FAME, whereas 20 wt% of limonene lead to a maximum correlation

in the second system. After determining the dynamic viscosities, densities and refraction

indices of the samples and performing additional SLS experiments, the radii of the aggre-

gates can be calculated, assuming spherical geometry (see Fig. 29). The present aggregates

possess radii in the range of 0.8 – 1.6 nm and are thus very small. The obtained radii of

the SLS experiments are bigger than the hydrodynamic radii of the DLS measurements,

which means that the assumption of a spherical shape is wrong. Further, the aggregate

size is too small to commit to the calculated radii. In any case, these results show that

NMR self-diffusion experiments with a time resolution of microseconds are too slow to

detect highly dynamic aggregations, as present in these biofuel mixtures. Light scattering

measurements, however, possess a time resolution in the nanosecond scale and are thus

capable of detecting highly dynamic processes.

Figure 29: Calculated radii of the scattering aggregates within the DLS and SLS experiments versus the
weight percentage of FAME (left) and limonene (right), assuming spherical geometry.

Since many substances apart from HepOH are used within the following section to in-

crease the miscibility of ethanol with rapeseed oil, the term ethanolotrope is introduced,

referring to a hydrotrope. An ethanolotrope increases the miscibility of organic com-

pounds in ethanol without being a surfactant. This in turn is often coupled with a na-

nostructuring of the mixture, as recently shown in the hydrotrope-containing system 1-

octanol/ethanol/water [269]. With the structures being precisely determined, their impact

on relevant fuel parameters is investigated in the next section.
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4.1.1.2 Influence of the nanostructuring on the properties of biofuels

To determine possible correlations between the type of nanostructuring in the mixture and

fuel properties like the kinematic viscosity ηkin and the low-temperature phase behaviour,

many different ternary systems were examined. In particular, every biofuel formulation

consisted of ethanol and rapeseed oil, but the ethanolotrope was varied. Fig. 30 shows

some of the used ethanolotropes for these experiments. Methyl (MTBE) and ethyl tert-

butyl ether (ETBE) were chosen, as they are already used as renewable gasoline and

diesel additives [270, 271]. 2-Ethylhexyl nitrate (EHN) is a well-known cetane improver,

whereas tributyl citrate (TBC) and 1-heptanol (HepOH) are obtained from biomass [272].

Additionally to these compounds, the furan derivatives 2-MTHF, 2-MF and DMF as well

as FAME were utilised as ethanolotropes, due to their sustainability (see also section 2.1.1.2

and 2.1.5.1).

Figure 30: Chemical structures of the used ethanolotropes methyl tert-butyl ether (MTBE), ethyl tert-
butyl ether (ETBE), 2-ethylhexyl nitrate (EHN), tributyl citrate (TBC) and 1-heptanol (HepOH). Addi-
tionally to these compounds, FAME (see Fig. 7) as well as the furan derivatives 2-MTHF, 2-MF and DMF
(see Fig. 20) were utilised.

To compare the potential of the used compounds as ethanolotropes, all investigated ternary

systems are combined in Fig. 31. Every ethanolotrope is indeed able to close the miscibility

gap between ethanol and rapeseed oil. It is also completely miscible with both ethanol

and rapeseed oil. Nevertheless, they can be divided into two groups, which are indicated

by filled and empty symbols. The ternary systems containing ethanolotropes marked by

filled symbols, in particular MTBE, ETBE, HepOH and 2-MTHF have a smaller biphasic

region than the ones with ethanolotropes marked by empty symbols, i.e. FAME, TBC,
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EHN, 2-MF and DMF. Thus, to ensure comparable results during the experiments, which

means that the distance to the biphasic region must be similar, higher amounts of the

less efficient ethanolotropes are necessary. This is illustrated by path a and b. While

a constant amount of 20 wt% of ethanolotrope is used for the systems indicated by filled

symbols (path a), constant 30 wt% are utilised for the ones with empty symbols (path b).

Figure 31: Ternary phase diagrams consisting of rapeseed oil, ethanol and an ethanolotrope at 25 ◦C.
The different represented liquid-liquid demixing borders are obtained using the following substances as
ethanolotropes: FAME ( ), TBC ( ), EHN ( ), 2-MF ( ), DMF ( ), MTBE ( ), ETBE ( ), HepOH ( ),
2-MTHF ( ). The kinematic viscosity and the low-temperature phase behaviour are determined along
paths a, b and c. The values are given in mass fractions.

Before starting with the characterisation of the ternary mixtures, the temperature depen-

dence of the miscibility gap between ethanol and rapeseed oil was examined (see Fig. 32).

As expected, the higher the temperature, the smaller the biphasic region, even though the

impact of the temperature is surprisingly weak. This observation is in agreement with

work performed by Follegatti-Romero et al., who investigated different vegetable oils ex-

cept rapeseed oil [273]. This phase diagram is also of importance for the topic dealing

with alternative extraction systems, further explained in section 4.2.1.1.

The low-temperature phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures at

0, −15 and −20 ◦C along path a is summarised in Table 6. It indicates that the binary

mixtures ethanol/ethanolotrope do not show any phase transitions and stay monophasic

and clear regardless of the applied temperature.
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Figure 32: Phase separation temperatures versus the weight percentage of rapeseed oil in the binary
system consisting of rapeseed oil and ethanol. The darkened area represents the biphasic region of the
system.

Table 6: Phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures at 0, −15 and −20 ◦C along
path a with HepOH, MTBE, ETBE and 2-MTHF as ethanolotropes. In total, monophasic and clear (1φ)
or biphasic mixtures (2φ) as well as solid phases (s) were obtained.

Ethanolotrope T [°C] ωRapeseed oil[wt%]

0 10 20 30 40 50 60 70 80

0 1φ 2φ 2φ 2φ 2φ 1φ 1φ 1φ 1φ

HepOH −15 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

−20 1φ s s s s s s s s

0 1φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ 1φ

MTBE −15 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ

0 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

ETBE −15 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ

0 1φ 1φ 1φ 2φ 2φ 2φ 1φ 1φ 1φ

2-MTHF −15 1φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ s
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Using HepOH as ethanolotrope, a liquid-liquid phase separation is observed at 0 ◦C for the

ternary mixture between 10 and 40 wt% of rapeseed oil, whereas above 50 wt% of rapeseed

oil, the mixtures remain monophasic and clear. The miscibility gap increases to 10-60 wt%

at −15 ◦C. The mixtures remain monophasic and clear in presence of 70 wt% of rapeseed

oil. At −20 ◦C, the freezing point, particularly the temperature at which precipitation

occurs and at least one solid phase is observed, is reached for mixtures containing between

10 and 80 wt% of rapeseed oil. In presence of MTBE as well as ETBE, liquid-liquid

phase separation occurs for mixtures containing 10-50 wt% and 10-60 wt% of rapeseed oil,

respectively, at 0 ◦C, whereas the other mixtures are monophasic and clear. At −15 and

−20 ◦C, the biphasic region increases similarly for the systems with MTBE and ETBE.

With 2-MTHF, liquid-liquid phase separation is obtained for rapeseed oil concentrations

between 30 and 50 wt% at 0 ◦C. At lower temperatures, this biphasic region increases, as

already shown for other ethanolotropes. The comparison of these ethanolotropes leads to

the assumption that the slightly greater hydrophilicity of HepOH especially shows up at

lower temperatures, resulting in higher freezing points of the mixtures.

The phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures at 0, −15 and −20 ◦C

along path b is reported in Table 7. The binary systems of ethanol and ethanolotrope do

not show any phase transitions at 0, −15 and −20 ◦C, except for FAME. In presence of

this compound, the freezing point of the binary mixture ethanol/FAME is reached for

temperatures close to −15 ◦C. Using TBC or EHN as ethanolotrope, liquid-liquid phase

separation occurs for rapeseed oil concentrations between 10 and 40 wt% or 20 and 50 wt%,

respectively, at 0 ◦C. At −15 and −20 ◦C, the miscibility gap increases similarly for both

systems. In presence of FAME, liquid-liquid phase separation is observed for mixtures

containing 20-50 wt% of rapeseed oil at 0 ◦C. At −15 ◦C, the freezing point is reached

for samples consisting of 0-80 wt% of rapeseed oil, leading to a white precipitate in these

mixtures. These results already reflect the aforementioned bad low-temperature properties

of FAME and FAME-containing biofuels (see section 2.1.1.2). Regarding the systems with

either DMF or 2-MF, liquid-liquid phase separation occurs for rapeseed oil concentrations

between 20 and 60 wt% or 10 and 60 wt%, respectively, at 0 ◦C. At lower temperatures,

the biphasic region just slightly increases for the mixtures with DMF, whereas it stays

the same for the system containing 2-MF. Investigations during my master thesis showed

that the binary systems DMF/rapeseed oil and 2-MF/rapeseed oil stay monophasic and

clear even at −20 ◦C [228]. Although the samples seem to be gel-like after several hours at

−20 ◦C, they immediately become low-viscous and clear again after shaking. To sum up

the results of Table 6 and 7, the investigated mixtures seem to be more sensitive to low

temperatures in the bicontinuous-like region, leading to higher cloud and freezing points.

In the region of reverse nanostructures, on the other hand, they are less sensitive. This is

particularly pronounced for the systems containing HepOH or 2-MTHF as ethanolotropes.
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Table 7: Phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures at 0, −15 and −20 ◦C along
path b with TBC, EHN, FAME, DMF and 2-MF as ethanolotropes. In total, monophasic and clear (1φ)
or biphasic mixtures (2φ) as well as solid phases (s) and gels (g) were obtained.

Ethanolotrope T [°C] ωRapeseed oil[wt%]

0 10 20 30 40 50 60 70

0 1φ 2φ 2φ 2φ 2φ 1φ 1φ 1φ

TBC −15 1φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ

0 1φ 1φ 2φ 2φ 2φ 2φ 1φ 1φ

EHN −15 1φ 2φ 2φ 2φ 2φ 2φ 1φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ 2φ

0 1φ 1φ 2φ 2φ 2φ 2φ 1φ 1φ

FAME −15 s s s s s s s s

−20 s s s s s s s s

0 1φ 1φ 2φ 2φ 2φ 2φ 2φ 1φ

DMF −15 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ g

0 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ

2-MF −15 1φ 2φ 2φ 2φ 2φ 2φ 2φ 1φ

−20 1φ 2φ 2φ 2φ 2φ 2φ 2φ g

Table 8: Phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures with a constant amount of
30 wt% of rapeseed oil at 0, −15 and −20 ◦C along path c with 2-MTHF and HepOH as ethanolotropes.
In total, monophasic and clear (1φ) or biphasic mixtures (2φ) as well as solid phases (s) were obtained.

Ethanolotrope T [°C] ωEthanolotrope[wt%]

20 30 40 50 60

0 2φ 1φ 1φ 1φ 1φ

HepOH −15 2φ 2φ 2φ 2φ 1φ

−20 s s s s s

0 2φ 1φ 1φ 1φ 1φ

2-MTHF −15 2φ 1φ 1φ 1φ 1φ

−20 2φ 2φ 1φ 1φ 1φ

Table 8 reports the phase behaviour of rapeseed oil/ethanol/ethanolotrope mixtures with a

constant amount of 30 wt% of rapeseed oil at 0, −15 and −20 ◦C along path c in presence

of HepOH and 2-MTHF as ethanolotropes. These measuring series enable information on
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the properties of the ethanolotropes as freezing point depressants. By replacing ethanol

with 2-MTHF along path c, the phase stability of the monophasic and clear mixtures

is increased, leading to lower freezing points. Thus, it is possible to formulate mixtures

containing 30 wt% of rapeseed oil that remain monophasic and clear at −15 and −20 ◦C.

By using HepOH, the trend is similar, but it is distinctly less effective than 2-MTHF.

Fig. 33a-d show the kinematic viscosity curves as a function of the weight percentage of

rapeseed oil for the investigated ternary systems. Fig. 33a-b and c-d illustrate the results of

path a using 20 wt% of ethanolotropes (i.e. HepOH, ETBE, MTBE and 2-MTHF) and path

b using 30 wt% of ethanolotropes (i.e. TBC, FAME, EHN, DMF and 2-MF), respectively

at 25 and 40 ◦C.

Figure 33: Kinematic viscosities along path a depending on the weight percentage of rapeseed oil at 25 ◦C
(a) and 40 ◦C (b). In analogy, c) and d) depict the kinematic viscosities along path b at 25 ◦C and 40 ◦C,
respectively. The horizontal lines indicate the required viscosity range (from 1.9 to 6 mm2/s) according to
the ASTM D6751 standard.
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By comparing the results of the different ethanolotropes, it can be inferred that a temper-

ature increase leads to a decrease of the kinematic viscosity, ηkin, of all studied mixtures,

as expected by Eyring’s approach [274]. The higher the amount of rapeseed oil along path

a and b, the higher the viscosity. The evolution of ηkin is exponential and dependent

on the nature of the ethanolotrope. The values of ηkin decrease in the following order of

ethanolotropes:

- along path a: HepOH > ETBE > MTBE > 2-MTHF

- along path b: TBC > FAME > EHN > DMF > 2-MF.

It turns out that the more voluminous the ethanolotrope, the higher the resulting ηkin.

This effect is even more obvious, when using molar concentration instead of mass con-

centration. The greater effect of TBC compared to FAME can be explained by the three

chains present in the TBC structure, compared to a more linear structure of FAME. Fig. 33

also shows that mixtures can meet the ASTM D6751 standard for every ethanolotrope,

but their compositions are different. According to Fig. 33b, only mixtures containing about

50 wt% of rapeseed oil with HepOH as ethanolotrope fulfil the standard and are still mo-

nophasic and clear at 0 ◦C. None of the mixtures meets the kinematic viscosity standard

and stays monophasic and clear at −15 and −20 ◦C (see Table 6). Considering ηkin and

the low-temperature phase behaviour of the system with MTBE, only mixtures consisting

of about 60 wt% of rapeseed oil and MTBE as ethanolotrope are within the viscosity range

and stay monophasic and clear at 0 ◦C. However, at −15 and −20 ◦C, this standard can

no longer be met by any compositions. Further, none of the studied mixtures containing

ETBE could fulfil these conditions at 0 ◦C and, consequently, at even lower temperatures.

By contrast, with 2-MTHF, even at −15 ◦C, mixtures consisting of 60 wt% of rapeseed

oil stay monophasic and clear and fulfil the viscosity standard (see Fig. 33b and Table 6).

Moreover, Fig. 33d shows that no mixture containing either TBC or EHN as ethanolotrope

meets the viscosity standard and simultaneously stays monophasic and clear at 0 ◦C. Si-

milar to the abovementioned ethanolotropes, no composition containing FAME fulfils the

viscosity standard and stays monophasic and clear at low temperatures. In the presence

of DMF or 2-MF, the clear and monophasic binary mixtures with rapeseed oil nearly meet

the standard at −20 ◦C, but show a gel-like state.

Fig. 34 depicts ηkin as a function of the weight percentage of HepOH and 2-MTHF, respect-

ively, in the presence of constant 30 wt% of rapeseed oil along path c. The measurements

are performed at 25 as well as at 40 ◦C. As previously, ηkin decreases with increasing

temperature. Using HepOH as ethanolotrope, a continuous increase of ηkin appears with

increasing amounts of HepOH in the mixture. This fact can be attributed to the higher

ηkin of HepOH compared with ethanol. At 40 ◦C, ηkin of ethanol is 1.07 mm2/s, while it is

4.42 mm2/s for HepOH [275]. At low amounts of HepOH, ηkin is close to the lower required
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value of the ASTM D6751 standard. By increasing the amount of this component, ηkin

reaches the upper limit of this standard. It can be noted that a mixture containing 30 wt%

of rapeseed oil, 60 wt% of HepOH and 10 wt% of ethanol meets the viscosity standard and

remains monophasic and clear at −15 ◦C. At low amounts of 2-MTHF, ηkin is even closer

to the lower value required to reach the standard. In presence of more 2-MTHF, ηkin

decreases and does not fulfil the standard due to the fact that 2-MTHF is less viscous

than ethanol. At 40 ◦C, ηkin of 2-MTHF is 0.58 mm2/s [276]. These results show that

ηkin of the mixture can be controlled and predicted by the amount of used ethanolotrope.

If the viscosity of the ternary system is too low, the addition of a component, which is

more viscous than ethanol, will increase its ηkin and vice versa. With this method, it is

easy to fulfil the requirements of a viscosity standard. In general, by adjusting the nature

and the amount of ethanolotrope in these ethanol-containing biofuels, the high ηkin due to

the presence of vegetable oils as well as the bad low-temperature phase behaviour due to

ethanol can be overcome.

Figure 34: Kinematic viscosity along path c depending on the ratio of ethanol and the ethanolotrope

HepOH (green) or 2-MTHF (red) with constant 30 wt% of rapeseed oil at 25 and 40 ◦C.

To investigate a possible correlation between these relevant fuel properties and the na-

nostructuring of the mixtures, DLS experiments were performed along path a and b (see

Fig. 35). As expected due to the SWAXS results of Fig. 25, defined autocorrelation func-

tions are obtained. In particular, the systems possess very similar maximum correlation

coefficients, irrespectively of the ethanolotrope. This supports the aforementioned assump-

tion that the existence of nanostructures in the HepOH-containing system can be also
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transferred to some other ethanolotrope-containing biofuels. A closer look at the results

shows, however, that the maximum autocorrelation functions are obtained at slightly

different compositions. This in turn matches with the differences in the viscosities and

low-temperature phase behaviours, which need to be considered within the overall com-

parison. For that, the mean scattering intensity (SI) within the DLS experiments of each

sample is plotted in the subsequent comprehensive figure (see Fig. 37).

Figure 35: Time-dependent autocorrelation functions obtained by DLS experiments of mixtures contain-
ing either HepOH or ETBE along path a or FAME or DMF along path b at 25 ◦C. The composition of
the samples is indicated by the amount of rapeseed oil (R) and ethanolotrope (E) of each mixture in wt%.
The samples are arranged according to their correlation coefficient.

According to the procedure explained in chapter 3.1.6, the critical point (CP) of each

ternary system was determined. After detecting the compositions with the highest SI and

reaching the biphasic region of these samples, the mixtures appeared turbid (see Fig. 36

on the left). Since these samples were very sensitive towards temperature, it took about

one day, until a sharp phase boundary was observable (see Fig. 36 on the right). The

compositions of the CPs are represented in Table 9, which again show slight differences

between the investigated systems.
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Figure 36: Determination of the critical point (CP) of the ternary system rapeseed oil/ethanol/HepOH,
according to chapter 3.1.6, at 25 ◦C. Once the CP is reached, the mixture appears turbid (left), but after
one day, a sharp phase boundary is observable (right).

Table 9: Composition of the CPs of the ternary systems consisting of rapeseed oil, ethanol and the
ethanolotropes HepOH, ETBE, FAME and DMF at 25 ◦C.

Ethanolotrope ωEthanolotrope[wt%] ωRapeseed oil[wt%] ωEthanol[wt%]

HepOH 14.26 43.28 42.64

ETBE 16.31 37.25 46.44

FAME 22.60 28.59 48.81

DMF 21.87 34.86 43.27

Fig. 37a-d summarise every experiment concerning these systems and allow conclusions

about possible correlations between the physicochemical parameters of the mixtures and

their properties as fuels. In particular, the SIs, ηkin and the volume fractions of the lower

phase of the samples directly after reaching the biphasic region are shown. Obviously, there

is no precise SI maximum at a specific composition, but a high intensity plateau. This

area is located between 32 and 40 wt% of rapeseed oil with HepOH as ethanolotrope and 32

to 36 wt% of rapeseed oil with ETBE (see Fig. 37a-b). The mixtures containing 30 wt% of

FAME or DMF possess a less high intensity plateau at lower amounts of rapeseed oil. The

maximum SI is obtained at about 25 wt% of the vegetable oil with FAME and 30 wt% of

rapeseed oil with DMF (see Fig. 37c-d). The CPs of these systems, indicated by a volume

ratio of 0.5 between the lower phase of the sample and the total volume, given in Table

9, are located close to the SI plateau at higher amounts of rapeseed oil (see Fig. 37a-d).

The correlation between the SI and the CP becomes obvious, which enables predictions

concerning the composition of the highly sensitive CP of similar ternary systems by just

93



RESULTS AND DISCUSSION

performing light scattering experiments. Thus, the increasing SI is related to the approach

to the CP. Concerning the viscosity curves of Fig. 37a-d, trend lines were inserted at very

low and very high rapeseed oil concentrations. Surprisingly, their intersections correspond

to the CP of the ternary systems containing HepOH, ETBE or FAME, whereas it is slightly

shifted to higher amounts of rapeseed oil with DMF as ethanolotrope. In contrast to the

viscosity curves of the HepOH and ETBE system along path a, the mixtures consisting of

70 wt% of rapeseed oil were not considered in the FAME and DMF system along path b,

as they are just binary mixtures.

Figure 37: Mean scattering intensities obtained by DLS measurements ( ) and kinematic viscosities ( )
along path a and b, respectively, as well as the volume fractions of the lower phase ( ), directly after reach-
ing the biphasic region of the system versus the weight percentage of rapeseed oil in the ternary systems
consisting of ethanol, rapeseed oil and HepOH (a), ETBE (b), FAME (c) and DMF (d) as ethanolotropes

at 25 ◦C. The depicted viscosity trend lines indicate a pseudo-phase inversion close to or even directly at
the critical points of the systems.

Coming back to the ternary system rapeseed oil/ethanol/HepOH and comparing these

results with the proof of nanostructures, several conclusions can be drawn. Besides the

already mentioned correlation between the SI and CP of the systems, their viscosity curves

are directly related to their nanostructuring. The scattering and conductivity results

showed that, with an increasing amount of rapeseed oil, the bulk changes from an ethanol-

rich to a rapeseed oil-rich pseudo-phase. Due to the formation of a rapeseed oil continuum,
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the rapid increase of ηkin close to the CP can be explained. These high viscosities correlate

with the observed percolation of ethanol droplets, according to the dynamic percolation

model. Further, the intersection of the viscosity trend lines in Fig. 37a-d even indicates a

correlation between the slope of the viscosity curve and the CP of the system.

Figure 38: Temperature dependence of the volume fraction of the lower phase of liquid-liquid mixtures
close to the CP of the systems containing rapeseed oil, ethanol and one of the ethanolotropes FAME ( ),
DMF ( ), ETBE ( ) and HepOH ( ) from −10 to 25 ◦C.

For a closer look at the influence of the temperature on the location of the CP and thus also

on the structuring of the system, the phase behaviour of these ternary mixtures was even

further investigated. Fig. 38 shows the temperature dependence of the volume fractions

of the lower phase of the ternary biofuels with their respective compositions at the CP

at 25 ◦C from −10 to 25 ◦C. In general, every investigated system behaves similarly. By

warming up the mixtures, they become clear and monophasic between 27 and 30 ◦C. The

volume fraction of the lower phase decreases with declining temperatures for each of these

ternary biofuels. At low temperatures, there is less ethanol in the lower, rapeseed oil-rich

phase than in the upper, ethanol-rich phase. With increasing temperature, the solubility

of ethanol in the phase consisting of rapeseed oil and ethanolotrope is enhanced. The

driving force of the formation of the monophase seems to be an incorporation of ethanol

in the oil phase by the third component of the system. This in turn leads to the work

of Bauduin et al., who described the term reverse hydrotropes for the first time, showing

that the solubility of water in oil can be increased by using HepOH. They propose that

this solubilisation is coupled with the insertion of water molecules into the network of the

percolated n-alcohol [277]. This percolation phenomenon was shown by Glatter et al. and
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other groups, who explain the aggregation of pure alcohols to oligomers due to a hydrogen

bond network [278]. This concept is, once again, also in accordance with the previous

scattering and conductivity results.

Figure 39: Phase prism of the ternary system consisting of rapeseed oil, ethanol and HepOH in mass
fractions. The darkened areas represent the biphasic regions, determined at 0 ◦C, 10 ◦C, 25 ◦C and 40 ◦C.
The change in the location of the CP is also indicated.

To complete these investigations, the temperature-dependent phase behaviour of a whole

ternary system was studied. For that, a phase prism was prepared for the ternary bio-

fuel consisting of rapeseed oil, ethanol and HepOH with four different temperatures (see

Fig. 39). Similar to the binary phase diagram shown in Fig. 32, the phase prism shows

that the biphasic region becomes smaller with increasing temperature. This observation

is also in agreement with the observed low-temperature behaviour of this ternary system,

represented by Table 6. Further, it illustrates the impact of the nanostructuring of the

mixtures on the phase behaviour of the system. At low temperatures, the biphasic re-

96



RESULTS AND DISCUSSION

gion strongly expands to lower amounts of rapeseed oil, whereas it just slightly changes

at higher amounts of the vegetable oil, which is the region of reversed nanostructures.

This in turn also corresponds to the previous low-temperature results of these mixtures.

The change in the location of the CP is given in the phase prism as well, according to

its temperature dependence shown in Fig. 38. To illustrate the expansion of the biphasic

region with decreasing temperature, the phase diagrams of the phase prism are combined

to a single ternary phase diagram in Fig. 40.

Figure 40: Ternary phase diagram of the system consisting of rapeseed oil, ethanol and HepOH at 0 ◦C
( ), 10 ◦C ( ), 25 ◦C ( ) and 40 ◦C ( ). The values are given in mass fractions.

Within this research topic, considerable contributions were made and published concer-

ning the understanding of ethanol-containing biofuel formulations, their physicochemical

characteristics and obstacles as well as their relevant fuel properties [262, 263]. Ethanolo-

tropes improve the miscibility of ethanol with rapeseed oil and simultaneously reduce ηkin

of the mixture. These compounds also favourably influence the low-temperature phase

behaviour, leading to monophasic and clear mixtures even at −20 ◦C. Therefore, some of

these formulations can be considered as potential summer or even winter biofuels. Due to

the investigated correlations between ηkin, the SI, the CP and the phase behaviour with

the nanostructuring of the mixtures, a better understanding of the substantial obstacles,

when dealing with ethanol as biofuel component, was achieved.
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4.1.2 New concept of biofuels

Based on the results within the scope of my master thesis, explained in section 2.1.5.1,

this chapter deals with the optimisation of the biodiesel production process (see Fig. 21).

After successfully implementing the waste product glycerol into the biofuel formulations,

the subsequent investigations showed that its presence leads to several advantages dur-

ing combustion and storage. Already at this point, these results were sufficient to be

patented [279]. For the first time, natural antioxidants can be used in biofuel formulations

without any surfactants, which completely replace the commonly used synthetic and highly

toxic antioxidants. Additionally, glycerol derivatives have the potential to significantly

contribute to the extensive commercialisation of hydrofuels [280].

4.1.2.1 Implementation of glycerol derivatives into biofuel formulations

As already described in section 2.1.5.2, the usage of the waste product of the biodiesel

production, glycerol, as fuel component would distinctly increase the competitiveness of

this process (see Fig. 21). In particular, the products of the derivatisation reactions to

more hydrophobic glycerol derivatives, shown in Fig. 9, were used. To be able to develop

new multi-component formulations like biofuels, detailed information about the miscibility

of the substances is essential. Based on the results of section 4.1.1.2, the miscibility gap

between a hydrophilic substance, e.g. ethanol, and vegetable oils can be closed by adding

different sustainable components like FAME or 2-MF. Due to the either amphiphilic or

less hydrophilic character of the investigated glycerol derivatives, a similar result was to

be expected for their mixtures with rapeseed oil.

Fig. 41 indicates that, indeed, the biphasic region of ternary mixtures consisting of rape-

seed oil, FAME and a glycerol derivative significantly depends on the hydrophilicity of

the derivative. While the binary mixture of solketal and rapeseed oil possesses a rather

small miscibility gap, the more hydrophilic triacetin is hardly miscible with the vegetable

oil. The more hydrophobic tributyrin, however, is completely miscible with rapeseed oil at

room temperature. Already small amounts of FAME are sufficient to close the miscibility

gap in the solketal system, whereas very high amounts of FAME are necessary in the tria-

cetin system. For comparison, the ternary system with ethanol as hydrophilic compound

is also given in this figure. As explained before, the main problem concerning the usage

of ethanol in fuel formulations is its bad miscibility with other relevant substances at low-

er temperatures. Since this is already indicated by the size of the biphasic region in the

phase diagram at room temperature, the comparison with the triacetin system leads to the

assumption that implementing triacetin in such formulations will be even more difficult.
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Figure 41: Ternary phase diagram of mixtures consisting of rapeseed oil, FAME and either solketal,
tributyrin, triacetin or ethanol as hydrophilic compound at 25 ◦C. The darkened areas represent the
biphasic regions of the systems. The further investigated compositions in the subsequent formulations are
indicated by path a, b and c. The values are given in mass fractions.

These phase diagrams also show the investigated compositions in the subsequent formula-

tions along path a, b and c. While path a relates to the properties of the binary mixture

of the hydrophilic compound and rapeseed oil, path b represents reasonable biofuel com-

positions. Every sample along this path consists of challenging 10 wt% of the hydrophilic

substance. Thus, the mass ratio between glycerol derivative and FAME is higher in every

mixture than during FAME production. If these formulations possess properties that fulfil

the respective standards, this will also apply for mixtures with lower amounts of glycerol

derivatives. Comparing the phase diagrams of the solketal system with the ethanol system

along path b regarding the fact that the biphasic region usually drastically increases with

decreasing temperature, one can assume that the solketal system will have lower cloud
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points. Concerning this system, several mixtures with a constant amount of 10 wt% of

FAME, indicated by path c, are also investigated regarding the presence of nanostructures

analogously to the aforementioned results. To this purpose, DLS measurements were per-

formed, which led to pronounced correlation functions with a correlation maximum for the

mixture consisting of 60 wt% of solketal and 30 wt% of rapeseed oil (see Fig. 42). These

already indicate the presence of nanostructures in this system. The calculation of the

aggregate size for the mixtures with the highest correlation coefficients shows that both

measurements result in values of a few nanometres. Similar to the radii in Fig. 29, the

sizes obtained by the SLS experiments are bigger than the hydrodynamic radii of the DLS

measurements, once again indicating that the assumption of a spherical shape is wrong.

Since scattering experiments along path b led to no correlation functions, these structures

exist at compositions that are not of interest for biofuel formulations, due to their high

amount of solketal.

Figure 42: Left: time-dependent autocorrelation functions obtained by DLS experiments of mixtures
consisting of rapeseed oil, solketal and 10 wt% of FAME along path c at 25 ◦C. The composition of the
samples is indicated by the amount of rapeseed oil (R) and solketal (Sol) of each mixture in wt%. The
samples are arranged according to their correlation coefficient. Right: Calculated radii of the scattering
aggregates based on the DLS and SLS experiments versus the weight percentage of rapeseed oil assuming
spherical geometry.

To obtain more information on the influence of the glycerol derivatives on the main phys-

icochemical drawbacks of vegetable oils as biofuels, i.e. high viscosities and cloud points,

Fig. 43a shows the viscosity curves of binary mixtures of them, along path a at 40 ◦C.

Due to their much lower ηkin compared to glycerol, the derivatives solketal and tributyrin

distinctly reduce the viscosity of rapeseed oil. The triacetin system could not be examined,

as none of the samples was monophasic at 40 ◦C. This figure also indicates that the

presence of the glycerol derivatives leads to nearly the same viscosity reduction as the

presence of FAME. This already implies that the implementation of these waste materials

does not inevitably cause further drawbacks, but could actually reduce the necessary
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amount of additives, as explained in chapter 2.1.5. For comparison, the viscosity curve

of the binary mixture with 2-MTHF was also added to illustrate the strong impact of

the furan derivatives on ηkin of vegetable oils. The results of these experiments along

path b are given in Fig. 43b. For these compositions, the investigated glycerol derivatives

affect ηkin similarly. The influence of ethanol on ηkin is much stronger, which is one of

the reasons, why ethanol is still considered as possible blending compound for biofuels,

despite its high cloud point.

Figure 43: Kinematic viscosities versus the weight percentage of rapeseed oil along path a (a) and b

(b) at 40 ◦C. For comparison, the viscosity curve of the system containing 2-MTHF or FAME along path
a was added as well as the results of the ethanol system along path b. The horizontal lines indicate the
required viscosity range (from 1.9 to 6.0 mm2/s), according to the ASTM D6751 standard.

The low-temperature phase behaviour of these ternary systems along path b and of the

binary mixture of FAME and rapeseed oil is shown in Fig. 44. It becomes evident that,

for systems with small miscibility gaps at room temperature, the cloud points decrease

with increasing amount of rapeseed oil. FAME, on the other hand, leads to higher cloud

points and thus a worse low-temperature phase behaviour of the fuel, as expected. The

comparison of the glycerol derivatives confirms the assumption that triacetin is not suitable

as biofuel component in our formulations, due to its poor miscibility with rapeseed oil.

Firstly, the lowest cloud point in this system is −4 ◦C and secondly, none of the mixtures

remain monophasic and clear after one month at 0 ◦C, which is indicated by green points.

The same trend is observable for the ethanol system, but the cloud points are slightly

lower and some samples even stay monophasic after one month at 0 ◦C. The solketal and

tributyrin systems, however, show much more promising results. The presence of these two

compounds distinctly reduces the cloud points of the mixtures, which had to be achieved

by further additives, in particular furan derivatives, in our previous work [228].
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Figure 44: Cloud points versus the weight percentage of rapeseed oil for mixtures along path b as
well as for the binary mixture of rapeseed oil and FAME (bottom). The darkened area represents the
biphasic region of the system. The perpendicular lines and green points indicate mixtures, which remained
monophasic after one month at 0 ◦C.

Although the melting point of solketal is much higher than the one of tributyrin, less

rapeseed oil is necessary to obtain monophasic mixtures even after one month at 0 ◦C.

Thus, 30 wt% of rapeseed oil are sufficient in the solketal system to achieve this, whereas

at least 40 wt% of rapeseed oil are necessary in the tributyrin system. The comparison with
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the binary system rapeseed oil/FAME shows that the usage of the derivatives enhances

the properties of the biofuel formulation, although being produced from waste. Even

though the usage of FAME in these formulations was intended, its presence even proves

to be reasonable. While these biofuel formulations imply a processing of the glycerol

to derivatives and then the usage of a mixture with FAME, increasing its production

profitability, FAME reduces ηkin even further and increases the ignition quality due to its

high CN. Since it also increases the cloud point of the mixture, the composition needs to

be optimised for final formulations.

Figure 45: Kinematic viscosities and cloud points versus the weight percentage of rapeseed oil (R) for
mixtures along path b of the solketal (top) and tributyrin system (bottom) with additional 0, 1, 3 and
5 wt% of 2-MF. The viscosities were measured at 40 ◦C and the horizontal lines indicate the required
viscosity range (from 1.9 to 6.0 mm2/s), according to the ASTM D6751 standard. Regarding the low-
temperature phase behaviour, the green points represent mixtures, which remained monophasic after one
month at 0 ◦C.
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With the compatibility problem of glycerol derivatives being already solved even with

10 wt% of them, compositions with lower amounts will fulfil the self-imposed requirements,

too. In the case of lower amounts, miscibility and viscosity problems will not occur. Even

higher ratios of glycerol derivatives will be viable, if the amount of rapeseed oil is decreased

or the amount of FAME is increased, instead. Further, by replacing rapeseed oil with

a much less viscous, more saturated vegetable oil like palm oil, the standards would be

easily fulfilled as well. These results imply that this new class of biofuels enables adaptable

compositions depending on the application.

Fig. 45 shows the influence of the addition of 2-MF on ηkin and on the cloud points of

the biofuels with the glycerol derivatives solketal and tributyrin along path b. Since the

amount of vegetable oil should be as high as possible, due to economic reasons, 2-MF

is added to samples containing 10 to 40 wt% of rapeseed oil. All predictions regarding

the influence and necessary amount of 2-MF during the investigations of the binary and

ternary mixtures prove to be correct. Already very small amounts of the furan derivatives

distinctly improve the physicochemical properties of the formulations. The addition of

1 wt% of 2-MF leads to a considerable reduction of ηkin and the cloud points of both

biofuels. Once a certain amount of 2-MF is used, further additions of 2-MF just slightly

change these parameters. Thus, the desired viscosity and cloud point can be adjusted

by changing the amount of 2-MF. This figure also points out that both biofuels are very

similar concerning these parameters. The tributyrin biofuel possesses just slightly higher

viscosities and cloud points as well as less monophasic compositions than the solketal

biofuel after one month at 0 ◦C, indicated by green points. Further, the main goal of

implementing glycerol derivatives and simultaneously reducing the necessary amount of

2-MF is achieved, even though the cloud points are no longer below −20 ◦C.

The influence of the biodiesel source on these biofuel formulations, examined by replacing

FAME with MeC10, is outlined in Fig. 46. Due to the much lower ηkin as well as freezing

point of MeC10 and its good miscibility with the other biofuel components, the properties

of the formulations are considerably enhanced (see also Table 2). The comparison of

ηkin of binary mixtures of rapeseed oil with either FAME or MeC10 already indicates the

difference between the biodiesels (see Fig. 46a). Using MeC10 instead of FAME for the

formulations with 2-MF, one can firstly notice that even mixtures with 50 wt% of rapeseed

oil become conceivable. Secondly, for biofuels consisting of 10 to 40 wt% of rapeseed oil,

no 2-MF is necessary at all to reach the viscosity range to fulfil the American biodiesel

standard, given by the horizontal lines (see Fig. 46b). Fig. 46c-d show the cloud points

of binary mixtures of rapeseed oil with FAME and MeC10, respectively. It is obvious

that the presence of MeC10 distinctly improves the low-temperature phase behaviour of

rapeseed oil. While the cloud points of mixtures with FAME decrease with increasing

amount of rapeseed oil, it is just the opposite for the MeC10 system. Once the amount
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of MeC10 is higher than 50 wt% in mixtures with rapeseed oil, the cloud point is even

below −20 ◦C. Further, every investigated mixture remained monophasic after one month

at 0 ◦C. These results also apply to the formulations with additional 2-MF, as the cloud

points are around −20 ◦C even without 2-MF. Therefore, the potential of this biofuel

concept becomes obvious, once alternative components are used [279,280].

Figure 46: Influence of the biodiesel source on the biofuel formulations, examined by replacing FAME
with MeC10. (a) Kinematic viscosity versus the weight percentage of rapeseed oil for binary mixtures
with either FAME or MeC10 at 40 ◦C. The horizontal lines indicate the required viscosity range (from 1.9
to 6.0 mm2/s), according to the ASTM D6751 standard. (b) Similar measurements as for (a), but with
mixtures consisting of 10 wt% of solketal, a varying ratio between rapeseed oil (R) and MeC10 as well as
additional 0, 1, 3 and 5 wt% of 2-MF. (c-d) Cloud points versus the weight percentage of rapeseed oil for
mixtures with either FAME (c) or MeC10 (d). The darkened area shows the biphasic region of the system.
The perpendicular line and green points represent mixtures, which remained monophasic after one month
at 0 ◦C.
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4.1.2.2 Engine test results

Based on the results of these fuel formulations, two biofuels with either solketal or tributy-

rin as glycerol derivative were prepared for the subsequent engine tests. To investigate the

influence of every possible compound, 3 wt% of 2-MF were added to the formulations. In

particular, the biofuels consisted of 29.1 wt% of rapeseed oil, 58.2 wt% of FAME, 9.70 wt%

of either solketal or tributyrin and 3.00 wt% of 2-MF (see Table 10).

Table 10: Compositions of the formulated and further investigated biofuels consisting of rapeseed oil (R),
FAME, one of the glycerol derivatives (Glyc.deriv.) solketal as well as tributyrin and 2-MF.

Sample ωR[wt%] ωFAME[wt%] ωGlyc.deriv.[wt%] ω2-MF[wt%]

Solketal biofuel 29.1 58.2 9.70 3.00

Tributyrin biofuel 29.1 58.2 9.70 3.00

In these mixtures, the mass ratio between the derivative and FAME is 1:6 and therefore

even higher than during FAME production with 1:10. Thus, the biofuels consisted of

high amounts of exactly those components that could negatively affect the combustion or

emission properties, namely rapeseed oil and the glycerol derivative. In the case of positive

engine test results, one can assume that other possible mixtures with lower amounts of

these two components will also have favourable properties. Regarding the vegetable oil

content of a plant as well as the yields of FAME and the glycerol derivatives during

their production, the fuel yield is increased from 89% to 98% within these formulations.

With regard to the whole plant, the current yield of FAME is about 35.6%, whereas the

developed concept leads to a fuel yield of 39.2% [281,282].

Table 11: Measured densities ρ and kinematic viscosities ηkin at 40 ◦C and cloud points of the formulated
biofuels as well as pure rapeseed oil and diesel.

Sample ρ[kg/m3] ηkin[mm2/s] TCloud[◦C]

Solketal biofuel 890 6.78 −4.5

Tributyrin biofuel 888 7.02 −4.0

Rapeseed oil 903 33.2 −14

Diesel 840 3.80 −10

Table 11 shows the most important physicochemical properties of the final formulations as

well as rapeseed oil and diesel, which were used for comparison. The calorific data of the

pure biofuel components and the final formulations, in particular the combustion energy
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∆CU298 and enthalpy ∆CH298, are given in Table 12. The obtained values for ∆CH298,

whose absolute values are the higher heating values, are close to literature, except for

MeC10. However, this substance does not influence the results of the formulations, since

it is not part of them. With −34.0 and −32.3 MJ/kg, the combustion enthalpies of the

solketal and tributyrin biofuel are just slightly below the enthalpy of FAME. This means

that the simultaneous usage of high amounts of a vegetable oil and glycerol derivative does

not necessarily lead to a significant loss in combustion enthalpy.

Table 12: Measured combustion energies, ∆CU298, and enthalpies, ∆CH298, of the pure biofuel compo-
nents and the two final formulations at 25 ◦C. The enthalpies are compared to literature [7,71,109,283,284].

Sample ∆CU298 [MJ/mol] ∆CH298 [MJ/kg]

Used Literature

Rapeseed oil −37.4 −38.5 −39.7

FAME −11.5 −35.4 −35.8

MeC10 −6.01 −32.3 −36.7

Solketal −3.29 −24.9 −25.9

Tributyrin −7.36 −9.22 −8.12

2-MF −2.01 −24.6 −27.6

Solketal biofuel −16.3 −34.0 −

Tributyrin biofuel −15.5 −32.3 −

Despite containing high amounts of a vegetable oil and glycerol derivative, both biofuels

could be directly used in an unmodified up-to-date diesel engine due to their low visco-

sities. Fig. 47 shows the combustion start as a function of the injection pressure and the

relative boost pressure for both formulated biofuels and diesel. By using three-dimensional

graphics, it becomes obvious that firstly, the solketal and tributyrin biofuel possess very

similar ignition behaviours. Secondly, the biofuels have ignition properties very close to

those of diesel, which implies comparable CNs. Further, the higher the injection and

boost pressure, the earlier the combustion starts. At very low injection and boost pres-

sures, the combustion start takes slightly longer for the formulated biofuels, but since this

time rapidly decreases with higher boost pressures, the ignition properties of diesel can be

achieved.

To investigate the emission characteristics of the biofuels, the EGR rate is varied at 200

and 700 mbar relative boost pressure (see Fig. 48). A specific NOx emission value is adjust-

ed for every measurement as reference point to determine the other emission parameters

of the formulations, diesel and pure rapeseed oil.
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Figure 47: Ignition delay measurements of both formulated biofuels and diesel with an engine speed of
1500 rpm and a torque of 80 Nm. The ignition delay is calculated as difference between the point with
an injection rate higher than 1.5 g/s and the combustion start with 5% turnover. This value is shown
versus the injection pressure and the relative boost pressure with a constant injection volume of 10 mg at
5◦ crankshaft angle before top dead centre.

While both biofuels lead to just slightly higher CO emissions than diesel at low boost

pressure, they possess distinctly lower ones than diesel at high boost pressure. The same

applies to the THC emissions. By analysing the results without EGR, i.e. highest NOx

level, it is also observable that both biofuels possess comparable NOx emissions to diesel,

which is exceptional for biofuels. Further, the determination of the soot emission shows

that the solketal and tributyrin biofuel as well as diesel do not lead to soot formation

at low boost pressure. The combustion of pure rapeseed oil, however, causes increased

soot emissions. At higher boost pressure, the formulated biofuels show better results than

diesel again.
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Figure 48: Results of the exhaust gas recirculation (EGR) measurements, in particular CO, THC and
soot emissions versus NOx emissions, of both formulated biofuels, diesel and rapeseed oil at 200 mbar (left)
and 700 mbar (right) relative boost pressure.

The fuel consumption and the air/fuel balance during the EGR measurements are given

in Fig. 49. The fuel consumption of the solketal and tributyrin biofuel is, analogously

to other biofuels, slightly higher than diesel. This can be economically justified with its

complete sustainability and therefore possible competitive price in the future, compared to
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fossil fuels. The air/fuel balance, also known as λ, is nearly identical for every investigated

liquid. The combustion processes, injection rates and heat release rates of both formulated

biofuels, diesel and rapeseed oil are depicted in Fig. 50. The experiments are performed at

low and medium load conditions as well as without and with the highest driveable EGR

rate. At low load conditions and without EGR, diesel possesses the shortest combustion

period, which could be addressed to a slightly improved mixture formation due to its

low viscosity. The formulated biofuels show the same ignition delay as diesel and are

very similar regarding the combustion properties. The combustion process of rapeseed oil,

however, is strongly displaced due to its high viscosity and surface tension. Further, it has

the longest combustion period, but the shortest ignition delay.

Figure 49: Fuel consumption and air/fuel balance of both formulated biofuels, diesel and rapeseed oil at
200 mbar (a) and 700 mbar (b) relative boost pressure. The unfilled points show the air/fuel balance of
the samples, whereas the filled points indicate their consumption.

At complete EGR, i.e. distinctly reduced availability of oxygen in the combustion chamber,

the formulated biofuels possess the shortest combustion period due to their high oxygen

content. Because of the displacement of the heat release rate of diesel, rapeseed oil and

diesel assimilate. Nevertheless, rapeseed oil still needs to be added at a later stage to

provide the same performance compared to the other fuels. At medium load conditions

and without EGR, rapeseed oil shows the shortest ignition delay again, leading to a reduced

premixed combustion amount and an increased diffusive amount. Both formulated biofuels

and diesel possess the same ignition delay and the same premixed combustion amount. Due

to the highest driveable EGR rate, the heating processes flatten considerably. The burnout

properties of the fuels assimilate, as the heating process of diesel is now also strongly

displaced, because of the missing oxygen content. It is further necessary to mention that

the injection period of all biofuels is increased due to the lower heating value and thus

higher injection mass. This distinctly influences the diffusive combustion and burnout.
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Figure 50: Combustion processes, injection rates and heat release rates versus crankshaft angle (CA) of
both formulated biofuels, diesel and rapeseed oil at low load, i.e. 1500 rpm engine speed, 80 Nm torque,
200 mbar relative boost pressure and 100 MPa injection pressure (left), and medium load conditions, i.e.
1500 rpm engine speed, 240 Nm torque, 700 mbar relative boost pressure and 140 MPa injection pressure
(right), without EGR (top) and with the highest driveable EGR (bottom).

These results show that the formulated biofuels can not only be used in an unmodified up-

to-date diesel engine, but also possess very promising combustion, emission and ignition

properties. Further, the presence of high amounts of vegetable oil as well as glycerol

derivatives does not lead to any drawbacks that would make the formulations inappropriate

for future biofuels [279,280].
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4.1.2.3 Oxidative stability

Due to the presence of a hydrophilic glycerol derivative like solketal within this biofuel

concept, the implementation of natural antioxidants into these mixtures seems possible.

As already explained in sections 2.1.3.3 and 2.1.5.2, the effective replacement of synthetic

and toxic antioxidants by natural ones depends on their compatibility. Fig. 51 shows

the solubilities of several natural antioxidants in solketal. To also obtain information on

the hydrophilicity of solketal, the same solubility tests are performed with ethanol, for

comparison.

Figure 51: Solubilities of different natural antioxidants in either solketal or ethanol at 25 ◦C.

Even though the solubilities of the antioxidants are given in wt%, whereas they will be used

in a three-digit ppm scale in the final formulations, acetylsalicylic acid, 3-hydroxybenzoic

acid, 4-hydroxybenzoic acid and tannic acid are insufficiently soluble in solketal. While

less than 1 wt% of caffeic, p-coumaric and gallic acid can be solubilised in solketal, about

6 wt% of ferulic as well as vanillic acid and even more than 15 wt% of hydrocinnamic acid

are soluble in the glycerol derivative. Concerning every investigated antioxidant, much
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higher amounts are soluble in ethanol, except for tannic acid. This indicates that on the

one hand, solketal is hydrophilic enough to solubilise specific, natural antioxidants, but

on the other hand, it is more hydrophobic than ethanol. This could in turn mean that no

associated miscibility problems will occur, when adding the antioxidants into the biofuel

formulations.

Figure 52: RapidOxy measurements of the single, pure components of both formulated biofuels (a) and
binary mixtures of them (b) according to the standard DIN EN 16091. Every sample, for which the
pressure dropped by less than 10% compared to its maximum value after 33.3 min, fulfils the standard
illustrated by the red dashed line [174].

To be able to estimate the general stability towards oxidation of the single components

of the biofuel formulations, RapidOxy measurements were performed with these pure

substances (see Fig. 52a). While pure rapeseed oil fulfils the standard, indicated by the

red dashed line, FAME is oxidised distinctly earlier, as expected. Especially solketal’s

sensitivity towards oxidation surprises, since it is oxidised nearly as fast as 2-MF, which

was chosen as furan derivative, for comparison. Tributyrin, however, is insensitive towards

oxidation. The jump in the measuring curve of tributyrin can be explained by the necessary

break of the time scale within this experiment. This figure further shows that especially

solketal and FAME are prone to oxidation. To gain even more information on the oxidative

stability of these components in advance, the results of all possible binary mixtures of

rapeseed oil, FAME and solketal are given in Fig. 52b. While the addition of rapeseed

oil to FAME just leads to the expected increase of the oxidative stability, the presence of

10 wt% of solketal in rapeseed oil as well as FAME does not negatively affect the obtained

results. In particular, the measured induction times of mixtures of either rapeseed oil or

FAME with solketal are identical to the results of the pure components. This indicates

that solketal’s sensitivity towards oxidation is negligible, once it is used in mixtures.
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Figure 53: Selection of natural antioxidants that led to the best results concerning the oxidative stability
of the formulated biofuels.

Even if every natural antioxidant of Fig. 51 was investigated by RapidOxy experiments,

Fig. 53 just shows those compounds that led to the best results. The comparison of Fig. 51

with Fig. 53 makes clear that especially the hydrophilic antioxidants, i.e. caffeic and gallic

acid, are promising for these formulations. The less hydrophilic behaviour of vanillic and

ferulic acid can be explained by the ortho-position of the methoxy group in these molecules.

Due to the formation of an intramolecular hydrogen bond, the hydrophilicity and therefore

the effectiveness to increase the oxidative stability of hydrophobic mixtures like biofuels

is decreased [285]. Concerning the different gallates, solubility tests were omitted, since

they are more hydrophobic than gallic acid and thus better soluble in solketal.

Before measuring the biofuel formulations with natural antioxidants, the effectiveness

of the synthetic antioxidants hydroquinone (HQ) and 2-tert-butylhydroquinone (TBHQ)

was investigated as reference (see Fig. 54a). For these experiments, the solketal biofuel,

shown in Table 10, was used. Regarding the results of the solketal system, it becomes

obvious that additional antioxidants are indispensable to fulfil the standard. By adding

0.2 wt% of HQ, one of its derivatives or a mixture of them, the oxidative stability of the

biofuel is distinctly increased, with TBHQ being much less effective than HQ. 0.2 wt%

of antioxidants, however, are already very high amounts for fuel formulations and can

only be justified by the currently low prices of these toxic substances. Therefore, another

measurement with 160 ppm of HQ was performed, since this scale is also used for the

subsequent investigations with natural antioxidants. Surprisingly, 160 ppm of HQ are not

enough to fulfil the standard.
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Figure 54: RapidOxy measurements of the solketal biofuel with the synthetic antioxidants hydroquinone
(HQ) and 2-tert-butylhydroquinone (TBHQ) in different amounts and mass ratios (a) and with mixtures of
the natural antioxidants gallic acid (GA) and caffeic acid (CA) in different mass ratios (b). The experiments
were performed according to the standard DIN EN 16091. Every sample, for which the pressure dropped
by less than 10% compared to its maximum value after 33.3 min, fulfils the standard illustrated by the red
dashed line [174].

As it was, so far, not possible to use natural, hydrophilic antioxidants in biofuel formu-

lations, the process of implementing them is crucial. For that, the antioxidants were

solubilised in the glycerol derivatives first, before adding this mixture to the other fuel

components. In this step, the difference between solketal and tributyrin is decisive, since

solketal is more hydrophilic than tributyrin. Therefore, each biofuel system is able to

solubilise different antioxidants. While gallic and caffeic acid are suitable for the solketal

biofuel, the more hydrophobic alkyl gallates have to be used for the tributyrin biofuel.

After several solubility and RapidOxy experiments with single natural antioxidants as

additives for the solketal system, no biofuel formulation was able to fulfil the standard. In

the next step, mixtures of the two most effective, natural antioxidants, gallic (GA) and

caffeic acid (CA), were investigated according to the synergistic effect, when using two

different antioxidants simultaneously (see also section 2.1.3.3) [176, 185]. Fig. 54b shows

that there is, indeed, a synergistic effect between GA and CA, leading to a compliance

with the standard with only 170 ppm and a mass ratio of either 1:1 or 2:1 of GA/CA for

the solketal system. The amount of antioxidants slightly differs, as they clump easily. Nev-

ertheless, the comparison of the induction times with 160 ppm HQ and 180 ppm GA/CA

with a mass ratio of 1:1 shows that the natural mixture is nearly twice as effective as the

synthetic antioxidant, which cannot be explained by the additional 20 ppm. In general, this

means that the amphiphilic properties of solketal enable the usage of hydrophilic, natural

antioxidants in biofuels with vegetable oils as one of the main components. Further, they

are competitive with the highly toxic hydroquinones regarding their effectiveness.
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Figure 55: Measured induction times of the solketal system with the natural antioxidants gallic acid
(GA) and caffeic acid (CA) as single components and as mixture with a mass ratio of 1:1 versus the
concentration of the antioxidants in the mixture (a). RapidOxy measurements of the solketal biofuel with
the synthetic antioxidant hydroquinone (HQ) and the natural antioxidants GA and CA as mixture with
a mass ratio of 1:1 (b). To both investigated systems, 5 as well as 50 ppm of ascorbic acid (AA) were
added and their influence on the oxidative stability of the mixture was examined. The experiments were
performed according to the standard DIN EN 16091. Every sample, for which the pressure dropped by
less than 10% compared to its maximum value after 33.3 min, fulfils the standard illustrated by the red
dashed line [174].

To gain more information on the influence of the amount of used antioxidants on the

stability of the biofuel, Fig. 55a shows the concentration-dependent induction times of the

solketal system with GA and CA as single components and as mixture with a mass ratio

of 1:1. As expected, higher concentrations lead to a better oxidative stability, with the

1:1 mixture being the most effective at low concentrations and pure gallic acid at higher

concentrations. Since these natural antioxidants are much more expensive than the synt-

hetic ones, the influence of ascorbic acid (AA), i.e. vitamin C, as alternative, which is the

cheapest, natural antioxidant, was also investigated (see Fig. 55b). For that, 5 as well as

50 ppm of AA were added alternatively to the natural antioxidant mixture and to HQ in

the solketal system. Fig. 55b shows that the higher the amount of AA in the antioxidant

mixture, the lower the oxidative stability of the biofuel. Irrespective of the antioxidants,

the presence of 5 ppm AA is already enough to distinctly reduce the stability towards ox-

idation. It is also important to emphasise that AA itself is insoluble in biofuels. Just due

to the presence of hydrophilic antioxidants like GA or CA, AA becomes compatible with

these formulations. These results explain the aforementioned low concentration of AA in

the commercially sold, natural antioxidant mixture inaAOX1 from inaCHEM GmbH (see

Table 3). While its small amount was presumed to be reasonable due to its low effecti-

veness, it is now obvious that higher amounts significantly decrease the overall oxidative

stability of the mixture.
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Since none of the investigated antioxidants of the solketal biofuel were either soluble or

effective in the tributyrin system, alkyl gallates were used instead. Fig. 56 shows the in-

fluence of these soluble, less hydrophilic gallic acid esters on the oxidative stability of the

tributyrin biofuel. It is obvious that every examined alkyl gallate is suitable for this ap-

plication. Concerning the propyl gallate, the amount added to the formulation was varied

to see the influence on the oxidative stability of the mixture. As expected, the higher the

concentration of the antioxidant, the better the stability towards oxidation. These results

show that, indeed, the presence of the glycerol derivatives enables the usage of natural,

hydrophilic antioxidants in these biofuel formulations, which are even more effective than

the synthetic and highly toxic hydroquinones [279,280].

Figure 56: RapidOxy measurements of the tributyrin biofuel with different alkyl gallates as natural
antioxidants. The experiments were performed according to the standard DIN EN 16091. Every sample,
for which the pressure dropped by less than 10% compared to its maximum value after 33.3 min, fulfils the
standard illustrated by the red dashed line [174].
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4.1.2.4 New concept of water implementation for NOx reduction

Before actually investigating the potential of glycerol derivatives to implement water into

biofuel formulations, the system consisting of rapeseed oil, FAME and an aqueous mixture

of 96 wt% of ethanol was examined to see the influence of small amounts of water on the

miscibility in these systems (see Fig. 57). The comparison of the phase diagram with the

one with pure ethanol in Fig. 41 shows that the biphasic region as well as the miscibility

gap between rapeseed oil and the ethanol/water mixture is distinctly increased. The same

applies to the low-temperature phase behaviour along path b compared with Fig. 44, with

the presence of small amounts of water increasing the cloud point by several degrees.

DLS measurements were also performed along path b, but did not show any correlation

functions. These results already indicate that hydrophobic biofuels are very sensitive to

the presence of water, which in turn explains the usage of high amounts of surfactants in

common hydrofuels (see also section 2.1.4.2).

Figure 57: Left: Ternary phase diagram consisting of rapeseed oil, FAME and an aqueous mixture with
96 wt% of ethanol at 25 ◦C. Further investigations are performed along path b. The values are given in
mass fractions. Right: Cloud points versus the weight percentage of rapeseed oil for mixtures along path
b. The darkened areas represent the biphasic region of the system.

In the next step, the influence of small amounts of water on the solketal biofuel was investi-

gated (see Fig. 58). Similarly to the system with an aqueous mixture of 96 wt% of ethanol,

the ternary phase diagram of the solketal biofuel with an aqueous mixture of 96 wt% of

solketal possesses a distinctly increased biphasic region. While the aqueous mixture is

completely immiscible with rapeseed oil, there is also a miscibility gap with FAME. To

gain first information on the presence of a surfactant-free microemulsion (SFME) in this

system, DLS and SLS experiments were performed close to the biphasic region. By indi-

cating a SFME, one could also expect the presence of microexplosions during combustion,
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which is one of the main advantages of a hydrofuel. The obtained autocorrelation func-

tions are on the one hand well defined, but at the same time do not lead to high correlation

coefficients. A possible reason for this observation could be the typically highly dynamic

processes of SFMEs. Since the resolution of these light scattering techniques is in the na-

nosecond scale, more precise SAXS or even neutron scattering experiments could be more

suitable. With the autocorrelation functions being well defined, the size of the aggregates

was calculated, assuming spherical geometry. The obtained radii are in the range of 4 to

7 nm, but as the results of the SLS measurements are similar to or even higher than the

ones of the DLS experiments, the shape of the aggregates seems to be different.

Figure 58: Top: Ternary phase diagram consisting of rapeseed oil, FAME and an aqueous mixture with
96 wt% of solketal at 25 ◦C. The darkened area represents the biphasic region of the system. The values are
given in mass fractions. Bottom: Time-dependent autocorrelation functions obtained by DLS experiments
at 25 ◦C and the calculated radii of the respective aggregates within the DLS and SLS measurements versus
the weight percentage of rapeseed oil assuming spherical geometry. The colours of the measuring points
correspond to the coloured compositions of the phase diagram.
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Figure 59: Ternary phase diagrams consisting of solketal, water and either diesel, FAME or MeC10 as
hydrophobic fuel component at 25 ◦C. The darkened areas represent the biphasic regions of the systems.
The values are given in mass fractions.

In general, the phase diagram of this system shows that water cannot be implemented

into biofuels satisfactorily in the presence of very hydrophobic biofuels like rapeseed oil.

To get closer to applicable hydrofuel formulations, mixtures consisting of water, solketal

and a fuel component, which is less hydrophobic than rapeseed oil, were investigated (see

Fig. 59). In these systems, the amphiphilic properties of solketal are essential to increase

the miscibility of water with the fuel. As shown in Fig. 59, water and diesel are completely

immiscible. By adding at least 90 wt% of solketal, the mixtures finally turn monophasic.

Further, there is a very small monophasic region for mixtures consisting of about 1 wt% of

water as well as solketal and 98 wt% of diesel. The comparison of the phase diagrams with

either FAME or MeC10 instead of diesel as fuel component illustrates the influence of the

hydrophobicity of the fuel on the size of the monophasic region of the mixtures. Replacing
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diesel by FAME, the monophasic region distinctly increases. The lower the amount of

water in mixtures with FAME, the less solketal is necessary. By using MeC10 instead

of FAME, the monophasic area even further increases with the same tendency towards

mixtures with low amounts of water. These results already show that the hydrotropy of

solketal, indeed, enables the implementation of at least a few wt% of water into biofuels.

Figure 60: Ternary phase diagrams consisting of solketal, FAME and either a mixture of ethanol (EtOH)
and water with a mass ratio of 50/50 or of butanol (BuOH) and water with a mass ratio of 85/15 at 25 ◦C.
The darkened areas represent the biphasic regions of the systems. The values are given in mass fractions.

Nevertheless, since typical biofuel formulations with glycerol derivatives will not exceed

amounts of about 10 wt% of the derivative, more hydrophilic substances are additionally

necessary to increase the compatibility of water. Therefore, the phase diagrams consisting

of solketal, FAME and either a mixture of ethanol and and water with a mass ratio of

50/50 or of butanol and water with a mass ratio of 85/15 are further examined. While

the presence of ethanol as mixing agent for water just slightly increases the monophasic

region of the system, the presence of butanol leads to a considerable monophasic area.

Even mixtures with about 10 wt% of solketal are viable in this system. Since butanol

is a very promising biofuel compound and currently intensively investigated by many

research groups, this new possibility to implement water into biofuels becomes even more

industrially interesting [280,286].
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4.2 Further applications of glycerol derivatives

4.2.1 Extraction systems based on glycerol derivatives

As explained in chapter 2.2.1, the potential of glycerol derivatives as alternative extracting

agents was also investigated within this thesis. At first, the extraction systems and settings

to extract α-tocopherol from rapeseed oil with different glycerol derivatives were deter-

mined and optimised. The subsequent extractions, especially with solketal as extracting

agent, led to promising results, as shown via HPLC (see also section 3.2.1.3). Due to an

optimised liquid-liquid extraction step with water afterwards, the antioxidant could be

isolated from the glycerol derivative.

4.2.1.1 Antioxidant extraction from vegetable oils

Figure 61: Phase separation temperatures versus the weight percentage of rapeseed oil in the binary and
ternary systems consisting of the vegetable oil and either triacetin (a), mixtures of triacetin and tributyrin
with different mass ratios (b) or solketal (c). The darkened areas represent the biphasic regions of these
systems.
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When developing new extraction methods, the miscibility behaviour of every component in

the extraction system must be examined in detail first. To this purpose, mixtures consis-

ting of rapeseed oil and different glycerol derivatives as well as combinations of them were

investigated, according to the binary system of ethanol and rapeseed oil in Fig. 32. The

binary phase diagram of the food approved triacetin and rapeseed oil is shown in Fig. 61b.

In general, high temperatures are necessary to obtain monophasic mixtures in this system.

While samples with high amounts of rapeseed oil become monophasic within the investi-

gated temperature range of 20-100 ◦C, the remaining compositions are still biphasic. Since

high temperatures facilitate the oxidation processes and thus lead to the degradation of

the extractant, i.e. lower yield, this system cannot be used without further optimisations.

With tributyrin showing no miscibility gap with rapeseed oil even at −10 ◦C, different

mixtures of triacetin and tributyrin were examined (see Fig. 61b). In particular, the phase

diagrams with triacetin/tributyrin mixtures with a mass ratio of 4:1 as well as 1:1 were

compared with the triacetin/rapeseed oil system. As expected, the higher the amount of

tributyrin, the lower the phase separation temperatures of the samples. In the case of a

1:1 mass ratio, these temperatures are between 0 and 55 ◦C, which are common extraction

temperatures for industrial processes. The binary phase diagram consisting of solketal

and rapeseed oil, depicted in Fig. 61c, possesses the most suitable phase separation tem-

peratures of the investigated systems. With these temperatures being between 30 and

40 ◦C even at low amounts of rapeseed oil, which is important for the actual extraction,

no further optimisations are necessary for this system. Concerning the developed biofuel

concept, the extraction of the valuable α-tocopherol with solketal could be realised within

the same facilities before the biofuel formulation, as solketal is added to the vegetable oil

anyway.

To decrease the phase separation temperatures of the triacetin/rapeseed oil system, the

influence of different, also food approved Tween and Span surfactants was examined. At

first, the single surfactants were added to a triacetin/rapeseed oil as well as an etha-

nol/rapeseed oil mixture as reference with a mass ratio of 1:1. Since very high amounts of

surfactants, partially more than 80 wt%, were necessary to obtain a monophasic mixture

at room temperature, combinations of Tween and Span were investigated. With Span

being more hydrophobic than Tween, it is evident that Span is more suitable for this

system and should thus be used in higher amounts than Tween. After screening possible

surfactant combinations in different mass ratios, a mixture of Tween 80 and Span 80 with

a mass ratio of 1:4 showed the highest efficiency in decreasing the phase separation tem-

peratures of both systems. Therefore, the influence of 5, 10 and 15 wt% of this surfactant

mixture on the binary phase diagrams of rapeseed oil and either ethanol or triacetin was

investigated. Fig. 62a shows that the higher the amount of surfactants added to mixtures

consisting of ethanol and a maximum of 70 wt% of rapeseed oil, the lower their phase
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separation temperatures. Above 70 wt% of rapeseed oil, these temperatures are increased.

Unfortunately, these amounts of surfactants do not significantly change the phase sepa-

ration behaviour of the system triacetin/rapeseed oil (see Fig. 62b). Just for very high

amounts of rapeseed oil, the phase separation temperatures are reduced with increasing

amount of surfactants. For the sake of completeness, 5 wt% of the surfactant mixture

were also added to the solketal/rapeseed oil system (see Fig. 62c). Already in presence

of this small amount of surfactants, the phase separation temperatures are reduced close

to room temperature. Even if the subsequent extraction experiments with solketal are

performed without surfactants, this result at least shows that the extraction temperature

can be precisely adjusted by adding this surfactant mixture.

Figure 62: Influence of different amounts of a surfactant mixture consisting of Tween 80 and Span 80
with a mass ratio of 1:4 on the phase separation temperatures of binary mixtures composed of rapeseed
oil and either ethanol (a), triacetin (b) or solketal (c). The darkened areas represent the biphasic regions
of these systems.
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Before investigating the extraction processes, the HPLC chromatograms of the single com-

ponents, used within these experiments, were necessary. Fig. 63 shows that, with the chro-

matography settings described in section 3.2.1.3, α-tocopherol possesses a huge absorption

peak at about 11 min. This peak is distinctly separated from any other signal of the differ-

ent components in the system. While triacetin and ethanol do not show any absorption,

the experiments with the surfactant mixture as well as pentanol just lead to small signals

within the first minutes. The chromatogram of rapeseed oil shows two well defined, but

small peaks. The first signal between 9 and 10 min refers to the absorption of the fatty acid

chains of rapeseed oil, whereas the second one at about 11 min indicates the α-tocopherol

content of this vegetable oil. Even if the conditions of the triacetin system were conceiva-

bly bad concerning the intended extraction experiments, further investigations were still

performed, since this system would allow applications in food industry.

Figure 63: HPLC chromatograms of the single components used within the extraction experiments.

Table 13 shows the compositions of the prepared samples for the extraction experiments

with triacetin (A) and ethanol (E). Due to limited possibilities because of the phase

diagram, samples with very high amounts of rapeseed oil, in particular 80, 85 and 90 wt%,

were used in the triacetin system as well as in the ethanol system for comparison. To

all samples except A5, 0.1 wt% of α-tocopherol were added to the biphasic mixtures to

facilitate the detection afterwards. Further, 10 wt% of the surfactant mixture were used

for the samples A4 and E1-3 to increase the miscibility of the systems and to examine
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the influence of the surfactants on the extraction process. All samples were heated up to

100 ◦C for one hour to become monophasic, with the ethanol mixtures being additionally

sealed with parafilm, and cooled down to room temperature over night.

Table 13: Compositions of the investigated samples of the triacetin (A) as well as ethanol (E) extraction
system. The surfactant mixture consists of Tween 80 and Span 80 with a mass ratio of 1:4.

Sample ωRapeseed oil[wt%] ωα-Tocopherol[wt%] ωSurfactants[wt%]

A1 80 0.1 –

A2 85 0.1 –

A3 90 0.1 –

A4 85 0.1 10

A5 85 – –

E1 80 0.1 10

E2 85 0.1 10

E3 90 0.1 10

E4 85 0.1 –

Figure 64: HPLC chromatograms of the separated triacetin as well as rapeseed oil phase of the samples
A3 and A4.
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This new phase separation is supposed to be the extraction process of the antioxidant.

Since α-tocopherol possesses a rather hydrophilic part, the interactions with the extracting

agent could be strong enough during the monophasic state to be extracted from the vege-

table oil. Fig. 64 shows the best results of these experiments. Since cooling down to room

temperature over night did not lead to a defined phase separation and thus sampling was

very difficult, the rapeseed oil peak is present in the chromatogram of triacetin and vice

versa. By comparing the peak ratios of the rapeseed oil and α-tocopherol peak in the

chromatograms of both phases, conclusions can be drawn about the effectiveness of the

extraction processes. In particular, there is 1.1 wt% more α-tocopherol in the triacetin

phase than in the rapeseed oil phase for sample A3 and 0.4 wt% more α-tocopherol for

sample A4. The extraction process did not work for the other triacetin samples, including

A2, which is similar to A4, but without surfactants. This indicates that the presence

of the surfactant mixture enhances the process. It is also remarkable that no antioxi-

dant extraction was achieved within the ethanol system, irrespectively of the presence of

surfactants.

Table 14: Compositions of the investigated samples of the solketal extraction system.

Sample ωRapeseed oil[wt%] ωSolketal[wt%]

F1 10 90

F2 15 85

F3 20 80

F4 70 30

F5 75 25

F6 80 20

Obviously, these harsh extraction conditions and the unfavourable extraction system do

not lead to striking results. Nevertheless, these experiments show that the developed,

but very simple extraction process could work in principal and that further investigations

on the usage of better miscible extracting agents, e.g. solketal, is worthwile. Therefore,

different samples within the solketal extraction system were prepared (see Table 14). Due

to its favourable phase separation temperatures, shown in Fig. 61, no surfactants were

necessary for the extraction process. Table 14 further indicates that, again because of the

phase diagram, a broad range of compositions was investigated. In particular, samples

containing either high or low amounts of rapeseed oil were examined by heating them up

to just 45 ◦C for one hour and cooling them down to room temperature for three days.

These mild conditions already ensure that no degradation or other oxidation processes

take place during the extraction process.
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Figure 65: HPLC chromatograms of pure solketal and the separated solketal as well as rapeseed oil phase
of the samples F3 and F4.

Fig. 65 shows the HPLC chromatograms of pure solketal as well as of the samples with

the best results. Similar to triacetin, solketal does not possess any peaks close to the one

of α-tocopherol. Surprisingly, the antioxidant extraction did just work for two completely

different compositions. While there is 43 wt% more α-tocopherol in the solketal phase of

F3 than in the rapeseed oil, it is 6.5 wt% more α-tocopherol in F4. Based on these results,

the influence of every process parameter on the extraction yield was investigated in detail.

This included different sampling techniques to avoid contaminations due to the other

phase, e.g. usage of different pipettes and syringes, varying temperatures and durations

128



RESULTS AND DISCUSSION

for the extraction as well as phase separation process and different scales to examine the

reproducibility. In general, once the mixture turned monophasic, the duration of this

condition does not influence the yield of the antioxidant extraction. The same applies

to the phase separation, i.e. cooling process. The examined sampling methods as well as

bigger scales led to rather worse than better results. These extractions already indicate

that glycerol derivatives could play an important role as alternative extracting agents in

the future.

4.2.1.2 Separation of antioxidants from glycerol derivatives

After successfully extracting α-tocopherol from rapeseed oil with glycerol derivatives, in

particular solketal, several methods to separate the antioxidant from the extracting agent

were examined. This is especially important for use in food industry, as solketal has

not been food approved yet. Since the extraction is already as simple as possible, the

separation process should also be easily applicable. Therefore, another liquid-liquid ex-

traction step with water as extracting agent was further investigated, as α-tocopherol is

not soluble in water. With many different extraction parameters being examined, Table 15

shows just the experiments concerning the influence of the mixing and demixing process

on the separation method. After solubilising either 1 wt% (E1-4 and E6) or 10 wt% (E5)

of α-tocopherol in solketal, 5 g of water were added to every sample.

Table 15: Compositions of the investigated samples and methods consisting of α-tocopherol (α-Toco),
solketal and water within the liquid-liquid extraction process with water.

Sample ωα-Toco[wt%] ωSolketal[wt%] ωWater[wt%] Method

E1 0.17 16.5 83.33 Vortex

E2 0.17 16.5 83.33 1 day at 0 ◦C

E3 0.17 16.5 83.33 Shaken by hand

E4 0.17 16.5 83.33 Centrifuge

E5 1.7 15 83.33 Centrifuge

E6 0.17 16.5 83.33 Vortex
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Figure 66: Top: Emulsions E2 (a) and E5 (b) of the separation experiments of antioxidants from glycerol
derivatives with water. While E2 illustrates that this liquid-liquid extraction leads to emulsions that
are stable for months, E5 shows a pure, yellow α-tocopherol phase on the surface of the mixture after
centrifugation. Bottom: Microscopic images of the one week old sample E1 (c) and the freshly prepared
mixture E6 (d) at ten times magnification.

Adding water to the α-tocopherol/solketal mixture leads to very stable and turbid emul-

sions (see Fig. 66a). Even after several months, no phase boundary is observable. Thus, the

mixing and demixing methods, given in Table 15, do not influence the extraction process

concerning the isolation of α-tocopherol. In reference to the Ouzo-effect, this system could

have very similar properties, with the amphiphilic solketal stabilising the hydrophobic an-

tioxidant droplets in water [205,287]. With higher amounts of the antioxidant, represented

by sample E5, the presence of water causes the formation of a α-tocopherol layer on top

of the mixture. After centrifuging the mixture for one minute at 4700 rpm and 20 ◦C, the

α-tocopherol phase is visually observable (see Fig. 66b). To further investigate the stabi-

lity of these emulsions, sample E1 was examined under the microscope after one week and

compared with the freshly prepared mixture E6 with the same composition. The compa-

rison of the microscopic images in Fig. 66c-d shows that E1 possesses less, but distinctly

bigger droplets, whereas E6 consists of very small droplets that are rather homogeneously
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distributed. These images indicate that there is a very slow phase separation process,

driven by Ostwald ripening. In the next step, varying amounts of the antioxidant and

water were used. While higher amounts of α-tocopherol lead to an observable antioxidant

phase on top of the mixture already before centrifugation, the amount of water does not

influence the phase separation before and even after centrifugation. Further parameters

like the centrifugation time and temperature as well as the sample volume did not change

the phase separation duration and yield. The phase separation can also be influenced by

the presence of salts. These so-called salting-in and salting-out effects were examined with

NaCl, (NH4)2SO4 and K4P2O7. In this system, the salting-out effect is important, since

the oil phase, i.e. α-tocopherol, should be separated from the water phase. Indeed, the

addition of these salts leads to the formation of a clear water phase and an oily phase on

top. Therefore, there are several possibilities within the liquid-liquid water extraction to

accelerate the isolation of α-tocopherol.
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4.2.2 Alternatives to ethanol as freezing point depressant

Since the amphiphilic properties of glycerol derivatives were already examined in detail

within this thesis, the research contract of WIGO Chemie GmbH to find sustainable

alternatives to ethanol in winter windscreen cleaner formulations was feasible. After a

complicated, but eventually successful method development, the freezing points of the

aqueous systems could be determined reproducibly. With several potential, alternative

substances being investigated, the glycerol derivative solketal, once again, led to the most

promising and directly applicable results.

4.2.2.1 Method development

Figure 67: Chemical structures of some of the used substances as potential freezing point depressants. In
particular, 1,2-propanediol, betaine, D-fructose, dimethyl sulfoxide (DMSO) and solketal were investigated.

To avoid the same problems as with ethanol as freezing point depressant, the alternative

substances need high flash points. Fig. 67 shows the chosen chemicals, except solketal,

which either have high flash points or are even solid at room temperature like fructose and

betaine. Further, these compounds are non-toxic, cheap, producible via green syntheses

and they possess low freezing points, except for the solids. Betaine was chosen as typical

hygroscopic osmolyte, whereas the other substances are either hydrogen-bond donors like

1,2-propanediol, solketal and fructose or hydrogen-bond acceptors like DMSO, which are

known to induce deep eutectic solvents.
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Figure 68: Exemplary microscopic images of the freezing behaviours of binary mixtures of water and a
freezing point depressant. Either single crystals were formed during the freezing process (a-b) or the whole
mixture froze completely (c-d). The images (b) and (d) are magnifications of (a) and (c), respectively.

At the beginning of these investigations, a polarisation microscope with a cooling system

was used to visually observe the formation of crystals during the freezing process. For

that, one drop of a sample was just put on an object slide. Fig. 68 shows that either single

crystals are formed during the freezing process or the mixture froze completely. As the

measured freezing points within these experiments were unexpectedly high and not repro-

ducible, further optimisations were necessary (see Fig. 69). By installing a glove box with

a nitrogen flux, the influence of the ambient humidity and thus water condensation around

the drop could be prevented. Simultaneously, differential scanning calorimetry (DSC) was

used to verify these results. The results of these different microscopic experiments and

DSC measurements are summarised in Fig. 69.

Fig. 69a shows that the freezing points of the system 1,2-propanediol/water, obtained by

DSC as well as microscopic determination, are rather similar. The same accounts for the

microscopic experiments with and without a glovebox in the betaine as well as fructose

system, whereby the presence of the glovebox distinctly increases the reproducibility (see

Fig. 69c-d). For the solketal mixtures, given in Fig. 69b, both methods were used to in-

vestigate its freezing points. The differences between the results of these experiments in

this system, however, are too significant to assure a reliable conclusion. Further, concern-

ing every examined system, the freezing points are generally very low. With the freezing

point benchmark being −40 ◦C, every freezing point depressant could be an alternative

to ethanol. Nevertheless, considering the results for 0 wt% of the depressants, i.e. pure
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water, the main problem of these experiments becomes obvious: Due to supercooling,

pure water freezes at about −18 ◦C within these measurements. This in turn also queries

the reliability of the other freezing points. Therefore, a cryoscopic apparatus according

to Beckmann, explained in section 2.2.2.1, was used for the subsequent investigations to

avoid supercooling.

Figure 69: Freezing points of binary systems consisting of water and either 1,2-propanediol (propanediol,
a), solketal (b), betaine (c) or fructose (d) obtained by microscopic determination with and without a glove
box as well as DSC measurements versus the weight percentage of the freezing point depressant.
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4.2.2.2 Cryoscopic measurements with alternative substances

Figure 70: Freezing points of binary systems consisting of water and either 1,2-propanediol (propanediol,
a), betaine (b), fructose (c) or dimethyl sulfoxide (DMSO, d) obtained by the cryoscopic experiments as
well as the measuring process of WIGO versus the weight percentage of the freezing point depressant.

Fig. 70 shows the freezing points of binary mixtures of water with different freezing point

depressants, obtained by the cryoscopic apparatus according to Beckmann and the meas-

uring process of WIGO. Since these measurements were performed at temperatures down

to −60 ◦C, those freezing points are missing that are below this value. In particular, this

applies to mixtures with either 60 wt% or more of 1,2-propanediol and between 40 and

80 wt% of DMSO. In general, the comparison of the results obtained by the cryoscopic

apparatus with the reference values determined with WIGO’s setup makes clear that the

developed method leads to reliable results. While the freezing points of the water/fructose

system do not decrease sufficiently enough with an increasing amount of fructose, the other

systems are more promising. The presence of betaine reduces the freezing point of water

below −30 ◦C. Once more than 50 wt% of betaine are used, the freezing points increase

due to the limited solubility of betaine in water. As this problem does not occur in the

systems with the liquids 1,2-propanediol and DMSO, the freezing points are distinctly
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decreased even at higher amounts of the depressants. Concerning the mixtures with more

than 70 wt% of DMSO, however, the freezing points increase, but are still very low. Besides

the fact that the industrial synthesis of DMSO is not green, it could be an alternative to

ethanol in these formulations. When using 1,2-propanediol in high amounts, the viscosity

is increased, which in turn makes the application as windscreen cleaner more difficult,

since a layer of the mixture could possibly remain on the surface.

The same experiments were performed with solketal as freezing point depressant (see

Fig. 71). Even though the presence of solketal reduces the freezing point of water, an-

other effect occurred: Samples that were at least one day old possessed far lower freezing

points than freshly prepared mixtures. This observation was also verified during the

measurements in WIGO’s head office. With these reduced freezing points, solketal turned

out to be the most promising alternative to ethanol as freezing point depressant within

these investigations. An explanation for this effect could be the degradation of solketal

into acetone and glycerol, which would in turn further reduce the freezing point of the

mixture. This degradation, however, can be excluded, since solketal is stable at pH-values

above 5. As WIGO was already satisfied with these results, no further experiments were

performed to obtain more information on this unexpected behaviour.

Figure 71: Freezing points of the binary system consisting of water and solketal obtained by the cryoscopic
experiments as well as the measuring process of WIGO versus the weight percentage of solketal. These
measurements were performed with freshly prepared (fresh) as well as at least one day old (old) mixtures.
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5 Conclusion and outlook

Within the scope of this thesis, a new concept of biofuels was developed, which enables

the usage of high amounts of vegetable oils and glycerol derivatives simultaneously in mix-

tures with FAME. These biofuels are directly applicable in unmodified, up-to-date diesel

engines. This concept significantly enhances the profitability of FAME production and

thus strongly contributes to the sustainability of future biofuels. This work also shows

that the presence of glycerol derivatives even leads to several advantages concerning the

fuel’s properties and the possible implementation of further components. In particular, the

amphiphilic character of solketal and tributyrin enables the usage of natural, hydrophilic

antioxidants in vegetable oil-containing biofuels. After optimising the composition of the

antioxidants in these formulations, they were even more effective than the commonly used,

highly toxic hydroquinones. Regarding the concept of hydrofuels, the complete miscibi-

lity of solketal with water led to further progress in this research topic. In combination

with currently promising biofuel compounds like butanol, water can be implemented into

FAME-containing biofuels due to the presence of solketal without any surfactants. This

new class of biofuels enables adapted compositions depending on the application and also

the usage as possible drop-in fuel without any or just a few further additives. Additionally,

the presence of nanostructures in ethanol-containing biofuels could finally be indisputa-

bly verified. Due to the precise specification of the structured areas in an exemplary

ethanol-containing biofuel, the influence of these structures on relevant physicochemical

parameters and thus on their fuel properties could be shown.

137



CONCLUSION AND OUTLOOK

The applicability of these amphiphilic glycerol derivatives in completely different, indus-

trial processes, in particular as extracting agents for antioxidants from vegetable oils and

as alternatives to ethanol as freezing point depressants was also investigated. For the first

possible application, a simple extraction and detection as well as isolation method was

developed. While the food approved triacetin could possibly only be used in combina-

tion with tributyrin to extract small amounts of antioxidants from vegetable oils, the first

extractions with solketal as extracting agent were successful. Due to a subsequent liquid-

liquid extraction with water or the addition of salt, the extracted α-tocopherol could be

isolated. With regard to the biofuel concept, the extraction of this antioxidant with solke-

tal could be realised within the same facilities before the biofuel formulation, as solketal is

added to the vegetable oil anyway. Nevertheless, a lot more optimisations are necessary to

ensure reproducible results and higher extraction yields. For another application, several

different, possible alternatives to ethanol as freezing point depressants were investigated.

Once again, solketal led to the best results and thus, the research contract of WIGO Che-

mie GmbH could be successfully fulfilled, since the glycerol derivative reduced the freezing

point of water sufficiently enough.

Due to several publications, national as well as international presentations and the pat-

ent about the developed biofuel concept, there are currently many further projects and

collaborations with different research groups and companies. Especially the Handelshaus

Runkel, which will start selling its own biofuel in Austria this year, is interested in several

aspects of this concept. On the one hand, it still needs the synthetic and highly toxic

hydroquinones as antioxidants in its product and on the other hand, Handelshaus Runkel

is highly interested in the implementation of water into its biofuel. From its point of view,

possible higher costs due to the usage of natural, more expensive antioxidants are negligi-

ble, as the consumer is already willing to pay more for completely green products. Further,

Volkswagen AG will perform some emission and combustion tests with our biofuels under

the supervision of Prof. Dr. Thomas Garbe, who is one of the leading fuel developer of

Volkswagen. According to him, biofuels should not be treated as potential transition solu-

tions. If they possess ecologically acceptable properties, there is no reason to completely

switch to electric mobility. Additionally, a sample of the optimised antioxidant mixture,

solubilised in solketal, was sent to the University of Applied Sciences Coburg to be further

examined by the research group of Dr. Olaf Schröder.

This work is also continued within the master thesis of Florian Kerkel. Besides changing

the components of the developed biofuel concept, e.g. the less viscous palm oil instead

of rapeseed oil, further glycerol derivatives will be investigated. In particular, the main

producer of solketal, GLACONCHEMIE GmbH, is currently building a factory in the

Netherlands to produce glycerol formal on a high scale. Since this glycerol derivative

should be more hydrophilic than solketal, its properties as biofuel component could be
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completely different. In contrast to glycerol formal, the characterisation of the product

of the addition reaction of 2-butanone, which is currently highly praised as future E-fuel,

with glycerol will also be examined in this thesis. With this product being more hydro-

phobic than solketal, there are many possibilities for further optimisations of the whole

concept.
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