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laser-induced fluorescence spectroscopy
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Abstract

A method based on time-resolved laser-induced fluores-
cence spectroscopy (TRLFS) was developed to characterize
different fossil diesel fuels and biodiesel blends. The fre-
quency behavior and decay behavior of fluorescence excited
at 266 and 355 nm were measured. Differentiation of fuels
was achieved by principal component analysis (PCA) of their
fluorescence-lifetimes at characteristic emission wavelengths.
For the quantification of biodiesel in blends, the quenching-
effect on the fluorescence was determined. The results showed
that the quenching-effect at the characteristic emission
wavelengths (422 nm, 438 nm and 525 nm) with 355 nm
laser excitation was unique for biodiesel blends. Based on
that, the identification and quantification of the biodiesel
was possible. TRLFS is useful for in-situ detection of the
biogenic content of biodiesel blends.

Keywords: time-resolved laser-induced fluorescence spectros-
copy (TRLFS), diesel fuel, biodiesel, identification, quantification

Zusammenfassung

Analyse und Identifizierung von Diesel-
kraftstoffen und Biodieselkraftstoffge-
mischen mittels zeitaufgeloster laser-
induzierter Fluoreszenzspektroskopie
(ZLIF)

Durch die zeitaufgel6ste laserinduzierte Fluoreszenzspektro-
skopie (ZLIF) gelingt die Identifizierung verschiedener fos-
siler Dieselkraftstoffe und deren Mischungen mit Biodiesel.
Das Frequenz- und Abklingverhalten der Fluoreszenz wurde
bei Anregungswellenldangen von 266 nm und 355 nm be-
stimmt. Die Unterscheidung der Kraftstoffe erfolgte mittels
mathematischer Hauptkomponentenanalyse (PCA). Zur
Quantifizierung des Biodieselgehalts von Dieselkraftstoffen
wurde der Fluoreszenzldscheffekt genutzt.

Im Ergebnis zeigt sich, dass flir Biodieselmischkraftstoffe
der Fluoreszenzldscheffekt bei Emissionswellenldangen von
422 nm, 438 nm und 525 nm unter der Anregungswellen-
lange von jeweils 355 nm charakteristisch ist. Auf dieser Basis
sind die Identifizierung der Biodieselsorte und die Quantifi-
zierung der Biodieselkonzentration moglich.

Schliisselworter: Zeitaufgeldste laserinduzierte Fluoreszenz-
spektroskopie (ZLIF), Dieselkraftstoff, Biodiesel, Identifizierung,
Quantifizierung
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1 Introduction

The limited resources of fossil fuels and the negative climate
impacts of greenhouse gases released from their combus-
tion desire for alternative, renewable and CO,-neutral fuels.
One such fuel is biodiesel which produced by the triglyceride
transesterification from vegetable, animal or waste oil
(Knothe, 2001). Due to the variety of sources of raw materials
used and natural variations of the content of the individual
ingredients in raw materials, the optimum performance and
emissions of diesel engine operation is a particular challenge.
Therefore, it is of great economic and ecological importance
to identify biodiesel in diesel fuel blends to achieve optimum
performance and emissions.

In this context Munack and Krahl developed a biodiesel
sensor which enables to determine the concentration of bio-
diesel (main components are Fatty Acid Methyl Ester — FAME)
in conventional diesel fuel. The sensor operates on the mea-
surement of the dielectric number and is suitable for bio-
diesel and its blends with diesel fuel as well as for the quanti-
fication of ethanol in gasoline (Munack and Krahl, 2003).
However this sensor could not identify the composition of
conventional diesel fuel and biodiesel.

Some analytical laboratory techniques, e. g. GC-MS and
HPLC, can analyze the fuel components (Glover and Bullin,
1989; Plank and Lorbeer, 1995; Lechner et al., 1997; Foglia et
al., 2005). However these techniques need sample prepara-
tion and are cost and time intensive, so that they cannot be
applied for in-situ detection of fuels.

Chuck et al., 2010 report about FT-IR spectroscopy, refrac-
tive index and UV-vis spectroscopy to determine biodiesel in
blends. Their work showed that FT-IR could be used on-vehicle
for the determination of biodiesel content with refractive
index measurement providing the fatty acid composition.
However because of the cost and complexity both techniques
may not be commercially viable. Application of UV-vis for
on-vehicle is not considered feasible (Chuck et al., 2010).

The aim of this paper is to introduce fluorescence sensing
technology to identify different fuels and their biodiesel
blends. Methods based on fluorescence spectroscopy are easy
to use and provide quick and accurate results (Hengstermann
and Reuter, 1980; Barbini et al, 1992; Camagni et al., 1991;
Patsayeva et al. 2000; Steffens et al., 2011; Scherer et al., 2011;
Ralston et al., 1996; Kulkarni et al., 2008; Zawadzki et al., 2007)
and may be also used in the future to identify the fuels and
determine biodiesel content in the blend. However, these
methods are challenging in remote sensing application
because it requires the use of tunable lasers which usually have
too weak inten-sities (Quinn et al., 1994; Ryder et al., 2002).

A method of time-resolved laser-induced fluorescence
spectroscopy is suitable for remote sensing applications
using an intense pulsed Q-switched laser. It has been applied
in the identification of fossil fuels (Hegazi et al., 2005; Jacob
et al, 2006). Spectral characterization of crude oils was
attempted by using the contour diagrams of equal fluores-
cence intensities. This served as unique fingerprints for the
crude oils from the TRLFS-techniques (Hegazi and Hamdan,
2002; Hegazi et al., 2005).

Due to interference of the individual spectra by numerous
fluorophores, fluorescence of diesel fuels is complex. The
compounds with large conjugated double-bonds or ben-
zene rings are major sources of fluorescence in diesel fuel.
The absorption of light in the conjugated system excites a
n-electron into an anti-bonding n* orbital (z-7* transition).
The fluorescence peaks of aromatic compounds are there-
fore shifted to longer wavelengths (red shift) with increasing
alkylation (Dumke and Tescher, 1988; Khorasani, 1987).

The fluorescence lifetime from the TRLFS-measurements
characterizes the unique fluorescence property of the
fluorophores in diesel fuels and biodiesel blends. Therefore,
it can be used for characterization and identification of fuels
(Fan and Krahl, 2013). In our previous work we found that
TRLFS with 266 nm pulsed laser excitation was able to detect
and distinguish the fossil diesel fuels and the biogenic fuels;
especially the blends with different biogenic content.

Just like the technique of face recognition and finger-
print identification, for the exploratory analysis of the oils
and fuels by the means of fluorescence spectroscopy, the
principal component analysis (PCA) can be applied (Guimet,
2005; Schmid, 2009; Sikorska et al., 2012; Fan et al,, 2013).
PCA was invented in 1901 by Karl Pearson (Pearson, 1901)
and the application has been widely described in
literature (Blinting, 1999; Jolliffe, 2002; Scott et al., 2003;
Guimet, 2005; Schmid, 2009; Kongbonga et al., 2011;
Sikorska et al., 2012).

Hence the PCA-technique was used to analyze a two-way
matrix of life times. With this method, we achieved a quick
and accurate analysis. The result makes the TRLFS-method
attractive for online identification of diesel fuels and bio-
diesel blends.

Caires et al. (2012) reported on quantification of biodiesel
content in biodiesel blends by a fluorescence spectrophoto-
meter. In their work, the different blends were prepared from
four refined vegetable oils (canola, sunflower, corn and soy-
bean biodiesel; biodiesel content up to 10 % v/v). Using a
fluorescence spectrophotometer with excitation at 260 nm,
the fluorescence behavior at about 470 nm was same for all
blends. This means that quantification of biodiesel based on
the fluorescence method at this emission wavelength is
independent of the vegetable oil feedstock. However, it is
still doubtful whether this conclusion is really true for other
FAME. In our previous work, the fluorescence intensity of
blend from CEC Reference Diesel Fuel (DF, ) and RME at the
emission wavelength of maximum intensity (338 nm) excited
by the 266 nm laser was measured. Very little RME
fluorescence was found by the TRLFS at 266 nm laser exci-
tation. We reported that the fluorescence quenching-effect
must be considered in determining biodiesel concentrations
(from 0 % to 100 % v/v) in biodiesel blends (Fan and Krahl,
2013). This means that at least the fluorescence behavior of
RME was not same as the other FAME.

Rapeseed oil and soybean oil are the most important
vegetable raw materials for biodiesel in Germany (Bockey,
2013). So blends with biodiesel from rapeseed oil methyl
ester were preferentially studied in this work and soybean oil
methyl ester (SME) as well, because of its importance for
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South Europe and North America. Clear fluorescence could
be detected for both biodiesels (RME and SME) when using
the TRLFS-technique with 355 nm laser to detect differences
between fluorescence intensity and content of two bio-
diesels. Moreover, when excited by the 355 nm laser, the
quenching-effect of biodiesel turned out to be unique. Based
on this, not only the identification but also the quantification
of biodiesel in the biodiesel blends could be determined.

2 Spectroscopic methods and materials

2.1 Theoretical background

The fluorescence emission in time-resolved measurements
can be described like monomolecular reactions if the laser
pulse width is very short. Thus, the temporal emission can be
described by the simple exponential decay function /(z) with
fluorescence lifetime 7 (Lampert et al., 1983; Lakowicz et al.,
1991):

1e)=1_, 'e(_g M

Where /_ is the fluorescence intensity at 1 = 0.

According to this equation, the fluorescence lifetime is
the time at which the fluorescence intensity is decayed to 1/e
(~ 36.8 %) of the original value.

In practice, the influence of the laser pulse width on the
fluorescence lifetime must be considered. In this case, the
experimentally measured ng,/t) is not the true fluorescence
response function from the sample under investigation. The
experimentally recorded Iex,,(t) is a convolution of the instru-
ment response function (excitation laser pulse) Ipm(t) and
the exponential decay function /() (Grinvald et al.,, 1974;
Terzic et al., 2008):

t
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For a complex mixture of N fluorophores, (?) is the sum of
fluorescence intensities of all fluorophores i:

1(t)= ilmzo : e[tJ G

i=l1

This equation is in accordance with Linear-Mixture-Model
(LMM) (Blinting, 1999; Martens and Naes, 1998) which is the
basis for the analysis of the overlaying or interfering signals
in this work.

With PCA, an orthogonal linear transformation of ob-
servations of the correlated variables into values of uncor-
related variables in a new coordinate system can be made. In
this system, the greatest variance of the data is on the first
coordinate (also called the first principal component, PC1),
the second greatest variance on the second perpendicular

coordinate, and so on. The number of principal components
should be much less than the number of original variables.
From PCA analysis, usually the terms of component scores
also called factor scores (the transformed variable values
corresponding to a particular data point), and loadings (the
weight by which each standardized original variable should
be multiplied to get the component score) are obtained
(Pearson, 1901; Jolliffe, 2002; Abdi et al., 2010). The unfold
principal component analysis (U-PCA), also named multi-way
principal component analysis, is usually applied to analyze a
two-way matrix (e IR™"*¥) obtained after unfolding a three-
way array (e IR**¥) (Westerhuis et al., 1999; Henrion, 1994).
In this example, a data set of TRLFS-measurements is “I” the
number of samples, “J” the number of emission lengths (A, )
and“K"”the number of decay times. In this work, the life times
of different fuels were calculated from the TRLFS-spectra and
a two-way array (e IR'™*F) was built. Here “F” is the number of
selected emission wavelengths at which the lifetime was cal-
culated. Then the dataset was analyzed using the PCA-tech-
nique. Compared to the U-PCA, this process avoided un-
folding the spectra and also greatly reduced amount of data.

In this work the TRLFS-data were processed using the
software MATLAB (MathWorks R2010b).

2.2 Measuring system

The TRLFS system, OPTIMOS, delivered by Optimare
(Wilhelmshaven, Germany) is based on the pulse method
(time domain) and harmonic wavelength generation.

The remote sensing experimental setup is shown in
Figure 1. All components of the OPTIMOS (Nd:YAG laser with
Q-switch, harmonic generator, delay generator, detector
(ICCD camera with spectrograph) and computer) are integra-
ted into an aluminum rack with operation panel. The
OPTIMOS-system has been described in the literature
(Optimare, 2005; Fan and Krahl, 2013).
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Figure 1

Schematic diagram of remote sensing experimental setup
of OPTIMOS-System

The TRLFS measurement was performed on diesel fuels in a
quartz cell. The emission spectra of different diesel fuels were
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recorded in the range 200 to 600 nm with a specific time gate
width (2 ns) and gate step (2 ns) excited at 266 and 355 nm.

2.3 Fuels

Most of the fuels were bought from filling stations or
delivered by mineral oil or biofuel companies (e.g. Shell,
Aral, China National Petroleum Corporation CNPC) in
Europe, Asia and North/South America. Additionally, the
Thiinen Institute of Agricultural Technology, Braunschweig,
Germany, delivered different biodiesel qualities and blends
of conventional and advanced biofuels. The fuels were ana-
lysed by TRLFS without any prior treatment. To validate how
specific the fluorescence of diesel fuel brand is, the fluores-
cences of the diesel fuel brand from up to five filling
stations were tested. No significant differences were de-
tected between the different filling stations. For study of
the dependence between fluorescence intensity and bio-
diesel content, we prepared different biodiesel fuel blends
(0 to 100 % v/v).

3 Results
3.1 Exploratory analysis of diesel fuels
3.1.1 TRLFS-spectra of diesel fuels

Figure 2 shows 3D-TRLFS fluorescence spectra of nine diffe-
rent fuels with pulsed 266 nm laser excitation (top, left to

right: Aral Diesel (up to 7 % biodiesel), Aral Ultimate
Diesel (biodiesel free, new generation high performance
diesel fuel), Shell V-Power Diesel (biodiesel free, new genera-
tion high performance diesel fuel); middle: Co-ordinating
European Council (CEC) Reference Diesel Fuel by Haltermann
(DF, , ca. 20 % aromatics), Biodiesel Blend (blend of CEC
Reference Diesel, Biodiesel RME and Octanol), hydrotreated
vegetable oil HVO (Neste Oil); bottom: Diesel Fuel from CNPC
in South China, Diesel Fuel from Argentina, Swedish mil-
joklass 1 (MK1, aromatics free). These spectra represent fluo-
rescence intensities with color bar as a function of wave-
length (x-axis) and decay time (y-axis).

In contrast to the set of 3D-TRLFS spectra with 266 nm
excitation, the fluorescence spectra for the same nine fuels
with pulsed 355 nm laser excitation are shown in Figure 3.

In Figures 2 and 3, the discriminations of the shapes in
the TRLFS spectra are clearly visible to differentiate with both
excitations between diesel fuels and their blends with bio-
diesel. However, it should be noted that for the TRLFS mea-
surement with 355 nm laser excitation, the signals of some
fluorophores were lost or shaded out. These fluorophores are
usually PAH with two or three aromatic rings (for example,
Acenaphthene, Fluorene, Phenanthrene and Naphthalene)
or the derivatives of PAH (for example, 1,3-Dimethylnaphtha-
lene and 1,6-Dimethylnaphthalene). Their emission wave-
lengths are usually shorter than 355 nm (Bilinting, 1999;
Jacob et al., 2006; Fan et al., 2013). Therefore, it is recommen-
ded that for analysis of fluorescence spectra of diesel fuels,
the 266 nm laser should be used.
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Figure 2

3D-TRLFS fluorescence spectra of nine different fuels, excitation at 266 nm
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Figure 3

3D-TRLFS fluorescence spectra of nine different fuels, excitation at 355 nm

3.1.2 Principal component analysis

The fluorescence lifetimes for characteristic emission wave-
lengths were calculated. The characteristic emission wave-
lengths are the minimal wavelengths at which a maximum
fluorescence of a fuel was detected. By comparing the
spectra of these diesel fuels and biodiesel blends, nine cha-
racteristic emission wavelengths (300, 328, 340, 355, 377,
396, 407, 414 and 423 nm) were selected. The fluorescence
lifetimes for these characteristic emission wavelengths were
calculated from the decay curve /(). The mean fluorescence
lifetimes of the different fuels are listed in Table 1.

As mentioned above, the loadings from PCA-method of the
measured original variables (fluorescence lifetimes) of fuels

Table 1

could build a new coordinate system and their scores repre-
sent the transformed values of original variables in the new
coordinate system. A differentiation of these diesel fuels and
biodiesel fuel blends can be obtained by analysis of fluores-
cence lifetime database using the PCA method.

The score biplot of the first two principal components
PC1, PC2 (86.1 % of explained variance) is shown in Figure 4.
It shows that the score of the first two principal components
of diesel fuels can be well distinguished. That is, first, the
score-cluster of same fuels is within a certain range. Second,
the score-cluster of diesel fuels can be separated from each
other very well.

Mean lifetimes (in nanoseconds) of nine fuels at characteristic emission wavelengths

Emission wavelengths [ nm ]

Aral Diesel 15 12
Aral Ultimate Diesel 7 16
Shell V-Power Diesel 14 14
CEC Reference Diesel Fuel (DF, ) 27 23
Biodiesel Blend from DF_ ., RME and Octanol 14 24
HVO (Neste Oil) 12 16
CNPC Diesel Fuel, South China 45 9
Diesel Fuel, Argentina 14 1
Swedish MK1 11 21

355 377 396
12 19 29 37 36 39 41
16 18 35 57 58 69 82
15 22 34 44 44 45 49
22 24 37 54 47 48 48
24 28 40 64 53 76 102
19 21 22 22 21 22 23
9 15 21 22 22 22 24
11 13 16 17 16 18 18

26 31 33 40 39 48 55
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Score biplot from PCA of the first two principal components
(PC1:70.6 % und PC2: 15.5 %)

These nine diesel fuels and biodiesel blends are separated
mainly along PC1. Diesel Fuel, Argentina and CNPC Diesel
Fuel, South China have the most negative scores; in contrast
Biodiesel Blend has the most positive scores.
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Figure 5
Loading plot from PCA of PC1 and PC2 of the fluorescence
lifetime matrix at nine emission wavelengths

The loadings in Figure 5 indicate that a high score in PC1
(70.6 % variance is explained) is mostly related to high
emission wavelengths (396,407,414 and 423 nm). The fluores-
cence in the wavelength range was related to PAH with more
than three benzene rings (for example, chrysene, dibenz [a,h]
anthracene, Benzo [g,h,i] perylene or their derivatives) (Ma et
al., 1996; Fan et al., 2013). Despite their low content in the
reference diesel fuel (< 0.1 % (m/m), see Appendix A), the
fluorescence life time could be determined very well and
used to identify diesel fuels, because fluorescence is a very
sensitive technique and TRLFS provides excellent measure-
ment stability for the fluorescence life time. The most posi-
tive scores of Biodiesel Blend have the longest fluorescence
lifetime at these high emission wavelengths. Also the most
negative scores in PC1 of Diesel Fuel, Argentina and CNPC

Diesel Fuel, South China have the shortest fluorescence life-
times at these emission wavelengths.

Conversely, a high score in PC2 (15.5 % variance is ex-
plained) is mostly related to a low emission wavelength
(300 nm). The fluorescence at this wavelength was related to
PAH with two or three benzene rings (e g. naphthalene,
fluorine, anthracene or their derivatives). PC2 doesn't dis-
tinguish the diesel fuels as well as PC1, however, it can be
seen that HVO (Neste Oil) and Swedish MK1 (which have the
most positive scores in PC2) own the longest fluorescence
lifetime at low emission wavelength (300 nm). The most
negative score in PC2 of Aral Ultimate Diesel had the shortest
fluorescence lifetime of 300 nm.

For comparison, U-PCA of the emission spectra of fuels
between A, = 300 nm and 530 nm, as well as decay time
from 0 to 200 ns, was carried out. The wave length step is
0.383 nm and decay time step is 2 ns. The dimension of a
TRLFS spectrum is 624 x 101. The variances accounted for the
first two PCs for both analyses and are shown in Table 2.

Table 2
Percentage of explained variance of the PCA and U-PCA models

PCA? U-PCA®
(life times at nine EMs) (time-resolved emission spectra)
PC1 PC2 PC1 PC2
70.6 % 15.5% 47.8 % 31.1%

a: matrix dimension of life times: 9 x 9

b: matrix dimension of a TRLFS spectrum: 9 x 63024

This shows that for PCA of the life time of fuels, PC1 and PC2
cumulatively explained 86.1 % of the total variance. For
U-PCA of the emission spectra of fuels this value was by con-
trast 78.9 %.
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Figure 6

Biplot of the mean fluorescence lifetimes (at EM = 300 nm
und 423 nm) of nine fuels

It is possible to distinguish the different diesel fuels and bio-
diesel fuel blends by their lifetimes at characteristic
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wavelengths (300 nm and 423 nm), because the PC1 and PC2
is mostly based on the fluorescence lifetime of these wave-
lengths. Figure 6 shows a biplot of mean fluorescence life-
times at these wavelengths from Table 1.

It shows that, just like PCA, by using the two fluorescence
lifetimes, that these diesel fuels can be easily well
distinguished. Biodiesel Blend has the longest fluorescence
lifetime at EM = 423 nm. In contrast, Diesel Fuel, Argentina,
CNPC Diesel Fuel, South China and HVO (Neste Oil) have short
lifetimes. This correlates to the analysis by PC1 (Figure 4).

At EM = 300 nm, Aral Ultimate Diesel showed the shor-
test fluorescence lifetime. It is also in parallel to the analysis
by PCA. In contrast to PCA, CNPC Diesel Fuel, South China
and CEC Reference Diesel Fuel have the longer lifetimes.

3.2 Identification of biodiesel in biodiesel blends
According to Beer’s law and the Linear-Mixture-Model under
constant experimental conditions (e. g. temperature, pressure,
pH), when a fluorophor is analyzed at low concentrations in a
homogeneous solution with negligible matrix interference,
a simple relationship between fluorescence intensity I ata
given emission wavelength and biodiesel concentration BX
(X is the percentage of biodiesel blended) is given by the
following formula (4):

1,=1,., - (0-BX)+1,,-BX=k-BX+b

s

Here Ifm.land 1, are the fluorescence intensity of pure fossil
diesel and pure biodiesel.

To determine the biodiesel content in diesel fuel, blends
(BO, B5, B7, B10, B20, B30, B40, B50, B60, B70, B80, B9O, B92,
B95, B98, B100) were prepared from CEC Reference Diesel
Fuel (DF,, , Appendix A) and biodiesels (RME and SME,
Appendix B).

Figure 7 shows that with 266 nm excitation, the fluores-
cence for the ultraviolet and visible region derived only from
the CEC Reference Diesel Fuel and not from RME or SME since
the fluorescence of the possible fluorophore (Vitamin E,
natural antioxidants) in biodiesel at excitation of 266 nm was
undetectable. The TRLFS-spectrum of neat reference diesel
showed that the emission wavelength for the maximum
fluorescence intensity was 340 nm. Therefore, for the excita-
tion wavelength of 266 nm, the diesel fuel content in fuel
blend could be referred to by the fluorescence intensity at
the emission wavelength of 340 nm. The biodiesel content
can be indirectly calculated using Formula (4).

At 355 nm excitation, the fluorescence derives both from
the reference diesel fuel, RME and SME (Figure 8). The emission
wavelength for the maximum fluorescence inten-sity of neat
reference diesel is 422 nm. At this emission wavelength,
there is no fluorescence from RME. The emission wavelength
for the maximum fluorescence intensity of neat RME is
525 nm, which belongs to Vitamin E (Kyriakidis and Skarkalis,
2000; Sayago et al., 2004; Kongbonga, et al. 2011). For neat
SME, there are strong fluorescences between 400 nm and

500 nm, which correspond to the remaining fluorophores
(oxidation products or tocopherols) of SME from refinement
processes (Sayago et al., 2004; Kongbonga et al.,, 2011). The
emission wavelength for the maximum fluorescence inten-
sity of neat SME is 438 nm.
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290 340
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Figure 7

Fluorescence frequency behavior of CEC Reference Diesel
Fuel (DF, ) and biodiesel fuel RME under excitation at
266 nm
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Figure 8

Fluorescence frequency behavior of CEC Reference Diesel
Fuel (DF, ), RME and SME under excitation at 355 nm

For the excitation wavelength of 355 nm, the fossil diesel fuel
content in fuel blend could be determined by the fluores-
cence intensity at the emission wavelength of 422 nm. In
contrast, the content of RME in fuel blend could be deter-
mined by the fluorescence intensity at the emission wave-
length of 525 nm. The content of SME could be referred at
the emission wavelength of 438 nm. It is noticeable that the
fluorescence intensity at 438 nm from fossil diesel fuel is
about three times higher than that from SME. The emission
bands observed in diesel are principally due to aromatic
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compounds/conjugated double bonds and could be a strong
influence on the fluorescence of SME. The fluorescence
intensity from fossil diesel fuel at 525 nm is similar to that
from RME. So it is possible that there is an influence on the
fluorescence of RME by fossil diesel.

3.2.1 Measurement with 266 nm laser excitation
The fluorescence intensities (with 266 nm laser excitation) are
normalized to the maximum value of the pure fossil
diesel (at 340 nm). The fluorescence at 340 nm can be as-
cribed to PAH in CEC Reference Diesel Fuel. The normalized
fluorescence intensity for the emission wavelength of 340 nm
is plotted against the concentration of RME (Figure 9).
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Figure 9

Adaption of the Stern-Volmer equation with normalized
fluorescence intensity for the given emission wavelength of
340 nm versus content of RME in Biodiesel Blend, excitation
at 266 nm

It was observed that the fluorescence intensity decreased in
general with the increase of biodiesel concentration. How-
ever, there were some differences: the fluorescence of the
blends was higher than expected (above the diagonal, see
Figure 9). The possible reason being secondary absorptions
by the compounds in fuels. Figure 9 showed a change of the
gradient in dependency of the biodiesel concentration.
Especially at low biodiesel concentrations (BO to B30), when
the amount of concentration of fluorophores in the blends is
very high, the fluorescence will be quenched by the fluor-
ophores. This means that the fluorescence of blends with low
biodiesel concentration increases were not as strong as with
high biodiesel concentration. This phenomenon is similar to
the static self-quenching of fluorophores.

Generally, the static quenching effect can be described
by the Stern-Volmer equation (Somoogyi et al., 1993; Lakowicz,
2010; Eftink, 1991; Eftink et al., 1981; Lakos et al., 1995):

Lo _k[FL]+k, -BX

7 =1+ Ky, [Q] ©)

A If

Here 1, is the fluorescence intensity without quenching and
has a linear dependence with fossil diesel concentration [FL]
and biodiesel concentration BX with factor k, and k,. Lis the
fluorescence intensity with quenching. K is the Stern-Volmer
constant and [Q] is the quencher concentration. For self-
quenching the fluorophore concentration [FL] is equal to [QO].

By fitting the Stern-Volmer equation with the experimen-
tal data, the two constants were determined: K, = 3.66, k, =
4.56 and k, = 0. From Figure 9, it can be found that the
Stern-Volmer equation was very well adapted to the experi-
mental data.

3.2.2 Measurement with 355 nm laser excitation
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Adaption of the Stern-Volmer equation with experimental
data of blends, for the given emission wavelength of
422 nm (top), 438 nm (centre) and 525 nm (bottom)
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The fluorescence intensities (at 355 nm laser excitation) were
normalized to the maximum value of the pure fossil diesel (at
422 nm).Then, the normalized values for the emission wave-
lengths of 422 nm, 438 nm and 525 nm were plotted against
the biodiesel concentration (Figure 10).

The fluorescence with the emission maximum at 422 nm
was ascribed to the CEC Reference Diesel Fuel. The
fluorescence at 438 nm can be ascribed both to the fluor-
ophores of SME and the CEC Reference Diesel Fuel. The fluo-
rescence at 525 nm was ascribed to the fluorophores of RME.

It was observed, that for the blends, the fluorescence
intensities at 422 nm did not show a linear relation with the
content of biodiesel because of the strong secondary absorp-
tion of biodiesel. This quenching effect of biodiesel could be
solved by the Stern-Volmer model. At the other emission
wavelengths of 438 nm and 525 nm, the relation between
the fluorescence intensity and biodiesel content could also
be described by the Stern-Volmer equation (Figure 10). The
results of model analysis were verified by the results of
experiments. The parameters of the Stern-Volmer equation
are shown in Table 3. The quenching-effect is unique for the
blends with different diesel and biodiesel at varying concen-
trations. At 525 nm wavelength, the blends whose data were
fitted using the Stern-Volmer equation showed a general
trend. This was because the fluorescence intensity of all fuels
was in the same range and near the noise level. Therefore,
only a general trend was noted after using the Stern-Volmer
equation.

Table 3
Parameters fitted for the Stern-Volmer equation for emission
wavelengths at 422, 438 and 525 nm

Blends EM k, k, K,
422 nm 0.9337 0.7599 2.7100

DF, .+ SME 438 nm 0.6511 0.8445 3.3365
525nm 0.0454 0.0169 -0.7658
422 nm 0.9854 0.1487 4.8279

DF, .+ RME 438nm 0.6796 0.1397 4.7092
525nm 0.0496 1.1088 25.1363

In Figure 11, the diagram of fluorescence intensities for bio-
diesel blends are shown for these emission wavelengths.
Although only a general trend for the dependence between
fluorescence intensity at EM = 525 nm and biodiesel concen-
tration could be found, the distinction of the blends at this
wavelength was so significant that the fluorescence at this
wavelength could be used to identify the blends. The results
suggest that the fluorescence at three characteristic
emission wavelengths (422 nm, 438 nm and 525 nm) could
be used for identification and quantification of biodiesel.

In order to validate this assumption, these fluorescence
intensities and the correspondent concentrations were used
as training dataset for a calibration to quantify the biodiesel
content in unknown blends.
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Figure 11

3D diagram of fluorescence intensities for the biodiesel blends
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3.2.3 Validation

This calibration was tested with blended samples with
different biodiesel content. In all, 40 test samples were mixed
consisting of DF, . and SME or DF_  and RME to evaluate the
true predictive ability of the calibrated model. Identification
and quantification of biodiesel in the test samples were
carried out according to the similarity of the test samples by
the variables (I(EM = 422 nm), I(EM = 438 nm) and I(EM =
525 nm)) with the calibration samples. In this work, we used
Euclidean distance, D, between test samples i and known
samples j to indicate the similarity (Vandeginste et al., 1998):

K
D, ;= Z(Ifi,k _Ifj,k)z

k=1

(6)

where K is the number of variables, here it is 3.

The smallest distance D, . means the test sample was
almost similar to the corresponding known sample. Thus
according to the D the biodiesel in the blend could be
identified. Also the second smallest distance D, could be
calculated. Finally, accordingto D, . and D, the biodiesel
content ¢ in test blend could be calculated: using a linear
interpolation between these two known concentrations (BX,
and BX)):

min2

D

minl _ c-BX,
D

c—-BX,

(BX2 "Dy — BX, 'Dminz) (7)
(Dminl _Dmin2)

=c=

min 2

The results of quantification of DF__, RME and SME in bio-
diesel blends are shown in Figure 12, 13 and 14. Table 4
shows the prediction ability for identification of biodiesel
type.
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Figure 12

Predicted vs. true concentration for DF, . in biodiesel blends

Fossil diesel can (Figure 12 and Table 4) be identified and
quantified even at low concentrations (DF, , % smaller than
1 %). RME and SME (Figure 13, Figure 14 and Table 4) in most
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blends could also be determined. Table 4 shows the high
identification ability of this method: more than 90 % of the
fuels were identified.
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Predicted vs. true concentration for RME in biodiesel blends
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Figure 14
Predicted vs. true concentration for SME in biodiesel blends

Table 4
Prediction ability for identification of biodiesel type in bio-
diesel blends.

true 40 37 37
false 0 3 3

It should be noted that the high residuals (greater than 10)
were caused by false identification of biodiesel. For example,
a blend of 93 % DF, ,and 7 % RME, showed that there should
be 85 % DF_ .and 15 % SME. Therefore, a high residual occur-
red. It means that correct identification of biodiesels plays a
very important role for the quantification. Therefore, the
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identification method needs to be improved. For example,
the expansion of the measuring range of emission wave-
length in the detector and adjustment of the wavelength of
the laser light may need improvements.

4 Conclusions

In this work, the fluorescence properties of over 50 diesel
fuels and biodiesel mixtures were determined by TRLFS at
266 nm and 355 nm pulse laser excitations. Using fluores-
cence characteristics, a variety of different fuel sources could
be distinguished. The studies have shown that under cons-
tant experimental conditions, the fluorescence lifetime at
each emission wavelength is dependent on the interaction
between fluorophores and non-fluorescent substances in
diesel fuels. The time-resolved fluorescence spectra can
show the main fluorescence characteristics of diesel fuels.
Therefore, fluorescence allows you to distinguish the lifetime
of diesel fuels.

The PCA method used as the pre-processing could provide a
very intuitive analysis for different diesel fuels. Compared to
U-PCA which requires to process the whole three-
dimensional spectral information, the proposed method can
significantly reduce the amount of data.

Compared to the traditional analytical methods such as
GC-MS, HPLC, etc., the TRLFS method provides faster and
more accurate distinction and does not require sample
preparation. By considering these advantages, it can be used
at the gas station or in the car, for example to prevent mis-
fuelling and to provide in-situ information of the diesel fuels
and biodiesel content for the engine control system of the
vehicle.

In addition, by determination of fluorescence intensity at
characteristic emission wavelengths, the content of diesel

fuels and biodiesel in the blends can be quickly and easily
quantified. This has a major significance for optimizing
vehicle performance and reducing engine emissions. In con-
trast to the measurement at 266 nm laser excitation, the
detectable fluorescence emission of biodiesel at 355 nm
laser excitation was found. Also noted for the different bio-
diesel blends, the relationships between biodiesel content
and the fluorescent intensity at a specific wavelength are
unique and are caused by fluorescence of fluorophores and
also by the fluorescence quenching-effect of fossil diesel and
biodiesel. By comparison, with a calibration dataset of fluores-
cence at three characteristical emission wavelengths
(422 nm, 438 nm and 525 nm), biodiesel in biodiesel blends
in most instances (over 90 %) could not only be identified but
also quantified.

To optimize the method the measuring range of the
detector and the excitation wavelength of the laser source
must be varied. On the global market other FAME, e.g. palm
oil methyl ester (PME), coconut oil methyl ester (CME) and
used cooking oil methyl ester (UCOME) are also relevant.
Their impact on fluorescence must be investigated, too.

Because the huge variety of fossil diesels especially regar-
ding aromatics the accuracy of biodiesel quantification in
blends is the main challenge.
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Appendix A
Fuel data in accordance with CEC RF-06-03 of the fossil diesel fuels used (DF

Ref)

Properties Methods

DIN EN
cetane number 1SO 15195 - 52 54 534
cetane index 1SO 4264 - 46 -
density (15 °C) 1SO 12185 kg/m? 833 837 834.3
polycyclic aromatic hydrocarbon 1SO 12916 % (m/m) 3 6 4.6
sulphur content 1SO 20884 mg/kg ° 10 3
flashpoint 1SO 2719 °C > 55 - 92
carbon residue 1SO 10370 % (m/m) - 0.2 <0.01
ash content 1SO 6245 % (m/m) - 0.01 <0.001
water content 1SO 12937 mg/kg = 200 23
total contamination 1SO 12662 mg/kg o 20
copper strip corrosion (3 h to 50 °C) 1SO 2160 degree of corrosion 1 1 1A
oxidation stability 1SO 12205 g/m? ° 25 <1
HFRR (at 60 °C) 1SO 12156-1 um = 400 235
kin. viskosity (40 °C) I1SO 3104 mm?/s 23 33 3.126
CFPP 116 °C = 5 -17
distillation curve 95 % point 1SO 3405 °C 345 350 347.7
FAME content 1SO 14078 % (v/v) ° = best.
hydrogen ASTM D 3343 % - - 13.74
carbon ASTM D-3343 % = ° 86.28
oxygen - - -
caloric value ASTM D 3338 MJ/kg = = 43.226
cloudpoint EN 23015 °C - - -15
neutralisation number ASTM D 974 mg KOH/g - 0.02 <0.02
mono-aromatic (IP 391) % (m/m) o o 15.4
di--aromatic (IP 391) % (m/m) = = 4.6
tri+further (IP391) % (m/m) - - <0.1

total aromatics (IP 391) % (m/m) - - 20



Z.Fan, O. Schréder, J. Krahl - Landbauforsch - Appl Agric Forestry Res - 12015 (65)1-14 13

Appendix B

Fuel data in accordance with DIN EN 14214 of the biodiesel fuels used (RME and SME)

Properties Methods

DIN EN
ester content 14103 % (m/m) 96.5 = 98.2 98.4
density (15 °C) 1SO 12185 kg/m? 860 900 883.1 885.7
kin. viskosity (40 °C) I1SO 3104 mm2/s 35 5.0 4.458 4.123
flashpoint 1SO 3679 °C 101 - 182 168
CFPP 116 °C - 0/-10/-20 -14 -6
sulphur content 1SO 20884 mg/kg = 10.0 <1 <1
carbon residue 1SO 10370 % (m/m) - 0.3 0.17 0.16
cetane number 15195 51 54 529
ash content 1SO 3987 % (m/m) ° 0.02 <0.01 <0.01
water content 1SO 12937 mg/kg o 500 230 221
total contamination 12662 mg/kg = 24 8 2
copper strip corrosion (3 h to 50 °C) 1SO 2160 degree of corrosion 1 1 1 1
oxidation stability 14112 h 6 - 8.4 6.5
acid number 14104 mg KOH/g o 0.5 0.429 0.339
iodine number 14111 griodine/100gr ° 120 13 132
linolenic acid content 14103 % (m/m) - 12 10 8.1
ME > = 4 double bonds 15779 = 1 0.06 0.09
methanol content 14110 % (m/m) - 0.20 0.01 0.01
free glycerol 14105 % (m/m) ° 0.02 0.02 <0.01
Monoglyzerides 14105 % (m/m) ® 0.80 0.8 0.7
diglycerides 14105 % (m/m) - 0.20 0.2 0.11
triglycerides 14105 % (m/m) - 0.20 0.2 0.01
total glycerine content 14105 % (m/m) = 0.25 0.25 0.2
phosphorous content 14107 mg/kg o 10 4 <0.5
alkali content 14538 mg/kg = 5 5 <0.5
alkaline earth content 14538 mg/kg = 5 5 <0.5
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