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Evaluation of a furan component as potential biofuel
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For a comprehensive evaluation of a potential alternative fuel various criteria need to be taken into
account. If the fuel design and development process is still at an early stage, the first assessment of the
fuel has to be reduced to a limited set of crucial aspects. From the perspective of the combustion process
and the powertrain system, the fuel properties must comply with the particular fuel standard. Also the
combustion behavior of the fuel must be compatible to the specific combustion process. From the process
engineering point of view, the availability of an appropriate fuel production process is of great importance.
Especially the productivity and the production cost of the targeted biofuel component are of great
importance. This work describes this early stage evaluation for the furan component Ethyl
Tetrahydrofurfuryl Ether (ETE) as potential diesel biofuel.
____________________

Corresponding author: linda.witzke@volkswagen.de
Introduction

challenging characteristics regarding the cold start
ability of the engine. From these reasons the
question arises for an alternative production
pathway of diesel fuel from carbohydrate biomass.

Biofuels can be produced sustainably from
renewable resources, especially from residue
biomass. Biofuels which are compatible to the
existing powertrain system represent an important
part of the future mobility.
Most of the biomass material available worldwide,
precisely about 75 %, belong to the category of
carbohydrate biomass [1]. Carbohydrates can be
categorized into sugar, starch, cellulose,
hemicellulose, consisting of the sugar component
glucose as monomer. Glucose also serves as a
platform chemical, because it represents the
feedstock for various subsequent fuel production
processes. For example, the production process of
ethanol via microbial fermentation of yeast
represents the state of the art process in the field
of fuel production (Fig.1) [2].

Approach
At the early stage of such an evaluation of a
potential biofuel, usually only a few tests must be
sufficient for a first assessment. The aspects are
the compatibility of the targeted fuel component for
the
considered
combustion
process,
the
productivity and efficiency of the production
process and the estimation of the expected
production costs.
This work evaluates the furan component Ethyl
Tetrahydrofurfuryl Ether (ETE). To investigate the
combustion behavior ETE was tested as 20 %
blend fuel component in mixture with fossil diesel
fuel (ETE20) on a single cylinder test bench. With
the help of numerical simulation methods, the
ignition behavior of the furan component ETE was
investigated. Focussing on the production process,
a theoretical production layout was set up to look
on the characteristics of a potential ETE production
process, especially from the perspective of
productivity and production costs.

Fig. 1: Glucose formation from biomass degradation
and subsequent biofuel production pathways [2]

Results
Compatibility to the combustion process
From the literature it is known, that some furan
components were investigated with regard to their
combustion behavior. For example Tetrahydro-2Methylfuran (MTHF), 2-Methylfuran (2-MF) [3] or
Dimethylfuran (DMF) were tested for their potential
as fuel.
The fuel standard EN590 determines the physical
and chemical characteristics of diesel fuel. The fuel
mixture ETE20 fulfills the requirements, except for
a higher fuel density. The heating value of ETE20

Motivation
Current renewable diesel fuels like e.g. Biodiesel
(FAME) are based either on plant oils or they are
made from waste biomass via gasification
processes. From the intermediate synthesis gas
various gasoline and diesel fuel products can be
synthesized. But there are some disadvantages of
the synthesis gas processes, the process
engineering is quite complex and the energy
consumption is high. Biodiesel (FAME) shows
7
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is reduced in comparison to the reference diesel
fuel, which result in an increasing volumetric fuel
consumption. The tests regarding combustion
behavior result in reduced particle emissions. This
effect is known from experiences with oxygenated
fuels. ETE20 shows satisfactory self-ignition
behavior.
Beside the experimental investigations, also
numerical simulations were applied. In order to
analyze the differences in ignition delay between a
furan component and n-heptane, serving as model
component for diesel, the chemical reaction
kinetics of ETE and Tetrahydrofuran (THF) were
used (see Figure 2).

to ETE could be realized. Sugar and ethanol are
the major input to synthesize a furan intermediate
component via acidic dehydration. Subsequently, a
Hydrotreating step could do the conversion to ETE.
For the entire production process, the estimated
balances of mass and energy and the process
efficiencies were set up.
The estimation of production cost is an useful
criterion to evaluate the economic conditions for
the targeted potential biofuel. Based on the
theoretical plant layout and flow chart, the
production costs are estimated. Therefore, the
investment cost of the main facilities and the
operating costs are required to calculate the
production cost. The evaluation of these implies
that economic profitability cannot be reached
within the present conditions.
Summary
The evaluation of the combustion behavior, as well
as the production process concept and the
economic perspective give a rough but deciding
view on the potential biofuel, i.e. potential
advantages and challenges which need to be
faced. In the present work some advantages of
ETE20 were identified. The furan shows typical
combustion behavior of an oxygenated fuel and
hence shows reduced particle emissions. From the
production process point of view, acceptable
theoretical mass and energy yields can be
reached. The reduced heating value represents a
challenge. The production cost and economic
profitability can be estimated as not appropriate. In
summary the work demonstrates that the applied
assessment enables the early stage evaluation of
the potential of ETE as biofuel.

Fig. 2: Arrhenius-Plot: Ignition delay, depending on
the temperature for the fuel components THF, ETE,
THF20, ETE20 and n-heptane for the fuel-air-ratio ϕ =1

From the Arrhenius-Plot, it can be concluded, that
the ignition delay time of the furan components
increase in comparison to n-heptane. Furthermore,
pure THF has no negative temperature coefficient
(NTC) in the region between 850…1100 Kelvin,
but ETE shows a less distinct NTC. For the blend
components THF20 and ETE20, the NTC is
recognizable. Taking the aspect of exhaust gas
recycle (EGR) into account, ETE seems to be less
sensitive to an increased rate of EGR than nheptane.

References
[1] A.Corma, S. Iborra, A.Velty, Chemical Routes for the
Transformation of Biomass into Chemicals, Chem.
Rev., 107, 2411 - 2502 (2007).
[2] Dr. F. Seyfried, Dr. M. Lohrmann, J. Hentschel,
L. Witzke, Zukünftiges Energieportfolio für PKW, 8th
VDI conference „Innovative Fahrzeugantriebe“,
Dresden (2012).

Evaluation of the production process
Up to now, no production process for the furan
ETE has been established. To gain an impression
of a potential production process, a theoretical
concept for the conversion of sugar into the furan
ETE was developed. Basically, with a two-step
chemical-catalytic process the conversion of sugar

[3] M. Thewes, M. Budde, S. Pischinger, Experimental
Investigation of the Fuel Influence on Mixture
Formation and Engine Performance of a GDI Engine,
4. TMFB International Workshop: Tailor-Made Fuels
from Biomass (2011).
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The amount of fossil fuel is limited. For that reason, biodiesel will become an important part of energy
supply in the future. A significant problem occurring by the use of biodiesel is its lower oxidation stability
compared with fossil diesel fuel, caused by unsaturated fatty acid methyl esters (FAME). Oxidation
products can cause a higher corrosive potential, precipitates and filter clogging. To prevent oxidation
reactions, antioxidants are needed. It was found that hydrazides increases the oxidation stability of diesel
fuels, determined by the Rancimat (DIN EN 15751) and PetroOxy (DIN EN 16091).
____________________

Corresponding author: ferdinand.baer@tac-coburg.com, olaf.schroeder@tac-coburg.com
Introduction
Due to the limitation of fossil fuel an alternative
must be found. Transesterification of vegetable oils
to fatty acid methyl esters (FAME) leads to a
suitable fuel for diesel engines called biodiesel.
However, blending of biodiesel into fossil fuel may
be a reason for further problems. The unsaturated
compounds in biodiesel tends to oxidize and form
short chain degradation products and highly
viscous oligomers. Short chain degradation
products such as low-molecular weight acids
increase the corrosive potential of the fuel and
form injector deposits (Kaul et al., 2007; Sorate
und Bhale, 2015). High molecular and polar
molecules (oligomers) can form precipitates,
especially when the content of biodiesel is in the
range of about 10 % to 20 % (Schmidt, 2014).
Such precipitates can cause fuel filter clogging and
failure of fuel pumps. Antioxidants can inhibit the
reaction of fuel with oxygen and therefore they
increase the oxidation stability and prevent
damages.
Moreover, the use of biodiesel results in an
increase of NOx emissions relative to conventional
diesel fuel. To prevent this increase of NO x
emissions, several strategies are possible. With a
known biodiesel blend concentration in diesel fuel,
the engine management system can adjust the
injection timing (Syassen et al., 2001). Another
way is the use of additives, such as hydrazides
which can reduce NOx formation to a range of 45
% (Krahl et al. 2010). However, these experiments
were carried out in an ignition bomb and not in an
engine.

hydrazides increased the oxidation stability of
biodiesel (rapseseed oil methyl ester, RME).
Rancimat tests indicates that five of this
hydrazides showed a better oxidation stabilizing
effect than commonly used antioxidants like
butylhydroxytoluene
(BHT)
in
the
same
concentration (about 0.1 % by weight) (table 1).
The PetroOxy measurements indicate an oxidation
stabilizing effect for this five hydrazides, whereas
BHT was the best antioxidant in this experiments.

O

O

CH3
H2N

H2N

NH

Benzoic hydrazide

NH

p-Toluolic hydrazid

O
H2N

O

NH

O

CH3

N
H2N

m-Anisic hydrzide

Isonicotino hydrazide

OH

O
H2N

NH

NH

O
CH3

Vanillinic hydrazid

Experiments and Results
Studies of Bär and Krahl (2013) showed that the
use of NOx reducing hydrazides in diesel fuel
increased the oxidation stability. For this reason
further experiments with hydrazides in diesel fuel
have been done. The hydrazides were synthesized
and the oxidation stability was determined by
Rancimat (DIN EN 15751) and PetroOxy (DIN EN
16091) tests. Figure 1 presents some of the tested
hydrazides. It shows that 15 of 16 tested

H3C

CH3

OH
H3C

H3C

CH3
CH3

CH3

Butylhydroxytoluene
Fig. 1: Additives used in this work
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Neither burning chamber tests nor engine
experiments with hydrazides in a concentration of
0.12 % by weight showed a NOx reducing effect.
This behavior, stands in contrast to Krahl et al.
(2010) and is currently under investigation.

PetroOxy Rancimat
[min]
[h]
neat RME
19.60
5.16
Butylhydroxytoluene
56.18
15.20
Benzoic hydrazide
35.73
15.75
Isonicotino hydrazide
40.65
16.52
p-Toluolic hydrazid
36.31
16.04
Vanillinic hydrazid
46.95
17.93
m-Anisic hydrazid
37.40
19.74
Tab. 1: Oxidation stability measurements (additive
concentration 7.26 mmol/kg)
Additive

Summary
Tests with Rancimat (DIN EN 15751) and
PetroOxy (DIN EN 16091) carried out a promising
oxidation stabilizing effect of hydrazides. The NO x
reducing effect reported by Krahl et al. (2010) and
Bär and Krahl (2013), tested by using an ignition
bomb, could not be reproduced.

Additionally, hints have been found that natural
antioxidants like α-tocopherol and carotenoids form
an antioxidant system with hydrazides, which
means the effect arising between the antioxidants
together is greater than the sum of their individual
effects. Such synergisms are known e.g. for BHT
and ascorbic acid (Murrenhoff et al., 2004) or for
BHT and butylhyodroxyanisole (BHA) (Guzman et
al., 2009).

References
[1] ASG – Analytik-Service Gesellschaft;
http://www.afida.eu (19 March 2015)
[2] Bär, F., Krahl, J.; Schaffung eines Kraftstoffs mit
geringem NO2-Ausstoß und hohem
Biogenitätsgehalt; Abschlussbericht zum
Forschungsvorhaben, 2013.

Furthermore, the NOx reducing effect was tested
with an ignition bomb (Advanced Fuel Ignition
Delay Analyser – AFIDA (ASG Analytik-Service
Gesellschaft) (figure 2) and a Farymann single
cylinder four stroke diesel engine.

[3] Guzman, R. de, Tang, H., Salley, S., Ng, K. Y. S.;
Synergistic Effects of Antioxidants on the Oxidative
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automotive system compatibility issues; Renewable
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2015.
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Krahl. J., Mousan, B., Munack, A., Schröder, O.,
Schulze, L., Stein, H., Tschöke, H.:
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Fig. 2: Advanced Fuel Ignition Delay Analyzer
(AFIDA) (ASG, 2015)
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Though biodiesel is emerging as a potential replacement for petro-diesel, its poor oxidation stability is
one of the reasons for difficulties in its distribution and adaptation after long period of storage. Unlike
some biodiesel kinetics work reported based on surrogate fuel approximation, this work proposes a
skeletal kinetic model for biodiesel autoxidation based on its composition. An existing autoxidation
mechanism of petro-diesel available in literature is adapted for biodiesel considering major components of
biodiesel composition with their interaction and peroxide decomposition reactions.
____________________
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Introduction

main components in the majority of the biodiesels
are listed in Table 2. Knothe et al. found that only
unsaturated components (components which
contain double bond) are highly responsible for
autoxidation reactions [4].

Biodiesel is considered as a potential replacement
for petro-diesel, however the biodiesel market
growth is hindered by the fact that it has poor
oxidation stability compared to conventional diesel.
Standardization and fuel quality assurance are
important factors for the biodiesel market
acceptance, and storage stability is one of the
main quality criteria. Biodiesel chemically reacts
with the dissolved oxygen via an autoxidation
chain mechanism. Hence, its properties are
deteriorating and producing deposits. The ability to
accurately estimate the oxidation stability of
biodiesel is therefore essential for the storage and
use of biofuels. In this work, an initial modeling
capability to predict oxidation stability is
established. This work consists of various steps
that were performed to develop and validate the
newly developed biodiesel autoxidation model.

Table 2: Important biodiesel components
Component
name
Palmitic
Stearic
Oleic
Linoleic
Linolenic

Table 1 : Basic Autoxidation Scheme (BAS)
1 I  R
2 R + O2 
RO2
3 RO2 + RH 
ROOH + R
4 RO2 + RO2 
Termination
5 R + RO2 
Termination
6 R + R 
Termination

A
(mol,L,s)
0.001
3.0E9

Ea
(kcal/mol)
0.0
0.0

Type

3.0E9

12.0

Propagation

3.0E9

0.0

Termination

3.0E9

0.0

Termination

3.0E9

0.0

Termination

C16:0, Contains 16 carbons; no double
bond
C18:0, Contains 18 carbons; no double
bond
C18:1, Contains 18 carbons; one double
bond
C18:2, Contains 18 carbons; two double
bonds
C18:3, Contains 18 carbons; three
double bonds

Previous effort to model the biodiesel autoxidation
did not differentiate different biodiesel [5]. In this
work, efforts are made to model biodiesel
autoxidation based on its composition so that it can
differentiate the biodiesels. The purpose of this
study was to use an predictive modeling approach
to model biodiesel oxidation stability and validate it
against experimental results.

Generally, the autoxidation of organic materials
can be analyzed by the kinetic scheme listed in
Table 1 developed by Gillen et al. [1]. It is widely
known as the basic autoxidation scheme (BAS).

Reaction

Notation & Description

Approach / Test set-up
Initiation
Propagation

The first step in the predictive modeling approach
was the development of basic biodiesel
autoxidation (BBA) model from the basic
autoxidation scheme (BAS) which has the
capability to predict the oxidation stability of
different biodiesels. This model is built with the
help of four sub-models namely methyl oleate
model, methyl linoleate model, methyl linolenate
model, methyl stearate model. These are the main
components in the majority of biodiesels combined
with an interaction model which links these submodels. Totally the model contains 38 reactions.
The Arrhenius coefficient and activation energy for
all the reactions described in the model were
estimated based on the literature values of the
reactions which resembles them and from the

The fatty acid composition of different biodiesels
can vary considerably. The fatty acid composition
of biodiesel is a major factor influencing
autoxidation [2]. The fatty acid chains of biodiesel
contain primarily 16 or 18 carbon atoms and
consisting of zero to three double bonds [3]. The
11
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relative reactivities between the components. In
Figure 1 the biodiesel autoxidation (BA) model is
compared with experimental data from Yamane et
al. [6]. The difference between experiments and
numerical work is relatively small and the overall
behavior is consistent and promising.

obtained from the BA model. Reasonable
simulations of the Rancimat Induction Period (RIP)
were obtained for the different biodiesels. The BA
model even predicted reasonable induction period
for the biodiesels which also contain other
unsaturated components.

Results

Summary
The paper discusses a skeletal reaction model for
the prediction of oxidation stability based on
biodiesel compositional details considering the
major
unsaturated constituents namely methyl oleate,
methyl linoleate and methyl linolenate and a
representative saturated component namely
methyl stearate and validated against the available
experimental data. The model predictions reveal
that:
 The model predictions are found to
underestimate the normalized concentration of
the constituents by 20% and when optimized
using genetic algorithm the accuracy of
predictions improve to 5%,

The first step in the predictive modeling approach
was the development of basic biodiesel
autoxidation (BBA) model from the basic
autoxidation scheme (BAS) which has the
capability to predict the oxidation stability of
different biodiesels. This model is built with the
help of four sub-models namely methyl oleate
model, methyl linoleate model, methyl linolenate
model, methyl stearate model. These are the main
components in the majority of biodiesels combined
with an interaction model which links these submodels. Totally the model contains 38 reactions.
The Arrhenius coefficient and activation energy for
all the reactions described in the model were
estimated based on the literature values of the
reactions which resembles them and from the
relative reactivities between the components. In
Figure 1 the biodiesel autoxidation (BA) model is
compared with experimental data from Yamane et
al. [6]. The difference between experiments and
numerical work is relatively small and the overall
behavior is consistent and promising.

This skeletal model successfully incorporates
biodiesel composition effects for predicting
autoxidation vis-a-vis the surrogate based models.
Its further evolution is being pursued for
understanding biodiesel oxidation stability.
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Figure 1: Volumetric fraction of methyl oleate, methyl
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(RME) at 383 K and 1 atm, simulated using optimized
biodiesel autoxidation (BA) model. Markers represent
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The final step was the validation of Rancimat
oxidation stability results with the simulation results
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The search for efficient, sustainable transportation
fuels from lignocellulosic biomass is a major
aspect in the reduction of anthropogenic carbon
dioxide emissions. In an effort to vertically
integrate this search, the “Tailor-Made Fuels from
Biomass” (TMFB) project brought together
researchers from diverse fields (e.g. organic
chemists, chemical process engineers, and
combustion scientists) to collaborate in the
development of such novel bio-fuels. A major
challenge in this holistic approach is the
simultaneous development of new production
pathways for bio-fuels and the understanding of
their combustion properties. In this study, the
approach is highlighted for furan and tetrahydrofuran derivatives with diverse alkyl side chains.

the need of an external source of hydrogen was
envisaged. A selective catalytic defunctionalization
with a homogeneous transition-metal catalyst in a
multiphase reaction system should enable a
hydrogen-free pathway to furans. The novel
reactions sequence starts with fructose and yields
5-hydroxymethylfurfural after acid catalyzed
dehydration.
Subsequent
palladium-catalyzed
dehydroxylation in a two-phase reaction system
and successive decarbonylation results in 2methylfuran. Based on this technology related
catalytic
dehydration/hydrogenation
pathways
could be developed for the respective furan and
tetrahydrofuran based fuel candidates.
Ignition characteristics in the form of derived
cetane
numbers
(DCN)
of
furan
and
tetrahydrofuran
molecules
are
investigated
experimentally in an Ignition Quality Tester (IQT)
and yield a general classification of the application
range of these bio-fuels. Additionally, detailed
ignition delay time measurements are performed in
a rapid compression machine (RCM) at 20 bar and
low to intermediate temperatures. The wide range
of the investigated fuels allows for a detailed
analysis of the influence of side chain length and
location on the ignition behavior. Further, quantum
chemistry calculations at CBS-QB3 level of theory
are applied to determine bond dissociation
energies(BDEs)

Recently, progress in the development of furanbased fuels resulted in a reaction sequence to
produce 2,5-dimethylfuran from fructose and
glucose. First testing in a direct-injection sparkignition engine has revealed a knock resistance for
2,5-dimethylfuran that is in between research
octane number (RON) 95 fuel and ethanol, thus
making it an attractive possible fuel candidate.
However, the developed catalytic multiphase reaction sequence with numerous dehydration and
hydrogenolysis/hydrogenation
steps
required
excessive usage of molecular hydrogen.
Consequently, a transformation to furans without

Figure 1: Derived Cetane Numbers of saturated and furans.
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of improving their production processes
and
performing more extensive combustion studies and
is therewith an example for the beneficial
collaboration in the Core Interaction Field of the

and thereby suggest the initial reactions of the
ignition process for all of these fuels. Using the
calculated BDEs, it is found that the ignition
characteristics are similar among furan and
tetrahydrofuran compounds, but strongly differ
between these molecular classes. In the IQT (cf.
Figure 1), it is shown that the ignition behavior of
aromatic furans is strongly determined by the ring
structure. Hence, furan fuel structures can often be
chosen with respect to feasibility of the production
pathways and engine compatibility. On the
contrary, the side chain length for tetrahydrofurans
defines the potential application paradigm.
Tetrahydrofurans with short side chains are
candidates for SI application, whereas 2butyltetrahydrofuran may be a candidate for diesel
application. To investigate possible fuel application
scenarios, the ignition behavior of furanic fuel
blends in n-heptane and diesel fuel is evaluated. A
DCN mixing rule is found to be approximately
linear and for blends with up to 20 mol% furans,
the side chain structure has no distinct influence
on the blend DCN.

TMFB.

Figure 2: Ignition delay times of hydrated
furans at 20 bar and φ=1.

In addition to the side chain length, the influence of
its location on ignition is experimentally
investigated in the RCM for the group of alkyl
tetrahydrofuran derivatives. The ignition delay
times for 3-methyl tetrahydrofuran are shown to be
significantly shorter than for 2-methyl- and 2ethyltetrahydrofuran.
Based
on
the
BDE
simulations, the side chain adjacent to the oxygen
atom in the ring is found to impede internal
isomerization reactions and therewith reduce low
temperature reactivity. For the detailed analysis of
the ignition delays of alkylfurans, analogies to alkyl
benzenes are established. The comparison the
ignition delays and oxidation pathways of toluene
and 2-methylfuran yield the base for the evaluation
of the larger alkyl furans, for which reaction
pathways of ethyl- and butylbenzene are applied to
2-ethylfuran and 2-butylfuran which shows that
only for 2-butylfuran low temperature chain
branching reactions can occur. This is in good
agreement with the alkyl furan experimental data
shown in Figure 3, which shows much higher
reactivity of 2-butylfuran at low temperatures than
of 2-ethylfuran, 2-methylfuran, and furan.

Figure 3: Ignition delay times of furans
at 20 bar and φ=1.

The early identification of promising furans and
hydrated furans for diesel (2-methyl furan) and SI
engines (2-butyltetrahydrofuran)
application
allowed for the direct focus on these fuels in terms
14
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This extended abstract introduces the process of adopting and implementing modern text mining
approaches for the –research activity/output- analysis within the Cluster of Excellence (CoE) Tailor-Made
Fuels from Biomass at RWTH Aachen University. Text mining approaches are used in order to create an
overview over the CoE according to different dimensions e.g. research topics, keywords and methods.
Thereby, the initial results of the analysis of the research output by using common clustering algorithms,
namely Principal Component Analysis and k-means are presented. As one main part of this abstract, the
data driven approach is classified into benchmarking efforts, which are part of the research work of the so
called Supplementary Cluster Activities (SCA).
____________________
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Introduction
As part of TMFB, the Supplementary Cluster
Activities were initiated to promote a cross-linking
and collaboration of CoE members. The SCA
pursues a two-fold strategy. One working area
mainly focuses on the promotion of early career
researchers, promotion of gender equality and
performance measurement as well as knowledge
engineering, comprise tasks e.g. strategy
workshops, colloquia, trainings and public
relations. The second working area, in order to
strengthen the efficiency of interdisciplinary
collaboration, include research tasks like
identification of key performance indicators,
exploration of synergies, benchmarking and
support of knowledge transfer within and outside of
the CoE. This paper points out an approach to
investigating and adopting data driven analytical
methods in order to achieve objectives regarding
tasks like establishing (internal) benchmarks,
utilizing synergies and supporting knowledge
transfer.

these challenges applying data analytics is
described following. Whatever it’s (benchmarking)
origins, implicit in the concept of benchmarking is
the use of references by which other objects can
be measured, compared, or judged [4]. University
frameworks and CoE funding objectives are unlike
companies. While CoE are driven and judged by
scientific output and knowledge production,
companies are sales and product output driven [5].
Epistemic interests (WR) are paramount to CoE,
contrary to companies’ products or service output.
If the quality of CoE performance is to be judged,
scientific output (e.g. publications) than (none
existing) sales revenues are being consulted (sure,
CoE are managed on financial basis, but no direct
revenues of CoE are expected from political or
funding perspective). That’s why possible access
to CoE information from an external point of view is
identified. In case, as part of the management, the
SCA have further internal access, the external
access resulting from endeavour of transferability
is preferred. In order to develop a benchmarking
approach to performant analyse vast text amounts
to achieve results regarding to content, method
and intersections of TMFB work, the SCA decided
to adopt data driven analytical methods. In a first
step, publications are chosen as information
source because of their informative value,
accessibility and comparability. This paper outlines
the processing of a TMFB publication sample in
order to reflect current research foci and together
used keywords (e.g. methods or materials).

Benchmarking
Benchmarking is one task within the SCA portfolio.
In an effort to create comparable and compatible
quality assurance and academic degree standards,
universities increasingly employ benchmarking
strategies [1]. Originated from the DFG and WR,
who interpret benchmarking as “evaluating and
steering […] research performance”, “increasing
self-reflection” and “avoiding […] ‘more is better’
ideology” [2], there is a need for adopting business
driven benchmarking approaches to research
clusters and its differing frameworks. Particularly in
the context of acquiring university data, inter alia
the center for higher education reveals common
challenges for university benchmarking [3].
Especially, points regarding to the data acquisition
(quality, format and effort) as well as assignment
and interpretation problems are outlined. To meet

Following objectives are pursued by implementing
and adopting a text mining based benchmarking
approach to TMFB. Objective is to …
… create an overview according to research topics, keywords
and methods
… compare actual and desired values respectively results
… reflect on research focus and alignment
… identify synergies and intersections between TMFB
researchers
… identify synergies with external entities
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… analyse analogies and differences of TMFB research
priorities in comparison to general scientific community
research topics
… adapt user-specific visualization of results

Attriute
cellulose
ignition
flame
…

PC 3
0,278
0,234
0,190
…

Attribute
Fuel
Bio fuel
methylfuran
…

PC 6
0,394
0,290
0,115
…

Attriute
lignin
organosolv
liquids
…

PC 8
0,497
0,219
0,188
…

Table 3: Exemplary Eigenvectors PCA TMFB publications

Applying Data Mining Analytics
Data mining, here text mining, helps to discover
underlying structures in the data, turns data into
information and information into knowledge.” [6].
Text mining is the extraction of implicit, previously
unknown and potentially useful information [6]. In
view of the provided data, a sample of text (28
publications) is analyzed, in order to investigate
applicability of clustering algorithms to prepare
existing data for further analysis regarding to the
above mentioned objectives. Within the help of text
mining, patterns can be discovered and it is
possible to predict future values, derive
recommendations, optimize the choice of methods
and identify possible or even new research paths
[6,7]. An access to deal with TMFB publications by
the use of text mining algorithms in order to create
an overview onto research topics, keywords and
methods is clustering, i.e., the task of automatically
grouping objects into groups of similar objects.
Cluster analysis divides a heterogeneous group of
records into several more homogeneous classes
or clusters [7]. Thus patterns within heterogeneous
publications can be revealed [5]. Before clustering
can be proceeded, pre-processing the data is an
important step, because the given data has to be
transformed in a machine-readable format. In the
case of analyzing publications the original text has
to be reduced to only relevant words, which are
accessible for statistical analysis. Therefore steps
like tokenizing, filtering stopwords and tokens by
length as well as POS-Tagging are conducted.

Looking up the principal component assignment of
papers according to Table 3, the following
distribution of publications within the principal
components (PC) is assigned: PC3 is mainly
described (highest impact) by nearly 5
publications, PC6 by 2 publications and PC 8 by 2.
In this case, validating the results by looking up the
eigenvectors in the documents shows a successful
application of the PCA.
Outlook
Based on these findings, results can be derived in
order to satisfy objectives like identifying current
research topics, keywords and methods. This
approaches allows inter alia the identification of
intersections between researchers as well as
revealing of commonly together used keywords.
Concluding at this point leads to an assumption,
that clustering TMFB publications by PCA will lead
to the desired objectives in case of analysing
publications and reflecting research work. Further
investigation by applying the algorithm to the whole
TMFB data has to be done, especially i.e. in case
of extracting and separating methods from
research topics. Likewise mapping researchers to
keywords has to be integrated in a next step.
Besides, the acquisition of a second data corpus is
initiated. Hereby publications from associated
fields (e.g. mechanical engineering, biology and
chemistry) are collected in order to apply k-means
and PCA algorithms to provide replies onto the
SCA objectives. Thus the reflection of research
focus and alignment, the identification of synergies
with external entities and the analysis of analogies
and differences of TMFB research priorities in
comparison to general scientific community
research topics should be facilitated.

Principal Component Analysis
Often in the context of cluster analysis k-means
and principal component analysis (PCA) are used
to reduce dimensions of parameter space. PCA is
one of the most widely employed and useful tools
in the field of exploratory analysis [8]. The basic
assumption of PCA is that the direction with the
biggest variance contains most of the information
[9]. PCA is a technique for revealing the
relationships between variables in a data set by
identifying and quantifying a group of principal
components [7]. PCA is interesting because it
serves as a starting point for many modern
algorithms [10]. Applying PCA to TMFB research
papers, the following components can be
investigated. Table 3 gives exemplary insights to
principal components and their attributes. It
becomes clear, that attributes are successfully
assigned by its eigenvectors. Concerning the
contents, intersections between different TMFB
authors can be exposed as every principal
component is determined by not less than two
different publications.
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The corn smut fungus Ustilago maydis is currently gaining increasing momentum as a eukaryotic model
organism. The current research covers various fields of basic science including plant-pathogen
interaction, RNA or cell biology. However, U. maydis also displays promising features for biotechnological
applications. Here we summarize its potential for biotechnology including the production of secondary
metabolites or biomass degradation and present the establishment of a novel protein expression system
based on unconventional secretion.
____________________
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Introduction

establish a novel protein production platform.
Proteins produced via this pathway lack Nglycosylation, which can be advantageous in some
cases.
In feasibility studies, we are currently optimizing
the secretion of model proteins like single-chain
antibodies or camelid derived nanobodies. These
targets resemble proteins of high medical
relevance like therapeutic antibody fragments.

Ustilago maydis is a eukaryotic model organism
that belongs to the plant pathogenic basidiomycete
fungi and causes corn smut. Valuable tools have
been developed for this model over the last
decade, including methods for efficient genetic
manipulation by homologous recombination or
protein visualization using fluorescent proteins.
U. maydis has long been studied focusing on
fundamental
research
questions.
Besides
investigating its intimate interaction with the host
plant Zea mays it is for example studied with
respect to signal transduction, cell biological
phenomena and RNA biology [1]. Currently, also
biotechnological applications of this smut fungus
come into focus [2]. Its potential for biotechnology
ranges from the production of secondary
metabolites to biomass degradation and the
production of proteins with a novel protein
expression system based on unconventional
secretion.

Fig. 1: Schematic view on the Cts1-mediated
expression of heterologous proteins in a yeast-like
growing U. maydis cell. An unconventional secretion
route is exploited for the export of proteins with
biotechnological or medical relevance. To this end,
proteins of interest are fused to the endochitinase Cts1
which is known to exit the fungal cell via this route. The
advantage of this pathway is the circumvention of Nglycosylation.

Approach
Many proteins of biotechnological or medical
relevance cannot be produced easily using existing
platforms like e.g. Escherichia coli, yeasts or
mammalian cells. Hence, novel systems need to
be established to enable the cost-effective
production of the full protein repertoire.
Recently, a novel pathway of unconventional
secretion has been observed in U. maydis which
constitutes an interesting alternative pathway to
exploit. More specifically, the chitinase Cts1 is
secreted by the fungal cells although lacking a
typical N-terminal signal peptide. Looking into this
in more detail, we were able to demonstrate that
Cts1 circumvents the Endoplasmic Reticulum
passed by conventionally secreted eukaryotic
proteins.
Interestingly, Cts1 can deal as a carrier to export
heterologous proteins of interest, thereby avoiding
N-glycosylation (Figure 1) [3]. Hence, we aim to
exploit Cts1-mediated unconventional secretion to

Results
Currently, the Cts1-based export of heterologous
proteins is limited by low yields and the
degradation of the secreted proteins in the culture
broth. Hence, we are currently optimizing the
system on different levels. First, we are optimizing
the culture conditions to elevate protein production.
Second, we use strain engineering to establish
strong promoters and purification tags for
downstream processing. Furthermore, we are
eliminating harmful proteases that are responsible
for the proteolytic degradation of heterologous
proteins. To this end, we are using a resistance
marker recycling system to generate a multiple
protease deletion strain. This strain has a severely
reduced proteolytic potential and thus deals a
promising host for protein expression. The
20

[Geben Sie Text ein]

3. TMFB International Conference
Day 1: June 23rd, 2015

combination of different optimizing steps has
elevated protein production by unconventional
secretion significantly such that we are now able to
produce proteins for biochemical activity studies
[4].

secretion may fill existing gaps in protein
production. In addition, the novel pathway may
complement the conventional secretion pathway in
e.g. the production of bacterial enzymes for
biomass degradation.

Summary

References

Here we present a eukaryotic model organism that
can develop into a novel platform for protein
expression. Using different means of optimization
we were able to enhance the yields strongly,
reduce proteolytic degradation by homologous
proteases and hence, were successful in
producing relevant proteins like active antibody
formats.
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In the future, we are going to further optimize the
system in order to stablish a novel protein
expression platform that can deal as an alternative
for
difficult-to-express
proteins
with
biotechnological or medical relevance. In particular
proteins without N-glycosylation are interesting
candidates for this system. Hence, protein
production by Cts1-mediated unconventional
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Microbial production promises a sustainable route to a multitude of chemicals, materials and fuels from
renewable raw materials in a future bio-based economy. The success of this approach strongly depends
on bio-processes using raw materials beyond glucose. In order to make full use of its production potential
within the bio-refinery value chain, Corynebacterium glutamicum has been engineered to utilize methanol,
which can be produced from synthesis gas. Furthermore, this organism was also genetically modified to
grow on biomass-derived D-xylose by introducing the Weimberg pathway from Caulobacter crescentus for
the carbon-efficient utilization of this pentose.
____________________
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Introduction

whereas assimilation of formaldehyde was realized
by implementing the two key enzymes of the
ribulose
monophosphate
pathway
(RuMPpathway) of Bacillus subtilis: 3-hexulose-6phosphate
synthase
and
6-phospho-3hexuloisomerase (Figure 1).

Renewable carbon and energy sources such as
plant polymers (cellulose, hemicellulose, lignin) or
diluted waste streams, often cannot be
metabolized naturally by the employed producing
organisms in biotechnological processes.
This particularly holds for well-known industrial
platform microorganisms from the traditional sugarbased biotechnology such as Corynebacterium
glutamicum. This organism is used to produce
several million tons of amino acids annually, in
particular the feed additive L-lysine and the flavor
enhancer L-glutamate.
The natural substrate spectrum of C. glutamicum
includes sugars, organic acids and alcohols, but
for industrial production processes mainly glucose
(from starch) or sucrose and fructose (from
molasses) are used as carbon sources.
Metabolic engineering of C. glutamicum for
methanol metabolism
Methanol is already an important carbon feedstock
in the chemical industry, but it has found only
limited application in biotechnological production
processes. At present, the C1-alcohol methanol is
mainly produced from synthesis gas (a mixture of
CO and H2), which is obtained by catalytic
reforming of coal or natural gas. In addition,
procedures are available for producing methanol
from renewable carbon sources.
High availability and low market price of the
alcohol methanol raise the question of whether this
C1-compound could also serve as alternative
carbon source for microbial production processes
1
with C. glutamicum . With the aim to turn methanol
into a suitable feedstock for microbial production
processes, C. glutamicum was engineered toward
the utilization of methanol as an auxiliary carbon
2
source in a sugar-based medium . Initial oxidation
of methanol to formaldehyde was achieved by
heterologous
expression
of
a
methanol
dehydrogenase from Bacillus methanolicus,

Fig. 1: Simplified overview of the engineered oxidation of
methanol in C. glutamicum.
Abbreviations: oxPPP/redPPP, oxidative/reductive
pentose phosphate pathway; MDH, methanol
dehydrogenase; AdhA, alcohol dehydrogenase; FADH,
formaldehyde dehydrogenase; FDH, formate
dehydrogenase; HPS, 3-hexulose-6-phosphate
synthase; PHI, 6-phosphate-3-hexuloisomerase; 6PG, 6phospho-gluconate; Ru5P, ribulose-5-phosphate; H6P,
hexulose-6-phosphate; F6P, fructose-6-phosphate;
Enzymes (MDH, HPS, and PHI) necessary for
establishing methanol oxidation and formaldehyde
assimilation in C. glutamicum are circled.

The recombinant C. glutamicum strain showed an
average methanol consumption rate of 1.7 ± 0.3
-1
mM h in a glucose-methanol medium, and the
culture grew to a higher cell density than in
22
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This five-step pathway, encoded by the xylXABCDoperon, enabled a recombinant C. glutamicum
strain to utilize D-xylose in D-xylose/D-glucose
mixtures and directly convert D-xylose to α-ketoglutarate without loss of carbon. Interestingly, this
strain exhibited a tri-phasic growth behavior and
transiently accumulated D-xylonate during D-xylose
utilization in the second growth phase. However,
this intermediate of the implemented oxidative
pathway was re-consumed in the third growth
phase leading to more biomass formation.
Furthermore, C. glutamicum pEKEx3-xylXABCDCc
was also able to grow on D-xylose as sole carbon
and energy source with a maximum growth rate of
−1
µmax = 0.07 ± 0.01 h .

medium
without
methanol.
In
addition,
13
[ C]methanol-labeling
experiments
revealed
labeling fractions of 3 to 10% in the m+1 mass
isotopomers of various intracellular metabolites. In
the background of a C. glutamicum double mutant
being strongly impaired in its ability to oxidize
formaldehyde to CO2, the m+1 labeling of these
intermediates was increased (8 to 25%), pointing
toward
higher
formaldehyde
assimilation
capabilities of this strain.
Engineering of C. glutamicum for minimized
carbon loss during utilization of D-xylose
Biomass-derived
D-xylose
represents
an
economically interesting substrate for the
sustainable microbial production of value-added
compounds. Currently, engineered C. glutamicum
strains can only metabolize D-xylose via the wellknown isomerase pathway. Depending on the
desired product, this pathway has the drawback
that a significant fraction of the D-xylose-derived
carbon is lost in the form of CO2 during product
synthesis, lowering the overall product yield.
Driven by the motivation to engineer a more
carbon-efficient
C. glutamicum
strain,
the
Weimberg pathway from Caulobacter crescentus
was functionally integrated into the metabolism of
3
C. glutamicum
(Fig.2) .

Summary
For the first time C. glutamicum was engineered to
utilize methanol as a carbon and energy source
during growth in a sugar-based, defined medium.
13
Furthermore, detection of C-labeled amino acids
indicates that methanol can also be used as an
auxiliary substrate for the production of these
value-added compounds.
Heterologous expression of the Weimberg
pathway of C. crescentus for the conversion of Dglucose to α-ketoglutarate enables C. glutamicum
to utilize D-xylose either in combination with
glucose, or as sole carbon and energy source.
The engineered C. glutamicum strains represent a
promising starting point for the development of
efficient biotechnological production processes
using methanol or D-xylose as biomass-derived
carbon and energy sources.
References
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Fig. 2: Schematic representation of the Weimberg
pathway for the oxidative conversion of biomass-derived
D-xylose to α-ketoglutarate without loss of carbon.
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Protein engineering by directed evolution and semi-rational design have become widely applied methods
1
for tailoring enzyme properties to application demands . ‘Green’ solvents such as ionic liquids and more
recently deep eutectic liquids have been proposed as alternatives to organic solvents for biomass
dissolution. Biomass dissolution would enable effective biomass degradation processes by homogenous
catalysis if enzymes could be found or engineered that operate efficiently in green solvents. First
molecular insights and in activity and resistance improved enzymes (a laccase (lcc2) and a cellulose
(CelA2)) were identified and generated in directed evolution campaigns for the TMFB framework.
____________________

Corresponding author: u.schwaneberg@biotec.rwth-aachen.de
Introduction
Till today most directed evolution campaigns are
performed in a traditional manner, in which in
general random mutagenesis libraries are
generated through epPCR with low mutation
frequencies (1 to 3 mutations per 1000 bp) and
screened in microtiter plate formats (often 1000–
2000 variants) in order to obtained improved
enzyme variants. Gene(s) encoding the best or the
best few variants are then isolated and used in an
iterative process for the next round of directed
enzyme evolution; often 4 and more rounds are
required to obtain significantly improved enzymes.
Improved variants can usually within a few
thousand screened clones, which represent only a
negligible fraction of the theoretical protein
sequence space (e.g. with a peptide of 6 amino
acids 64 million different variants can naturally be
generated). Being able to find improved variants in
a few thousand variants was a great success,
which has resulted in a lot of excitement and
expectations in directed evolution methodologies,
especially since no hypothesis nor knowledge of
the enzyme is required to improve its properties as
long as they can be reflected in screening
systems. A whole traditional directed evolution
campaign requires ~one year. A significant
conceptional
advancement
represents
the
2
KnowVolution strategy which speeds up directed
evolution, gains a molecular understanding, and
reduces significantly screening efforts and time
consumption. The KnowVolution strategy comprise
four phases: (I) Identification of potentially
beneficial amino acid positions, (II) determination
of
beneficial amino
acid positions and
substitutions, (III) computational analysis and a
group of amino acid substitution which might
interact with each other, and (IV) recombination of
beneficial substitutions in a simultaneous or
iterative manner.
KnowVolution derived strategies were used to
improve activity and resistance of a laccase and a
cellulases against ionic liquids, deep eutectic

solvents and seawater. Chemoenzymatic biomass
degradation is one of the key steps for the
production of biomass-based fuels under mild
conditions.
Results
Cellulase
CelA2
was
isolated
from
a
metagenomics library in an extensive screening for
3
ionic liquid resistant cellulases . A first directed
evolution campaign yielded variants revealed that
especially the positions His288 and Arg300 are
key modulate activity and resistance of CelA2.
Finally the variant 4D1 (L21P; L184Q; H288R;
K299I; D330G; N442D) was isolated and showed,
compared to wild type, an increase in specific
activity in 30% (v/v) ChCl : Gly (7.5-fold; 0.4 to 3.0
U/mg) and in concentrated seawater (1.6-fold; 5.5
to 9.3 U/mg). In addition, the residual activity of
4D1 in the presence of 3-fold concentrated
seawater is unaffected whereas CelA2 wild type
4
loses >50% of its activity . Interestingly the
campaign yielded also to the identification of a salt
bridge Asp287-Arg300 which generates a nearly
inactive CelA2 variant and activity is regained
when ChCl:Gly or [BMIM]Cl are supplemented (~5fold increase with the addition ChCl:Gly and a ~23fold increase with the addition of [BMIM]Cl).
Molecular dynamic simulations further confirmed
that the salt bridge between Asp287 and Arg300
(His288Phe, Ser300Arg)modulates the observed
5
salt activation .
Laccase lcc2 from T. versicolor was subjected to a
similar directed evolution campaign towards the
ionic liquid [EMIM][EtSO4] and yielded variants with
a 4.5-fold higher activity than the lcc2 wild type
(WT) in the presence of 15% (v/v) [EMIM]
[EtSO4].The IC50 value of [EMIM] [EtSO4] towards
M3 was increased from 392 mM (lcc2 WT) to 497
6
mM .
Summary & Outlook
First directed evolution campaigns on cellulose
and laccase for improved resistance in ionic liquids
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shown above the active site. Amino acid E580 is the
catalytic residue responsible for isofagomine cleavage.

and deep eutectic solvents were successfully
performed. First molecular insights were gained to
improve resistance of laccases and cellulases in
ionic liquids and deep eutectic solvents and
firsthypotheses to transfer the gained knowledge to
other cellulase and laccase were generated. In
summary, ionic liquids and deep eutectic solvents
have great potential for process intensification and
performing biomass degradation in homogenous
solution despite that is from an economic point of
view a long road to commercially competitive
processes.
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Fig. 1: Homology model of CelA2 wild type generated
with the Discovery Studio software. Beneficial positions
(L184Q; H288R; K299I; D330G and N442D) are
highlighted in CPK style. The homology model is based
on PBD ID 3RX7. The substrate isofagomine (in black) is
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Blending with bio-fuels changes the physical properties of fuels and can therefore affects spray formation,
evaporation and combustion. In DISI engines the evaporation-behavior is of importance for both
spray-properties and overall evaporation-rate. Both can result in inhomogene mixture and therefore
increase soot and uHC-emissions. To predict the influence of bio-fuel-blending, non-ideal mixing effects
have to be taken into account. We computed those for single droplets and compared with experimental
data from sprays, using single component fuels and binary mixtures.
____________________
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Introduction
Blending with common bio-fuels can significantly
alter the vapor-pressure, viscosity and overall
spray and evaporation behavior of fuels for the use
in SI-engines. In modern direct-injecting gasolineengines (GDI) however, engine performance and
emissions strongly depend on those fuel
parameters. A stable, predictable spray is essential
for the avoidance respectively minimization of
component wetting. This fuel films are a main
reasons for soot formation and emission of
unburned hydrocarbons, if they are not able to
evaporate in time.
These effects of fuel variations on spray formation
[1] and combustion [2] have been shown for DISI
sprays. To get a better physical understanding of
the underlying mixture effects and especially the
evaporation behavior, single droplet evaporation
was simulated and compared to experimental
results.

at evaporating conditions that are typical for
stratified injection strategies, where evaporation is
of particular interest.
10
mm

Fig. 1: Schlieren images of ethanol (left) and
iso-octane (right) sprays at evaporating conditions
(PKammer = 8 bar, TKammer = 400 °C, PKraftstoff = 200 bar,
TKraftstoff = 80 °C)

The ethanol spray is significantly denser, showing
a delayed evaporation compared to iso-octane. For
the latter, the liquid penetration depth is reduced
and the spray tip already evaporated to a large
extend.
Figure 2 shows the simulated droplet diameters for
both single components and two of their mixtures
for comparable conditions, based on the
assumption of rapid mixing in the liquid phase. The
starting diameter is estimated based on the mean
diameters taken from PDA measurements.

Approach
A constant pressure injection chamber was used to
investigate the influence of bio-fuel blends on DISIsprays by means of optical measurement
techniques under engine relevant conditions. HighSpeed-Schlieren was used to visualize spray
formation and evaporation while two-color-laserinduced-fluorescence (2-C-LIF) and phase doppler
anemomentrie (PDA) show droplet size and
temperature distributions at selected locations
within the spray.
Evaporation was simulated for single droplets,
using an approach suggested by Keller et al [3],
where non ideal mixing effects are taken into
account. The results were used to discuss the
experimental observations.
Results
Spray shape and evaporation rate differ
significantly for different GDI relevant fuel
components and their respective blends. Figure 1
shows Schlieren images of sprays for single
component fuels ethanol and iso-octane 900 µs
after visible start of injection. The images are taken

Fig. 1: Simulated droplet diameter at evaporating
conditions (PKammer = 8 bar, TKammer = 400 °C,
TKraftstoff = 80 °C)
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The simulation shows an evaporation time for isooctane that is about half as long as for pure
Ethanol. This is in good agreement with the
Schlieren images where the liquid core penetration
length of both sprays shows the same behavior.
For blends of both fuel components, the simulation
shows a decrease of evaporation rate with
increasing fractions of ethanol. For optimum
combustion results, this would have to be
considered during engine layout.

complex spay and engine cases however, the
influence of evaporation behavior is superposed
with other influence parameters, such as viscosity
for the spray formation, surface tension for droplet
coalescence, oxygen-content for combustion and
others besides. Nevertheless, the simulated
evaporation rates already are in good agreement
with experimental spray-results, providing a better
physical understanding and a basis for future
efforts in this area. In the next future this will be an
extension of the simulation method (real gas
behavior and multicomponent mixtures) as well as
experimental investigations in setups with reduced
complexity.

Summary
Blending with biofuels can significantly change the
chemical and physical properties of fuels, which in
turn affects spray properties and evaporation
behavior. Schlieren measurements show that
Ethanol as a single-component-fuel takes twice the
time to evaporate compared to the gasoline
surrogate iso-octane and therefore has a nearly
doubled liquid penetration depth at high pressure
and temperature. The simulation shows that
blending with increasing amounts of ethanol will
decrease the evaporation rate nearly linearly for
strongly evaporating conditions as can be found for
stratified injection. This is already visible for the
engine-relevant E10 mixture and becomes
predominant for E85. Those effects will
significantly alter the stoichiometric composition at
ignition-point in the engine and have to be
considered for the combustion process design.

References
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Single droplet simulation offers the possibility to
predict spray behavior to a certain extend. In the
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Optimizing combustion of biofuels in engines requires broad knowledge of the physical properties and
phenomena influencing the combustion behavior. The basis for efficient and clean combustion is mixture
formation. Mixture formation itself is influenced by a wide range of properties and phenomena, including
spray formation, spray break-up, evaporation and in-cylinder gas flow. In the TMFB Cluster, 7 projects
collaborate to understand and consequently design mixture formation of novel biofuels. The following
abstract presents selected recent results from the collaborating projects.
____________________
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Approach
Mixture formation can be divided into certain subprocesses. These sub-processes are investigated
in the TMFB Cluster by numerical and
experimental methods. Primary breakup is studied
using microscopic methods: the influence of
ambient pressure on jet structure and breakup is
captured. Additionally, recent numerical advances
provide insight into nozzle flow and primary
breakup. The effect of fuel blending on the
evaporation of propagating sprays is studied by a
combination of Mie-scattering and Schlierenimaging at steady state conditions. Due to its
important role in most sub-processes, evaporation
behavior of blends is characterized using Ramanspectroscopy in a novel vapor-liquid equilibrium
setup. In-cylinder flow is being captured in an
optically accessible one-cylinder engine using
Particle-Image Velocimetry (PIV) and analyzed by
numerical methods. Furthermore, the flow field
inside of the engine is being studied using an inhouse Cartesian cut-cell based flow solver for
Large-Eddy Simulations of compressible flows.

Fig. 1: Microscopic images of the primary spray breakup
for increasing ambient pressure. Tamb = 293 K,
pinj = 30 MPa.

Primary breakup is also studied numerically.
Current simulations of full injection systems are
limited by computing resources for high-fidelity
multiphase simulations and neglected cavitation
effects. To address these issues, a recently
developed highly accurate but computationally
expensive 3D unsplit forward/backward Volume-ofFluid method coupled to a Level Set method is
coupled
to
common
Lagrange
spray
simulations [2]. Additionally, cavitation effects in
the nozzle flow on the spray characteristics are
modeled using a hybrid scheme to capture the
shocks arising from the collapse of cavitating
bubbles propagating through the liquid phase and
affecting the subsequent primary breakup process.
The method is applied to candidate fuels such as
tetrahydrofurfurylalcohol, 1-butanol, ethanol and nheptane.
Fuel-blending has also a significant effect on spray
breakup and mixture formation. TMFB fuels of
particular interest are C8H18O-isomers 1-octanol
and di-n-butyl ether (DNBE) [3]. Although both
fuels feature the same molecular formula, their
physical properties differ considerably: While
DNBE is highly volatile and reactive, 1-octanol is
the complete opposite. Mixture formation is

Results
The primary breakup of a spray is affected by fuel
blending. In contrast to mixture formation,
evaporation properties are of minor interest in
primary breakup. Thus, the fuel impact can be fully
described by Reynolds and Weber numbers.
Therefore, fuel-blending is useful to achieve
certain Reynolds and Weber numbers for the
primary breakup [1].
However, latest microscopic studies of the primary
breakup show the influence of ambient pressures
higher than 1 atm (Fig. 1): The spray jet becomes
significantly denser; the inner core of the spray jet
becomes wider, while the surrounding layer of
droplets remains more or less the same; the mean
droplet diameter in this surrounding layer is found
to be larger for higher ambient pressure.
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investigated by analyzing the macroscopic spray
dimensions under various operating conditions.
Mie-scattering
and
Schlieren
high-speed
visualizations allow extracting the liquid and vapor
phase of propagating sprays (Fig. 2).

rapidly, indicating energy transfer to higher modes
and an increase in cyclic variation.
Numerical simulations of exactly the same setup
show the details of the cyclic variations with
respect to the flow structures, turbulence
intensities and length scales. A highly efficient
parallelized method implemented on HPC
machines using on the order O(1000) CPU cores
is used.

Fig. 2: Macroscopic Mie-scattering images of the
liquid phase (top) and Schlieren images (bottom) of the
vapor phase of 1-octanol and DNBE blends (composition
in vol%) at steady state injection conditions. Operating
conditions: pamb = 5 MPa, Tamb = 835 K, pinj = 14 MPa,
tinj = 1.5 ms.

The results indicate a strong mixture influence on
liquid penetration, due to significant differences in
the blend viscosity. Liquid cone angles are slightly
influenced by the blends, whereas the widest
angles are measured for an equal blend
composition. However, dimensions of the vapor
phase are independent of DNBE/1-octanol
blending.
To investigate the evaporation behavior of pure
substances and blends of novel biofuels, a new
vapor-liquid equilibrium apparatus was built. The
method uses Raman-spectroscopy for the analysis
of both phases, avoiding sampling from the system
in equilibrium. Spectroscopy also leads to
considerably shorter analysis times since
chromatography is avoided. Additionally, the setup
uses small sample volumes resulting in
considerably shorter equilibration times. The small
sample volume is a crucial feature in the context of
TMFB as newly identified biofuels are often only
available in small quantities.
As the fuel injection in combustion engines is
strongly influenced by the flow field inside the
cylinder, a thorough analysis of large and small
scale flow structures and their cyclic variations has
to
be
performed.
Proper
Orthogonal
Decomposition (POD) has been used to
decompose the flow field into several independent
modes. Input data was measured by stereoscopic
Particle-Image Velocimetry. The high energy
content in the first POD mode shows that the
tumble vortex forms at early crank angles and
dominates the flow regime, stabilizing during the
compression stroke. With the beginning of the
tumble breakdown, the first POD mode drops

Fig. 3: Nitric oxide-laser-induced fluorescence intensity
as a function of its position in the flame (x = 0
representing the center). Measurements were conducted
at 5 MPa and 800 K inside a high pressure vessel.
Operating conditions: pamb = 5 MPa, Tamb = 800 K,
pinj = 40 MPa, Δtinj = 1.0 ms, taei: time after energizing
injector

Finally,
pollutant
formation
in
diesel-like
combustion was investigated for a fuel blend that
shows excellent mixture formation. To understand
pollutant formation, nitric oxide-laser-induced
fluorescence measurements were performed.
Experiments focused on the center of a diesel-like
jet with 50 vol% DNBE and 50 vol% 1-octanol [4].
Nitric oxide formation was observed in the center
of the flame (Fig. 3). These findings differ from
classical diesel spray combustion models, where
the main part of NO-formation is expected to take
place in the hotter flame regions outside of the
core. A possible reason for the observed innercore NO-formation could be the excellent mixture
formation of the used blend.
References
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In this work, the effect of beech (Fagus sylvatica) wood acid hydrolysate on growth of Chlorella
sorokiniana was evaluated. Experiments carried out in this study show that neutralized wood acid
hydrolysate can vastly improve Chlorella growth, due to the presence of organic carbon. However,
simultaneously the suppression of Chlorella growth at the onset of cultivation was observed, presumably
due to inhibitory substances, and this effect was more pronounced with the increase of hydrolysate
dosage. Beech wood acid hydrolysate can be a valuable feedstock to stimulate Chlorella growth, on
condition that inhibitory level of hydrolysate loading is avoided.
____________________
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Introduction
Microalgae are photoautotrophic microorganisms
capable of performing photosynthesis and
containing valuable compounds (lipids, proteins
and pigments) that can be harnessed for industrial
application as biofuels or high value-added
products. Lignocellulose biomass (wood, straw or
energy crops) is a plant material containing in
abundance
organic
substances
such
as
carbohydrates, phenolics, organic acids and other
secondary compounds. It has been reported that
organic compounds can greatly support growth of
microalgae, when low or no light intensities are
applied. As growth of microalgae on organic
substances was confirmed, lignocellulose derived
substances can become a feedstock to cultivate
1
microalgae and produce target compounds . The
aim of our research is to determine the effect of
beech Fagus sylvatica wood hydrolysate on growth
of Chlorella sorokiniana.

.

MgSO4 7H2O (0.1 g/L), CaCl2 2H2O (50 mg/L),
K2HPO4 (93.5 mg/L), KH2PO4 (63 mg/L), Na2EDTA
.
(50 mg/L), H3BO3 (11.4 mg/L), ZnSO4 7H2O (22
.
.
mg/L), MnCl2 4H2O (5.06 mg/L), FeSO4 7H2O (4.9
.
.
mg/L), CoCl2 6H2O (1.61 mg/L), CuSO4 5H2O (1.57
.
mg/L) and (NH4)6Mo7O24 4H2O (1.1 mg/L).
Cultivation of Chlorella was carried out in
Erlenmeyer flasks under light irradiance, at room
temperature and in a shaker (90 rpm). Neutralized
wood hydrolysate loadings in growth medium
were: 0 (control), 5, 10, 15 or 20 % v/v. A pH of
growth medium was 7 in all experiments. During a
7 day cultivation, optical density (OD) at 730 nm
was measured on a daily basis. Experiments were
performed at least in duplicate.
Results
This work describes possibility of using beech
(Fagus sylvatica) wood hydrolysate as a feedstock
for growth of Chlorella sorokiniana. Firstly, wood
material was subjected to thermochemical
treatment with the use of dilute acid (3% H2SO4) at
100 °C. A hydrolysate produced from this
treatment process contained (Table 1): acetate,
xylose, glucose, phenolic compounds, furfural (2F)
and hydroxymethylfurfural (HMF).

Test set-up
Milled Fagus sylvatica material was soaked in 3 %
H2SO4 solution at a liquid/dry matter of 20/1 in a
double-necked boiling flask situated on heating
plates. After soaking, the temperature and time of
hydrolysis was set to 100 °C and 1h. During
hydrolysis, stirring was continuously applied and
set at 120 rpm. After 1 h, hydrolysis was stopped
by removing flask from a heating plate and allowed
to cool at room temperature. The pulp was filtered
under vacuum and hydrolysate was collected for
further experiments. F. sylvatica wood hydrolysate
(pH=1) was neutralized with 10 M NaOH to set pH
equal to 7. Hydrolysate was analyzed by means of
HPLC for xylose, glucose, acetate (Aminex BioRad)
and
furans
(Zorbax
C18)
and
spectrophotometrically
for
phenolic
(FolinCiocalteu) content. Chlorella sorokiniana was
cultivated in a medium with basic composition
(TMP) as follows: Tris (2.42 g/L), NH4Cl (0.4 g/L),

Table 1

Component
Acetate
Glucose
Xylose
Phenolics
2F
HMF

g/L
1.7
0.8
4.5
0.5
0.014
0.057

–

Composition of Fagus sylvatica wood acid
hydrolysate
Wood acid hydrolysate was neutralized with NaOH
solution and added at various loadings into growth
medium for Chlorella sorokiniana. Experiments
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conducted in this research show that Chlorella
growth can be substantially enhanced in the
presence of neutralized wood acid hydrolysate,
although
Chlorella
growth
profiles
differ
considerably according to the amount of wood
hydrolysate added and cultivation time considered
(Figure 1).

was characterized by a nearly 3 day growth
stagnation, followed by an exponential growth to
achieve OD of the highest value from all profiles.
Overall, the value of OD achieved at the end of
experiment was higher with the increase in wood
hydrolysate dosage, due to higher concentration of
organic carbon. Interestingly, OD values of culture
with a 10 – 20 % wood hydrolysate dosage were
smaller than with a 5 % hydrolysate after first day
of cultivation. Moreover, a value of OD after the
first day of cultivation decreased with the increase
of wood hydrolysate, but during following days,
recovery effect and growth acceleration occurred.
Presumably,
some
components
of
wood
hydrolysate, such as furans and phenolics could
be responsible for initial inhibitory effect. An
increase in wood hydrolysate resulted in higher
concentration of inhibitory substances and further
increasing in hydrolysate dosage up to 50 %
caused a lethal effect on Chlorella culture (data not
shown).

Figure 1 – Cultivation of Chlorella in growth medium
containing neutralized wood acid hydrolysate (% v/v).

Summary
Beech wood (Fagus sylvatica) acid hydrolysate
upon neutralization can immensely support growth
of Chlorella sorokiniana. However, the presence of
inhibitory substances in wood hydrolysate should
be also taken into consideration, as the excess of
wood hydrolysate dosage can cause suppression
of Chlorella growth.

Chlorella culture with a 10 and 15 % wood
hydrolysate dosage showed a rapid exponential
growth and a vast OD increase, when compared
with control culture during the first 3 days of
cultivation. Afterwards, the growth rate decreased
presumably due to depletion of organic carbon
(acetate, glucose) necessary for Chlorella culture
to sustain the growth. As a contrary, a 5% wood
hydrolysate supplementation resulted in a linear
growth with OD improvement at the beginning of
cultivation and OD value at the same level, as in
the control at the end of cultivation. Chlorella
cultivation with a 20 % dosage of wood hydrolysate

References
[1] K. Miazek, C. Remacle, A. Richel, D. Goffin. Effect of
lignocellulose related compounds on microalgae
growth and product biosynthesis: a review. Energies.
2014, 7 (7), 4446 – 4481.
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Catalyzed Aerobic Oxidation of Polyalcohols, Lignin Models / Extracts
and Lignin-derived Bio-oils
Christian Díaz-Urrutia and R. Tom Baker*
Department of Chemistry and Biomolecular Sciences and Centre for Catalysis Research and Innovation,
University of Ottawa, Ottawa, ON K1N 6N5 Canada

A series of advances have been made recently in the development of selective catalysts for aerobic C-C
bond cleavage in biomass-derived polyalcohols and lignin models/extracts. In this work we present new
generations of bifunctional catalysts with base-appended ligands that are effective at low catalyst loading.
1
13
A combination of GPC and H- C HSQC NMR data indicate that these catalysts are unique in their
depolymerization properties for a variety of lignins. Oxidation of bio-oils generated by fast pyrolysis or
microwave digestion reduces the dark ‘pyrolytic lignin’ fraction, leading to lower viscosities and various
degrees of stabilization. New chemical product separation strategies will also be discussed.
____________________
Corresponding author: rbaker@uottawa.ca
Introduction
As global demand for fossil fuels and petroleumderived chemicals increases, there is continued
interest in the development of alternative carbon
sources. Attention has been focused on non-food
biomass
(lignocellulose)
as an important
renewable feedstock for the production of fuels
and chemicals.[1,2] One of the main components
of
lignocellulose
is
lignin,
a
complex
macromolecule composed of relatively electronrich methoxyphenyl-propanoid subunits.[3] While
lignin constitutes up to 30 wt % of lignocellulosic
biomass, developing efficient processes to obtain
valuable aromatic chemicals from lignin has been
a major challenge due to its irregular composition.
One promising approach involves the use of
homogeneous transition metal complex catalysts
for relatively low temperature (<150 °C) oxidative
cleavage of the β-O-4 linkage (Chart 1),[4] the
most prevalent feature (ca. 55%) in the lignin
structure.[5] In previous work we demonstrated
that selected oxovanadium complexes effect the
aerobic oxidation and subsequent C-C bond
cleavage of β-O-4 lignin models.[6-9]

Approach / Test set-up
Lignin samples were obtained from industry
partners (Lignol, Weyerhaeuser, FPInnovations)
and lignin bio-oils from Profs. Cedric Briens,
ICFAR, Western University (fast pyrolysis) and
Jamal Chaouki, École Polytechnique, Montréal
(microwave pyrolysis). The samples were typically
suspended in a sustainable solvent such as nbutylacetate and heated with the homogeneous
catalyst until no further changes were detected by
NMR spectroscopy. After filtration through a plug
of silica, oxidation products were characterized by
GPC in THF, UPLC-MS, 1H-13C HSQC NMR and
31P NMR of derived phosphite esters. Screening
experiments to determine effects of temperature,
catalyst loading, air pressure and additives were
conducted in the Centre for Catalysis Research
and Innovation at the University of Ottawa using
Freeslate robotic high-throughput instrumentation.
Results
For oxidation of polyalcohols we tested the known
trialkoxy- and triaryloxyamine oxovanadium
complexes, (1,2). In contrast to the previously
reported

Chart 1. Lignin -O-4
linkage

In particular, we identified a novel 2e- baseassisted redox dehydrogenation pathway wherein
the cleaved C-C bond is actually that of the ketone
intermediate. However, reaction rates and turnover
numbers were insufficient for practical applications.
We present herein new generations of bifunctional
catalysts with base-appended ligands that are
effective at low catalyst loadings.

catalysts bearing dipicolinate or 8-oxyquinoline
ligands, catalysts 1 and 2 are ineffective alcohol
oxidation catalysts but will cleave C-C bonds of
selected diols at low catalyst loadings (0.1 mol%)
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production and more utilization of ‘native’ lignin
that has not been treated with strong acids or
bases. Green solvents and ‘reactive’ product
separations will likely be needed to develop
practical processes to families of lignin-derived
aromatic chemicals. As new exciting results on
tandem redox[10,11] and biocat-chemcat[12]
approaches to lignin valorization are being
disclosed,
a
selective
and
productive
homogeneous oxidation catalyst could be a key
component of these new processes.
References

without added base. DFT studies suggest that
aryloxy exchange with one ligand arm allows for
substrate binding, with the N donor not involved in
a bifunctional activation step.
Turning to lignin models, the aminodiphenolate
complex (3) with an appended pyridine base
shows improved activity
and catalyst lifetime for
-O-4
lignin
models
and
subsequent cleavage of
Heating catalyst 3 (1 mol%) at 100°C with a
butylacetate solution of organosolv lignin for 12
hours led to complete conversion of aliphatic OH
bonds and significant C-C bond cleavage as
determined by NMR and GPC analysis.
Lignin-derived bio-oils are potentially valuable
sources of aromatic chemicals, especially if they
can be separated into similar families of
compounds such as alkoxy-alkylphenols that could
find use as surfactants and in polyurethanes. The
ICFAR group at Western University uses selective
condensation to produces a dry bio-oil with
increased thermal stability. Preliminary results
including UPLC-MS and 2D-GC analysis suggest
that catalyzed oxidation of these bio-oils using
oxovanadium
complexes
confers
superior
properties than treatment with conventional
oxidants such as copper(II) oxide or nitrobenzene.
Moreover, we have demonstrated enhanced
separations of phenols and catechols using aminemodified mesoporous silicas.

[1] A. Corma, S. Iborra, A. Velty, Chemical routes for
the transformation of biomass into chemicals, Chem.
Rev. 107, 2411-2502 (2007).
[2] S.P.S. Chundawat, G.T. Beckham, M.E. Himmel, B.
E. Dale, Deconstruction of lignocellulosic biomass to
fuels and chemicals, Ann. Rev. Chem. Biomol. Eng.
2, 121-145 (2011).
[3] F.G. Calvo-Flores, J.A. Dobado, J. A., Lignin as
renewable raw material, ChemSusChem 3, 12271235 (2010).
[4] P.J. Deuss, K. Barta, J.G. de Vries, Homogeneous
catalysis for the conversion of biomass and biomassderived platform chemicals, Catal. Sci. Technol. 4,
1174-1196 (2014).
[5] J. Zakzeski, P.C.A. Bruijnincx, A.L. Jongerius, B.M.
Weckhuysen, Catalytic valorization of lignin for the
production of renewable chemicals, Chem. Rev.
110,3552–3599, (2010).
[6] S.K. Hanson, R.T. Baker, J. C. Gordon, B. L. Scott,
D. L. Thorn, Aerobic oxidation of lignin models using
a base metal vanadium catalyst, Inorg. Chem. 49,
5611-5618 (2010).
[7] B. Sedai, C. Díaz -Urrutia, R.T. Baker, R. Wu, L.A.
Silks, S.K. Hanson, Comparison of copper and
vanadium homogeneous catalysts for aerobic
oxidation of lignin models, ACS Catal. 1, 794-804
(2011).
[8] B. Sedai, C. Díaz -Urrutia, R.T. Baker, R. Wu, L.A.
Silks, S.K. Hanson, Aerobic oxidation of β-1 lignin
model compounds with copper and oxovanadium
catalysts, ACS Catal. 3, 3111-3122 (2013).

Summary
Previous
mechanistic
work
on
selected
oxovanadium complexes that revealed a novel 2ebase-assisted alcohol dehydrogenation pathway[7]
led to design of improved catalysts with baseappended ligands. The performance of these new
catalysts at low loadings now allows us to conduct
larger scale experiments with a variety of lignin
and lignin-derived bio-oil samples to pursue
practical separations.

[9] S.K. Hanson, R.T. Baker, Knocking on wood: Base
metal complexes as catalysts for selective oxidation
of lignin models and extracts, Acc. Chem. Res. in
press (2015).
[10] A. Rahimi, A. Ulbrich, J.J. Coon, S.S. Stahl, Formic
acid-induced depolymerization of oxidized lignin to
aromatics, Nature 515, 249-525 (2014).

Outlook
Practical application of selective molecular
catalysts to obtain aromatic chemicals from lignin
faces a number of challenges. The heterogeneity
of lignin coming from different species of trees or
plants such as sugar cane or corn waste products
is compounded by the variety of processing
techniques. As biorefineries evolve we will see less
production of Kraft lignin tied to pulp and paper

[11] C.S. Lancefield, O.S. Ojo, F. Tran, N. J. Westwood,
Isolation of functionalized phenolic monomers
through selective oxidation and C-O bond cleavage
of the β-O-4 linkages in lignin. Angew. Chem. Int. Ed.
54, 258-262, (2015).
[12] J.G. Linger, D.R. Vardon, M.T. Guarnieri, E.M. Karp,
G.B. Hunsinger, M.A. Franden, C.W. Johnson, G.
Chupka, T.J. Strathman, P.T. Pienkos, G.T.
Beckham, Lignin valorisation through integrated
biological funneling and chemical catalysis, Proc.
Nat. Acad. Sci. 111, 12013-12018 (2014).
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Selective Hydrogenolysis of Carboxylic and Carbonic Acid Based Polymers
Stefan Westhues, Markus Meuresch, Walter Leitner and Jürgen Klankermayer*
Institut für Technische und Makromolekulare Chemie, RWTH Aachen University

The availability of petrol based carbon resources and energy is no longer regarded as unlimited, and
consequently the design of alternative sustainable supply chains is of utmost importance. A key factor in
this industrial change is based on the development of tailored catalyst systems for challenging chemical
transformations.[1] In particular, the effective and selective reduction of esters and amides is of enormous
interest and practical catalytic methods replacing stoichiometric reagents need to be developed.
[2]

An in important step in this approach is
represented
by
the
selective
catalytic
transformation of versatile platform chemicals
containing diverse functional groups. Especially
bio-based carboxylic acids represent important
substrates and within TMFB novel catalytic
methods using a tailored molecular ruthenium
catalyst for the selective conversion of levulinic
and itaconic acid to the interesting fuel candidates
2-methyltetrahydrofuran
(2-MTHF)
and
3methyltetrahydrofuran
(3-MTHF)
could
be

established
(Figure
1).
Moreover,
the
unprecedented
activity
of
the
novel
[RuTriphos(TMM)] catalyst further enabled the
direct reduction of carbon dioxide (CO 2) to
methanol and the methylation of primary and
secondary amines using CO2 as C1 building
[3]
block. Furthermore, the development of effective
molecular
catalysts
for
the
challenging
hydrogenolysis of petrochemical- and bio-based
polymeric materials represents an ongoing
challenge.

Figure 2: Overview of [Ru(Triphos)(TMM)] catalyzed reactions.

Herein, the selective catalytic hydrogenolysis of
polyesters or polycarbonates was investigated.
Based
on
the
recently
established
[Ru(Triphos)(TMM)] technology, the challenging
hydrogenolysis of complex polyesters was targeted
and could be successfully accomplished. In detail,
PET flakes could be fully transformed to benzene
dimethanol and ethylene glycol applying molecular
hydrogen in combination with the transition metal
catalyst [Ru(Triphos)(TMM)] and acidic additives
(Table 1). Subsequently, the developed catalysts

system could be applied on a variety of selected
commercially abundant polyesters, resulting in the
respective converted products.In addition to highly
pure polyesters from a chemical supplier, PET
from beverage cups and food packaging was also
successfully transformed to the corresponding
diols (Figure 2). In future the developed
methodology will be applied in the hydrogenolysis
of bio-based polymeric materials
.
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Table 4: Catalytic hydrogenolysis of polymeric material.

Yield

TON

>99
%

500

>99
%

500

PCL

>99
%

5000

PLA

>99
%

10000

Polymer

Produkt

PET

PBT

PC
1

[a] Yields determined by H- and
standard.

99 %
200
C-NMR-spectroscopy applying mesitylene as an internal

13

Figure 3: Used PET-beverage bottle and resulting PET flakes (left), PC beverage cup and CD (middle), PLA
beverage cup (right).
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a) G. W. Huber, S. Iborra, A. Corma, Chem. Rev. (Washington, DC, U. S.) 2006, 106, 4044-4098; b) A.
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Am. Chem. Soc. 2011, 133, 14349-14358.
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A Chemical Kinetic Study of Octane Sensitivity
Charles K. Westbrook*
Lawrence Livermore National Laboratory
Livermore, CA 94550 USA

Octane sensitivity, where the Research Octane Number (RON) of a hydrocarbon fuel is significantly
larger than its Motored Octane Number (MON), by as much as 15 or 20 points, is a phenomenon
commonly recognized for olefinic hydrocarbon fuels. Octane Sensitivity has been examined for a specific
olefin, 2-methyl 2-butene, and the kinetic factors responsible for this behavior have been identified.
Similar features have been observed for other olefin fuels, but also for a considerable variety of alcohol
fuels that exhibit similar Octane Sensitivity. However, different kinetic reaction pathways are shown to
produce Octane Sensitivity for alcohols compared to olefin fuels, and the implications of these similarities
and differences are discussed below.
____________________

Corresponding author: westbrookck@earthlink.net
Introduction
We have recently used the small olefin fuel 2methyl 2-butene (2M2B) to study the kinetics of
allylic C-H bonds in hydrocarbon fuel oxidation.
Our recent paper [1] has shown that such weak CH bonds encourage rapid H atom abstraction, but
the resulting allyl radicals are too stable to react at
the same low temperature conditions where
saturated hydrocarbon fuel radicals are reacting
rapidly via cool flame kinetics and radical
isomerization reactions. As a result of these
features of allylic bonds,fast reaction of olefin fuels
is deferred to temperatures often as much as 100
or 200K higher than those of familiar alkane,
saturated hydrocarbon fuels.
RON tests
emphasize relatively lower reaction temperatures
than MON tests, and MON tests emphasize
somewhat higher reaction temperatures than RON
tests. As a result, the stability of allylic radicals at
lower temperatures defers olefin ignition to higher
temperatures, and all of these factors combine to
give olefins high values of Octane Sensitivity.
Octane Sensitivity is a phenomenon where a fuel
has a high Research Octane Number but a
surprisingly low Motored Octane Number, resulting
in a high Octane Sensitivity S, which is defined as
RON – MON = S.RON, MON and S values for
selected alkane fuels and then some olefin fuels
are listed below.
alkanes
iso-pentane
2,2-dimethyl butane
2,2-dimethyl pentane
2-methyl pentane
2,4 dimethyl pentane

RON
92.3
91.8
92.8
73.4
83.1

MON
90.3
93.4
95.6
73.5
83.8

S
2.0
-1.6
-2.8
-0.1
-0.7

olefins
1-butene
2-butene
1-pentene
2-methy 2-butene
3-hexene

RON
97.4
99.6
90.0
97.3
94.0

MON
81.7
86.5
77.1
84.7
80.1

S
15.7
13.1
12.9
12.6
13.9

2-ethyl-1-butene

98.3

79.4

18.9

In our kinetic analysis, chemical kinetic simulations
are carried out under stirred reactor conditions, at
reactor residence times, pressure, fuel/oxidizer
ratio, and inert dilution, over a wide range of
reactor temperatures to compute overall reactivity
for a given fuel. In the calculations carried out for
the present study, these conditions included 10 bar
pressure, 99% N2, stoichiometric (=1.0) ratios of
fuel/air, residence time of 0.1 sec, over a
temperature range of 500-1100K.

Heat Release Rate
Heat release rate

8,E+08
6,E+08
4,E+08
2,E+08
0,E+00
550

650

750

850

950

Temperature
Fig. 1. Stirred reactor simulations of heat release
rates of stoichiometric mixtures (RON=MON=90,
red curve); iso-octane (RON=MON=100, black
curve), and 2-methyl 2-butene (RON=97.3,
MON=84.7; blue curve).
The “reaction signatures” of both alkane fuels and
octane sensitive fuels are seen in Fig. 1. The PRF
fuels begin to react at about 550K and exhibit a
modest cool flame reactivity from 550K to about
800K. The olefin, octane sensitive fuel does not
begin to show heat release until about 700K and
rapidly overtakes the heat release of the PRF
mixtures and shows higher heat release rate over
the range from 700K to about 850K. Recall that
the sensitivity of the PRF mixtures in Fig. 1 is, by
definition, equal to zero.
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A high Octane Sensitivity has unusual advantages
for use of such fuels under “boosted” operating
conditions, where fuel is injected into a SparkIgnition (SI) engine using elevated intake
pressures to increase power production in that
engine. Fuels with zero or low Sensitivity will often
respond to boosted fuel injection by knocking, but
fuels with considerable Octane Sensitivity can
withstand such elevated intake pressures without
knocking, and our kinetic model for 2M2B traces
these effects to details in the kinetic reaction
mechanism and the thermochemistry of olefinic
fuels.

stability of the allylic radicals delays heat release
until higher temparatures are reached. In the
alcohol fuels, the radical species produced by H
atom

Heat Release Rate
Heat release rate

8,E+08
6,E+08
4,E+08
2,E+08
0,E+00
550

We are currently extending our kinetic model
development and analysis to deal with additional
classes of fuels, including butyl and pentyl
alcohols, several ketones, and methyl and ethyl
esters including biodiesel fuels, where each of
these classes of fuels has C-H bonds in the fuel
that
are
unusually
weak
due
to
the
thermochemistry of an adjacent O atom in the fuel,
that leads to significant levels of Octane
Sensitivity.
Values of RON, MON, and the
resulting sensitivities for some alcohol fuels
include:
alcohol
methanol
ethanol
n-propanol
iso-propanol
n-butanol
2-butanol
iso-butanol
n-pentanol
iso-pentanol

RON
109
109
105
112
96
101
113
86
99

MON
89
90
88
97
78
91
94
76
77

650

750

850

950

Temperature
Fig. 2. Stirred reactor heat release calculations for
n-butane (black curve, RON=94,MON=90), nbutanol (red curve, RON=96,MON=78), 2-butanol
(blue curve, RON=101,MON=91)
abstraction subsequently react via molecular O2
addition to the radical site, followed by H atom
transfer from the O-H moiety, and the resulting
radical species then decomposes predominantly to
a stable aldehyde species and a metastable HO 2
radical, which remains unreactive until the fuel/air
mixture reaches higher temperatures. In both
fuels, the immediate result of fast H atom
abstraction from the fuel is a group of species that
are not consumed or release significant amounts
of heat until higher temperatures are reached. In
both fuels, heat release is deferred, although via
different types of reaction pathways, but with the
same ultimate result of delayed reaction.
We intend to continue to examine other classes of
fuels, particularly those with experimentally noted
octane sensitivities, so see if other reaction
pathways can be identified to explain the observed
sensitivities. Based on the experience described
here, each class of fuel has a different kinetic
reaction path that leads to octane sensitivity, so we
expect to find unique responsible reaction
pathways for other fuel classes.
Summary
Kinetic modeling is being used to study factors,
especially reaction pathways, that lead to octane
sensitivity. This topic is widely used to discuss fuel
effects in modern engines, but the detailed kinetic
features of octane sensitivity have not previously
been examined or explained. This work is
intended to provide that explanation.

S
20
19
17
15
18
10
19
10
22

There are no allylic C-H bonds in these alcohol
fuels, but there are weak C-H bonds that are
adjacent to the O atom that defines the alcohol
nature of each of these fuels, and because of
these weak C-H bonds, abstraction of these
weakly bonded H atoms are the preferred
reactions that consume the alcohol fuels at
temperatures below about 900K.
The stirred
reactor heat release rates for n-butane and its two
related alcohols, n-butanol and 2-butanol, are
shown in Fig. 2. The alcohol fuels clearly show
that the cool flame, NTC behavior of the n-alkane
is completely extinguished in the related alcohol
fuel.
There are similarities as well as differences in the
causes of the Octane Sensitivity for the olefins and
the alcohol fuels. There are weakly bonded H
atoms in both classes of fuels that lead to relatively
strong low temperature reactivities, but these are
allylic C-H bonds in the olefin fuels and C-H bonds
adjacent to the alcohol O atom in the alcohol
fuels.In the case of the olefins, the unusual thermal

References
[1] C.K. Westbrook, et al., Experimental and Kinetic
Modeling Study of 2-Methyl 2-Butene: Allylic
Hydrocarbon Kinetics, J. Phys. Chem. A, 2015,
DOI:10.1021/acs.jpca.5b00
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“Utilization of Renewable Diesel from Crude Tall Oil in Light Duty Vehicles”
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UPM Biofuels, Lappeenranta, Finland
Institute for Combustion Engines, RWTH Aachen University, Aachen, Germany
3
FEV GmbH, Aachen, Germany

In this study, the functionality of novel crude tall oil based renewable diesel as a blending component with
EN590 Diesel and as pure 100% renewable Diesel component, was investigated. The renewable diesel
was a novel high quality drop-in diesel fuel resembling fossil diesel but reduces greenhouse gas
emissions by up to 80 % when compared to fossil fuels. It was produced in the world’s first commercial
scale biorefinery that uses crude tall oil as raw material. The production is based on hydrotreatment. The
renewable diesel was splash blended in a ratio of v./v. 30% with CEC RF 06-03 diesel, and also tested as
pure fuel. The functionality and emissions were investigated using a single cylinder engine at the Institute
for Combustion Engines at RWTH Aachen University. Experiments were carried out over a wide load
range. In these investigations it was found that the reference Diesel CEC RF-06-03 and UPM BioVerno
diesel behaved nearly identically with regard to combustion and emissions performance “
____________________

Corresponding author: ville.vauhkonen@upm.com
Introduction
The demand for transportation fuels is
increasing as well as the demand for biofuel
components. The limited sources for traditional
transportation fuels and the legislative decisions
to increase renewable energy sources have
pushed forward the development of biofuels for
transportation. Especially, sustainably produced
“drop-in” advanced biofuel components that do
not increase direct or indirect land use, are one
of the biggest focus areas.
The traditional ester-type biodiesels have been
used for the past decades as blending
components in EN590 Diesel. Currently the
EN590 standard allows 7% biodiesel content in
the Diesel fuels. [1]
Biodiesel fuels have been found to cause
several problems, such as problems with engine
operability (e.g. filter plugging) and material
compatibility. These are a result of differences in
chemical composition and fuel properties in
comparison to regular fossil fuels.
UPM, a Finnish forestry company, has built the
world’s first wood-based biorefinery in
Lappeenranta, Finland that produces renewable
Diesel from crude tall oil (CTO), a residue of
pulp making process [2]. The full capacity of the
biorefinery is 100.000 tons of renewable Diesel.
UPM’s renewable Diesel has chemical
composition, as well as the fuel properties
comparable to low-sulphur fossil Diesel and it
can be used as a drop-in blending component in
the current Diesel fuel pool.

of crude tall oil and the schematic picture of the
process is presented in Figure 1.

Figure 1: Production process of UPM BioVerno
renewable diesel

After purification of crude tall oil, the actual
hydrotreatment is carried out. The biorefinery
site has its own hydrogen plant producing
hydrogen from the recycled gasses coming from
the process, and excess hydrogen from natural
gas. After the hydrotreatment the light and
heavy components are removed from the Diesel
fuel in a fractionation unit.
The oxygen-free Diesel fuel RF-06-03 CEC was
tested as a reference. UPM BioVerno diesel was
investigated as pure fuel (B100 in the following)
and as a blend of 70% v/v RF06-03 and 30% v/v
BioVerno (B30 in the following). The fuel
specifications are given in Table 1
Table 1. Fuel characteristics
Fuel
characteristi
cs
Cetane
Index
Cetane
Number
HFRR
(60°C)

Fuel Production, Research Methodology
Crude tall oil based renewable diesel was
produced at the UPM’s commercial scale
biorefinery in Lappeenranta, Finland. The
production process is based on hydrotreatment
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Unit

RF-06-03
CEC
52.7

B30
UPM
BioVerno
57.4

B100
UPM
BioVerno
69.3

-

51.6

55.2

>60

µm

200

317

287

Aromatic
content
FAME
content
Sulphur

%
(m/m)
%
(v/v)
mg/kg

3.8

2.7

0.3

Oxidation
Stability
c/h/o

h

0.1

0.1

>0.1

6.7

<5

5.1

10.9

22.5

46.3

86.6/13.6

86/13.8

85.4/14.6

UPM BioVerno fuel has a lower aromatic content
and a higher Cetane number than the reference
fuel RF-06-03.
The single cylinder Diesel research engine has a
swept volume of 0.39l and a compression ratio
of 15:1. The fuel injection equipment is near to
series production and state of the art. The
engine calibration has been kept constant
independent of the fuel. However, in order to
maintain a constant center of combustion
(CA50) the start of energizing was adjusted
accordingly. The calibration parameters for the
four part load operating points are shown in
Table 2. More information on the engine can be
found in [3].
Exh.
gas
press
.

EU6.1
NOxlevel

°C

bar

g/kW
h

1.07

25

1.13

0.2

900

1.50

30

1.60

0.2

-9.2

1400

2.29

35

1.39

0.4

-10.8

1800

2.6

45

2.8

0.6

Rail
press
.

Boost
press
.

CA50

rpm,
bar

°CA
bTD
C

bar

bar

-6.6

720

-5.8

1500
, 4.3
1500
, 6.8
2280
, 9.4
2400
,
14.8

Charg
e air
temp.

0.8

2.0

0.4

1.0

0.0
16

0.0
85

12

83

8

81

4

79

0
44

77

40
36
32

RF-06-03
B30 Bioverno
B100 Bioverno

28

ISPM / g/kWh

Figure 2. Engine test results at n = 1500 rpm,
IMEP = 4.3 bar, EU-6.1 NOx-level of 0.2 g/kWh

Table 2. Engine calibration at EU-6.1 NOx-level
Speed,
Load

3.0

ISHC / g/kWh

73

0.12

0.4

0.09

0.3

0.06

0.2

0.03

0.1

0.00
2.0

0.0
90
88
86
84
82
80

1.5

0.0
44

1.0
0.5

42
40
38

RF-06-03
B30 Bioverno
B100 Bioverno

36

Figure 3. Engine test results at n = 2400 rpm,
IMEP = 14.8 bar, EU-6.1 NOx-level of 0.6 g/kWh

At medium to high load operation (Figure 3), the
positive impact of the reduced aromatic content
of BioVerno is clearly visible. At same NO x-level,
both the blend B30 and the pure component
B100 show less PM-emissions compared to RF06-03. Moreover, the higher Cetane number
reduces the fraction of premixed combustion
resulting in a slight reduction of combustion
noise.

Results
Within this section, the findings with RF-06-03
reference Diesel, B30 and B100 are shown for
the load points at n = 1500 rpm and
IMEP = 4.3 bar (Figure 2), and n = 2400 rpm
and IMEP = 14.8 bar (Figure 3) at EU-6.1 NOxlevel.

Summary
By a unique process based on hydrotreatment of
crude tall oil, the renewable Diesel fuel “UPM
BioVerno” is produced. The renewable Diesel is
practically free of aromatics and has a higher
Cetane number than conventional EN590 Diesel
fuel. Test at a single cylinder engine with both
pure UPM BioVerno and a blend of 30% v/v
BioVerno and 70% v/v RF-06-03 have been
carried out.

Overall, the differences in combustion and
emissions performance between the fuels are
small. UPM BioVerno features higher Cetane
number leading to slightly reduced HC- and COemissions particularly at low part load operation
(see Figure 2).
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UPM BioVerno shows a slight reduction in HCand CO-emissions compared to reference diesel
due to shorter ignition delay. At higher loads, the
reduced aromatic content also allows lower PMemissions.
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Outlook
Within the next test campaign, two vehicles will
be fuelled with a blend of 30% v/v UPM
BioVerno and 70% v/v RF-06-03. With both
fuels, the vehicles will be tested in current
certification cycles on the dynamometer test
bench. Emission will be measured both at
engine-out and tailpipe. By this, the impact of
the UPM BioVerno on the fuel consumption and
emission characteristics of two very common
vehicles will be assessed.

[3] Rose, K., Cracknell, R., Rickeard, D., Ariztegui, J.
et al., "Impact of Fuel Properties on Advanced
Combustion Performance in a Diesel Bench
Engine and Demonstrator Vehicle," SAE
Technical Paper 2010-01-0334, 2010,
doi:10.4271/2010-01-0334
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For the first time a model including low-temperature oxidation reaction pathways for 2-butanone, has
been developed. This model (PCFCbutanone_v1) has been validated using a wide range of experimental
data from the literature and measured during the course of this study. Ignition delay times have been
measured using a combination of a shock tube and a rapid compression machine. They are measured for
φ = 1.0 in air mixtures covering a range of temperatures (852–1281 K) and pressures (20 and 40 atm)
which incorporate practical engine relevant conditions. In addition, flame speeds for 2-butanone have
been measured for a range of equivalence ratios (0.7–1.3) and pressures (1–5 bar). The flame speed
measurements also add an engine relevant validation parameter due to 2-butanone’s potential usage as
a spark-ignition fuel, thanks to its impressive knock resistant properties.
____________________

Corresponding author: burke@pcfc.rwth-aachen.de
of temperatures (852–1281 K) for φ = 1.0 in air
mixtures. In addition, flame speed measurements
have been collected at pressures of 1 and 5 bar
and over a range of equivalence ratios (0.7–1.3)
and two initial temperatures (373 and 423 K). The
newly measured experimental data provide
validation targets for a new detailed chemical
kinetic model (PCFCbutanone_v1), which includes
for the first time low-temperature reaction
pathways for 2-butanone combustion and
calculations of thermodynamic properties of the
low-temperature oxidation species. The model is
also validated using the available literature data,
resulting in the first validated detailed chemical
kinetic model, which includes low-temperature
chemistry, in the literature to date.

Introduction
Recent novel synthetic pathways have been
discovered for the production of 2-butanone. This
fact coupled with recent spark-ignition engine tests
showing favourable results of 2-butanone with
regard to engine efficiency and soot production
when compared to ethanol, 2-methylfuran and
gasoline mixtures, motivate this study of the
fundamental combustion chemistry of 2-butanone.
To date, there is a limited number of studies
concerning the combustion chemistry of 2butanone.
Previous
ignition
delay
time
1,2
experiments
covered only high temperatures
(1100–1850 K) and a limited range of pressures
(1–6.5 atm). There also exist flame speed
1
measurements in the literature , which were only
conducted at a pressure of 1 atm. Both of these
1,2
studies
also present chemical kinetic models.
However, neither of these models considered lowtemperature reactions of 2-butanone.
Some theoretical rate constant calculations also
3
exist. Zhou et al. calculated the site-specific rate
constants for H-atom abstraction by hydroxyl
radicals, while the same abstraction reactions by
hydroperoxyl radicals were calculated by in other
4,5
studies . The total rate of H-atom abstraction by
hydroxyl radical has also been experimentally
2,6,7
measured .
However, the only available study in the literature
concerning
the
low-temperature
oxidation
reactions of 2-butanone was conducted by Sebbar
8
et al. . The focus was the calculation of the
thermochemistry and related reaction rate
constants pertaining to the 2-butanone-3yl radical
+ O2 potential energy surface.
The present study addresses both the lack of
fundamental engine-relevant experimental data,
providing ignition delay times at elevated
pressures (20 and 40 atm) and over a wide range

Figure 1: 2-butanone molecule
Approach / Test set-up
Rapid compression machine (RCM):
9
The RCM has been described in detail previously .
It consists of a single piston geometry with a
variable volumetric ratio. It has a test chamber
designed to withstand pressures up to 1000 bar
and a heating system covering the manifold and
test chamber, which can homogenously heat the
system from ambient up to 120°C. The RCM uses
a creviced piston head optimized to this machine in
order to suppress the formation of roll-up vortices.
These experiments were monitored using a
PCB113B24 pressure transducer, which is silicon
coated to prevent heat shock effecting the
measurements.
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Shock tube (ST):
The ST used during this study has been discussed
10
in detail by Heufer and Olivier . It has an inner
diameter of 140 mm and a total length of 15.5 m.
The large inner diameter reduces facility effects
occurring due to shock attenuation and its length
allows ignition delay times to be accurately
measured from 0.05–7 ms. The ST has a heating
system capable of heating the facility from ambient
to 200°C. The pressure is monitored during
experiments using a Kistler603B pressure
transducer. In total there are six Kistler 603B
sensor mounted axially along the tube in order to
measure the incident shock velocity during
experiments.

Figure 1: Ignition delay times compared to model
(PCFCbutanone_v1) predictions. Constant volume
and simulations including RCM facility effects are
shown.
Figure 2 presents the flame speed measurements
compared to the predictions of the developed
model. The model reasonably predicts the trends
presented here. However, it tends to underpredict
the flame speed for lean mixtures.

Spherical combustion vessel:
This facility has been discussed in detail by
11
Beeckmann et al. . A closed-vessel setup is used
in order to facilitate the measurement of elevated
temperatures and pressures. The spherical
combustion vessel has an inner diameter of 100
mm and the flame propagation is monitored
through a 50 mm quartz window using a highspeed CCD camera. Mixtures are prepared in an
external mixing vessel using the partial pressure
method to determine the concentration of each
component.
Calculation of thermochemical data
For the fuel, the three primary radicals and 36
intermediate
species,
we
used
ab-initio
calculations to derive thermochemical data.
Enthalpies of formation were obtained from the G4
12
model chemistry implemented in the gaussian09
13
package . For this method, the accuracy for
energies on a large test set was found to be 0.83
12
kcal/mol . We improved the description of the
temperature dependence by treating the lowfrequency torsional modes of the molecules with a
14
hindered rotor treatment . This improves
especially on the entropies needed for reaction
equilibria.

Figure 2: Flame speed measurements compared
to model (PCFCbutanone_v1) predictions.
Summary and Outlook
New experimental data for 2-butanone has been
measured. The new data includes ignition delay
times and flame speed measurements. These data
are taken at elevated pressures and different
equivalence ratios to meet practically relevant
conditions in the fundamental experiments. These
experiments form the foundation for a validation of
a new 2-butanone detailed chemical kinetic model
(PCFCbutanone_v1), which for the first time
includes reaction pathways for its low-temperature
oxidation and accompanying quantum calculations
for the thermodynamic properties of 2-butanone
and related species.
To further improve the accuracy and predictive
capabilities of the model, more experimental data
(Jet-stirred reactor, flame speciation, ST speciation
etc.) and further measurements and calculations of
key rate constants are required.

Results
In Fig. 1 the experiments measured in the RCM
and ST facilities are presented. These data are
accompanied with simulations using the newly
developed model. Both constant volume (zerodimensional, dashed lines) simulations and
simulations including the associated RCM facility
effect (solid lines) are shown. The agreement
between the model and experiments is excellent.
The low-temperature oxidation pathways included
in the model are of particular importance when
predicting the ignition delay times measured by the
RCM.
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“OrCaCel - OrganoCat plant and pulping combinations for the full valorization of
lignocellulose from marginal land grown perennial plants”
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The full valorization of lignocellulose residues is a crucial step to obtain ecological and economic figures
in future bio-refineries. The recently developed OrganoCat process is a promising alternative to deliver
non-degraded fractions of the three main carbon components of lignocellulose. The OrCaCel project aims
to combine plant science with analytics and chemical engineering to adapt the OrganoCat process to
different types of biomass obtained from perennial plants grow in low-input production systems to
minimize the environmental footprint.
____________________

Corresponding author: Leitner@itmc.rwth-aachen.de
Introduction
For a reliable and sustainable production of biobased chemicals and fuels, the development and
rd
enhancement of 3 generation bio-refineries is of
utmost importance. To valorize biomass, the
efficient cultivation as well as the subsequent
disintegration and fractionation of the possible
biomass candidates needs to be investigated
thoroughly. An important point is the effect of
cultivation and harvesting on the composition of
the produced biomass.

Fig. 1: Matrix polysaccharides composition in Sida
hermaphrodita stems. (fuc: fucose, rha: rhamnose, ara:
arabinose, gal: galactose, glc: glucose, xyl: xylose, man:
mannose, gal_a: galacturonic acid)

Approach / Test set-up
The OrCaCel project addresses the simultaneous
optimization of plant cultivation and disintegration
[1,2]
via the OrganoCat
process to find optimal
conditions for growth and valorization of
lignocellulose. Correlation of the data generated by
characterizing the OrganoCat product streams with
the data provided by analysis and characterization
of the original biomass creates new conversion
chains for biomass, determined for defined
chemicals and energy storage.

To convert the resulting streams of lignin and
hemicellulose
sugars
efficiently,
high
concentrations
of
these
products
are
advantageous. However, the substrate loading is a
limiting factor due to mass transport limitation. To
raise the product concentrations in the effluents of
the OrganoCat process the biomass-to-solvent and
–catalyst ratio was improved by recycling the liquid
phases while adding new lignocellulose for several
cycles (Fig. 2).

Results
The preliminary research focuses on Sida
hermaphrodita, a perennial plant from the
Malvaceae family, which can be cultivated on
marginal lands and produces high amounts of
biomass. To choose the harvest time best suited
for the subsequent pretreatment process,
lignocellulose composition is monitored weekly
over one year focusing on matrix polysaccharides,
crystalline cellulose and lignin.
The OrganoCat process itself can be adapted to
the feedstock by comparing the composition of the
main components (e.g. dominating carbohydrates,
pentose-hexose-ratio and ratio of the three main
components cellulose, hemicellulose and lignin) in
a particular period (Fig. 1).

Fig. 2: Recycling of liquid phases of the OrganoCat
process.
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Summary

References

The OrCaCel project combines the research fields
of cultivating, analyzing and disintegrating
lignocellulosic biomass. To understand the
influence of different periods of growth on the
perennial plants, compositional analysis was
conducted. This facilitates adaption of the plant to
the OrganoCat process. Vice versa, the
OrganoCat process was improved to raise
efficiency of the pretreatment and fractionation.
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The SECTOR project – with more than 20 partners from industry and science – is expected to shorten the
time to market for torrefaction technology through extensive pilot and demo scale torrefaction as well as
densification trials. The downstream value chain is elaborately assessed through logistics and end-use
testing of the torrefied biomass, in combination with supporting small-scale experimentation and analysis.
The technical work is accompanied by safety assessments, development of standards (both for dedicated
analysis methods and torrefied products), techno-economic assessment of major biomass-to-end-use
value chains and a complete sustainability assessment.
____________________

Corresponding author: kay.schaubach@dbfz.de
Introduction
The European (FP7) project SECTOR, aiming at
the further development and market introduction of
torrefaction-based technologies for the production
of solid bioenergy carriers has reached its final
stage. In torrefaction, biomass is heated up in an
oxygen depleted atmosphere to a temperature of
at least 250°C. By combining torrefaction with
pelleting or briquetting, biomass materials can be
converted into high-energy-density bioenergy
carriers with improved behavior in (long-distance)
transport, handling and storage. Torrefaction also
creates superior properties for biomass in many
major end-use applications. The process has the
potential to provide a significant contribution to an
enlarged raw material portfolio for sustainable
biomass fuel production inside Europe by including
both
agricultural
and
forestry
biomass
[1]
(residues) .

Figure 4: Example of mass loss profiles of spruce
[8]
torrefaction

biodegradation, self-heating, self-ignition and dust
explosivity.
Larger samples of torrefied pellets have been
subjected to outdoor stockpile tests, and to
assessment of handling in existing feed lines of
coal-fired power plants. Three principal end-use
applications for torrefied biomass were under
investigation in this project: co-firing in pulverised
fuel boilers, (co-) gasification in entrained-flow
gasifiers and combustion in commercial pellet
boilers. Results that were obtained during lab-,
pilot- and large-scale thermal conversion trials will
be presented, in conjunction with results of
grindability (milling tests) and feeding experiments.
In short, grindability test have been performed in
mills from lab scale (HGI mill) up to large scale
(400kg/h, bowl (roller) mill). The tests aimed at
defining (i) energy consumption and (ii) particle
fineness when grinding torrefied biomass.
Grindability evaluation based on the Hardgrove
Grindability
Index
(HGI)
method
was
conceptualised, tested and validated. Co-grinding
in e.g. bowl (roller) mills or fan beating mills
showed improvement of the particle size compared
to separate milling. A range of process parameter,
including power consumption, showed a higher
fluctuation. Compared to non-torrefied biomass,
the feeding behavior improved with a lower
tendency to bridging and agglomeration. Cofiring

Results
Potential feedstock has been profiled and
[2][3]
assessed on market availability
. More than 200
tons of torrefied biomass were produced and
densified (pelletized and briquetted) by the four
producers from lab scale up to demonstration
[4][5]
stage
. The production of these batches has led
to the formulation of dedicated recipes for various
feedstocks through fundamental studies about
changes in structure and composition during
[6]
biomass torrefaction and densification
(see
Figure 1). The torrefied pellets and briquettes have
been tested by different SECTOR partners all over
Europe to assess the material performance during
handling and storage as well as in small- and
[7]
large-scale end-use applications
. Torrefied
pellets and briquettes with different degrees of
torrefaction were assessed and subjected to
characterize their behavior in terms of durability,
weathering,
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Summary and Outlook
In summary, during SECTOR, project partners
have been able to produce torrefied biomass of a
better and more constant quality and consistent
data sets on logistics and end-use performance
contribute to increasing confidence levels amongst
relevant stakeholders. Finally strategic aspects for
market implementation of this promising innovative
fuel need to be discussed, considering markets
perspectives manifold both in the energy sector but
also in the bioeconomy or in the chemical industry
(e.g. by torrefaction co-product conditioning as
organic based pesticide).

with lignite and hard coal has been performed in
lab and pilot scale boilers which have been
subjected to CFD analysis for upscaling verification
for full scale boilers. Large scale tests are also
performed. The tests included analyses of
combustion characteristics as well as emission and
decomposition behavior with up to 100% of
torrefied biomass. One exemplary result, which will
be presented amongst others, showed a slower
combustion in a down fired pulverized fuel
combustion process. This, however, did not
decrease the combustion efficiency. Moreover, a
higher carbon burnout could be observed when
cofiring took place with bituminous coal or predried
lignite.
The
burnout
improved
in
correspondence with the cofiring ratio.
Parallel to the technical process development,
several standard test methods for the analysis of
physical and chemical fuel properties of torrefied
biomass were successfully validated in two
[9]
extensive Round Robin tests , while new
dedicated test methods and a specific product
standards (ISO 17225-8) are under development
[10]
. Lastly, a methodology has been developed for
both the life-cycle-assessment and socio-economic
assessment of the torrefaction-based value chains;
for the environmental assessment these will be
presented in the form of case studies for specific
focus regions.
After discussing methodology aspects of defining
and
describing
biomass-to-end-use
chains
(Figure 2), these specific case studies have been
chosen for closer examination: (i) Industrial wood
pellets produced in Northern America destined for
co-firing with coal in Europe, (ii) Quality wood
pellets produced in Central Europe for use in small
pellet boilers and (iii) Industrial wood pellets
produced in Northwest Russia for coal co-firing in
[11] [12]
Europe
.
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“Advances in Biomass Processing: Improving Future Technologies”
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Mechanocatalytic depolymerization of lignocellulose constitutes a new frontier in biorefining. In a one-pot
process, the combination of mechanical forces and acid catalysis leads to the full conversion of (dried)
lignocellulose into water-soluble products (oligosaccharides and lignin fragments). In solution, these
products undergo hydrolysis and other reactions, rendering high yields of monosaccharides along with
precipitation of a sulfur-free lignin. The water-soluble oligosaccharides may serve as a unique
replacement for glucose and xylose for the production of platform chemicals. The results presented in this
presentation are obtained from mechanocatalytic depolymerization of α-cellulose, beechwood, and poplar
wood performed in Simoloyer mills operating on hectogram and kilogram scales. Irrespective of the
process scale, full conversion of the substrate into “water-soluble (ligno)celluloses”, within milling
durations of 1−3 h, is achieved. Remarkably, energy consumption significantly decreases (from ca. 200
−1
−1
MWh·t to 9.6 MWh·t ) with upscaling of the experiment from 1 g (planetary mill) to 1 kg. This increase
in energy efficiency constitutes key evidence for the feasibility of the mechanocatalytic depolymerization
on a large scale.
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Investigation of combustion and soot formation of ethanol-isooctane fuel blends
in a DISI engine using optical measurement techniques
M. Storch, M. Wensing, S. Will, L. Zigan
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In this study the soot formation of ethanol-isooctane fuel blends is investigated by simultaneous highspeed imaging of OH*-chemiluminescence and soot luminosity as well as a laser induced incandescence
measurement of primary particle concentration in the engine exhaust gas. Different soot formation
mechanisms were analyzed systematically for specific operating points. Depending on the operating point
ethanol-blended fuels show a different sooting behavior. Especially at late injection conditions with short
mixing time E20 frequently shows higher sooting tendency than pure isooctane.
____________________
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Introduction
Future targets on CO2 emission of spark ignition
(SI) engines require the combination of modern
combustion concepts, e.g. direct injection (DI), and
the use of biofuels such as ethanol. However, DI
concepts have the disadvantage of increased
particulate matter emission. Especially for
operation with biofuels, direct injection spark
ignition engines (DISI) require a deeper insight into
combustion and soot formation processes in
particular with optical measurement techniques.
In general, ethanol blended fuels show lower PM
emissions in IC engine application compared to
gasoline and surrogate fuels. However, there are
also studies reporting increasing particulate
concentration for gasoline engine fuels with higher
ethanol content. These analyses do not generally
clarify the sources of in-cylinder soot formation
because of different engine designs and operating
conditions. Furthermore, it has to be analyzed at
which injection conditions either chemical or
physical properties of ethanol blends determine
soot formation.

operation was assured. Further details of the
transparent engine and operating conditions can
be found, e.g., in reference [1].

Experimental Approach
In this project a modern optically accessible
DISI engine is used. Isooctane, ethanol and the
fuel blends E20 (20 vol.-% of ethanol in isooctane)
and E85 were investigated. Soot radiation imaging
was conducted using a high-speed camera system
in order to visualize fuel dependent sources of soot
formation.
Furthermore,
a
laser-induced
incandescence (LII) sensor was used to measure
exhaust elementary carbon mass concentration.
Operation points were chosen systematically
corresponding to different sooting mechanisms in
DISI engine combustion e.g. cold start conditions,
early and late injection timings, split injections etc.
In order to compensate the lower heating value of
the ethanol fuels, the injection duration was
adjusted fuel specifically. With this and by keeping
the air flow rate constant, a constant air-fuel ratio

Figure 1: Soot mechanisms in DISI engines
visualized by high speed imaging of the soot combustion
luminosity.

Results
The main soot formation mechanisms are
poolfire, mixture inhomogeneities and global rich
mixture [1,2], which were also chosen for this study
with respective operating points (see Figure 1).
Additionally, tip-sooting occurs randomly and it is
strongly dependent on the injector tip geometry [2]
but it is less sensitive to fuel composition.
Therefore, this was not further analyzed in this
study.

The chosen approach allows a systematic
comparison of the influence of ethanol blending on
different soot formation mechanisms. The
operating point “global rich mixture” was adjusted
as a reference point with a single injection event
early in the intake stroke and a global air-fuel ratio
of λ=0.75. The high-speed imaging series shows
strong luminosity signal which is distributed in the
whole cylinder (see Figure 2). The operating point
“catalyst heating” is characterized by a split
injection strategy which is typically utilized during
cold start operation. The main injection event was
placed in the intake stroke and the second
injection event in the compression stroke shortly
before ignition.
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In general, the analysis of different sooting
operation points revealed a decrease in soot
emission for fuels with high ethanol content. Here,
the soot formation mechanism may be governed
by the chemical properties of the fuel. However, at
engine operation with late injection (short mixing
time) adding a small amount of ethanol (E20)
causes a higher soot formation probability and
particle emission. Here it is assumed that the
physical fuel properties dominate the soot
formation.
Currently planar laser induced fluorescence
(LIF) measurements are conducted in order to
evaluate the mixture formation process for ethanolisooctane
mixtures.
Furthermore,
spray
combustion experiments in an optically accessible
constant volume chamber are planned to analyze
the sensitivity of sooting combustion by
systematically changing the operation conditions.
The results help to improve the understanding
of the complex process chain of engine
combustion regarding soot formation for different
fuel blends. Furthermore, fuel specific operating
strategies can be suggested in order to reach
future particulate emission limits.

Figure 2: Selected high-speed resolved soot
luminosity for isooctane for the operating points
“rich mixture” and “catalyst heating”.

The high-speed combustion images show
sooting flame structures with locally high signal
intensity. These structures are caused by
incomplete evaporated fuel droplets from the
second injection event, because of short
evaporation and mixing time. It is assumed that
these phenomena strongly contribute to high
exhaust gas particle emissions.
In general, high-speed visualization of soot
luminosity and exhaust particle measurements
show good correlations for a wide range of
operating points, see also references [1,3-4]. The
exhaust gas particle concentration is displayed in
Figure 3. At rich mixture conditions (λ=0.75), the
soot concentration decreases with increasing
ethanol content. A similar result was found for
poolfire operation (see reference [3]). The reason
may be the chemical character of the ethanol
molecule (short carbon chain) and the fuel bound
oxygen. At catalyst heating operation especially
E20 shows the highest exhaust particle
concentrations. This unexpected behavior may be
explained by the dominance of physical fuel
properties at short mixing times leading to mixture
inhomogeneities. Important quantities in this
context may be the high evaporation enthalpy of
ethanol and the non-ideal mixing behavior of this
special ethanol-isooctane mixture [5].
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Summary and Outlook
High-speed imaging of the sooting combustion
and exhaust primary particle concentration
measurements of ethanol-isooctane fuel blends
were conducted in this study. The results of both
measurement techniques show good correlation.
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Combustion characteristics of middle distillate blends with
hydrotreated vegetable oil
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Mineral oil based fuels for heating systems are generally mixtures of many components with a broad
distillation range. Nowadays biofuels like biodiesel and hydrotreated vegetable oils (HVO), which only
partially show these physico-chemical properties, are introduced into the fuel market. The objective of the
presented research project is to determine, whether middle distillates, in this case low-sulfur domestic
heating oil (DHO), containing up to 50 %(v/v) HVO can be used in standard household heating systems
with respect to flame length depending on fuel composition.
____________________
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Introduction
The European Union has committed itselves to
reducing their greenhouse gas emissions by 2020
by at least 20% below 1990 levels; the German
federal government has the ambitious goal of 40%
and beyond. This reduction will be achieved by
increasing the share of renewables in electricity
generation to 27%, more efficiency and renewable
energy in transport and in buildings through better
building renovation, more efficient heating systems
and heat from renewable synergies resulting.
Consequently, the development of new heating
technologies and new renewable liquid fuels in
domestic heating market must make a crucial
contribution to reducing CO2 emissions.
In order to further reduce the fossil fuel
dependency and to secure long-term supply, two
approaches are used in domestic heating market.
First, more efficient techniques are to be used for
fossil fuel savings. For liquid fuels, these include
the use of modern low-emission and full
condensing boilers as well as the development of
new, more efficient technologies. Second, fossil
liquid fuels are to be substituted with renewable
fuels. The use of renewable raw materials as a
resource for heat production can significantly
reduce the emission of CO2. It is intended that
alternative liquid fuels can be introduced into the
domestic heating market with marginally technical
modifications.
The allowable mixing ratios of biofuels are
primarily limited by the distillation range of fuels.
The allowed ranges are standardized in the DIN
SPEC 51603-6 for Domestic Heating Oil (DHO)
with alternative fuel components. For example,
DHO-blends containing up to 20% FAME are
possible [1, 2], yet are not sufficient to reduce
greenhouse gas (GHG) emissions in the required
extent as defined in the EU Directive / 2009/28 /
EC [3]. During the intensification of climate change
objectives, the problem arises that to meet the
criteria alternative fuels have to been found, which
can meet the policy requirements and admixture
ratios, given by the technical requirements. HVO is

a possible substitute for middle distillates (e.g.
DHO) due to its physico-chemical properties and
fulfills future requirements regarding GHG
emissions.
The presented work shows the possibilities of
hydrotreated vegetable oils (HVO) as a substitute
for DHO, and provides some major results on
recent topics.
Approach and Test set-up
As shown in previous works [4] FAME blends of up
to 50% can be used without changing the essential
combustion characteristics. If sufficient volume is
provided high proportions of FAME and therefore
of high boiling components in the fuel oil can be
used. Both the CO and NOx emissions remain
constant within the measurement tolerance. An
increase in unburned hydrocarbons or solid
particles in the exhaust gas has also not been
monitored [5].
Selected mixtures are tested in a test flame tube
on basic combustion properties. These include the
exhaust gas emissions (CO, NOx), particulate
emissions (PM) as well as the determination of the
flame length. With the addition of HVO the flame
length must not substantially change, because this
could lead to a quenched flame in commercial
heating systems, thus resulting in incomplete
combustion. If, however, the flame length stays
constant for the different blends to be investigated
it can be assumed that there is complete
combustion inside the commercial system. Flame
length is measured and characterized based on
the CO-concentration in the reaction zone, due to
the fact, that CO-oxidation is one of the last
reactions in a flame [5, 6]. All measurements have
been conducted under similar conditions, including
constant temperatures and adjustment of the
air/fuel ratio (lambda) to a fixed value of 1.18.
Flame length investigations are performed using a
test flame tube similar as shown in Figure 6.
Instead of the sight glass, a flexible and watercooled suction lance is mounted, which allows to
take gas samples out of the reaction zone. Suction
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of the gas sample is performed isokinetic. With this
arrangement it is possible to analyze the COconcentration of the flue gas inside the flame right
at the position of the lance.

composition of a fuel has an influence on the
combustion reactions and therefore on the flame
length. However, at relevant distances, as they are
common in standard household heating systems
(> 400 mm), complete burnout is ensured for both
fuels tested so far.
Results
From the experiments it could be seen, that fuel
composition does affect combustion properties. An
effect of fuel composition (HVO content) on the
CO-concentration inside the reaction zone could
be measured. However, flame length of H50 is
almost identically to pure DHO. Investigations
regarding the flame length of different fuels are
currently ongoing. Tests with different HVO
qualities, higher shares of n- and iso-alkanes as
well as mixtures with FAME are foreseen. In
addition, long term combustion tests in standard
household heating systems in order to determine
the applicability of HVO blends will be conducted
soon.
Acknowledgement
The project DGMK-743 is supported by the AIF
(“Arbeitsgemeinschaft
industrieller
Forschungsvereinigungen "Otto von Guericke"
e.V”) under auspices of the German Federal
Ministry of Economic Affairs.

Figure 6: test flame tube according EN 267
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The suction lance is water-cooled, to lower the gas
sample temperature and therefore stop the COoxidation immediately. This is absolutely important
in order to produce reliable data. The gas sample
is directed to an online flue gas analyzer including
a NDIR device for CO-detection in the range up to
2,500 ppm.
By now the characteristic flame length of two fuels
has been evaluated; pure DHO and H50, a blend
consisting of 50 % (v/v) DHO and 50 % (v/v) isoHVO. H50 therefore comprises a much higher
share of alkanes than pure DHO. Hence,
differences in flame length are expected. The
results are shown in Figure 2
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Figure 7: CO-concentration as a function of fuel
composition and distance to the fuel nozzle

The illustrated data is within the expected range.
At a distance of approx. 380 mm from the fuel
nozzle both flames have low CO-concentrations in
the range of 15-20 ppm (complete burnout). At
smaller
distances
the
measured
COconcentrations of the two flames differ more and
more. At a distance of 280 mm the COconcentration of H50 is approx. twice as large as
of DHO. This indicates that the chemical
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In this paper a combined research approach on blending of TMFB biofuel candidates in Diesel fuel is
presented. Two promising biofuel candidates are blended in various ratios in EN590 Diesel. To ensure
safe handling the tribological performance and compatibility with seal materials are investigated at the
Institute for Fluid Power Drives and Controls (IFAS). Even though blending these oxygenates to Diesel
fuel degrades the tribological performance and the material compatibility, the blends still fulfil the limits for
safe operation stated in EN590. In succession to these investigations, the performance of several blends
is analyzed with regard to combustion and emissions at the Institute for Combustion Engines (VKA). Both
oxygenates contribute to an improvement in the typical soot-NOx-trade-off, but only low amounts up to
20% v./v. are compliant with the EN590 regulation.
____________________
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Introduction
During the past years promising fuel candidates
for Diesel-type combustion were identified and
investigated. Compared to Diesel these
candidates exhibit a substantial improved sootNOx-trade-off. From the tribological point of view
the biofuel candidates are quite divers. The
dynamic viscosity and lubricity differ significantly
among the investigated liquids. Because
establishing a completely new fuel on the market
is a challenging task, the intermediate step of
blending two promising biofuel candidates with
conventional Diesel is presented in this paper.
Results regarding the combustion and emission
characteristics, the tribological performance and
the material compatibility are presented.

WSD [µm]

Diesel + 1-OCT

DnBE [wt%]
0 / 50 / 80 / 100

Diesel + DnBE
EN 590 Pass/Fail

0

10 20

30 40 50 60 70 80 90 100
Diesel ratio [wt%]

Fig. 1: Impact on lubricity

The significantly smaller Wear Scar Diameter
(WSD) of Diesel most likely originates from its
additive package. All investigated blends with 1Oct and DnBE still fulfill the 460 µm criterion
given in DIN EN 590 [2]. However, the trends of
the lubricities versus the blend ratios for the two
biofuels differ significantly. Blending DnBE in
Diesel leads to an almost linear increase of the
WSD up to the high level of pure DnBE. In
contrast, blending of just 20 wt%1-Oct already
increases wear significantly up to the level of
pure 1-Oct.

Investigated biofuels and blends
From
their
combustion
and
emission
characteristic the two isomers 1-octanol (1-Oct)
and di-n-butylether (DnBE) are promising fuel
candidates [1]. Nevertheless, the fluids do not
fulfill the requirements defined for Diesel [2].
However, by blending these biofuels in Diesel,
fuels that behave beneficial in terms of engineout emissions and still meet the requirements
are possible. In this study the pure substances
and binary blends listed in Table 1 are
considered.

Diesel

675
600
525
450
375
300
225
150
75
0

Material compatibility
To ensure the safe handling standardized
immersion test are included in the research. For
each test series the specimens are submerged
in the fluids for selected intervals at a given
temperature. By doing so the relative changes of
hardness and volume due to the exposure to the
blends are determined. In Fig. 2 swelling rates
of nitrile butadiene rubber standard reference
elastomers after seven days of immersion at
40°C are presented.

1-Oct [wt%]
0 / 50 / 80 / 100

Table 1: Considered blends and pure fuels

Tribological investigations
Fuel pumps of common-rail systems are fuel
lubricated. To ensure a minimum fuel lubricity
various standardized test methods such as the
High Frequency Reciprocating Rig (HFRR) [3]
were developed. The Fig. 1 shows the impact 1Oct and DnBE have on the lubricity of Diesel.
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Fig. 2: Impact on material compatibility (swelling)
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Fig. 3: Engine test results of 1-Oct/Diesel blends
Octanol
at EU-6
NOx-emissions at engine-out

0

Maximum 2200
8 hole, 109 µm hole
diameter, 153°,
620 cm³/min @100 bar
Maximum 3.8 bar abs.

Table 2: Engine specifications
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Displacement

Obviously, the blend of 80 wt% Diesel and
20 wt% 1-Oct almost meets all important
parameters with respect to the fuel injection
equipment (FIE) and combustion, whereas the
50 % / 50 % blend and pure 1-Oct are too far off
the limits particularly of the desired Cetane
number.
The experimental results for both blends and
Diesel and 1-Oct at two characteristic part load
points at EU6 NOx-emissions at engine-out are
given by Fig. 3.

ISCO
/ g/kWh

Unit

78
*Calculated

Table 3: Fuel characteristics of Diesel, 1-Oct and
blends of Diesel and 1-Oct [6]

ISCO ISCO
ISPM ISPM
/ g/kWh / mg/kWh
/ mg/kWh
/ g/kWh

The volume increase of 13% caused by Diesel
fuel is the lowest among all tested fuels and
blends. Furthermore, no linear correlation
between swelling and Diesel mass fraction can
be determined. In fact the blend of 1-Oct and
Diesel leads to a maximum swelling rate at a
Diesel ratio of 80%. This maximum can be
explained, by the theory of Hansen Solubility
Parameters (HSP) [4]. The moderate swelling
rates of up to 38% indicate limited long term
compatibility. Nevertheless, the composition of
NBR-SRE differs from technical elastomers.
Consequently, by integrating different additives
and fillers, a better compatibility is most likely
achievable.
Engine performance
The above mentioned blends and pure
components have been investigated at a single
cylinder Diesel research engine for passenger
car application. The engine specifications are
given in Table 2. More detailed information of
the engine and the investigated load points can
be found in [5]. In general, blending Diesel with
both oxygenates allows to improve the
soot/NOx.trade-off. In the following, the results at
two load points are given for the blends with 1Oct and Diesel exemplarily. The most important
fuel characteristics for the blends and pure 1-Oct
are given by Table 3. Parameters that do not
meet the current EN 590 legislation are
highlighted.
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By the four upper graphs in Fig. 3, the indicated
specific particulate matter (ISPM), hydrocarbon
(ISHC) and carbon monoxide (ISCO) emissions
as well as the Combustion Sound Level (CSL)
are depicted for a low load point at an engine
-.1
speed of n = 1500 min and IMEP = 4.3 bar.
For all blends the EGR-rate was adjusted so that
NOx-emissions are compliant to EU6 legislation.
Due to low temperature levels and thus a high
degree of mixture homogenization, at this load
for all fuels the PM-emissions are rather low.
However, for the 50 % / 50 % blend and pure 1Oct no PM-emissions can be detected at all.
Whereas the pure 1-Oct and the 50% / 50%
blend cause a slight increase in CSL and COemissions, no drawback can be seen by
blending 20 wt% 1-Oct to Diesel fuel.
The four lower graphs show the results at a
-1
higher load point at n = 2280 min
and
IMEP = 9.4 bar. Here, 20 wt% 1-Oct already
shows a significant PM-reduction potential when
compared to EN590 Diesel fuel: at same engineout NOx-level, the soot-emissions can be
reduced by 60% while simultaneously not
sacrificing HC-, CO- and noise-emissions.

However, 1-Oct does not pass all criteria stated
in EN590. But when 1-Oct is blended in a small
amount of only 20 % to Diesel fuel, this blend
almost fulfils all requirements except the CN,
what is slightly below the minimum. At the
engine, no drawback of the slightly lower CN
can be seen when compared to EN590 Diesel
fuel. But at medium to high loads PM-emissions
can be reduced by 60 % at same engine-out
NOx-emissions.
Overall, both oxygenates have proven their high
potential as blending components to Diesel fuel
since on the one hand the current legislation
DIN EN 590 can still be fulfilled when used in
low amounts up to 20 wt%. On the other hand,
even such a low amount contributes to a
substantial reduction of pollutant emissions.
References
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"C8-Oxygenates for Clean Diesel Combustion,"
SAE Technical Paper 2014-01-1253, 2014,
doi:10.4271/2014-01-1253.
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Conclusion and Outlook
Although blending of both biofuel candidates in
Diesel degrades its tribological performance all
investigated blends still fulfill the limits for safe
application given in EN 590. To gain further
insight in the tribological behavior of the fuel
candidates a custom-designed tribometer as
well as further standardized lubricity tests will be
added to the investigation [7].
Results of material compatibility are leading to a
similar conclusion. All blends and the pure
biofuels are leading to higher swelling rates
compared to Diesel. To achieve more reliable
statements, further more detailed tests are
ongoing.
The engine tests have proven that 1-Oct
significantly reduces PM-emissions due to its
oxygen content and the increased ignition delay.

[3] DIN EN ISO DIN EN ISO 12156-1, Diesel fuel Assessment of lubricity using the high-frequency
reciprocating rig (HFRR), (2006).
[4] Hansen, C. 2007 “Hansen solubility parameters: A
user’s handbook” Edited by Taylor & Francis Web,
2007
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impact of low viscosity biofuels on tribological
contatacts in injection pumps”, Proceedings of the
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Fungus-based pretreatment strategies for lignocellulosic biomass
S. Möhring, H. Wulfhorst, A. Duwe, J. Roth, N. Tippkötter*
Junior Research Group BioSats, Chair for Bioprocess Engineering, TU Kaiserslautern Gottlieb-Daimler-Straße 49,
67663 Kaiserslautern, Germany

Several brown-rot and white-rot fungi are known to selectively degrade either carbohydrates or lignin from
lignocellulosic biomass. This naturally occurring behavior can be considered for an application in a
lignocellulose-based biorefinery. In our present study we show a considerable increase of sugar yield
from wheat straw resulting from the pretreatment with a white-rot fungus. Further, several species of
white-rot and brown-rot fungi were successfully grown on biomass in stationary, single-use plastic bags.
Our results indicate a potential use of fungi as a low-cost, low energy consuming pretreatment method
applied during the storage time of lignocellulosic biomass.
____________________

Corresponding author: tippkoetter@mv.uni-kl.de
Introduction
Lignocellulosic biomass is a promising candidate
for the synthesis of biofuels and other base
chemicals. In contrast to starch-based biorefinery
concepts, lignocellulosic biomass can be obtained
without competition with food production. However,
in order to efficiently convert the lignocellulose, it is
often necessary to conduct a pretreatment. This
step mainly aims to separate the material into
different fractions, such as lignin, cellulose and
hemicellulose. These substances can further be
processed in separate production lines.

Approach
All fungi were grown on agar plates at 25 to 28 °C.
Beech wood chips and wheat straw used in this
study were autoclaved prior to the inoculation. The
lignocellulosic biomass was then subjected to
different fungi (Irpex lacteus, Gloeophyllum
trabeum,
Coniophora
puteana,
Aspergillus
aculeatus) under different culture conditions. The
cultivations occurred either in stationary single-use
plastic bags, or in continuously shaken flasks. The
water content was adjusted to different values
using either malt extract broth, a glucose solution,
or sterile water. The fungi were grown on biomass
for up to four weeks at 25 to 28 °C. Subsequently,
the mycelium was removed as thoroughly as
possible. The remaining biomass was analyzed in
regards to its accessibility for cellulolytic enzymes,
its carbohydrate and lignin content, and its
morphological properties. Total sugar content and
lignin content were determined following the
protocol published by NREL (National Renewable
Energy Laboratory). [1] The enzymatic hydrolyses
were conducted using 6 % (w/w) cellulose (NS22086, Novozymes) and 7 % (w/w) xylanase (NS22083, Novozymes) with a solids concentration of
100 g/L for 24 hours at 50 °C. The resulting
monomeric sugars were analyzed using HPLC.
The morphology of the biomass was further
studied using light microscopy. The samples were
prepared by staining cross-sections with both
astrablue and safranin, as proposed by Srebotnik
and Messner. [2]

This study focuses on a pretreatment method
based on wood-rotting fungi. In contrast to other
common pretreatment strategies the fungi can be
applied during storage at mild conditions and with
low costs. Here, the biomass is not subjected to
high
temperature,
pressure,
or
corrosive
substances. Another approach is being made with
the use of brown-rot fungi. In contrast to the whiterot fungi they primarily consume the cellulose
fraction of wood, leaving behind lignin. This
pretreatment leads to a possible extraction of lignin
from woody biomass. Lignin has not been
regarded as a potential value-added product very
often. However, since it is a renewable source for
phenolic components, this outlook on lignin might
change in the future. In this study wood chips and
wheat straw are inoculated with different strains of
brown-rot and white-rot fungi. The effects of this
treatment is evaluated using several analytical
methods, such as the combination of specific
staining and light microscopy, enzymatic and acid
hydrolysis of the remaining cellulose, as well as
differential scanning calorimetry and gravimetrical
analysis of the remaining lignin.

Results
The pretreatment with a white-rot fungus (Irpex
sp.) is shown to enhance the performance of
wheat straw in an enzymatic hydrolysis (Fig. 1).
The best results were achieved by shaking an
inoculated culture medium containing straw
continuously
for
several
weeks.
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Irpex lacteus, Coniophora puteana and Aspergillus
aculeatus are shown to grow well in stationary
systems (single-use plastic bags) on wheat straw
over the course of up to four weeks under ambient
conditions.

.
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Fig. 1: Enzymatic hydrolysis of wheat straw
pretreated with a white-rot fungus in comparison to
untreated straw
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In comparison to untreated wheat straw, the
treatment with Irpex lacteus leads to an improved
sugar yield from the enzymatic hydrolysis. Further,
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“Malic acid production from glycerol with Ustilago trichophora”
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Over 8.5 million tonnes of biodiesel were produced in 2011 in Europe, which is accompanied by a
glycerol side stream of approximately 10% by weight. Biotechnological conversion of this high-volume
glycerol stream is considered a promising approach to add value to the overall biodiesel production
process. Here we report the efficient production of malate from glycerol using the unicellular fungus
Ustilago trichophora Since the U. trichophora wildtype grows relatively poor on glycerol, adaptive
laboratory evolution was used to increase the production rate by 6.6-fold. Further medium and
-1
fermentation process optimization increased the final malate titer to >200 g L , with a maximum
-1 -1
production rate of 1.8 g L h . This titer is the highest reported for the microbial production of malate so
far, highlighting the potential of the Ustilaginaceae for valorization of crude glycerol.
____________________

Corresponding author: nick.wierckx@rwth-aachen.de
Introduction
In recent years it has become apparent that a
switch from our mainly petrochemical based
industry towards a bio-based, carbon neutral
economy is inevitable. In this context, glycerol has
been heralded as new substrate for the production
of biochemicals. Rising biodiesel production is
accompanied by the production of an immense
1, 2
byproduct stream of low-value crude glycerol .
The microbial conversion of glycerol to valueadded products would make the overall process of
biodiesel production economically more feasible.
One possible product is malic acid, which has
been used as acidulant in foods and beverages for
3
decades . Due to its structural similarity and the
possible interconversion to the closely related
succinate and fumarate, it also has a great
potential to replace petrochemical derived
chemicals as a building block for polymers, de4, 5
icers and fuels . The microbial production of
malic acid, mainly from glucose, has been
6-9
investigated intensely over the last years , but
glycerol has thus far been ignored as a potential
substrate. Therefore, we set out to develop an
efficient process for the production of malate from
glycerol.

Fig. 1: Screening and Evolutionary Engineering for
malic acid production with Ustilaginaceae. A: plate
screening, B: Evolutionary Engineering, C: single colony
screening, D: growth of evolved and unevolved Ustilago
trichophora, E: malic acid production of evolved and
unevolved Ustilago trichophora.

Finding a suitable organism
The family of Ustilaginaceae is known to produce a
broad variety of substances, such as lipids, polyols
10
and organic acids, naturally . In a screening of 76
Ustilaginaceae, Ustilago trichophora RK089 was
found to produce malic acid at a relatively high
titer, rate and yield from glycerol. Using a simple
shake flask re-inoculation scheme (Evolutionary
Engineering) with ~140 generations and intensive
single colony screening, the growth rate of this
strain was increased by 2.5-fold, simultaneously
increasing the malic acid production rate by 6.611
fold (Fig. 1) .

Medium and process optimization
The production of malic acid for the resulting
evolved strain was further investigated and
improved by medium and fermentation process
optimization. The switch to a stronger buffer
-1
-1
system (CaCO3) with 0.8 g L NH4Cl and 200 g L
-1
glycerol resulted in up to ~200 g L of malic acid in
-1
shake flask cultivation. In bioreactors with 0.8 g L
-1
NH4Cl, 200 g L glycerol as starting concentration
(additional glycerol feed upon depletion) and the
pH kept at 6.5 by automatic addition of NaOH,
Ustilago trichophora was capable of producing
-1
~120 g L
malic
acid
within
~1,000 h,
-1 -1
corresponding to an overall rate of ~0.12 g L h .
-1
By an increase of NH4Cl to 6.4 g L , with a
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2. Dobson, R., Gray, V. & Rumbold, K. Microbial
utilization of crude glycerol for the production of
value-added products. Journal of industrial
microbiology & biotechnology 39, 217-226 (2012).

simultaneous doubling of all other medium
components, the production could be increased to
-1
~140 g L at an overall production rate of 0.68 g L
1
-1
. Nevertheless, the final titer of ~200 g L from
shake flasks with CaCO3, could not be reached. To
further investigate the influence of CaCO3 on the
malic acid production, a fermentation with CaCO3
as buffering agent was performed. A fermentation
-1
with 6.4 g L
NH4Cl and doubled medium
-1
components resulted in a titer of 206 g L
produced within 264 h, corresponding to an overall
-1 -1
production rate of 0.78 g L h . The maximum
malic acid production rate for this process was
-1 -1
1.84 g L h .

3. Battat, E., Peleg, Y., Bercovitz, A., Rokem, J.S. &
Goldberg, I. Optimization of L-malic acid production
by Aspergillus flavus in a stirred fermentor.
Biotechnology and Bioengineering 37, 1108-1116
(1991).
4. Goldberg, I., Rokem, J.S. & Pines, O. Organic acids:
old metabolites, new themes. Journal of Chemical
Technology & Biotechnology 81, 1601-1611 (2006).
5. Werpy, T. et al. Top value-added chemicals from
biomass. (DTIC Document, 2004).
6. Zelle, R.M., de Hulster, E., Kloezen, W., Pronk, J.T.
& van Maris, A.J.A. Key process conditions for
production of C4 dicarboxylic acids in bioreactor
batch cultures of an engineered Saccharomyces
cerevisiae strain. Applied and Environmental
Microbiology 76, 744-750 (2010).
7. Zhang, X., Wang, X., Shanmugam, K.T. & Ingram,
L.O.
L-malate
production
by
metabolically
engineered
Escherichia
coli.
Applied
and
Environmental Microbiology 77, 427-434 (2011).
8. West, T.P. Malic acid production from thin stillage by
Aspergillus species. Biotechnology letters 33, 24632467 (2011).

Fig. 2: Improvement of malic acid titer and production
rate for Ustilago trichophora.

Conclusions
The strain Ustilago trichophora RK089 is capable
-1
of producing more than 200 g L malic acid at an
-1 -1
overall rate of 0.78 g L h . With these values,
U. trichophora, though only having gone through
laboratory evolution, is already able to compete
with highly engineered strains which overexpress
major parts of the metabolic production pathway.
In the next steps, the production process will be
further enhanced by overexpressing the exact
pathways,
applying
metabolic
tools
for
Ustilago trichophora,
which
are
currently
investigated.

9. Brown, S.H. et al. Metabolic engineering of
Aspergillus oryzae NRRL 3488 for increased
production of L-malic acid. Applied microbiology and
biotechnology 97, 8903-8912 (2013).
10. Geiser, E., Wiebach, V., Wierckx, N. & Blank, L.M.
Prospecting the biodiversity of the fungal family
Ustilaginaceae for the production of value-added
chemicals. BMC Fungal Biology and Biotechnology
1, 2 (2014).
11. Zambanini, T, Sarikaya, E., Buescher, J., Meurer, G.,
Wierckx, N., Blank, L.M. Process for the production
of malate from glycerol. Patent application (2014).
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Biocatalytic production of methanol from biogas
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Currently biogas is used primarily as an energy carrier for the production of heat and electricity. The
energetic use of biogas is efficient when heat demand is covered all year round. However, this is not the
case with all biogas plants. Hence alternatives for the utilization of biogas have been investigated over a
long time for example for the production of methanol. However, so far neither chemocatalytic nor
biotechnological approaches have been very promising.
In this paper the joint project ECOX (Enzymatic-chemocatalytic oxidation cascades in the gas phase) will
be presented, which currently is carried out by the Fraunhofer IGB in cooperation with the Leibniz Institute
for Catalysis LIKAT in Rostock and the Martin Luther University Halle-Wittenberg. In the ECOX project
chemical and biotechnological reaction steps are combined in such a way that biogas can be converted to
methanol and formic acid.
____________________
 Corresponding author: matthias.stier@igb.fraunhofer.de
Introduction
In the first step methane is converted
chemocatalytically to formaldehyde (cf. Figure
1). The second step is the subsequent
disproportionation of formaldehyde to methanol
and formic acid by means of a formaldehyde
dismutase from Pseudomonas sp. in an enzyme
reactor. The formic acid produced in the enzyme
reactor can be used as a base chemical, returned
to the catalytic process or converted to methyl
formate. In this process methyl formate is formed
directly from methanol and formic acid in aqueous
solution. If the formic acid is returned to the
process, the chemical equation results in 4 moles
of methanol from 3 moles of methane, 1 mole of
carbon dioxide and 2 moles of water. The enthalpy
of combustion for 4 moles of methanol is higher
than that of the biogas with 3 moles of methane.

Enzyme reactor – immobilization of the
formaldehyde dismutase
In the studies carried out so far we succeeded in
obtaining the formaldehyde dismutase from both
the wild-type strain and from several recombinant
strains as a storable technical enzyme with longterm stability. The enzyme was immobilized at
various carrier materials. This resulted in enzyme
activities of 0.0088 – 0.028 micromoles per minute
per milligram of the carrier material. The catalytic
half-life is 155 days. Enzymes were applied to the
carrier with a defined spatial orientation by means
of genetic modification, thus increasing the activity
hundredfold.
Automated pilot plant for gas phase reactions
To develop the process technology, a fully
automated test facility for gas phase reactions was
designed and set up in which the temperature and
the pressure can be precisely controlled. The
concentrations of both the substrate formaldehyde
and of the products is measured with an online
mass spectrometer. By means of a special
membrane module it is possible to simultaneously
measure all the components of the reaction both in
the aqueous phase and in the gas phase with a
short response time in the seconds range. Initial
tests show that with this method it is possible to
provide a complete and reliable analysis of the
dismutase reaction (cf. Figure 2).

Figure 8 - Two-stage process for the production of
methanol from biogas
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excellent preconditions for the development of an
technical enzyme process.
This made it possible to use the catalyst in a fixed
bed reactor for the continuous production of
methanol and formic acid with a yield of up to
99.82 %. Currently a process is beeing developed
for in-situ separation of the products by
combination of adsorption and pervaporation.
In the subsequent project phase the enzyme
technical process is coupled with the chemocatalytic process to produce formaldehyde from
biogas.
This technical process is a model for further
technical enzyme processes with gaseous
substrates in the gas phase and in combination
with chemocatalytic reactions. It therefore
represents an important step towards recovering
biogenic materials via gaseous intermediate
products such as biogas or synthesis gas.

Figure 9 - Enzyme kinetics recorded with online
mass spectrometer
Outlook
The highly active enzyme and the fully functional
test facility with online mass spectrometry are
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Recent progress in the synthesis of oxygenate fuels from renewable resources
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Oxygen-containing fuels of the type CH3O-(CH2O)n-CH3 (n = 0-7) exhibit promising features like high
cetane numbers and soot-free combustion. Thus, an elaborate exhaust gas treatment and engine-related
modification of combustion parameters can become unnecessary. Such fuels can be synthesized from
renewables, e.g. via methanol. Within this work, new catalysts for the direct synthesis of dimethyl ether
(CH3O-(CH2O)n-CH3 with n = 0) were developed and new strategies for the synthesis of oligomeric oxymethylene dimethyl ethers (CH3O-(CH2O)n-CH3 with n = 1-7) are described.
____________________

Corresponding author: ulrich.arnold@kit.edu
Introduction
Oxygen-containing fuels and fuel additives, socalled oxygenate fuels, are of steadily growing
interest, since some of them can significantly
reduce the formation of harmful emissions during
combustion. Thus, efficient emission reduction can
be realized without costly engine modification and
exhaust gas treatment [1]. If oxygenate fuels are
produced from renewables, they can also
contribute to a reduction of CO2 emissions.
Furthermore, the originally included oxygen can
remain to some extent in the product so that
synthesis with high energy efficiency and atom
economy is possible. Typical oxygenate fuels are
lower alcohols, e.g. methanol and ethanol, and
ethers such as methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE) or dimethyl ether
(DME). MTBE and ETBE are widely used while
DME proved to be a promising diesel substitute [2].
Current activities in this research field concentrate
on the conversion of methanol to value-added
products [3,4] and the optimized production of
established oxygenate fuels, e.g. ethanol
production from cellulose [5]. In this context, the
direct synthesis of DME from synthesis gas
(Synthesis gas-To-DME, STD) is a promising
approach [6,7]. Another important topic is the
synthesis and use of oligomeric oxymethylene
dimethyl ethers CH3O-(CH2O)n-CH3 (OMEs, n = 17) [1,8,9]. These exhibit beneficial combustion
properties and especially OME 3, OME 4 and OME
5 are in great demand due to their favorable
physico-chemical
properties
[1].
However,
commercial production of oligomeric OMEs on a
technical scale is not established yet, since there is
still a lack of efficient processes, which meet
economic and ecologic demands.

dehydration and (ii) catalyst mixtures containing a
methanol catalyst and a solid acid. The new
catalyst
systems
combine
Cu/ZnO/Al2O3
components with solid state acids and reach the
performance of commercially available systems
[6,7].
Regarding OME production, new strategies
starting from methanol and formaldehyde were
developed (Scheme 1, pathway 1) and compared
to the classical method, which starts from
dimethoxymethane (DMM = OME 1) and trioxane
(Scheme 1, pathway 2). Naturally, direct synthesis
from methanol and formaldehyde is desirable,
since the use of costly educts like DMM and
trioxane can be circumvented. Methanol can be
obtained from renewable resources, e.g. via
gasification of agricultural residues followed by
conversion of the resulting synthesis gas [3,4].

Scheme 1: Synthesis routes for oxymethylene dimethyl
ethers (OMEs) from methanol and formaldehyde.

Results
Direct synthesis of DME from synthesis gas
The long-term performance of new catalysts for
DME synthesis was investigated and it could be
shown that no significant loss of activity occurred
within several weeks. Furthermore, multiple
catalyst passivation with oxygen and reactivation
by hydrogenation was possible thus ensuring a
high operational flexibility.

Approach
Within this work, new catalysts for the direct
synthesis of DME from synthesis gas were
developed employing two different routes: (i)
preparation of bifunctional catalysts, which
comprise a component for methanol formation as
well as an acidic component for methanol

OME synthesis from DMM and trioxane
To produce sufficient amounts of OMEs for initial
tests, the conventional synthesis from DMM and
trioxane (Scheme 1, pathway 2) was employed
and optimized. Several solid state acids were
tested as catalysts and ion exchange resins as
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well as zeolites exhibited a good performance. The
reaction can be carried out under very mild
conditions and reaction equilibrium is reached
within a few minutes (Fig. 1, reaction conditions:
38 g DMM (0.5 mol), 15 g trioxane (0.5 mol CH 2O),
0.15 g zeolite catalyst, T = 30 °C).
70

Summary and Outlook
Currently, a continuously operating process for the
synthesis of OMEs from methanol and
formaldehyde is designed. Key feature of this
process is an extraction procedure for OMEs
separation from the aqueous reaction phase. Major
challenges are the separation of water and the
recycling of educts and byproducts. The
synthesized OMEs will be investigated in engine
tests to elucidate structure-response relationships
and to reveal correlations between their molecular
structures and combustion properties.

DMM
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OME 4
OME 5
Trioxane
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Product distribution [wt%]

are selectively extracted from the aqueous reaction
phase and thus separated from the byproducts. If
diesel is used as extracting agent a direct
additivation is possible and several processing
steps can be saved.

50
40
30
20
10

References
0
0

5

10

15

20

25

30

Time [min]

Fig. 1: Time dependence of OME formation from DMM
and trioxane.
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Combination of polymer latexes, sonochemistry and sol-gel route for the
preparation of silica supported catalysts
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Catalytic processes involving supported noble metals such as gold, platinum and palladium are currently
used for producing fuels and various molecules of industrial interest from biomass and fossil raw
materials. We propose a new synthesis method for catalyst preparation that integrates the synthesis of a
template loaded with metal or metal oxide nanoparticles and their transfer to sol-gel derived porous silica
matrix.
____________________
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Introduction
The biorefiniery concept has been developed
taking advantage of the biomass potential to
produce fuels and other molecules of industrial
interest [1]. Catalytic processes involving
supported noble metals like gold, platinum and
palladium are currently used for producing such
molecules from biomass [2] and from fossil raw
materials. Incipient wetness impregnation and
deposition–precipitation
are
conventional
techniques for preparing this kind of catalysts.

method that integrates the synthesis of a template
loaded with metal or metal oxide nanoparticles and
their transfer to sol-gel derived porous silica matrix.
All these steps can be carried out in water,
reducing environmental impacts.
Approach
The first step is the synthesis of latex, typically
polystyrene, by emulsion polymerization [3]. The
second step is the sonochemical synthesis and
deposition of catalytic nanoparticles on the surface
of the latex polymer [4]. The third step is the
synthesis of the support by sol-gel processes [5]
using tetraethyl orthosilicate under controlled
conditions to modulate the porosity of the final
silica matrix (microporous or mesoporous).

The aim of this work is to develop a new
synthesis method for catalyst preparation in order
to improve the noble metal distribution at low
loadings and to control the hierarchical porosity of
the support material. We propose a rational design

Fig. 1: Supported catalysts by combining polymer latex, sonochemistry and sol-gel route.
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By forming the silica sol in the presence of the
latex, the polymer particles will be homogeneously
distributed in the porous matrix. After calcination,
the organic template will leave behind macropores
with the noble metal nanoparticles on the walls of
the generated macropores as depicted in Fig. 1.
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Towards new fuel candidates – deoxydehydration as novel
deoxygenation method
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The deoxydehydration (DODH) has demonstrated the effective removal of two adjacent hydroxyl groups
to yield a double bond. Herein we report on ReO x/TiO2 as first stable solid DODH catalyst facilitating high
catalytic activity and stability upon recycling. It was tested in a multi-gram scale continuous reaction setup
enabling efficient production of novel fuel candidates, which properties have been predicted model based.
____________________

Corresponding author: palkovits@itmc.rwth-aachen.de
Introduction
The key step for the creation of suitable biomass
based value chains is the deoxygenation of
multifunctional compounds. In recent years, the
deoxydehydration (DODH) has been established
as additional deoxygenation technique to wellknown strategies such as pyrolysis, fermentation,
hydrogenolysis or dehydration. DODH enables the
removal of two adjacent hydroxyl groups to form
an olefin. As a result, a variety of novel fuel
structures can be formed that are not directly
accessible via known techniques. The versatility of
this novel reaction class has been demonstrated in
[1,2]
various studies comprising substrate scopes ,
[3-5]
[6-8]
reductant
and catalyst
variations as well as
[9,10]
different reaction setups
. To exploit the full
potential of DODH, the development of
heterogeneous catalysts is necessary. Denning et
al. first reported on the application of carbon
[11]
supported ammonium perrhenate in 2013 ,
however this catalysts suffered from deactivation
through leaching. Herein, we report a study on
various solid DODH catalysts with ReO x/TiO2
showing high activity and a pronounced stability.

reduction step, all catalysts show distinct
deactivation caused by leaching. Through
reduction, stability of all catalysts is enhanced as
Re(VII) is converted to lower, less soluble
oxidation states. While ReOx/C presents the most
productive catalyst, ReOx/TiO2 features an activity
comparable to HReO4 together with excellent
stability over seven consecutive runs in catalysis.
Titania facilitates high catalytic stability through
considerable metal support interaction pointed out
via TPR studies.
To transfer the small scale experiments to a multigram scale, the heterogeneous DODH catalyst
was tested in a continuous fixed bed reactor. First
results suggest good catalyst performance with a
moderate deactivation over a week time-onstream. The deactivation mechanism is currently
under study, however carbon species deposit on
the support.
Along with the development of heterogeneous
catalysts for a larger scale application, we
searched for suitable fuel candidates obtainable
from hemicellulose streams via DODH. Model
based predictions suggest butoxybutadiene and
hexatriene as promising candidates for Diesel and
Otto engines, respectively. Accessible structures
from selected triols were excluded due to a low
volatility.

Approach / Test set-up
Catalysts were prepared by wet impregnation of a
suitable support material with a rhenium metal
precursor. One fraction was used directly in
catalysis whereas the other fraction was submitted
to a reducing H2-atmosphere. The catalysts were
tested in the closed system DODH of 1,2hexanediol to 1-hexene at 170 °C and 3-octanol as
reductant under air atmosphere. Recycling
experiments were carried out over seven
consecutive runs through catalyst separation,
washing and drying until reuse in DODH. Catalysts
were characterized via nitrogen physisorption,
XRD, XAFS, TEM and TPR.

Summary
This study demonstrates the potential of the
deoxydehydration (DODH) for building biomass
based value chains for fuels. The development of
active and stable solid DODH catalysts as well as
the first application in a continuous reaction setup
constitutes a step towards practical use of DODH.
Suitable fuel candidates obtainable from DODH
were highlighted.
Outlook
Selected fuel candidates can be produced on a
multi-gram scale with the continuous reaction
setup for further experimental testing of fuel
properties. The catalysts will be optimized in terms
of activity as well as economic impact.

Results
The catalysts were subjected to a standard test
reaction of 1,2-hexanediol DODH exhibiting
-1 -1
productivities of 0.06-0.12 mmolproduct gmetal h
comparable to the homogeneous benchmark
-1 -1
HReO4 with 0.11 mmolproduct gmetal h . Without the
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