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Abstract

Fuel is the main pillar of the industry and transport. Therefore the growing need for
continuous monitoring fuel has set the bar in measurement precision too high. To face this
very problem, specific spectroscopy techniques have been developed, which in combination
with particular data processing can provide quick and immediate solutions, predicting
gasoline and diesel properties with fairly good approximation.

Gasoline and diesel are complicated samples and consist of many compounds. They consist
of organic compounds with, as all molecules, various characteristics in their structure and
consequently in the bonds connecting the atoms in their molecules. For example, some of
them are changes in the angle of the planes formed by methyl groups, or something simpler,

the extent and oscillation of C—H bond.

Infrared light is divided into three regions, near (proximal), mid and far (distal) IR. In the
current work the mid infrared extending from 400 to 4000 cm™ is studied. When the mid IR
light is incident on fuel samples under specific conditions, interacts with them and light
absorption occurs. This absorption is due to oscillations between the atomic bonds of the
sample molecules. This process is the Infrared Spectroscopy. If this process is combined with
Fourier transformation of the absorption signal, then it can be imprinted by means of
mathematical relationships to create a spectrum. The part of the spectrum between 500
t01600 cm™ is also called fingerprint section, because it is characteristic of each substance.

To obtain a spectrum with FTIR a particular arrangement is needed which together with the
interferometer form a spectrophotometer. Such an integrated device is the Eraspec apparatus
that was used for the experimental measurements. By applying the Beer Lambert Law in the
function of the interferometer and the light beam, and by converting the analog signal to a
digital one, the spectrum is obtained on the display of the device. In order for the spectrum to
be useful, it must give some information to the user. Also the device in order to be able to
determine and predict the properties of the fuel, its software must be supplied with other
samples spectra of known properties, so as to make comparisons with the unknown samples.

The Eraspec instrument is used for measurements on gasoline and diesel. From the
manufacturer data are set for both types of fuel, i.e. it is calibrated with hundreds of samples
of known properties loaded in its libraries. However the manufacturer is recommending
further calibration with samples of known properties from the local refineries, namely Motor
Oil Hellas and Hellenic Petroleum (EL.PE.). This is suggested because the unknown spectra
that will be encountered by the analyst will certainly be closer to the standards of the above
refineries, and hence the results will be more accurate. Furthermore the supply of crude oil to
the refineries may change so that the standards change again slightly in relation with the
samples under testing. This might seem difficult at first glance, however, it could be proven
much useful and easygoing.

The identification made by Eraspec instrument in its software, is not a simple comparison of
spectra, but based on mathematical statistical methods the best available prediction of
properties is brought about. The methods used by the device are the MLR (Multi Linear
Regression) and the Cluster Analysis (CA). These methods can give aptly conclusions about
the properties of unknown samples of the same kind, from a spectral portion whose



properties are known. Moreover, the device displays the results in relation to convening the
Mahalanobis result and distance, which in a way is a measure of the method accuracy.

This was the main objective of the work: The enrichment of the Eraspec instrument database
with spectra from the Greek refineries. In total 49 samples were taken with measured
properties. These samples were carried to the laboratory and within a short time were entered
in new libraries of the instrument, made by the user.

The procedure was the same for diesel and gasoline. The user after the measurement takes
the spectrum, types the properties from the analysis reports and stores them in the library.
The properties required by the library are: RON, MON aromatics, olefins, IBP, T10, T50,
T90, FBP for gasoline and Cetane number, Cetane index, Cetane improver, aromatics, PNA,
IBP, T10, T50, T85, T90, T95, FBP for diesel. From these parameters the Eraspec instrument
calculates all the other properties. Obviously the user depending on his needs may change the
peak or the MLR model, with regards to the properties he is interested in.

At the end of the experimental procedure, several spectra were obtained from the device via
a USB. Actually, absorption values were obtained and then using Excel with processing and
mapping to specific wavenumbers, there was a spectrum received. Specifically 8 gasoline
spectra were obtained, seven from refinery mixed fractions and one from gasoline station 95
RON, while for diesel the spectra taken were from 6 samples, of which five refinery fractions
from different processing units (hydrocracker, hydrotreater, synthetic etc.). Then, these
spectra were compared to each other and their differences were identified. Very
characteristic was that at very strong or faint absorptions, the values showed error. This has
to do with the signal to noise ratio. The more light a substance absorbs the less light reaches
the detector, resulting in incorrect recording. The same applies in the reverse case. The most
complete record of the spectra occurs at the part known as the fingerprint part. The user can
guess and compare the spectra manually, following certain rules.

The techniques based on IR spectroscopy are the most appropriate for predicting fuel
properties. The benefits are based on its three features: analytic, spectroscopic and
instrumental. These techniques are based on the movement of fundamental particles, which
means that detections are done almost at the molecular level and therefore with very high
accuracy in results. In addition, with the development of computers and the very fast data
processing, valuable time is saved by analysts. The statistical methods very rapidly converge
to a result or the estimation of many properties can take place by measuring a few of them
with the instrument. Generally the method as a whole process is very quick and cheap,
because among others, does not require specialized personnel. A single member of the
laboratory, knowing the basics can begin to conduct typical measurements. Therefore the
method is also called "the one button method".



1. Introduction
1.1 General

Today when developments in industry run rapidly, there is constantly a growing demand for
rapid quality control and analysis of fuel. This has triggered the growth of portable analytical
equipment which enables in situ analyses, comparable in performance with those in
laboratories. Their design makes it easy for non-expert users to carry out complex analyses,
while the extent of the analysis is significantly reduced taking into account that the
measurement takes place outside the laboratory.

Such an analytical instrument is the Eraspec of the Austrian firm Eralytics GmbH. This work
dealt with the calibration of this device, using samples from the Greek refineries. It is well
known that all modern analytical instruments in order to function effectively they must be
calibrated, i.e. to have some starting points (standards), on the basis of which they may
predict properties or measure unknown samples. For example, a precision balance needs a
calibration at regular intervals. That can be accomplished by weighing objects of known
mass. This way the user with his action basically "teaches" the instrument, how much is one,
ten or one hundred grams, depending on how the calibration takes place. In other words the
instrument "understands" the quantity "one gram" so that when an object of unknown mass is
placed on it, through simple mathematics it calculates how many "one gram" are equivalent
with this object and based on this, exports the result. All this is based on an initial convention
which the international community recognizes as acceptable mainly for communication
purposes. However the case of the precision balance is simple, since mass is constant in all
countries of the world and the weight has no significant differences, except in rare cases,
when a laboratory is located at high altitude. Moreover the calibration weights are not altered
with time pass.

Unfortunately regarding the calibration of the spectrophotometer things are much more
complicated. The infrared radiation by itself presents difficulties in handling the
interpretation of the spectra generated when interacting with fuel. Fuels by nature (gasoline
and diesel) are complex mixtures of hydrocarbons so that their spectra are complex too.
Therefore it makes sense that their interpretation is very difficult. This requires the
development of complex mathematical models to convene to a result through comparison
with the standard spectra. Moreover, to obtain standard samples for the calibration is a
difficult process as in Greece it is strictly forbidden to export any fuel out of the refineries
due to tax purposes. This fact, in combination with the limited lifetime of the samples after
their receipt, makes the calibration of Eraspec a particularly laborious process.

1.2 The workflow

To make the calibration first we should obtain samples from the Greek refineries. This
process proved to be very complicated because as mentioned above it is strictly forbidden to
export the fuel out of the refineries, even though it is small quantities. Even if the fuel
sampling was made by the head of the laboratory, the samples should exit the refinery
unseen. Moreover the managers in the refineries as well as the auditors are too busy so that a
delay in the preparation of the samples seems to be unavoidable. It should be noted here that
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not only sampling but also matching each sample with the corresponding certificate
specifying its properties must be carefully controlled. In the main part of the paper there is an
extensive presentation of the certificates. It is obvious that not all the samples were taken in
one visit but little by little at intervals, always according to the program of enrichment of the
NTUA libraries. This fact, i.e. that the samples are not all taken at the same period, is
positive in the sense that, depending on the tank of the fuel or on the origin of the work or the
composition of the produced gasoline and diesel, they are quite different.

With the aim to take full advantage of the samples it was necessary the student to be trained
in Eraspec software and the environment of his work. In theoretical level this was done with
the assistance of a technician who was trained in the factory where the instrument is
produced and with intensive study of the instruction manual of the instrument. It should be
noted here that in case of any serious problem concerning the settings or any blocking of the
software (bug) the student could contact the person of the factory responsible for software
issues in Austria. On a practical level, the first test measurements were performed with
gasoline and diesel from a gas station. It should be noted that the student was trained
extensively in all functions and accustomed to all the sensitivities of the instrument software
and not only in the operation regarding the calibration. Thus it was necessary to study the
whole theory of IR spectroscopy, which is the basic principle of the instrument function.
More specifically, in the work it is clarified why FTIR is the focal point of the instrument,
and also all the benefits of this method for the specific application are presented. A step
further, besides the FTIR principle, the export and matching of the spectrum in terms of
quality and quantity of data, there also exists the issue of identification. Obviously no sample
is the same to some other and an exact match between a standard and a sample under
measurement is also impossible. Therefore, various methods linear and non linear using
mathematical models that offset existing spectra with their properties and predict the
properties of the test samples with high accuracy, have been developed.

In purely experimental part, it is necessary to present and describe the process of a
measurement always aiming to enter standards in the libraries of the instrument. Besides the
process of measurement is the same whether the operator intends to enter a standard or not.
Together with the description of the measurement process, diverse details associated directly
with it and with the theory as well as other applications dealing with tweaks for better
handling of the instrument, are presented. Finally the measurements take place, and the
spectra of various fractions of gasoline and diesel are obtained.

The experimental procedure in essence is the process of measuring the samples and entering
their registered properties into the libraries.

2. Theoretical background

2.1 Introduction to Spectroscopy

Infrared Spectroscopy is based on the interaction of matter with the infrared light. It is based
on the fact that the molecules absorb specific frequencies, characteristic of their structure.
These absorptions are characteristic frequencies. For example, the frequency of the absorbed
radiation is characteristic of the energy transfer from the bond or from the vibrating atom.
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This energy is defined by the shape of the active surfaces of the molecule, by the mass of the
atom, as well as by the relevant electro-oscillatory couplings. In order for an oscillation
pattern in the molecule to be "infraredly active", i.e. to be able to imprint a spectrum, it must
be related with changes in the dipole. Thus the permanent dipoles are not imprinted, but only
those that change instantaneously.

Proceeding one step further, a molecule can vibrate/oscillate with various ways, and each
way is characteristic.

Molecules consisting of N atoms:

- Linear molecules of this type have 3xN—5 vibration/oscillation degrees of freedom, while
- Non-linear molecules have 3xN—6 vibration degrees of freedom.
For example water (H,O) which is a non-linear molecule has 3x3—-6 = 3 degrees of freedom
in vibration.

The types of vibration are:

® Stretching: change in bond length, such as C-H or C-C.

® Bending: change in angle between two bonds, such as the H-C-H angle in methyl group.

® Rocking: a change in the angle between a group of atoms such as a methyl group, with the
rest of the molecule.

® Wagging: a change in the angle between the plane of a group of atoms, as in methyl group,
with the rest of the molecule.

e Twisting: change in angle between the planes of two groups of atoms such as a change in
the angle between two methyl groups.

® Out-of-plane: a change in the angle between any of the C-H bonds and the plane defined
by the remaining atoms in the molecule of ethylene. Another example is the BF; when B
atom moves into and out of the plane of fluorine.

Simple diatomic molecules have only a single bond between their atoms and only one
oscillation/vibration band. If the test molecule is symmetrical e.g. N,, the oscillation band is
not imprinted in the IR spectrum. Non symmetrical diatomic molecules e.g. carbon
monoxide (CO) absorb in the IR spectrum. More complex molecules have more bonds, and
the oscillation/vibration spectrum they give is obviously more complicated. Large molecules
for example, have many peaks in their IR spectrum.

2.1.1 Advantages of spectrometric techniques

The superiority of NIR, MIR and RAMAN spectroscopic techniques is big. The techniques
are many and applicable in diverse areas. Table 2.1.1 shows the main characteristics of these
techniques. The characteristics are categorized into three categories: analytical, spectroscopic
and instrumental. For each of them and each technique, there has been added a small design
where it is indicated whether a feature is an advantage, partly advantage or disadvantage.
The references where these features are originated from are included in Table 2.1.1.
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Table 2.1.1

Analytical, Spectroscopic and Instrumental characteristics of the NIR, MIR and Raman spectra

FEATURES

AMALYTICAL

SPECTROSCORIC

INSTRUMENTAL

A

AL

¥

Rapid analysis

Simple analysis: concentration vs peak area

Qualitative and quantitative analysis
Mone or reduced sample preparation
Standard calibration and transfert
procedures
Validated methods (IUPAC, AQCS, 150)
Sample form and sample size
Mo use of pollutant solvents
Economic method
(e.g. ® saving of labour

® reduction of samples to analyse)
Direct, non-invasive and non destructive
In-situ analysis

Emission process

Intensity proportional to concentration
Well-resolved spectra

High resolution spectra

Precise spectral frequency measurement
Mon-polar group information

More significant information
Structural selectivity

Signal intensity

Trace element determination
Fluorescence-free spectra

Spectra insensitive to temperature
Sample presentation technique

Push-button instrumentation

Works well with agueous samples

Suitable for use at-, on- and in-line process
Compatible with suitable fibre optics

Process monitoring
Microscope
Camera (Multispectral measurement)

MIR MIR Haman REFERENCES
[ (] 0] (Gerrard 1991)
@ = 5] {Pelletier & Davis 1996)
@ @ = {Baranska 1987)
@ [ 0] {Gerrard 1991)
@ 2 =
@ [ =
[ (2] 1
@ & 2
> = 0] {Scotter 1997; Murray 1999)
@ &= = {Gerrard 1991)
(] [ = {Hendra 1997}
na na = (Vickers &Mann 1991}
na na @ (Gerrard 1991)
@ = = (Gerrard 1991; Wilson 1991)
@ &= = ({Levin & Lewis 1990)
[ ] 0] {Levin & Lewis 1990)
@ @ o {Terpinski 1987)
2 (2] 0] {Schrader 1996; Olinga & Siesler, 2000)
@ = ] (Olinga &Siester, 2000)
@ @ &
& = = {Li-Chan 1996}
na na = {Chase 1987}
[ & ] {Pelletier & Davis 1996)
@ 2 |
[ (] = (van de Voort 1994)
= = i3 (Vickers & Mann 1991}
@ & = {Scotter 1997; Hendra 1997)
& [ i {Lewis et af. 1988; Gerrard 1991; Keller ¢
al. 1893; Olinga & Siesler, 2000)
@ = 5] {Olinga & Siesler, 2000; Ozaki et al_ 1982
> = 0] (Williams & Batchelder 1994)
@ @ =




2.1.2 Analytical characteristics

The analytical characteristics of the near and mid IR spectroscopy have some features that
make them catalytic in the area of laboratory analyses. One important factor is time. The
example of determining the concentration of iodine in a solution is used here. The time
required for this determination using a conventional technique, e.g. a colorimetric method, is
30 to 60 minutes, whereas with a spectroscopic technique from those mentioned above it is at
most 5 minutes. Generally the duration of analysis in industrial samples is very important
because products like food or fuel may be spoiled, while the production still goes on and new
batches should be checked.

Another advantage of spectroscopic methods is that no sample preparation is required. The
form of the sample and its quantity are not prohibitive.

Spectroscopic techniques are relatively inexpensive since they do not require time or the
presence of catalytic substances. More specifically spectroscopic methods could be
particularly useful for research programs since they allow the selection and consequently the
reduction in the number of samples for analysis. The spectra allow the researcher to explore
a number of samples before deciding what he must measure through the use of a
conventional technique. As mentioned by lan Murray "Within a closed population of 1000
samples it is best to use the spectral solution for 100 representative samples for reference
analysis, since after proceeding to calibration it will be easy to predict the rest 900 of them".
So the investigator saves 90% of laboratory work.

Additional advantages of spectroscopic techniques are 1) structural analysis 2) qualitative
and quantitative determination of elements 3) direct and in situ analysis. From the
perspective of analysts, disadvantages of these methods are that they need processing via
specialized software, they are difficult to calibrate, and last, few are the official certified
methods using such techniques. This is not precisely a disadvantage in terms of efficacy
because the instrument is able to detect the suspicious samples expeditiously and then send it
to the central labs for a more thorough analysis.

2.1.3 Spectroscopic characteristics

One of the main features of these techniques is that the generated spectra are of high
resolution and through proper mathematical processing of the spectrum the exact frequency
is obtained. In the mid infrared spectroscopy (and Raman) the peaks are analyzed and their
absorptions are assigned to specific chemical species. There is a small error in the processing
of spectra but the quantitative analyses are still acceptable. Instead, in the near IR spectrum a
series of inter-overlapping frequencies makes difficult to distinguish the chemical species.
Another common feature is that they exhibit high structural selectivity and contain further
information necessary for the clarification of the structure. Furthermore, these two
techniques can provide information about the phase, the crystallinity or the configuration of
the unknown sample.

Raman and MIR spectroscopy can be applied to identify marker substances. Especially for
these applications most suitable is Raman and the most famous example is the measurement
of carotenoids (in ppm) in food production. The carotenoid peaks are observed in the Raman
spectrum. A corresponding example of the MIR is the prediction of organochlorides at low
levels, in water.
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2.1.4 Instrumental characteristics

One of the most interesting features in instrumental spectroscopy is to develop and conduct
measurements with one button. "The one button measurement". This is very important
because most measurements can be made by beginners who have little familiarity with the
subject. Hiring or even training qualified personnel is not necessary.

2.2 Infrared spectroscopy

The infrared (IR) spectroscopy is the spectroscopy involved with the infrared portion of the
electromagnetic spectrum, and substantially it is light having a longer wavelength and lower
frequency than visible spectrum. The infrared portion of the spectrum of the electromagnetic
radiation is divided into three parts: the proximal, the middle and the distal infrared,
depending on the distance from the visible portion of the spectrum. (N-IR, Mid-IR, F-IR
respectively) The instrument in question is related with spectra falling in the middle part of
the infrared. Regarding the middle section it is approximately 4000-400 cm” of wave
number.

21
A

Wavenumber: k =

2.2.1 The middle portion of the infrared radiation

The middle portion of the infrared radiation (4000400 cm™) can be divided approximately
into four ranges, and the nature of a group of frequencies may generally be defined by the
area in which they are localized. Generally the ranges are as follows: X-H bond area (4000-
2500 cn}'l), the region of the triple bond (2500-1500 cm™) and the fingerprint region (1500-
600 cm™).

The fundamental vibrations in the region (4000-2500 cm™) are generally due to the (active)
extents of the bonds O-H, C-H and N-H. The extent of O-H bond produces a wide frequency
occurring in 3700-3600 cm™'. Compared with this, also the N-H bond is usually observed at
3400 and 3300 cm™'. This absorption is generally much sharper (clearer) than that of the O-H
bond, and therefore it can be distinguished. The C-H bond extents from aliphatic compounds
are found in the range 3000-2850 cm™. If the C-H bond is adjacent to a double bond or an
aromatic 1ring, the wavenumber of the C-H extent increases and absorbs between 3100 and
3000 cm™.

The absorptions of the triple bond extents, fall in the range 2500-2000 cm’, due to the
continuous high strength of the bond. C=C bonds absorb at values between 2300 and 2050
cm™, while in parallel the nitrile group (C=N) absorbs between 2300 and 2200 cm. These
groups can be distinguished from each other since the extent of the C=C bond is usually very
weak, while that of the C=N is moderate. These are the most common absorptions in this
area, but the researcher may face several extensive absorptions of the X-H type, wherein X is
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an atom with larger mass number such as phosphorus or silicon. These absorptions mainly
occur approximately near 2400 and 2200 cm™.

The main frequency bands at the range of 2000-1500 cm™ are due to the extents of C=C and
C=0 bonds. The carbonyl group bond extent is one of the easiest absorptions for someone to
identify in an infrared spectrum. Usually it is the most intensive range in the spectrum and
depending on the type of the C=0 bond, it falls in the region between 1830 and 1650 cm™. It
should also be noted that metallic carbonyls can absorb even above 2000 cm™. The C=C
bond is much weaker and is distinguished at around 1650 cm™. Usually though, this range is
not distinct due to symmetry or instantaneous dipoles. The C=N bond occurs in this region
and usually is stronger.

So far it has been assumed that each frequency range in an infrared spectrum can be
attributed to a specific deformation of the molecule, the movement of a group of atoms,
tilting, bending and extent of a particular bond. This performance is possible for several
frequency ranges, especially for extent vibrations from multiple bonds showing "good
behavior", which means easily distinguishable. However, many vibrations do not operate this
way and can vary in hundreds of wavenumbers, even for similar molecules. This happens in
most torsional and skeletal vibrations, which absorb in the region of 1500-650 cm™. The
spectrum of a molecule may have a hundred or more regions of absorption, but it is not
necessary identifying all of them. The spectrum is considered as the "fingerprint" of the
molecule, and therefore this region is referred to as the footprint region.

Absorbance —»

J

I
1800

I I I I I I
3800 3400 3000 2600 2200 1400 1000

Fig.2.2.1 Lactic acid absorption infrared spectrum [1]
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23 FTIR

The infrared spectrum of a sample is obtained when a beam of infrared light is incident on
the sample. When the frequency of the beam is the same as the frequency of oscillation /
vibration of a bond, there occurs absorption. Processing this beam of light reveals how much
energy is absorbed and at what frequency (or wavelength). In the past this was done with a
monochromator. In more modern applications, the entire wavelength is measured integer
using Fourier transformation devices and thus an absorption spectrum is generated through
the process described in the following paragraphs. Following the description of the infrared
(IR) the term "FT" (Fourier transform) must be clarified. FTIR spectroscopy is based on the
idea of the interference of a radiation between two rays for producing an interferogram. The
latter is a signal generated as a function of alteration of the traveled length between the two
beams. The two fields that take values, i.e. distance and frequency, are interconvertible via
the mathematical method of Fourier transformation. The basic equation of Fourier
transformation related to the intensity received by the detector, 1(3), in the spectral dynamic
density at a specific wavenumber, v, given by B(v), is:

+00
1) = f B(¥)cos (2798)dV
0

which is one half of the cosine of the pair of Fourier transformation with the other half being:

+00
B(®) = / 1(3)cos (2mv8)d?d

o0

These two equations are interconvertible and are known as Fourier transformation pair. The
first shows the change in dynamic density as a function of the difference in path (mirror)
which is a patent of interference. The second shows the change in intensity as a function of
the wavenumber. Each one may be converted to the other by means of the mathematical
method of Fourier transformation.

The basic experiment to obtain an FTIR spectrum is to produce an interferogram with the use
of a sample and a second interferogram without sample in the beam, and then convert the
interferograms to spectra (a) from the source with absorptions from the sample and (b) from
the source without absorptions from the sample. The frequencies of the first and the second
correspond to a dual beam scattered spectrum.

The great advantage over the use of routine use of the mid infrared came with a new
mathematical method (or algorithm) designed for fast Fourier transformation (FFT). That
was combined with developments in the processing software that made these calculations to
be carried out very quickly.

The general flow diagram of an FTIR spectrophotometer qualitatively is shown in Fig.2.2.2
and schematically in Fig.2.2.3. The detailed process is explained below. It should also be
noted that in the flowchart the suffix "computer" does not necessarily mean a computer but
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generally computer processing as in the case of Eraspec where the process is made through
the instrument’s software.

Source — Interferometer —{ Sample — Detector — Amplifier —Anaclzﬂ;:;—:; ?ItaI—COmputer
Fig2.2.2[1]
Stationary mirror
1 A
| S
8 I | % Y
| ¥ Unmodulated
. I \ incident beam
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Fig.2.2.3[1]

2.3.1 Beer-Lambert law

In infrared spectroscopy, infrared radiation is guided through the sample to be analyzed and
the intensity of the transmitted radiation is measured as a function of wavelength. When the
wavelength of light is matched to the energy difference between the equilibrium state and the
excited state in a molecule of a sample, the light is absorbed. The absorption of light is given
by the law of Beer-Lambert, whereby the absorbance A is given by the function:

A=c-1-a(V)
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where c is the concentration, I is the distance the light travels through the sample and a.(v) is
a specific molecular constant. From this function it is concluded that A increases linearly as a
function of ¢ and I. Generally, molecules vibrate in various ways thus resulting in the
absorption of infrared light. This means that the constant o(v) depends on the wavelength.
This explains how the concentrations of many different substances can be calculated
simultaneously by the infrared spectroscopy. In the middle infrared spectroscopy, the
fundamental molecular oscillations, which are usually narrow, are excited. Furthermore a
substance displays different modes of oscillation at different frequencies thereby assisting the
identification of atomic characteristics, even though there occurs some overlapping in
frequencies. The study of the entire spectrum helps the distinction of chemically similar
substances, such as ethanol and methanol as well as the quantitative determination of the two
substances simultaneously.

2.3.2 Interferometer

The FTIR instruments use an interferometer for the measurement of the sample spectrum.
This is the way the ERAspec model functions. A beam of light is emitted by a source. This
beam is divided into two halves by a beam splitter consisting of ZnSe (zinc selenium). This
allows the measurement of the spectrum in a range 1.5-18 um (6660-550 cm™) which covers
all the signals of interest for the analysis of fuels and lubricants. The two light beams
generated are directed to a mirror reflecting the infrared light back towards the splitter where
they recombine and directed to the detector. If both mirrors are located at the same distance
from the splitter, no phase difference is observed. During a measurement one of the two
mirrors is removed from the beam splitter with constant speed. When the relocation of the
mirror becomes equal to a quarter of the light wavelength, the combined rays come out of
phase, a fact that results in a destructive interference (Fig.2.3.2). In this case, no light
impinges on the detector.

TANVANNANNA ANVANFANFA
YAIAIAIAY LA AR A A
vV V V V V vV V V V

a) Constructive interference b) Destructive interference
(multiple of 2) (multiple of m)
Fig.2.3.2

As the mirror moves, the light intensity measured by the detector will show an electronic
configuration. In the field of electronics, configuration is the process of changing one or
more characteristics of a periodic waveform of high frequency, defined as a carrier signal
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based on another fluctuating signal. The intensity measured by the detector as a function of
the mirror movement is the interferogram previously mentioned. For a monochromatic light
source, the interferogram has a sinusoidal form. For multicolored light emitted from
conventional infrared light sources, a representative value is calculated for a wide range of
wavelengths. The interferogram will be the sum of the cosine waves of all frequencies
present in the source. The Fourier transformation of the interferogram gives the spectrum.
Matching the sample spectrum to that of the source of the sample, the absorption spectrum is
generated. The absorption spectrum will show a range of frequencies that match the
frequencies where the sample absorbed light. The spectrum analysis is a parameter which
affects the clear separation of two adjacent frequency ranges in the final spectrum, which
depends on how far the mirror moves. For a spectral analysis (i.e. analysis that will include
the spectrum) of four wavenumbers (cm™) the mirror must be moved by 0.25 cm, whereas in
order for the highest spectral resolution of 2 cm™ to be achieved it must be moved by 0.5 cm.

2.3.3 Optimal operation of the Interferometer

The target for manufacturing an FTIR analyzer is always to measure the desirable samples
with an optimal signal-to-noise ratio for more accurate quantitative analyses. This is called
SNR (Signal to Noise Ratio) and is one of the basic principles of the instrument for
repeatability reasons. The signal-to-noise ratio is analyzed into categories in the next
subchapter. The careful selection and proper assembly of the spectrophotometer components,
such as the light source, the detector, the interferometer and the electronics, are crucial for
the of the construction of high quality instruments. Because absorption of light means its
attenuation, very high absorption means that little light reaches the detector. This in turn
suggests that too much absorption can not be measured accurately. On the other hand, if the
absorption is very low, which means that little light is absorbed by the sample, the signal
may be weaker compared to the noise of the instrument. In both cases the signal-to-noise
ratio will limit the accuracy of the quantitative analysis. The optimum signal-to-noise ratio is
when approximately 70% of the light is absorbed by the sample.

It is therefore evident from the formula A = c-I-a(v) that for molecules with very different
a (v) or concentrations, the value of I (distance the light travels through the sample) of the
system must be set so that the absorbance falls within a range where it can be measured with
high accuracy. In order for adjacent frequencies in the spectra to be possible to distinguish, it
is necessary to measure the spectrum at an appropriate resolution. Fig.2.3.3.a shows spectra
of an ethanol-methanol mixture at different resolutions (2, 4, 8 and 16 cm™). If the resolution
is too low the two signals (one for ethanol and one for methanol) can not be differentiated,
i.e. to become distinct. It is impossible to distinguish them from one another at a spectral
resolution of about 16 cm™. It can also be observed that the intensity of the signals decreases
with reduced resolution. The spectrum analysis does not only affect the signal strength, but
also the level of noise. Fig.2.3.3.b shows that the baseline noise increases by going from a
spectral resolution of 4 to 2 cm™. For quantitative analysis the parameter that must be
emphasized is the repeatability, i.e. small differences between consecutive measurements of
the same sample. Fig.2.3.3.c shows the repeatability as a function of the resolution for
MTBE (a gasoline additive). Higher resolutions lead to an increased deviation of the
measured absorption impairing the repeatability of the measurement. These figures express
strongly that there must be a golden section (compromise) between the repeatability of
spectral separation of the overlapping frequencies.
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Fig.2.3.3.a Spectra of a mixture of ethanol and methanol at different spectral resolutions
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Fig.2.3.3.b  Noise increase of the spectral baseline with higher spectral resolution
Observing Fig.2.3.3.d which shows a gasoline spectrum, it becomes obvious that no data of
the spectrum is lost in spectral resolution 4 cm™. This is not surprising because the normal

(linear) amplitude of vibrations for the molecules found in gasoline is larger than 10 cm’™.
For these frequency bands to become discrete, an analysis of the order of 4 cm™ is sufficient,
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as it is described in the ASTM standards. Increasing the resolution of the spectrum more, it

just leads to reduction of the SNR as shown in Fig.2.3.3.c. Moreover, spectra in the spectral

analysis of the order of 4 cm™ are measured in half the time than at resolution of 2 cm™,

- Repeatability of an MTBE signal
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Fig.2.3.3.c Influence of spectral resolution on the repeatability of the measurement

because the moving mirror must cover shorter distance. This helps to shorten the analysis
and increases the rate of process efficiency.
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Fig.2.3.3.d Gasoline spectra at different spectral resolution
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2.3.4 Mathematical proof of SNR

An FTIR spectrophotometer functions optimally when the sensor noise exceeds all the other
sources of noise and is independent of the signal level. This is a common case for middle in-
frared spectroscopy but things may not be this way for shorter wavelengths. The sensitivity
of the mid-infrared detectors is commonly expressed in terms of Noise Equivalent Power
(NEP) of the detector, which is the ratio of the root mean square (rms) of the noise voltage
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V, expressed in V-Hz "7, to voltage response R, of the detector expressed in V-W It is an

effective measure of the optical power given by a signal equivalent to the noise level. There-
fore, the smaller the NEP, the more sensitive is the sensor. NEP is proportional to the square
of the sensor surface area Ap (area of the photosensitive region of the detector), the constant
of proportionality being known as the Specific Detectivity D:

12
* AD/

D =
NEP

in cm-Hz-W™ (Equation 2.3.4.a)

(The unit cm-Hz-W™' sometimes is called Jones). The noise power N’ which is observed in a
measurement t (seconds) is given by:

NEP .
N = 7 inW (Equation 2.3.4.b)

In order for the signal-to-noise ratio to be approached and also to be observable in a meas-
urement, one must know not only the noise intensity, but also the signal intensity. The spec-
tral brightness etc., the flow power per unit of area, per cubic angle in the wave number v in
a blackbody -source per temperature T- is given by the Planck equation:

3
Cl'\r'

UW(T) =
exp(cz-;—) e

in Wesrsem®em™  (Equation 2.3.4.c)

where the C; and C, are the first and second angular constant, and have the values
4
2 _ _ _
C; = 2h¢” = 1.191107 12 W-cm 2-sr-[(cm 1) ]

Cy=h— = 1439K-cix

c
k
where k is the Boltzmann constant.

The intensity obtained by a detector through any optical system is determined by the "optical
transfer" of the system and is the product of the area of the radius A, and its solid angle of
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the decreasing diaphragm, Q-sr. For a perfectly constructed FTIR spectrophotometer, the

"optical transfer" is determined from the mirrors surface area of the interferometer and the
maximum permitted stable angle, given by the equation:

Av

Doime= 2% w?= 27 in solid angles (steradians) (Equation 2.3.4.d)

Vmax

The intensity S’, emitted to a detector by an interferometer in a resolution Av~ and operating
with optical transfer ®, with an effectiveness & to an extent of a wavenumber unit, is given
by the equation:

S = Uy(T)© -Av & (Equation 2.3.4.e)

S

Therefore the SNR of a spectrum measured with a dual beam interferometer is given by the
equation:

s UfDo-av 47&  Uy(r)e-av T D

SNR = ﬁ = o = (AD)O-S (Equation 2.3.4.f)

This last equation (2.3.4.f) is the central relationship of signal-to-noise ratio. [12]

2.4 Analysis of general multicomponent mixtures

The analysis of a component within a complex

0.0 mixture presents particular problems. In this

subchapter there will be examined the approach

of various components concentrations within a

o mixture. Below there are examples showing the
fundamental ideas of the analysis of mixtures.

8 02 The example that follows, concerns the quantita-

3 tive analysis of commercial xylene, which is a

2 0.3 mixture of isomers, for example: 1,2-di-methyl-

% benzene (o-xylene), 1,3-di-methyl-benzene (m-
0.4 - xylene) and 1,4-di-methyl-benzene (p-xylene).

05 740 cm™ .

The spectra of these three pure xylenes dissolved

in cyclohexane (Fig.2.4, 2.4.1, 2.4.2) show

strong signals in the region 800-600 cm™.

1.0 Cyclohexane has a very low absorption at this

specific region, therefore being the proper sol-

o0 vent for the analysis. The infrared spectrum of

«——— Wavenumber . . . .
Fig2.4 Infrared spectrum of o-xylene in commercial xylene is given in Fig.2.4.3.
cyclohexane (1 vol%, 0.1 mm pathlength)
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The concentration of the three isomers should be determined in the sample of the market.
First, the absorptions of xylenes at 740, 770 and 800 cm™ from the standards shown in Fig.
2.4,2.4.1, and 2.4.2 must be measured as follows:

o-xylene 740 A =0.440-0.012=0.428
m-xylene 770 A =(0.460-0.015)/2=0.223
p-xylene 800 A =(0.545-0.015)/2=0.265

The values for m-xylene and p-xylene were divided by two because their concentrations in
the solution were double. Essentially the above calculations were based on the graphs. Ab-
sorbance values are also corrected for non-zero base in the spectral region.
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Fig.2.4.1 Infrared spectrum of m-xylene in
cyclohexane (2 vol%, 0.1 mm pathlength)

1.0 1
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Fig.2.4.2 Infrared spectrum of p-xylene in
cyclohexane (2 vol%, 0.1 mm pathlength)
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Fig.2.4.3 Infrared spectrum commercial xylene in

cyclohexane (5 vol%, 0.1 mm pathlength)

The absorbance values are proportional to
molecular absorption, and from now on
the concentrations of xylenes can be
determined in the mixture when the
absorptions are measured. From Fig.
2.4.3 arise the following:

740 A=0.194-0.038=0.156
770 A=0.720-0.034 = 0.686
800 A=0.133-0.030=0.103

Dividing these absorbance values with
the standard values previously exported,
the content of each isomer in the mixture
is taken by volume (vol%):

o-xylene = 0.156 / 0.428 = 0.364 vol%
m-xylene = 0.686 / 0.223 = 3.076 vol%
m-xylene =0.103 / 0.265 = 0.389 vol%

It should be mentioned that there are potential errors in these values. There is an error due to
the difficulty of starting line selection because of the overlapped peaks. In addition, every
non-linearity of the Beer-Lambert law diagrams has been ignored, having used one value for
the prediction of the constant for the proportionality with each of the above solutions. Alter-
natively, this same problem for xylene can be calculated by subtracting spectra. If a complex
mixture is available, and also samples with its basic components, then the spectrum can be
separated. This is achieved by removing a fraction i.e. the o-xylene, then the m-xylene and
finally the p-xylene from the commercial xylene spectrum, so that the similar absorptions are

zeroed.
MMivakoag 2.4
Case Values
number

Y X1 X5 X3 ceeee Xp
1 Yi X11 X12 X13 Xip
2 y2 X12 X22 X23 ceee X2p
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3. Methods of predicting properties / calibration

3.1 PCR method

It is obvious that the errors encountered in the previous process must not exist in
measurements concerning important areas of production, such medicines and fuel.

The improvements that have been made in computer technology associated with the
spectroscopy have led to the expansion of the quantitative infrared spectroscopy. The
applications of statistical methods in the analysis of experimental data are known as
chemometrics ([3], [4], [5], [6], [7]). This object is very broad and there are too many
bibliographies around it. In the following sections basic statistical predicting applications
will be analyzed thoroughly, whereas at the same time three of them related directly to the
instrument will be focused. These are: PCR, CA and MLR.

The most widely used in the analytical methods in infrared spectroscopy are: the classical of
least squares (Classical Least Squares, CLS), the inverse least squares (Inverse Least
Squares, ILS), the partial least squares (Partial Least Squares, PLS), the regression of the
principal component (Principal Component Regression, PRC). CLS method (also known as
K-matrix method) and PLS (known as the P-matrix method) are the least squares methods
comprising calculation with tables. These methods are limited when complex mixtures are
investigated. Methods functioning by factors, such as the PCR, are proven to be more useful.

Many times it is not necessary to know the exact concentrations of the components of
interest, but simply whether these substances exist in the mixture or not. In these cases, a
variable standard method of identification, such as the linear differential analysis (Linear

Discriminant Analysis, LDA) or the Artificial Neural Networks (ANN’s), may be used to

identify characteristics of the spectra of the components of interest for the individual analyst
[8]. Such methods are efficient to compare a large number of variables in a set of data, such
as the intensity, the frequency and the amplitude. LDA and ANN's methods are known as
supervisory methods, because there is some preexisting information for the sets (packets) of
data. There are also non supervisory methods such as hierarchy by clusters (hierarchical
clustering) which can be used to predict the data in a set of data without any preexisting
information for them.

The use of calibration methods in infrared spectroscopy is easily understood generally from
the application of PCR in vegetable oils [9]. Fig.3.1 shows the infrared spectrum from 5
different types of vegetable oil, added one over the other. This demonstrates the similarity of
these spectra and the difficulty in finding differences between the samples by simple
observation. However, there are marked differences in the range of the positions of each
spectrum which someone can take advantage of by using the PCR. The wavenumbers of the
C-H bond when stretched and when bent in the fingerprint area can be used as constants. The
analysis process includes a series of steps. First you need to get the spectrum for the oils and
for the unknown samples. The spectra must be identical, i.e. they have to be taken under the
same conditions. Then the average of each wavenumber for each category of oil is
calculated. Immediately after that, the absolute difference between the unknown wave
number and the average of each class and each "line group" (band) is calculated. One step
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further, the sum of the differences is calculated for each class between all line groups, and
the identification of the unknown with the class of the smallest sum of differences, can be
made. The results of the analysis of a mixture of unknown vegetable oils, using seven peaks,
are shown in Fig.3.1.
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Fig.3.1 Infrared spectrum of a mixture of five vegetables oils [10]
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Fig.3.1.a Diagrams of the main components of the oils analysis [10]
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PC1

Fig.3.1.b  Diagrams of the main components of the oils analysis [10]

Different symbols were used to represent each type of known oil (eg. O for Canola) and the
small square ([J) for the unknowns. The diagram of Fig.3.1.a shows a PC1 against a PC2
diagram and shows that canola oil and peanut oil form distinct clusters. This graph can be
used to determine the unknown "1" with the type of canola oil, and the unknowns "2" and
"3" with the type of peanut oil. The graph shown in Fig.3.1.b shows a PC3 against a PC2
diagram. In this case sunflower oil and soybean oil are clearly separated while in the
previous comparison (PC2 versus a PC1 graph) were not clear. The unknowns "4" and "5"
may be determined as sunflower oil because they form a cluster near the known samples of
sunflower oil in both diagrams.

3.2 Cluster Analysis method

The terms cluster, group and class, are used in a completely instinctive way in bibliographies
without significant effort of interpretation. In essence it concluded that the official
interpretation of the term is not only difficult but sometimes it is interpreted incorrectly. For
example, in 1964 Bonner suggested that the ultimate criterion for assessing the meaning of
such notions is the user's judgment. If someone using a term such as "cluster" gives the
researcher an answer of worth, this is all needed.

Bonne’s view is partly acceptable but not convincing to many writers like Cormak (1971)
and Gordon (1999) who tried to interpret what "cluster" means in terms of internal
consistency, homogeneity and external isolation-separation.

3.2.1 Simple presentation of a cluster analysis

The classification with hierarchy is perhaps the best known statistical method for finding
relatively homogeneous clusters in cases based on measured characteristics. It starts with
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each case as a separate cluster, i.e.: there are so many clusters as are the cases, and then
combines the clusters continually by reducing their number in each step until only one
cluster remains. This method uses the dissimilarities or the distances between objects
(objects under classification) when creating clusters. The SPSS program calculates
"distances" between the points of data in terms of separate variables.

A hierarchical tree diagram, called a dendrogram in SPSS, can be drawn to show the points
that become links. The clusters are connected in increasing serial levels of dissimilarity. The
measurement of dissimilarity itself is dependent on the measure used, for example:

Cluster A ~==—======mmmeaaau

Clistet Bl ww—=rsq = |awssews

Cluster C --———-1 e

Cluster D =-mmmomemmee
1 2 3 4 5 6
[------ [------ [------ [----- [-===- [---

Fusion values or linkage distance

This example shows clusters B and C to be combined at the fused value of 2 and B and C
with A, at 4. The fused values or the distances of the links are calculated with SPSS. O
purpose of the algorithm in clusters is to join objects together successively in larger clusters,
using some measure of similarity or distance. To the left of dendrogram begins with each
item or case in a class by itself (in our example there are only four cases). With very small
steps, the user makes the criterion "mild" of what is and is not unique. In other words the
user considers increasing differences acceptable in order to decide if two or more items will
be members of the same cluster.

As a result more and more items are connected together and larger clusters fuse with
increasingly dissimilar items within them. In the end, at the last step, all the items are linked
together as one cluster. In these graphs, the horizontal axis indicates the fusion or the
distance of the linkage. For each node in the graph (where a cluster is created) the user can
read the distance criterion with which similar items were linked together in a new cluster. As
a general procedure, "clustering" can be summarized as follows:

- The distance is calculated between all of the original clusters. In most analyses, the initial
clusters will contain only one item.

- Then, the two more matching clusters are fused and the distances are redefined.

- The previous step is repeated until all the items result in a cluster.

This study is very general but is the closest to that of the instrument. The corresponding
distance at Eraspec data is the Mahalanobis distance. These will be analyzed in a following

chapter where the cluster analysis fully customized as it happens to the instrument, will be
explained.
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3.3 Multi Linear Regression (MLR) method

In multiple regression, many independent variables are used for making a model of a
response variable. For each one of the n cases that have been studied, there are values
collected for the response and for each one of the independent variables. If the response is Y,
and the independent variables are X;, X,, .... X, (p is the number of the independent
variables, or of those that will "make the prediction", then the data will form the: n x (p+1)
table:

For simple regression, p=1. In the presentation of data, the value x;; refers to the value for the
j-th variable in the i-th case. The values for a case are shown in a row, while all values for a
variable in a column.

In multiple regression, an equation which expresses the response as a linear function of p
independent variables is estimated using the observed data. The model is determined by a
linear equation,

Y= BO + B]X] + BzXz + ... +BDXD + e (Equatlon 33)

where B are the unknown parameters, e are the statistical errors, Y is the dependent variable
or the response, and X, X», ...X, are those that make the prediction. When p=2, the equation
3.3 gives a plane in a three dimensional space (X, Xz, Y).

The MLR will be studied in a following chapter adapted to the needs of the instrument, as
the user can intervene and change the model of the method. [12]

4. Application of FTIR in organic molecules

4.1 Introduction

One of the most common applications of infrared spectroscopy is the identification of
organic compounds. Besides, this is also what the instrument under calibration does.
Following are studied the major categories of substances found in gasoline and diesel, but
also others being of industrial interest since the organic compounds are widely used as raw
materials.

4.2 Aliphatic hydrocarbons

Aliphatic hydrocarbons, alkanes, contain only C-H and C-C bonds, but much information
can be gained from the infrared spectra that these molecules give. The most useful are those
resulting from the C-H bonds when they stretch and also when bent. The regions where C-H
bonds bend in aliphatic hydrocarbons are 3000-2800 cm™. C-H bonds that stretch in methyl
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and methylene groups are diversified. For methyl groups, the asymmetric C-H bond absorbs
at 2870 cm™ while the corresponding symmetrical at 2960 cm-1. By comparison, methylene
groups absorb in the asymmetric stretching at 2930 cm™ and in the symmetric stretching at
2850 cm™. The bending C-H bond increases its activity at the range below 1500 cm™. Methyl
groups produce "two ranges" where bending appears, i.c. a symmetrical at 1380 cm™ and an
asymmetrical at 1475 cm™. Methylene groups on the other hand absorb in four types of vi-
brations: "Scissoring" at 1465 cm™, "Rocking" at 720 cm™, "Wagging" at 1305 cm™ and
"Twisting" at 1300 cm™. The intensity of methylene CH, when in vibration of the "rocking"
type is useful, since four or more CH, groups are necessary in a chain, in order to produce a
distinct peak near 720 cm™. Shorter chains show a more variable peak, for example for CH,
the "rocking" peak in C4Hj is near 734 em’™l. Although these are the main absorptions asso-
ciated with the aliphatic hydrocarbons, there is a large number of peaks appearing in the
spectrum of such components because there is also a wide range of possible compounds (of
different structure). The main infrared absorbances for the alkanes are summarized in the fol-
lowing table:

Table 4.2
Wavenumbers of aliphatic hydrocarbons
Wavenumber (cm~!) Assignment
Alkanes
2960 Methyl symmetric C-H stretching
2930 Methylene asymmetric C—H stretching
2870 Methyl asymmetric C—H stretching
2850 Methylene symmetric C—H stretching
1470 Methyl asymmetrical C—H bending
1465 Methylene scissoring
1380 Methyl symmetrical C—H bending
1305 Methylene wagging
1300 Methylene twisting
720 Methylene rocking
Alkenes
3100-3000 =C—H stretching
1680—1600 C=C stretching
1400 =C-H in-plane bending
1000—600 =C—H out-of-plane bending
Alkynes
3300-3250 =C—H stretching
2260-2100 C=C stretching
700—600 =C-H bending

Alkenes have the double bond group, the majority of which also contain hydrogen in the
double bond carbon. Four large molecular disorders are associated with these pieces. These
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are the inside and outside level =C-H conversions, C=C stretching and =C-H stretching. The
characteristic absorptions observed in alkenes are also seen in Table 4.2.

Alkynes contain the C=C group and three characteristic bands can be present, i.e. =C-H

stretching, =C-H bending and C=C stretching. The main absorbances observed for alkynes
are referred in Table 4.2.

4.3 Aromatic components

The aromatic components show characteristic peaks useful in five regions of the medium in-
frared spectrum. These are shown in Table 4.3 below:

Table 4.3
Characteristic wavenumbers of aromatic compounds
Wavenumber (cm~!) Assignment
3100-3000 C—H stretching
2000-1700 Overtone and combination bands
1600-1430 C=C stretching
1275-1000 In-plane C-H bending
900-690 Out-of-plane C—H bending

The C-H bond stretching in aromatic components is displayed in a range between: 3100-
3000 cm™. This renders them easy to differentiate from those derived from aliphatic C-H
groups which appear below 3000 cm™. In the region 2000-1700 cm’ a series of weak com-
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Fig.4.3.a Absorption due to change in the angle of the aromatic

molecule

binations and  harmonic
groups of peaks appear indi-
cating the existence of ben-
zene. Skeletal vibrations rep-
resenting the stretch of the
C=C bond absorb in a range
between 1275-1000 cm™ (in
plane bending) and 900-690
cm” (out of plane bending).
The vibrations of the bend-
ing out of plane of the aro-
matic components are strong
and characteristic of the
number of hydrogens in the
ring, and therefore can be
used to replace the standard.
This information is summa-
rized in the table of
Fig.4.3.a.
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Fig.4.3.b  Infrared spectrum of a substituted benzene molecule: element A
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Fig.4.3.c Infrared spectrum of a substituted benzene molecule: element B
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4.4 Oxygen containing components

4.4.1 Alcohols and phenols

Alcohols and phenols produce characteristic peaks in the infrared due to O-H and C-C
stretching bonds, which both are sensitive to hydrogen bonds. For alcohols, the wide O-H
bond lies in the range of 3600 cm™, while in phenols this range appears at 50-100 cm™', lower
than for alcohols. The stretching of C-O bond in the alcohols and phenols produces a strong
signal in the region 1300-1000 cm™. These compounds also produce O-H vibrations due to
stretching, but the second "mates" with other vibrations and produces strange peaks in the
region of the fingerprint. The main absorptions for these items are presented in Table 4.4.1
below.

Table 4.4.1
Characteristic wavenumbers of oxygen containing compounds

Wavenumber (cm™!) Assignment

Alcohol and phenols
3600 Alcohol O-H stretching
3550-3500 Phenol O-H stretching
1300-1000 C-0 stretching

Ethers
1100 C—0-C stretching

Aldehvdes and ketones
2900-2700 Aldehyde C—H stretching

1740-1720 Aliphatic aldehyde C=0 stretching

1730-1700 Aliphatic ketone C=0 stretching

1720-1680 Aromatic aldehyde C=0 stretching

1700-1680 Aromatic ketone C=0 stretching
Esters

1750-1730 Aliphatic C=0 stretching

1730-1705 Aromatic C=0 strefching

1310-1250 Aromatic C—O stretching

1300-1100 Aliphatic C—O stretching
Carboxylic acids

3300-2500 O-H stretching

1700 C=0 stretching

1430 C—0-H in-plane bending

1240 C-0 stretching

930 C—0O-H out-of-plane bending

Anhvdrides

18401800 C=0 stretching

1780-1740 C=0 sfretching

1300-1100 C-0 stretching
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4.4.2 Ethers

Ethers can be detected by a strong C-O signal due to stretching of the bond near 1100 cm™,
because of the C-O-C bond in this kind of bonding (Table 4.4.1). Aromatic ethers give a

strong signal near 1250 cm™ while cyclic ethers at 1250-900 cm™.

4.4.3 Aldehydes and ketones

Aliphatic and aromatic ketones show carbonyl absorptions at 1730-1700 and 1700-1680 cm™
respectively, while the aliphatic and aromatic aldehydes produce carbonyl absorptions at
1740-1720 cm™ respectively (Table 4.4.1). The position of the C=0O wavenumber ranging
within these limits depends on the bonds with hydrogens and the coupling with them in the
molecule. Coupling with a C=C bond leads to the change in position of the group C=0,
which causes the absorption to fall at lower wavenumber. Aldehydes also show a characteris-
tic C-H stretching bond ranging at 2900-2700 cm.

4.4.4 Esters

The two most polar bonds in esters included in (-CO-OC-) is C=0 and C-O, and these bonds
produce the strongest lines in the spectrum of each ester (summarized in Table 4.4.1). Aro-
matic and aliphatic esters may be differentiated, since both C=O stretching and C-O stretch-
ing produce lines at 1750-1730 cm™ and 1300-1100 cm™ respectively, while aromatic esters
produce lines in the spectrum due to C=0 and C-O at 1730-1705 cm™ and 1310-1250 cm™
respectively.

4.5 Tables of various wavenumbers

In this subchapter presented are tables displaying the essence and the value of the wavenum-
ber where the absorption takes place in secondary compounds.

4.5.1 Amines
Table 4.5.1
Characteristic wavenumbers of amines
Wavenumber (cm™) Assignment
3335 N-H stretching (doublet for primary amines;
singlet for secondary amines)
2780 N-CH; stretching
1615 NH, scissoring, N-H bending
1360-1250 Aromatic C—N stretching
1220-1020 Aliphatic C—N stretching
850-750 NH; wagging and twisting
715 N-H wagging
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4.5.2 Amides

Table 4.5.2
Characteristic wavenumbers of amides
Wavenumber (cm™') Assignment
2260-2240 Aliphatic nitrile C=N stretching
2240-2220 Aromatic nitrile C=N stretching
2180-2110 Aliphatic isonitrile -N=C stretching
2160-2120 Azide N=N stretching
2130-2100 Aromatic isonitrile -N=C stretching
1690-1620 Oxime C=N-OH stretching
1680-1650 Nitrite N=O stretching
1660—-1620 Nitrate NO, asymmetric stretching
16151565 Pyridine C=N stretching, C=C stretching
1560—1530 Aliphatic nitro compound NO, asymmetric
stretching
1540-1500 Aromatic nitro compound NO; asymmetric
stretching
1450-1400 Azo compound N=N stretching
1390-1370 Aliphatic nitro compound NO, symmetric
stretching
1370-1330 Aromatic nitro compound NO, symmetric
stretching
1300-1270 Nitrate NO; symmetric stretching
965-930 Oxime N-O stretching
870-840 Nitrate N-O stretching
710-690 Nitrate NO; bending

4.5.2.a Compounds with nitrates

Table 4.5.2.a
Characteristic wavenumbers of compounds with nitrates

Wavenumber (cm ™) Assignment
3360-3340 Primary amide NH; asymmetric stretching
3300-3250 Secondary amide N-H stretching
3190-3170 Primary amide NH; symmetric stretching
3100-3060 Secondary amide amide II overtone
1680—1660 Primary amide C=0 stretching
1680—1640 Secondary amide C=0 stretching
1650—1620 Primary amide NH; bending
1560—-1530 Secondary amide N-H bending, C—N stretching

750-650 Secondary amide N-H wagging
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4.5.3 Compounds containing halogens

Table 4.5.3
Characteristic wavenumbers of compounds with halogens
Wavenumber (cm™!) Assignment
1300-1000 C-F stretching
800-400 C—X stretching (X =F, CI, Bror I)

4.5.4 Compounds containing boron

Table 4.5.4
Characteristic wavenumbers of compounds with boron

Wavenumber (cm™) Assignment

3300-3200 B-O-H stretching
2650-2350 B-H stretching
1465-1330 B-N stretching
13801310 B-O stretching
1205-1140 B-H bending
980-920 B-H wagging

4.5.5 Compounds containing phosphorus

Table 4.5.5

Characteristic wavenumbers of compounds with phosphorus
Wavenumber (cm™!) Assignment
2425-2325 Phosphorus acid and ester P-H stretching
2320-2270 Phosphine P-H stretching
1090-1080 Phosphine PH, bending

990-910 Phosphine P-H wagging
2700-2100 Phosphorus acid and ester O—H stretching
1040-930 Phosphorus ester P-OH stretching
1050-950 Aliphatic asymmetric P-O—C stretching

830-750 Aliphatic symmetric P-O-C stretching
1250-1160 Aromatic P-O stretching
1050-870 Aromatic P-O stretching
1450—1430 Aromatic P-C stretching
1260-1240 Aliphatic P=0 stretching
1350-1300 Aromatic P=0 stretching
1050-700 P—F stretching

850-500 P=S stretching

600-300 P—ClI stretching

500-200 P—Br stretching

500-200 P-S stretching
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4.5.6 Compounds containing sulphur

Table 4.5.6
Characteristic wavenumbers of compounds with sulphur

Wavenumber (cm™1) Assignment

700-600 C-S stretching

550-450 S-S stretching
2500 S—H stretching
13901290 SO, asymmetric stretching
1190-1120 SOz symmetric stretching
1060-1020 S=0 stretching

5. Fuel analysis using FTIR

Fuels are complex mixtures of alkanes (paraffins), alkenes (olefins) and aromatics.
Additionally, it is enriched with a wide range of additives to improve combustion and reduce
emissions parameters. Therefore substances enriching it with oxygen are usually used, such
as MTBE, methanol or ethanol, which are easily checked with infrared spectroscopy
according to ASTM D5845 standard. Other ingredients must also be checked because this is
strictly defined by international rules since environmental and health problems are
concerned.

Benzene for example can be monitored in accordance with ASTM D6277, EN 238 standards
using infrared spectroscopy. In recent years the growing need for the use of renewable fuel
sources led to mixing of bioethanol in gasoline. FAME an ester derived from plant oil, often
is added in diesel as a deactivator of carbon dioxide (ASTM D7806, EN 14078). All these
components exist in modern fuel and usually at high concentrations. However there are fuel
additives such as MMT or 2-EHN which have intense effect on the properties of the fuel
already at very low concentrations. For example, 50 mg/L of MMT increase the octane
number (RON) usually by 2.5 units and 250 mg/L of 2-EHN increase the cetane number by
1.7 units. Therefore it is very important to measure these parameters with the utmost
precision, along with other additives which are present in much higher concentrations.

As described earlier, longer distance traveled by the transmission cell leads to higher signals,
which allow very low detection limits. Ingredients of high concentrations lead to intense or
complete absorption of light if the traveled distance is too long. ERASPEC, in order to be
able to measure additives accurately which are either in low or in high concentrations, has a
double system of cells. Normally, the additives present in high concentrations such as
ethanol (up to 25 Vol%) are measured in a 20 um cell while the additives present in small
concentrations such as MMT (added to ppm range) are measured in a 100 um cell. The
concentrations of components though, are not the only properties of interest in fuel analyzes.
There also exist other parameters, such as RON, MON, the distillation properties, bubble
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point and vapor pressures, which are of great interest as well. These fuel parameters can not
match specific signals in the spectrum because they do not match a single ingredient only.
Using many different signals and applying advanced statistical methods such parameters can
be estimated from a spectrum. For more correct results it is not enough only to measure the
spectrum as accurately as possible, but also the instrument must use spectra database for the
matching of the parameters. Therefore, the result also depends on the quality of the reference
data, for example, the anti-knocking effect of the engine for octane numbers or the vapor
pressure, are measured by means of one of the available methods. To obtain reliable
"predictions" using such a model, the predicted value should "fall" in the calibrated range of
the model. If for calibration only samples with an octane number between 90 and 92 have
been used, the device will not be able to export correct results for gasoline with an octane
number of 95. In addition, given the complexity of fuels and the diversity they appear from
area to area, is not possible to develop a universal database. The ERASPEC device has been
installed in many regions of the world and therefore it offers widely enriched databases for
different regions in order to achieve more accurate results. In the next two subchapters the
properties of gasoline and oil are analyzed with regards to the device.

5.1 Gasoline analysis

The ERASPEC strictly complies in all aspects with the requirements of the latest American
and European standards ASTM D 5845, ASTM D 6277 and EN 238 for the measurement of
the following parameters:

15 Aromatics:

Benzane (ASTM D 6277, EN 238) 3-Ethyl toluene
Toluene 4-Ethyl Toluene
o-Xylene Mesitylene
p-Xylene Pseudocumene
m-Xylene Hemellitol
Ethyl benzene Durene

Propyl benzene Napthalene

2-Ethyl toluene

11 Oxygenates (ASTM D 5845):

4 Ethers. 5 Alcohols
MTBE Methanol
TAME Ethanol
ETBE Iso-Propanol
DIPE 2-Butanol

tert-Butanol
Other Oxygenates
Dimethoxymethane (DMM)
Dimethylcarbonate (DMC)

Total Parameters:
Oxygen Saturates
Oxygenates Diolefins
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Aromatics Anilines

Olefins

Other Parameters:
MMT, CMT, & Manganese
DCPD (Dicyclopentadiene)

Aniline
N-Methylaniline

The density is measured from 0.500 to 1.999 (direct measurement with an internal
densitometer of the Anton Paar firm according to IP 599, correl. (ASTM D 4052)). The
properties are: Research Octane Number (RON-correl. ASTM D 2699), Motor Octane
Number (MON-correl. ASTM D 2700), Anti Knock Index (AKI), Distillation points (correl.
ASTM D86): IBP, T10, T50, T90, FBP. Evaporation points (correl. ASTM D86): E200,
E300. RVP (correl. ASTM D 5191), Driveability Index (correl. ASTM D4814).
VOC Emissions Calculator, and ten more additional freely programmable parameters.

The above in tabular form with the traceability and repeatability limits recorded, are
summarized as follows: Table 5.1.a and Table 5.1.b [13]

Table 5.1.a
Detection
Substance Range Repeatability at: Limit

Benzene 0—-10 Vol% 0.018 Vol% |@ 0.5 Vol% |0.06 Vol%

0.024 Vol% |@ 1 Vol%

0.07 Vol% @ 2 Vol%

0.1 Vol% @ 5 Vol%
Toluene 0 —20 Vol% 0.3 Vol% @ 7 Vol% 0.5 Vol%
m-Xylene 0—20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol%
o-Xylene 0—20 Vol% 0.2 Vol% @ 6 Vol% 0.6 Vol%
p-Xylene 0—20 Vol% 0.2 Vol% @ 6 Vol% 0.7 Vol%
Ethylbenzene 0—20 Vol% 0.2 Vol% @ 6 Vol% 0.7 Vol%
Propylbenzene 0—20 Vol% 0.2 Vol% @ 5 Vol% 0.8 Vol%
4-Ethyltoluene 0—20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol%
Pseudocumol 0—20 Vol% 0.2 Vol% @ 5 Vol% 0.7 Vol%
Mesitylene 0—20 Vol% 0.2 Vol% @ 5 Vol% 0.6 Vol%
All other Aromatics [0 —20 Vol% 0.2 Vol% @ 5 Vol% 0.7 Vol%
MTBE 0—20 Vol% 0.08 Vol% @ 6 Vol% 0.5 Vol%

0.2 Vol% @ 13 Vol%
ETBE 0—25Vol% 0.1 Vol% @ 9 Vol% 0.5 Vol%
TAME 0—25Vol% 0.1 Vol% @ 11 Vol% 0.5 Vol%
DIPE 0—20 Vol% 0.1 Vol% @ 10 Vol% 0.5 Vol%
Methanol 0—15Vol% 0.05 Vol% @ 5 Vol% 0.5 Vol%
Ethanol 0—25Vol% 0.15 Vol% @ 10 Vol% 0.5 Vol%

0.2 Vol% @24 Vol%
tert-Butanol 0—25Vol% 0.1 Vol% @11 Vol% 0.5 Vol%
All other Oxygenates |0 —25 Vol% 0.1 Vol% @ 10 Vol% 0.5 Vol%
Total Oxygen 0—12 Vol% 0.04 Vol% @1.6 Vol% 0.09 Vol%
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Table 5.1.a (cont.)

Total Olefins 0—80 Vol% 0.7 Vol% @ 15 Vol% 0.5 Vol%
Total Aromatics 0—50 Vol% 0.8 Vol% @ 33 Vol% 0.5 Vol%
Saturates 0—100 Vol% 1.1 Vol% @ 45 Vol% Not applicable
Di-Olefins 0—15Vol% 0.18 Vol% @ 5 Vol% 0.2 Vol%
DCPD (Dicyclopentadiene) 0-15Vol% 0.11 Vol% @ 5 Vol% 0.5 Vol%
MMT (100 um-cell) |0 — 10000 Vol% |4 mg/I @ 80 mg/l 20 mg/1
CMT (100 pm-cell) 0—10000 Vol% |7 mg/l @ 80 mg/l 20 mg/l
Manganese (by MMT) |0 — 2500 mg/I 1.3 mg/l @ 80 mg/l 5 mg/l
Table 5.1.b
Parameter Range Repeatability at:

RON 70— 110 0.4 @ 92 RON

MON 60 — 100 0.3 @ 82 MON

AKI 65 — 105 0.3 @ 87 AKI

IBP 20— 50 1.8 @ 37 °C

T10 30-70 3.3 @ 67 °C

T50 65— 130 5.5 @ 95 °C

T90 140 — 190 6.2 @ 150 °C

FBP 160 — 220 5.2 @ 195 °C

DVPE 45 -100 2.8 @ 60 kPa

Density 0.5—1.999 gcm™ [0.0006 gem™  |@ 0.7800 gem™

Note I: The range and repeatability of the calculated parameters (RON, MON, AKI) depend
on the database used.

Note 2: The repeatabilities listed were measured with one scan per measurement. The

repeatability can be improved by averaging two or more scans per second.

5.2 Diesel analysis

ERASPEC, for diesel sector works quite similarly as in gasoline and follows exactly the
requirements of the European Regulation EN 14078 and measures the following parameters:

Concentrations:
Biodiesel (FAME) (ASTM, EN14078), Polynuclear Aromatics (PNA), Aromatics Cetane
Improver (2-EHN).

Distinction between FAME (Biodiesel) and vegetable oil: Separate calibrations for different
FAME types.

Density 0.500 — 1.999 g/cm’ (There is internal densitometer of the Anton Paar firm
according to IP 559, correl. ASTM D 4052).
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Properties:

Cetane number (correlation to ASTM D 613)
Cetane Index (correlation to ASTM D 976 and ASTM D 4737)
Distillation points (correlation to ASTM D 86): IBP, T10, T50, T85, T90, T95, FBP

+10 Freely programmable parameters

All the above are summarized in the following tables, where the detection limits and
repeatability are shown. Table 5.2.a and Table 5.2.b. [13]

Table 5.2.a
Concentration Standard | Repeata- Detection
of: Range Deviation bility at: Limit
Biodiesel (FAME, 165 _65vol%s [0.07Vol% (0.2 Vol% |0 10 Vol% [0.08 Vol%
FAEE)
0.12 Vol% 0.3 Vol% [10—30 Vol% -
Total Aromatics 0.5-60 Vol% [0.13 Vol% |03 Vol% |@ 20 Vol% [0.5 Vol%
Polynuclear B o o o 0 o
Aromatics (PNA) 0.5-50Vol% [0.03 Vol% 0.1 Vol% |@ 5 Vol% [0.5 Vol%
Cetane Improver
(2-EHN, IPN) 50 — 20000 mg/1 |9 mg/l 23 mg/l 0—800 mg/l (50 mg/l
Dimethoxymethane | 54 yo100 |0.01 Vol%  [0.02 Vol% |@ 0.4 Vol% [0.06 Vol%
(Methylal) 0 . 0 . 0 . 0 . V]
0.06 Vol%  [0.18 Vol% |@ 2.5 Vol% -
0.2 Vol% 0.6 Vol% |@ 20 Vol% -
Table 5.2.b
Standard
Parameter Range Deviation |Repeatability at:
Cetane Number |20 —80 0.32 0.8 @ 50
Cetane Index 20-80 0.25 0.7 @ 50
T90 0.4°C 1.0°C @ 330°C
Density 0.5 —1.999 gem™ [0.0002 gem™ |0.0006 gem™ |0.7800 gem™

Note I: The range and repeatability of the calculated parameters (Cetane Number, Cetane
Index, T90) depend on the database used.

Note 2: The repeatabilities listed were measured with one scan per measurement. The
repeatability can be improved by averaging two or more scans per measurement.
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6. Database

It is essential before analyzing anything to make clear that the section of the device for diesel
works completely the same way as for gasoline. However for both sections different cells (in
the interferometer), different memory sections and different database are used. In other
Eraspec instruments there is the analysis option "Jet Fuel" or "Synthetic Fuel" or "Methanol
Fuel". These options are selected by the customers according to their needs. The Eraspec
instrument of the NTUA Laboratory for fuels and lubricants, offers the option for the
analyses "Gasoline" and "Diesel". The choice is made by the user as soon as the instrument
has been activated and stabilized. Details of the operation are given in the following
chapters. The calibration was conducted in both sections, therefore whatever is said and
referred to for one of them, fully applies for the other as well.

6.1 Libraries

The database for gasoline is structured in "LIBRARIES". The instrument has 3 libraries for
each sector. Each library contains gasoline spectra the peaks of which have matched with
their measured standard properties. Based on these spectra the properties of unknown
samples are predicted. The software uses statistical methods described in the theoretical part
to better match with the library spectra. The libraries of the instrument contain hundreds of
spectra from all over the world, which have been entered by the factory. Nevertheless the
manufacturers highly recommend the enrichment of the libraries with spectra of local fuels
because they will be closer to the unknown samples they will face during the measurements.
This makes sense because no matter how much fuels resemble to each other, the supplies of
the refineries in a northern country are different from the supply of crude in EL.PE.
Moreover, even in the same refineries of a country sometimes it is possible the supply to
change and therefore the composition of crude. All these factors influence the composition of
the final product. Thus the enrichment with new libraries from domestic refineries may
improve results and make the instrument more effective. That is, the ideal library for Greece
would be the one that would have been made with samples of known properties from the
EL.PE and MOTOR OIL HELLAS refineries.

Nevertheless, because in order for someone to get samples with certified properties from the
refineries which is a time consuming process, calibration is considered to be of great
importance and the instrument provides a very user-friendly software which makes the
whole procedure even more facile.

6.1.1 Library enrichment procedure

For an analyst to enter new data in the libraries of Eraspec, a sequence of events must take
place. First he has to become familiar with the instrument and be trained to conduct
measurements. This also includes individual settings such as repeatability and safety levels.
Immediately after the user learns how to make new libraries and also which properties are
demanded by the instrument for the calibration. So, in the last and most time consuming step,
the user will know which properties should be stated on the certificates of the refineries in
order to enter them in the libraries.
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6.1.2 Starting the instrument and the reference measurement

It should be noted that regardless of which method is selected, diesel or gasoline, the
measurement is conducted in exactly the same manner. The only thing that changes is the
cell of the interferometer being used. Obviously there is differentiation in the databases used
and in the results, i.e. with the change of method some other section of the instrument's
memory is in use.

The instrument is switched on by pressing the start button. It will load the software. During
this process, the LED on the front screen will flash. Loading software takes about 35
seconds. After that, the instrument remains inert until the temperature of the Laser operation
is stabilized.

When the software is activated, the regulator of Laser is activated (the regulator is a software
as well which depending on the circumstances regulates the movements of the Laser), and
the message "wait for laser controller" appears on the screen. Because the instrument has just
started, it automatically receives a reference spectrum "Reference". This is nothing more than

a measurement of the air present in the cells in order for the instrument’s sensors to be

adapted. The controller thus orders the preheating of the Laser (to carry out the reference
measurement) and the display is:

P E | 2| £ B

Measure Result System

SVCINEY I Gasoline

SRR gasoline

Operator

REFERENCE

OPTIONS LIBRARIES

Wait for |laser controller

Fig.6.1.2.a

After this, the device automatically will load all available reference spectra. "Reference". If
the most recent report available in the memory is more than one hour (in hours of operation)
a measurement of a new reference spectrum starts automatically. More about the "Reference”
are listed below. The display is:
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Measure

Then the source of infrared and Laser are activated:

Measure

Fig.6.1.2.c
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The scanning for measurement of the spectrum starts:

>

Measura

After measuring the "reference sample", the instrument is ready for measurement.

Y S -

Measure | Result System Waint Tests

REFERENCE

1302210900

Fig.6.1.2.e
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The above Figure is the original display and the menu of the instrument software.

Field "Fuel Type": selects the type of fuel for analysis. This instrument has installed software
for gasoline and diesel.

Field "Sample ID": the user enters the name that later will appear in the results of the
measurements he will perform.

Regarding the "Reference": Eraspec needs a reference spectrum in order to conduct the
measurements accurately. The reference spectrum is essentially a spectrum obtained without
sample. The spectrum obtained from a sample during the course of a measurement is then
subtracted from the reference spectrum. This way any influence on the spectrum which is not
due to the sample (such as the lines of the water vapors and carbon dioxide, or the influence
of the dependence of the wavelength of the source of infrared emission) is removed so that
only "clean" absorption spectrum of the sample is obtained which later is analyzed to
determine concentrations and calculate properties.

In normal mode, the reference spectrum is automatically exported in the following cases:

1) After the instrument is switched on and the last reference spectrum stored in the memory
is longer than one hour.

2) During normal operation, when the last report is more than an hour.

3) During normal operation, when the temperature of the spectrophotometer changes by 1°
C (1.8°F) from the last measurement of a reference spectrum.

The numbers appearing under the button (i.e. 1302210900) mean "Y YMMDDhhmm", i.e.
year, month, day, hour and minute that the reference measurement was conducted.

The option "Libraries": It is examined below and is the libraries used by the instrument to
output the results. Aim of this work is to enrich the instrument with new libraries which will
contain as many as possible fuel spectra with properties similar to those of the test samples.

From this menu the user can see which libraries are in use and which are available. In
addition he can see what are the spectra saved in the libraries and by whom user. Depending
on the user rights of each user, deleting spectra and even entire libraries is possible.

The option "Options": The user selects how many scans should be done per measurement
and also how many times the pump will be used in order for a measurement to be done. This
way the accuracy of the results and the signal-to-noise ratio (SNR) described above in the
theory, increase.

Eraspec usually takes spectral data during a scan and calculates the spectrum and all the
results based on this scan. However, to improve the SNR of the spectrum and hence the
repeatability, it is possible to make more than one scans for one measurement. From the
scans the average will come out thus reducing the noise in the data. Ideally, taking the
average of N spectra, the noise will be reduced by a factor YN (square root of N). Each scan
lasts about 18 seconds, so for every additional scanning the time of the measurement
increases by 18 seconds.
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The maximum number of scans is 8, but by the manufacturer it is recommended maximum
use of four scans for one measurement.

Field "Operator": Its usefulness has to do with the clear distinction between users and their

rights with regards to the access of each one in the instrument. Users’ levels are 6 with serial

degree of accessibility. In order for a user to increase his degree he must know and enter a
specific code. More specifically:

User level 1: It is the lower level with more restrictions. At this level the user can only
change the sample ID and the user's name. He can make sample measurements, get reference
samples, can see and print results, but also to save them and get in a USB stick. All other
parameters are not accessible or even not visible and therefore can not be modified. This step
allows completely unskilled users to make measurements without the risk of making any
mistake.

User level 2: Allows the same functions as in level 1, and additionally, samples with known
properties may be added to the database. This is an indication that highlights the importance
of continuous calibration and enrichment of the instrument library with spectra of known
properties.

User level 3: Allows the same functions as in level 2. In addition, all functions in in the
libraries can be done, and the results lists can be configured by selecting "Column" in the
results menu.

User level 4: Allows the same functions as in level 3, and further, the parameters shown in
the menus "Ports" and "General" can change. Also accessible at this level are the settings in

the results menu.

User level 5: Allows the same functions as in

Me_:”e | Resi s ﬁt E;B Level 4, plus the code can be changed
Version Ir;;’c- : : " (Flg 612]()
Serial Nr: Software V. Micros V,
Fec 1E00e ! i el ‘ User level 6: Allows the same functions as in
' Passwd | Spec | General | Print | LIMS | Net | App | level 5, and further gives full access to the
~Password - — rUserLevel— || menu "Maint" (maintenance and service menu)
Enter Password ‘ || oLevelt which normally is not displayed, and to the
: menus "Network", "App" and "Test".
Change Password 1| ©Llevel 2
OidPassworc | I oLevels It is very important and must be noticed that
New Password | o Leveld never must parameter.s or settings l?e changed
. : in the menu "Maintenance" without the
eead NI ey supervision of the local representative or of
— Eralytics. Changing parameters may cause
= || 2 Lax=io damage to specific elements or make the
~Change Methods || correct measurements impossible. In addition
Method Code | | || one should never use the sixth level for routine

measurements with Eraspec. The menu of
safety levels is shown in Fig.6.1.2.f.

Fig.6.1.2.f
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6.1.3 Start of a normal measurement

The user being in the main screen (Fig.6.1.2.a) and all the previous steps have been done,
he is now ready to make the first measurement. Having a sufficient amount of sample (over
15 ml) places the tube in the sample and presses the "RUN" key either the button or on the
touch screen.

Before conducting any measurement the user must ensure that the waste container is in the
correct position and not completely full.

If desired, the user can send air to pass through the system by pressing the "EMPTY" key.
The same way the user also can "flush" the system if the nature of the samples he analyzes is
changed completely. If e.g. he was measuring gasoline and now needs to pass to diesel, he
should make 3-4 "rinses" before proceeding to measurements.

A measurement can be stopped at any time by pressing "STOP" (either the button or on the
touch screen).

After the command "RUN" is pressed, the screen changes showing the sequence in which the
measurement is being made.

First the sample is automatically sucked (filling process) by means of the pump inside the
instrument. When this process is completed, the instrument asks the user to remove the tube
from the sample. The tube must be placed in an empty bottle to avoid fumes in the
laboratory.

Simultaneously with the filling process, the infrared source is activated, and then it takes a
few seconds until the stabilization of the source and the infrared detector. After that, it starts
_‘ . _ the data scan as described in the beginning the

< ‘ £ spectroscopic measurement.
Maint

Tests

Finally the sample is removed from the system
and discharged into the waste container.
Together with the removal of the sample, the
spectrum and the results are being calculated.
These calculations last only 10 seconds. When
the measurement is finished the results are
displayed and saved in the results memory.

The whole measurement is fully automated and
takes about 60 seconds. It shows huge
similarities with the reference measurement.

The sequence of events such as shown by the
instrument and as described above during the
course of a standard measurement is as
follows:

- Preparing the process (Fig.6.1.3.a).
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Fig.6.1.3.c

During the filling process, the infrared
source is activated (Fig.6.1.3.b).

The instrument asks the user to remove the
tube from the sample (Fig.6.1.3.c).

In this latter case the user is good to
remove the tube while pressing the OK
button. Moreover there should exist an
empty sampling bottle nearby so that the
pipe be placed there. If the pipe is not
removed and a reasonable time passes by,
about 30 seconds, then Eraspec continues
the movement of the interferometer
normally. This is not good of course since
it can give distorted results
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e - Immediately after is activated the Laser
M" s ;E ;ﬁ ﬁ (Fig.6.1.3.d).

> = s e o - After a few secop(;ls, when all‘ sources and

Meamsre [T B Maint Tests sensors are stabilized, scanning for data
' acquisition starts. The sensor signal appears
live at the bottom of the screen (Fig.
6.1.3.e).
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= - When data collection is complete, the pump
> ;]E; {lt | Es starts to remove the sample from the
system (Fig. 6.1.3.f).

Measure

> - Usually, even when the pump is still
MEBeL working, the list of results is displayed on
the screen (Fig. 6.1.3.g).

SAMPLEID gasoine
DENSITY  0.7371 [gfcor] @ 25.0 C M
COMMENT | fen

Paramster Vol%  |Mass% | =
LBer_l_ze_n_e 0.68 .80
2 Toluene 7.87  9.20
3  m-Xylene 3.89 4.54
4 o-Xylene 3.79 4.49
5 |p-Xylene 260 313
6 Ethylbenzene 1.34 1.57
7 2-Ethyltolusne 1.11 1.32
8 3-Etnyltoluene 148 173 o
9 4.Ethyltoluene 205 238
10 [Mesitylene 105 122
11 Pseudocumene 4.00 4.73
12 Hemelitol 154 187
13 Naphthalene 020 026
14 ETBE 896 895
15 Oxygen . 140

Fig.6.1.3.g
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Se T ula £ | 2
Time J Date i Sample-1D RON _MON Ben:
1 [17:41 201212 |gasoline 96.9 864 0.6
2 |17:40 (201212 |New sclvent
3 [17:35 201212 |New solvent
4 (17115 201212 |gasoline 95.9 854 06
5 1620 20.12.12 |gasoline 97.0| 861 0.6
6 |15:44 201212 |gasoline 94.9 867 0.2
7 1543 201212 |gasoline 953 87.0 01
8 (14:45 201212 |Test 956 87.2 0.1
9 1442 201212 |Test 957 87.2 D1
10 [14:10 201212 |Test 95.3 87.2 0.2
11 14:03 20.12.12 |Test 957 871 02
12 13:54 201212 |gasolins 95.4 87.0 0.2
13 [13:46 201212 |gasoline 95.5 86.9 01
14 |12:24 20.12.12 |gasoline 94.9 865 01
15 [12:115 20.12.12 |gasoline 123.9/105.8

; “ Edit: H o ii |

Fig.6.1.3.h

- Otherwise at the end of the measurement
again the main screen is displayed and the
user manually goes to the results menu.
That is, he presses the "Result" key and the
image at the left is displayed (Fig. 6.1.3.h).

Either one or the other case, it would be the right time for the sample under measurement to
be recorded in the libraries. Thus, we call this point, point A and later we will return to that.
The explanation of creating a new library is preceded, and the next chapter refers just to that.

> E | £ | J o
Measure Result Systern Maint Tests
rLibrary Select
available used
Compass(0509 DVPES
CompassCH EU6
FC1 New lib

rExport/import to memstick

llresultsier‘aspeclEsm 66021/gasflib/ I

Fig.6.2 The libraries menu

6.2 Creation of a new library

From the main menu: "Libraries" > "New" the
user enters the name of the future library and
then confirms it by pressing "New" (Fig.6.2).
At previous time he has created a new library,
within which he will enter the new samples.
He also might enter the samples into an
existing library, that is to enrich it. However it
is more correct to separate libraries depending
on the samples they contain i.e. to be grouped.
Other library for EL.PE, other for MOH, and
others for the factory. This must occur because
if all samples were entered in one library, the
user would be not able to remove some of
them, depending on the analysis he wants to
conduct. It would be unavoidable to take into
account all the spectra. Also in this instrument
there has been created a new library with the
name "New Samples" in which members of
the laboratory will enter samples of known
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properties if they come in their possession.

6.2.1 Input of samples in the libraries

===
"".:‘-"E" i E g;i:‘f :
19.12.12 1058
SAMFLEID gasoline
DENSITY  0.7511 [gicem] @ 25.0 C D
COMMENT | |l
Parameter [vore |messe | [ |-
EMesity_Iene | 0.68 0.78
112 |Pseudocumene | 4.34 5.04
13 |Hemellitol 2,08 248
14 |Naphthalene 038 050
15 |ETBE 969 850
16 |Oxygen 148
17 |Oxygenates | 969 950
18 |Olefins . 94  90MLR
119 |Aromatics 33.6 38.7 MLR
20 |saturates . 413 428 '
21 |MMT 81.9mgfl B
22 |Manganese 20.6mg/l
23 |[RON 95.6 MLR
24 |MON 806 MLR
25 |AKI 88.1 |
Fig6.2.1.a
> = | & S B
Measure Reslr System Maint Tests
 Time |Date  |Semple-ID |RON [MON |Bend
1 [17:41 201212 gasoline 969 864 06
|2 [17:40 |20.12.12 New solvent
3 |17:36 201212 Newsovent
4 |17115 |20.12.12 gasoline 95.8 854 0.8
5 ‘gasoline

20.12.12 gasoline

6 201212 gasoline 949 867

7 [1543 |2012.12 gasoline 953 87.0 0.1
8 [14:45 201212 Test 956 87.2 01
g9 [14:42 201212 Test 957 87.2 0.1
10 [1410 201212 Test | 95.8 87.2 0.2
11 |14:03 |20.12.12  Test | 957 874 0.2
12 |13:54 201212  gasoline | 954 87.0 0.2
13 13146 |20.12.12 gasoline 955 86.9 0.1
14 [12:24 [20.12.12 gasoline 949 865 0.1
15 [12:15 123.8 105.8

Fig.6.2.1.b

M toLi “  Edit

Let us return now to the time point A of
section 6.1.3 where immediately after the
measurement the results are displayed on the
screen. The user simply presses the key "Add"
for direct input of them into one of the
libraries. Alternatively the user goes to the
option: "add to lib" provided he is already in
the subsection "Result" and has marked the
sample for which he knows its properties.

- Direct "Add" (Fig.6.2.1.a).

"Add to Lib" (Fig.6.2.1.b).
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Being at menu "Result" and after having marked the desired sample, press the "Add to lib" or
if "Add" had been used, a list of all available properties calculated with the use of the
database appears on the screen.

> SIS SR L | A =R o
Meazure Result System Maint Tests Measure Resul: System Mairt Tiests
~Add to Library -Add to Library
LIBRARY | EU6 = LIBRARY | Test =]
SAMPLE ID gasoline 20.12.1216:29 SAMPLE |ID Pefronas diesel 100% 01.02.13 11:40
_| Parameter Value Unit | = _|F?ararheter Value Unit | -
1 |RON [ ] 1 __|Cetane Number ||
2 |MON | 2 |Cetane Index
3 |Aromatics Vol% 3_ Cetane Improver mgfkg
4. |Olefins Vol% 4__ Aromatics Vol%
5 |IBP c 5 |PNA Vol%
& |T10 c 6 IBP c
7 |T50 Cc 7_T10 C
8 |[Te0 (e 8 |T50 G
9 |FoP c lg |tes c ol
10 |DVPE kPa ol 10 [T90 C
11 |[E300 V% 11 [T95 C
12 DVPE kPa 12 |[FBP C
13 |FREE04 ' 13 [E250 V%
14 | FREEOS . 14 |E350 V% .

Fig.6.2.1.c  Gasoline Fig.6.2.1.d Diesel

The left figure concerns Gasoline and the right one Diesel. In these windows the user enters
the values from the refineries and confirms by pressing "OK". Values with decimal points
with comma (,) are entered in the system with a corresponding dot (.) In case of entering
comma, the instrument halts and switches off automatically, resulting in major loss of time.

It is obvious that great emphasis is given to distillation temperatures, because most
conclusions for other properties of the measured samples as well, depend on them.

This way, the peaks of the spectrum obtained by the measurement are assigned to the
certified properties. Therefore this spectrum is "baptized" on the basis of the standards and is
now available in the library. For maximum accuracy, it is advised that many samples from
the same bottle to be entered in the library more than once. This reduces even more the
potential error of the instrument. Finally this spectrum is saved in any library that the user
wants. The need for more than one inputs, is understandable by errors in some values in the
exported spectra of the following chapters.

6.3 Refinery protocols

As part of this work the calibration of ERASPEC with samples of known-certified properties
from these two companies (EL.PE and MOTOR OIL HELLAS) was conducted.

53



Specifically, 30 sample bottles with gasoline and 13 bottles with diesel were received, each
bottle containing approximately 100 ml of gasoline or diesel. Each bottle had a tag with a
protocol number and a tank code. The document accompanying the samples contained the
date and time of sampling and the tank the sample was taken from. The protocols received
had distinct differences between them, i.e., some did not contain all the properties that
Eraspec accepts for the calibration, while others had so little information that it was
necessary to send the codes back in order for new certificates to be issued. More clearly the
differences are shown and are analyzed below.

Indicative protocols were of the following formats:

7800
17.0
0002
0010
0020
0030
0040
0060
0062
0070
0080
0080
0100
0110
0112
0130
0140
0160
0180
0200
0210
0220

0280
7900
17.0
Q002
0010

01654120 UNL2000 GASOLINE UNLEADED 95 RON

5.2014 06:49:30 2401A FINISHED TANK

A/A AEITMATOL 0 15.000 4,728 A
DENSITY AT 15 C 0,7200 00,7750 00,7282 A
Research Cctane Number 95,0 100,0 970 A
MON . 85,0 100,0 86,0 A
Induction Period 360 1.000 420 A
Lead in Gasoline 0,000 0,005 0,001 B
SULFUR, ppm 0,0 10,0 7.4 A
Existent Gum 0 5 2 A
DVEE 45,0 60,0 60,0 A
Benzene 0,00 1,00 0,87 A
BEvaporated at 70 C ] 20,0 48,0 32,0 A
Evaporated at 100 C : 46,0 71,0 6l,0 A
DISTLL, EVAP 1500C 75 0 93 A
Disgtillation, FRBP 100,0 210,0 186, 0 A
Digtillation Residue 0,0 2,0 1oy 2 A
AROMATICS 0,0 35,0 16,4 A
Oxygenates Content 0,00 15,00 5,60 A
Copper Corrosion 1A A
Oxygen 0,0 2457 Tl b1
Olelins 0,0 18,0 18,0 A
DENS AT 15 ¢ UPPER 0,0000 1,0000 00,7292 A
DENS AT 15 ¢ MED 0,0000 1,0000 0,7292 A
DENS AT 15 C BOT 0,0000 1,0000 00,7292 A
DVPE UPPER 45,0 60,0 60,0 A
DVFE MED 45,0 60,0 60,0 A
DVPE BOT 45,0 60,0 60,0 A
01654191 UNL2000 GASOLINE UNLEADED 95 RON

5.2014 15:06:27 . 2401A TANK CORRECTION

A/A AEITMATQL 0 15.000 4.843 A
DENSITY AT 15 C 0,7200 A

0,7750 0,7296

Fig.6.3.a Gasoline Sheet, Cetane number 95 R, from MOH (Motor Oil Hellas)

In the protocol depicted above (Fig.6.3.a) are listed:

1) Top left corner, the serial number

2) Immediately below, the date of sampling

3) "UNL2000" is the code of the tank and immediately below the exact time of sampling

4) "GASOLINE UNLEADED 95 RON" is the category of gasoline based on the octane
number

5) Code 2401A is the sample code, marked on the bottle

In total 15 such samples were received, 3 of which were with wrong certificates and

therefore not used. From the 12 correct samples, their codes and the corresponding sampling
dates were:
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Date Code Octanes
14/4/2014 2401A 100
15/4/2014 2401B 95
20/4/2014 2401A 95
28/4/2014 782 95
1/5/2014 785 95
13/5/2014 2401A 95
13/5/2014 8107 95
14/5/2014 2401B 95
16/5/2014 2401B 95
17/5/2014 2401A 95
20/5/2014 2401B 95
22/5/2014 704 95
Properties Units Results Methods
" Density at 15degC ka/m3 831.8 EN ISO 12185
Colour LO.5 ASTM D1500
Appearance < 1\ Clear and bright ASTM D4176
% () Recovered at 250degC 7 % v 26.5 EN ISO 3405
% (wv) Recovered at 350degC JoC Y % wiv 92.9 EN ISO 3405
95% (vv) Recovered at degC | )~/ degC 355 EN ISO 3405
) Flash point il degC 65.0 EN ISO 2719
@ Sulphur content N mg/kg 3.7 EN ISO 20846
Copper strip corrosion (3hrs at 50degC) class 1A EN IS0 2160
1 Cold Filter Plugging Point (CFPP) degC -10 IP 309
Cloud Point [ 6 EN 23015
Fatty Acid Methyl Ester (FAME) % wv Nil EN ISO 14078
Viscosity at 40degC mm2/s 3.189 EN I1SO 3104
Water content ma/kg 71 EN 150 12037
Cetane number 54.6 EN ISO 5165
Cetane index §7.2 EN ISO 4264
Ash content % mim 0.003 EN ISO 6245
Carbon residue (on 10% distillation residue) % mim 0.01 EN ISD 10370
Total contamination mg/kg 55 EN 12662
Oxidation stability g/m3 3.5 EN ISO 12205
Qxidation stability hours 21.0 EM 15751
Paly cyclic aromatic hydrocarbons % mim 2.4 EN 12916
Lubricity, comected wear scar diameter m 443 EN ISO 12156-1
Conductivity at 20degC pSiM 220 ISO 6297

Fig.6.3.b Certificate for Diesel sample, from MOH
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Regarding the above certificate (Fig.6.3.b) the paper was torn so that the rest of the data are
not shown. When it was received was accompanying the sample bottle. Similarly, the next
certificate (Fig.6.3.c) was truncated and accompanying the sample bottle.

Density at 15 oC | 0,8323
Colour ASTM L0,5
claar bright |
86,0
3,229
-8,8
-2
5,0
1a
172
221
243
284
303
335
345
oC 358
FBP oC 363
ol % at 250 °C 23,9
Vol % at 350 °C 923
Vol % at 360 °C 95,7
[Cetane index &7, T
|Cetane number
|Hydrogen Sulfide H,S mg/kg
IMicro carbon residue wi%
wi
Total acid number mgKOH/g
Dxid. stability g/m3
|lOxid. stability accel. hours
¥
Neg
43
2.7
Mil

Fig.6.3.c Certificate for Diesel sample, from MOH
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Only the characteristics of Olefins and Aromatics relating to instrument calibration were
recorded on the next sheet as well as on the rest that were taken from the same batch of
samples. Therefore these codes were gathered and sent back to the refineries in order for
them to send correct certificates with the rest of the necessary properties of the same
samples. Totally, the samples of this type were 10, and their codes are shown below.

The code here is the number of handwritten characters, i.e. 2286192.

ﬁ TeFarmiu bpEat Toaa o
Dt Fiighams COChemInIDATAD 1405 M. 0
Cparaicy’ - ChrsErd Vil = W
Aczpired O 13- 14 BB00 Al [P 08 gl
Procussed On 2 A2dunta vhdd 08 A
Samnn Mame | TENa
Sampetnu : Winlengae MTBETAME QT g6 qu
Samae Tyne 1 Winseepan MTBE
Inssruman] hethod T WG
Anatyals Conditions
A 3 Eihilciap (30:]

2} LE] Crahadiapi 1
E 25 Cinfedepd 15
Sampe Geeaty TAZD Bgora (M 0B _—

=
| Caw Maph. | Faml | Cyeie Gial. | Arom. Sayp. Taul
‘ N R | T — - —

. ] (XL | 041 ]
| & L 3 [T 263
S oag | 1aae Gig 1.80 _am 2014

[] 183 |  viea| om0 .70 (5] a8 | T
o 1.48 513 0T 1E __m_ng=[ 1817 |

[ [T HT | 0% | oEm| un [TEH]
% | oes agi | on| 0. GE] T
i T [Fo) = 213 F45 304 |
[ | o = | os OEF

Paly | PP | ]
Totsl | [T 14| ESES 04T LT
q ®
Harmalized wluny:hmml results ) -
[ Enr [ Haph. | “Parad, | Gyl O Ofuf | Arom. | Depg. | Tetnd |
|: NI — = | = |
i I
{3 018 | 0.8 |
L] FER 1 1.02 | = FEE
[ L] 5w | ikl an ] 13 k7]
i b 1% [ o8| 298 nra| 437 Bam |
- b el | UL 1y A% e |
& [0 [ELE a2 L] 1753 1 1542
. 042 | oAz | R[] [Filll 5.6 [ TET]
| LRA] Bar | f ] -] 2B
e | 0.20 05z | T
Pty = I = B
err (=3 4075 | 180 .40 3450 Y80 | 10800 |

Crryganades results
[Grorgemate WS L | ore
NTBE W 3w o=
[TAE 'S 4.0 08 |
oty oS G o |

Ton TB5 780 129 |

pr— ==
EN |80 JTE64 | ASTM D 5838
"Benzenn RO
L ] ) REAELYW
| Toa o BAEL T
[ ot Grypenanes RE T A il
Lfﬂlqn_ﬂ AAITLVS 1
| Tt Gupcan 104 s

Fig.6.3.d Certificate from EL.PE

On this specific sheet (Fig.6.3.d) the exact time that the sample was acquired, and also the
time that it was processed are clearly recorded. This is observed on all the sheets of this type
and the time difference of sampling is minimal, making the results even more reliable. The
identity characteristics of these 10 samples are:
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Sample name Code (LIMSID)

763a 286192
764a 31/05/2014 2281825
763A 03 06 _14 2282751
763B 10 _06_14 2284179
763a 2286879
764a 2287550
711a 2288477
764A 24 06 14 2290243
763 B 27 06 14 2291620
763 A 01 07 14 2292857

The following sheet (Fig.6.3.e) was received from EL.PE company and in one page the
certificates for five samples of gasoline are shown. In this case the name and the protocol
number of the sample are displayed.

763A | 763A 764A | 763B T11A
2195363 | 2199313 [ 2202199 | 2200862 | 2267691
Distillation

5P 'C 33.5 33.0 29.1 31.3 35.1
5 'C 40.7 37.7 40.6 422
10 e 51.0 470 438 47.0 54.9
20 e 59.2 56.4 53.1 55.6 59.9
30 C 62.3 65.7 62.1 64.8 69.8
40 .5 78.3 73.9 74.5 74.6 81.2

54 e 90.0 84.5 £29 £6.2 946

60 'C 104.7 98.7 97,7 100.2 107.7

70 C 121.7 115.5 1154 | 11539 | 1195

80 ¢ 137 132.8 1325 | 1322 1338

85 W 144.9 1411 140.7 140.6 142.0

90 °c 153 8 1491 147.2 1487 151.0

95 2] 166.4 160.9 161.7 160.2 162.9

Rp i 190.2 185.8 1786 | 1833 181.7
Evap @ 70°C | %viv | 32.7 35.4 36.1 35.5 30.0
Evap (@ 100 | %owiv 37.5 al.1 ald 59.8 54,1
Evap 2 150 °C| % viv | 850 00,7 90 6 91.0 894

Density grml | 0.7434 | 0.7397 | 0.7400 | 0.7411 | 0.7528
Aromatics % viv 31.8 a7 31.2 313 340
Olefins wowv | 111 11.5 10.3 10.3 9.4

Ethers Y viv 725 8.43 7.70 8.10 14.68
MTRBE Sty | 379 4.76 428 441 8.9
TAME Yuviv | 346 3.67 342 3.69 577
Benzene Yo Vi'Y 084 0.81 (.80 0.82 0.77
RVP psi 10.20 11.28 11.30 10.60 590

RON 95,6 557 93.5 953 100.0
MON 85.0 #5.0 85.1 85.0 88.1

Fig.6.3.e Certificate of five gasolines, from EL.PE
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The identity characteristics of these 5 samples are:

Sample name Protocol Number
T63A 2195363
763A 2199313
T64A 2202199
763B 2200869
711A 2267691

The sheet of the next page (Fig.6.3.f) is only for a single diesel sample.

This was the most complete and gives information on the following:
1) Plant Code (tank): P-8714A

2) Date: 06/05/2014 at 11:12

3) Protocol number (ID): 2283821
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HMEFHEID AERTIO XHMEIDY

Plant Unit | B-@T14A I AR
1 OEZEAMENH P-E714 A™

Start Date 1 S-JUH-2014 11:12 RRpoET GaRmEated On DESOSSL4
11:12
End Date i DEA0EAIE 112
Shifr H
| | | IFHTI4AREF_0%|
I I | 106148 |
| |  Method | tnits | |
+ o ' i
| Fredusk | | | DIESARUTELN |
P —— ; P ;
| Sampled Time i | [} |
- -
IMOHO AROMATIC HYDROCRRBDIIF 331 1% mfm [22.1 |
E: - e i
|0 ARCHATIC HYORQGCAAZON | IF 351 v mim 13.8 |
+ memlers s
|THT RROMATIC MYDROCRABDM|IF 331 % mfm D3 i
|POLYCYELIC RRAOMATIC MYDA|IF 351 [ mfim (4.1 |
trmrmamsrs s s Fariz
1ASH IRSTH D-4E2 |& mim | 0005 i
P —
ICETANE INDEX IASTH D-4737 | 183.1 I
L L LT -
|CETANE WIMEER IDIN 51773 | 153.1 1
-5 f
1CERR IR 300 ol |=2 I
B el e el LLLE LT Y
1COLOR [ i | #YEIHD [
e i i f e e o e e
[COFPER CORAOSION JLASSIF|ASTM D-130 11 |
|CELTIO | ] 11 |
- +
|CEMITITY AT 13cC 1ASTH D-4052 Igciml 19, BIEn I
+ + e
| IBF |ASTH D-BE e 1167.4 |
t + b
| 5% RECGVERED | ST D=B6 [§=+ P11%6.1 |
i B ' — pmm
118% RECOYERED LASTH D86 ol 1E068.7 I
b e ' v . v
|20% RECOVERED |ASTH D-86 laC 12381 |
e ey T s A
130% RECOVERED |ASTH -84 jaC T245.9 I
R —— + —t
[40% RECOVERED |ASTH D-86 |ag 12639 |
+ = + ———t
150% RECOVERED |AETH D-B& |aC 2ra.7 1
160% RECOVERED IASTH D=A& 1ac 1293.3 I
1 70% RECOVERED |ASTH D-86 ot 1308.1 |
e * N
| 80% RECOVERED |ASTH D-88  loC 1323.5 I
+ -
1958 RECOVERED |ASTH -85 ol | 332.0 i
——— e m e e R Y et e L LT LTS T
1908 RECOVERED [AETH D=d§ -4 1 341.5 i
______ " e e e m
183 RECOVERED |RSTH D=BE ol | 356,4 I
o S B S
| FRE IAETH D-88  joC 13877 |
| RECOVERY IASTH D=06 Ih Wiy |57 |
| RESTEUE ASTH O-BE (% wiv DD |
|Logs [ASTH O-06  |ml 11.3 |
+ — ———— e ——————)
|RECOVERED AT 280 oo IASTH O—BE |4 wiw 32,0 |
e ———— e ——
|RECOVERED AT 350 of IASTH D=BE % wiw (832 1
e e 3 e s s
| AECOVERED AT 360 o JASTH B-BE % wiw  |US,0 |
e e ————
[ REDOVERED AT 370 o IASTH D-8E 1% wivw | 1
R e e e e P e —— - -4
HUWLT IASTH O-8€ | | 1
S S S R S S e e S e S S e S
| MERSIIR_PROGRAM |ARTH D-RE 1 | 1
e e e e e e -
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Fig.6.3.f
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7. The statistical methods in the instrument

As previously discussed, Eraspec needs a library or database containing spectra and known
values for calculated properties such as octane number, distillation properties and other
parameters. When an unknown sample is analyzed, Eraspec uses two different methods
called "Cluster Analysis" (CA) and "Multilinear Regression" (MLR).

7.1 Results for the calculated properties: "CA"

Cluster or complex analysis is the task of grouping a set of objects in such a way that objects
in the same group (cluster) is more similar (on a property) to one another from others
belonging to other clusters. As just discussed in the theoretical part, depending on the grade
of the differences between the patterns and the unknown spectrum they are characterized as:

Cluster analysis: CA1, CA2, CA3 and CA4

Cluster analysis is based on the following principle: The spectrum of the unknown sample as
well as of any sample in the libraries being used is compared in specific spectral regions
(peaks) and automatically, a very small limit is set for the difference. If the difference is less
than the limit, the sample from the library is very close to that of the unknown spectrum,
hence the properties of the unknown and of the corresponding in the library will be almost
similar (very close). Finally, the properties of the sample in the library are given as results for
the properties of the unknown sample.

If more than one sample in a library have differences greater than the limit, then the result of
the properties of the unknown sample is the average value of the properties of all the samples
that are above the limit.

If at least one sample from the database is found under the original very low limit, then
"CA1" appears in the corresponding line in the list of the results, indicating this way that at
least one such sample was found during the first repetition.

If no sample based on the original very low limit is found, then the limit is doubled, and the
calculation is repeated. If at least one sample from the database is found within the new limit,
then the results will be displayed as described above, and "CA2" appears.

A third and a fourth repetition are performed with increasing limits and "CA3" or "CA4" are
displayed after the corresponding repetition if one or more samples of the library found

within the limits.

If even then there is not any sample found in the database, the cluster analysis process stops,
and the MLR method is applied. The MLR is described below in detail.

When the cluster analysis is used, Eraspec can also display the samples that were found in
the library, in the list of results.
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: Clicking on any gray box with the number at
M_ﬁ:n, Rﬁ ﬁ ,?:m . ?% the left side in a line of some property
2301131130 calculated with CA, the Fig.7.1.a appears.

SAMPLEID  gascline
DENSITY 0.7540 [gfcem] @ 15.0 C

COMMENT | <=
AlO
R IVr I
Library alo :;:
NN
ali
tin
1__newtest
2 gascline
2]
|
Sl
E
]
10

E |

Fig.7.1.a

B = = 7 o Fig.7.1.b shows a table that identifies the
Measure Resut | Sysem | Mamt | Tess samples found, what libraries they were found
2301.131130| in, and what parameters the corresponding
SAMPLE ID  gasoline
DENSITY 07540 [gicem] @ 15.0 C samples were used for.
COMMENT |
Paramater |Uol%- Mass%, | =
1 Maha, Distance [ oz _ =
2 RON | e52 CA1
3 MON 86.8 CA1
4 AKI 910
5 Oxygen . 1.71
6 Oxygenates 9.86 9.85
7 Olefins 121]  11.7CA1
8 Aromalics 327  37.9CA1 i
9 saturates | 453 406
10 DCPD | 0.0 0.0
11 Di-Olefins 0.0 0.0
12 1BP ' c MLR
113 T10 . 700C MLR
14 750 939C MLR | |
15 T90 148.7/C MR | |-

Fig.7.1.b
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The number of iterations for each calculated

Fig.7.1.1

Fig.7.1.c
B 2 | 7 &
Measure Besut System Maing Tests
Name | Cal Limit Cor. | Adv |
select comrelation method
XCLU  PeakVec/o [ [  Merations 4 (|
XMLR  PeakVec|1 [ b
-result substance selection
available shown in result screen
DI = Uxygenates
voc T Aromatics
VOC reduction Oleine
Salurates
CMT
FREE02 . W
Manganese ’
FREEO3 —
s | e |
FREEODS _
FREE06 o MONcorr ey
FREEO7 Mow
FREE08 : AN -

parameter with CA, must be set separately

Sometimes the names of the samples are
insufficient to distinguish which one was used,
e.g. in cases that two samples have the same
name. In these cases it is possible to display
on the screen the date and time of
measurement: click the large gray field
"Library" in the header (Fig.7.1.a).

The date and time are displayed along with the
name of the sample, so that each sample
library is definitely recognized.

Pressing "OK" you return back to the result
list.

7.1.1 Change the number of repetitions
for Cluster Analysis

In CLU line (Fig.7.1.1), the number shown in
the white box next to the "iterations", indicates
the number of repetitions that will occur, with
increasing acceptance limits in order for a
matching spectrum from the library to be
found as described in section "Cluster
analysis: CA1, CA2, CA3 and CA4".

Usually 4 such repetitions are made. If you

need to do less or more repetitions, the user
sets the desired number in the "iterations" box.
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7.1.2 Choosing the peaks to use for CA

> £~

Measure

j =

System

J.r

Mairt

[E|

Tests

Neme | Cel | Limit | Corr. | Adv |

select correlation method

Xleru PeakVec E_:] i [terations E}j
XIMLR PeakVec Ei

rresult substance selsction

available shown in result screen
DI N Uxygenates
Voc — Aromatics
\OC reduction Qletre
oMT Saturates
FREE02 y |MMT
FREEO3 Manganese
FREEO4 | |IRONcorr
FREEOS
FREEO6 i BioNcon.
FREEO7 iRl
FREEOS # ARl 5

ﬂ -

Fig.7.1.2.a

>

Measure

9

Systarn

L

Mairt

Tests

| Name | Cal | Limit | Corr. | Adv |

‘ciefauit
Iterations

select comrelation method

Xclu  Peakvec|1 |- [
XIMLR PeakVac .

- peak selection (correlating with MLR)
available used for MLR

Density *

FOO78

PO111

PO170

E | PO239
= |PO263
Po28s
PO305
P0447
P0487

-

PO184 Nr.

Fig.7.1.2.b  Peaks for CA

In order to find a possible match, all the peaks
present in the library are used to be compared
with the unknown spectrum. Only if all the
peaks are sufficiently close, then the spectrum
is acceptable for CA.

If for some reason, not all the peaks are used
for CA it is possible to exclude one or many of
them. In CLU line (Fig.7.1.2.a), the number
shown in the white box next to the "PeakVec"
is usually 0, which means that all the peaks are
used for comparison.

To exclude peaks, the user must enter a
different value in this box.

Then the user touches the green box ".." button
next to "PeakVec" (Fig.7.1.2.a) and the list of
all the peaks used for CA appears (Fig.
7.1.2.b).
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Ll “Systemn
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Maint Tests
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select correlation method
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~peak selection (correlating with MLR)
available

used for MLR

POG71
PO797

P0583
PO682
P0OE95
PO704
PO733

Nr.

The user can move the peaks not used from
the right box to the left indicating "Available"
(Fig.7.1.2.c).

Press the OK key to enter this new option. The
peaks that were shifted in the left box will not
be used to determine whether a spectrum that
exists in the library is quite matching with the
unknown spectrum.

"PeacVec" for the CA must be set differently
for each parameter calculated with CA.

POT77 =g B
:
P0O848 e
PO&20
PO936
PO97R

Fig.7.1.2.c

7.2 Results for the calculated properties: "MLR"

Generally the MLR (Multiple Linear Regression) as discussed in the theoretical part is an
approach for modeling the relationship between a scalar dependent variable y and one or
more independent variables x (perhaps not statistically independent). In the case of one
independent variable the process is called Simple Linear Regression. For more than one
independent variables the method is called Multiple Linear Regression.

The MLR is a standard procedure used in many different applications in spectroscopy and
other fields for data analysis.

The MLR uses the entire database (libraries) chosen for the measurement and calculates
coefficients for each of the regions of the spectra used for the calculation of properties. Then
from the values of the corresponding spectral regions of the unknown sample and these
coefficients the properties are calculated. If the results are obtained this way, then the
indication "MLR" appears for the corresponding values in the list of results.

To activate the MLR and set it to function for a property, a minimum number of 40 samples
is required which must have this property being of known value. If the library or libraries
used contain fewer than 40 values for a property, the MLR can not function for this property.

7.2.1 Accuracy and deviations
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The CA works only if at least one sample from the database is very close to the unknown
sample. The results obtained this way are usually very accurate. Of course, for the CA to
work, a database with samples representative of the unknown samples which are analyzed is
required. For example, most suitable of all would be a library of samples from the MOH (for
unknown sample from AVIN station)

The MLR works anytime. The accuracy of the results obtained this way is usually lower than
that of the CA, but if the unknown sample is not so different from samples that exist in the
database, the results usually remain good.

A statistical measure of how well an unknown spectrum is represented by the database is the
"Mahalanobis" distance, or in short "Maha distance". This distance is calculated and also
appears in the results menu as Maha Distance. The smaller this distance, the better the
spectrum is represented in the database.

What can also happen is that the unknown sample is not sufficiently represented in the
database, for example, all the samples are very different from the unknown. In this case the
sample is called "outlier", because it "lies outside" of the samples in the database.

Outlier (in statistics): A point (observation, experiment, measurement and so on) which lies
substantially away from the other points, that is outside the range of sample libraries.

5'0 L T L] T
40} ® ® -
F o
30k . ® =
Outlier
o =
20f © —
® o
10} ) [ .
& All of these

b e “follow the flock”

00 L i I
0.0 1.0 2.0 30 4.0 5.0

Fig.7.2.1 A point that does not keep up with the "logic of prediction”

The Mahalanobis distance can also be used to set a criterion to detect such deviations.
The calculation of the properties uses 25 different regions of the spectrum. If the database
uses N samples, then an unknown sample is acceptably expressed if the Mahalanobis
distance D is less than (3 x 25) / N, according to the general formula:

D’ < B-M)/N (M=number of the spectrum regions, N=number of samples in the database)

If D? is greater than this limit, the unknown sample should be considered divergent (outlier),

and the results on the properties of the samples showing this deviation will have, on average,
lower accuracy.
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If such divergent results are found regularly, the best solution is to construct a library with
them if there are some properties or even one known property. Their input in the libraries is
performed as previously described.

7.2.2 Change of the MLR model

This function described here is accessible for users of fifth or higher level.

As previously explained in the CA and the MLR section, Eraspec uses the MLR method
when the CA can not be applied. For this calculation, regions of the spectra that match well
with the calculated properties are selected.

A specific selection of spectral regions is called "model".

This selection of the model can be changed if the components present in the gasolines are not
present in the standard MLR model, or vice versa.

> = = e % In the menu of the results the Edit: Result key

| Messue | Resut | System Maint Tests is pressed (Fig.7.2.2.a).
Time |Date Sample-ID RON |MON |Berz

1 [17:41 201212 |gasocine 96.9 864 06

2 [17:40 201212 |New solvent

3 |17:36 201212 |New solvent ]

4 |17:15 201212 |gasolne 95.9 854 06

5 [16:20 201212 |gasoine 97.0 86.1 06

6 [1544 201212 |gasoine 949 867 02

7 |1543 201212 |gasolne 953 87.0 0.1

8 [1445 201212 [Test 95.6 87.2 0.1

9 (14142 201212 [Test 95.7 87.2 0.1

10 [14:10 20.12.12 [Test 958 87.2 0.2

11 [14:03 201212 [Test 95.7 87.1 0.2

12 [13:54 20.1212 |gasolne 954 87.0 0.2

13 (1346 201212 |gasoine 95.5 86.9 0.1

14 1224 201212 |gasoline 94.9 86.5 0.1

15 [12:15 20.12.12 |gasoline | 123.9.105.8

| - II pint I S | Resul I oo I

Fig.7.2.2.a
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Fig.7.2.2.b
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Fig.7.2.2.c

In the right white box, the user selects the
parameter for which the model must be
changed by touching the parameter name, and
then selecting the submenu "Corr" in the top
box (Fig.7.2.2.b).

The method of correlation is selected by
ticking the boxes CLU or/and MLR. The CLU
is the CA (Cluster Analysis). Usually both
methods are selected (Fig.7.2.2.c).
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7.2.3 The statistical method of Eraspec

For the MLR method, there may be used some statistical functions to calculate how well the
model can reproduce the known standard values entered in the database, how much linear is
the model and if there are failure points (outliers) in the database.

The statistical quantitative relationships that Eraspec uses, if n is the number of samples in
the library of known values, is:

SEC =SQR - [(PyiLr - Prer)’ / 1]

where: SEC (Standard Error of Calibration): is the standard deviation of the calculated values
and the reference values for all n samples in the library.

Coefficient of determination, R*: this gives an estimate of how well a linear model can
reproduce the known reference values. The R is a perfect correlation and R® means no
correlation at all.

Obviously these statistical values will be calculated only for the used libraries.

The following tables (Fig.7.2.3.a and 7.2.3.b) show the function of the reference values (x
axis) with the values calculated by MLR (y axis):

P = ~R N o P = | | 7 £
Measure Resuft System Malrt Tests Measure Result Systermn Maint Tests
~Library Statfistic : ~Library Stastic2
|Parameter |sec [R*  |n - [MON ’
1 _|RON 082 085 150 | ~ |Library |Name |MON |ciff
2 MON . 045 087 53 1 |FO1 jds607a 806 1.0
_S_Aromatics . 206 075 58 2 |FO1 JdsS77a 84.4 1.0
4 |Olefins 280 066 59 3 Fo1 ids553a 814 1.0
= 4 Fo1 jds809a 82.8 1.0
6 T10 133 071 48
7 150 . 131 098 48]
g [T90 . 173 096 48
9 FBP 248 093 48
10 |DVPE . 744 067 131
11
12
13,
1)
15 | e
16
17 .

Fig.7.2.3.a
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7.2.4 The selection of a different MLR model

In MLR line, the number displayed in a white box next to the "PeakVec" indicates the model
used for calculating the MLR. There are twelve standard models for different types of
gasoline and different properties available. If it is necessary the model for a selected
parameter to be changed into a different model, the user is asked to enter the number of the
desired model in the white box next to "PeakVec" in MLR line.

For each calculated parameter, the model can be changed this way, as shown below in the
table Standard MLR models.

Press the key "OK" to save the changes and return to the results menu ("Result"). If "Cancel"
is pressed, the changes that were made will not be saved, and the return to the menu "Result"

occurs.

On the next page are shown in tabular form (7able 7.2.4) the standard MLR models of the
instrument.
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Table 7.2.4

Standard MLR models
Model Hr | Uzad for Peak Aroas uead
a FBF,; T10, TR, TBO for Const, Density, POOVE, PO 11, PD170,
gasolines withaut alkylate, POME4, PO235, PO263, PO2ES, POADS,
with MTBE and'cr Ethanod P47, PO487, PO5E3, FIERZ, POBES,
POVa3, POFSY, POBO3, PDoDD, P30
1 ROM, MOMN, FBF for gasolines | Const, Density, POO72, PO111, POMTO,
withoart alkoglate, with MTEE PDIEd, PO238, P02, FO2ED, PO3DS,
andior Ethanal Pd47, PO4AT, PO5E3, POTFA3, POTOT,
P03, P1303
2 Ammaties for all types. of Const, PODTE, POT11, P70, PO154,
pasoline P30, PO263, PO288, PS5, P170q
3 CHefins for all types of Const, P47, PIMET, POSE3S
e
4 IBP, T10, ThHQ, TEO for Const, Density, POOTE, PO111, POMTO,
pasalines without alkylate, POMD4, POZ35, PO263, PO2E6, POADS,
with MTBE and'cr Ethanod P47, PO4ET, PO5ES, FIEEZ, POEDS,
andor ETBE POVa3. POFTT, POYST, POEO3, PODOSE,
F1313
Ei] RCOM, MO, FBF for gasolines | Const, Density, POO7E, PO1 11, P07,
without alkylate, with MTBE FPOi1Ed, POZ39, PO, POCZES, PO30S,
andior Ethanal| andfor ETBE P47, PO4ET, POSE3, POT33, POFIT,
POTEY, POBDZ, P1303
il P, T10, THO, TEO for Drensity, PODTE, PO 1, PO170,
gasolines with alkylate, POME4, PO236, PO2ES, PO2EG, PO3DS,
withcart ceoygenates P47, PO4ET, PO5EA, PFIERZ, PODEDS,
F1:313. POBLS, PO
T RO, MCM, FBF for gasolines | Const, Density, POO7E, PO111, PO170,
with alkylate, withoart PO1E4, POZ3G, POXE3, POZES, PO305,
oxygenates PI447, PO4EY, POSE3, F1:303, POBRSE,
PDE30
E] BP, T10, ThO, TEO for Density, PODTE, PO111, PO170,
gasolines with alkopate, with PB4, PO23G, P02, FOZEG, PO305,
MTBE and’or Ethanct andi'cr P47, PO4FT, POSE3, PIERZ, POEDS,
ETBE POFa3, POF7T, POVEY, POE03, PODOA,
1303, PORAE, POSX0
L] RCM, MO, FBF for gasolines. | Const, Density, POO7E, PO1 11, POATO,
with alkylate, with MTBE PO, POZ35, PO2E3, POZRG, PO305,
andicr Ethanol andlor ETBE P47, POGET, POSE3, POT33, POTFAT,
POFET, POBDZ, P1303, FOESG, POR3S
10 P, T10, ThO, TEO, FBP for Const, Density, POOTE, PO111, FOIMTO,
gasolines without alkylate, PB4, PO23G, P02, POZED, PO30S,
with MTBE PI&47, PO48Y, POSES, PIEEZ, POGDS,
PO7S7, P1303, P170q
11 ROM, MO, Distillaticn for Const, Density, POOE, PO1 11, POI7O,
gasolines with alkylate, with PB4, PO238, P02, POEED, PO30S,
MTBE andfor Ethanol and'or PM4Y, PO4ET, POSED, PIEEZ, POGRS,
TAME FO7a3, POTEY, POSYE, F1:303, P170g,
FOE5G, PORAG
12 BPF, T10, THO, TBO for Density, PODTE, P11, POI1TO,
pasolines with alkylate, with FPDEd, PO23G, P02, POZED, PO30S,
MTBE andior Ethano P47, PO4ET, PO5SE3, PIERZ, POBOS,
PO733, POVET7, POB03, P13032, PDESA,
F1075
13 ROM, MOM and FBP for Density, PODTE, P11, PO170,

gasdires with alkylate, with
MTBE andior Ethancd

P e, POZ38, POX3, PI2EG, POA05,
PO44T, PO4ET, PO5E3, PO7a3, POTET,
P03, P1303, FO85G, 1075

71



7.2.5 Change and creation of a model

The standard models are specific for gasoline types for which a factory default database is
available.

It may be desirable to create or change a new model, for example if a new oxygenate is
present in gasolines for which currently there is no database and therefore there is not any
ready model available.

In the results menu, press the "Result" key and choose a calculated property. Then click the
".." button next to "PeakVec":

> £ |+ ‘ &
i Measure System Maint Tests

' Name | Cal | Limit | Corr. | Adv |

select comelation method

Xclu  Peaveclo il tterations|4 ]
XMLR PeakVec [1_3}
-peak selection (correlating with MLR)
available used for MLR
PoB82 Const -
PO6Y5 il Density
POB71 POO78
PO704 PO111
PO777 | [PO170 Nr
PoOg48 | [PO184 | 1 :
PO8S0 |- P0239 -
P0936 PO263
POS78 P0286
P0OSSYS P0O305
P1134

Fig.7.2.5.a

In the white box below the "Nr" select either the number of the existing standard model to be
changed (previous section "Standard MLR models"), or a number between 12 and 20 to
create a new model.

The white box "used for MLR", shows the regions of the peaks that are defined for the
selected model.

In the white box "available", all the available additional peaks are depicted.
To add a peak in the model, the user should touch its name in the box "available". The
selection will turn green. Then the user has to move this peak into the box "used for MLR"

by touching the button ">>".

The process is repeated so that all the peaks are moved to the selected model.
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To remove a peak is the reverse process i.e. from the column "Used for MLR" move the peak
to the column "Available".

To save the changes press the "OK" key. If "Cancel" is pressed the changes are not saved.
To use a new model for a calculated property, the correct model number must be entered.

Select the name of the calculated property from the list in the box "shown in result screen"
(Fig.7.2.5.b).

> = | 2] | B

Measure | Resutt Systemn Maint Tests

| Name | Cal | Limit | Com. | Acv |

select correlation method

Xclu  Peakvec|o [l  iterations|a
XIMLR  Peakvec|1 |2 el

rresult substence selection

available shown in result screen
DI = Uxygenates
VOC e Aromatics
VOC reduction Slaring
CMT S Saturates
FREEO2 E MBET
FREED3 E Manganese
FREED4 RONcorr
FREEDS
FREEOG o MONeorr
FREEO7 Mo
FREEDS z e

Fig.7.2.5.b

Then the user changes the number in the white box next to "PeakVec" to the number of the
desired model.

Repeat this process for all the calculated properties for which a new model must be used.

Respectively press "OK" to save and "Cancel" to cancel.

7.2.6 The usefulness of FREE parameters
It may be desirable to calculate other parameters of the infrared spectrum as well. Therefore,
apart from the standard parameters that exist when the user enters data in the library, there

are also ten parameters which are called FREE and are defined by the user.

These are FREEO1, FREE02, FREEO3 .... FREE10.

73



An example is a distillation property e.g. "Evaporate at xxx", where xxx is some specific
temperature. This temperature in some countries is expressed in Fahrenheit scale while in
others in Celsius scale. The specifications as well, may vary from country to country.

Eraspec has 10 additional such parameters which may be renamed and used in the database
to make it possible to calculate the additional parameters. Of course, at least 40 samples with
these properties being known must be entered in the libraries in order for them to contribute
to the calculation of an unknown sample later.

During the calibration process the text editor renamed the FREEO1 into "Sulfur" (sulphur)
measured in "ppm" and the parameter FREEO2 into "DVPE" and in the check box for
entering the units he selected the option "unit". In other words, for Sulfur in the white box he
introduced ppm and for DVPE, because unit was not needed, he introduced the word "unit".

EEs =
b e &"" n))d ﬁ’
Measure Resuit System Mairt Tests
Name | Cal | Limit | Adv
shown as E250 ] %always
Jvolfmass
unit (V% |
rresult substance selection
available shown in result screen
FREEO2 PNA -
FREEO3 FAME
FREEO4 IBP
FREEO5 T10 —
FREE06 E 50
FREEO7 E T8s
FREEO8 T90
FREE09 T95
FREE10 FEP

After entering more than 40 samples it was observed that this option was working in
unknown samples, but with huge deviations. For example, while sulphur in the certificates
was from 7.8 to 10 ppm with a maximum of 11, in the unknown samples it appeared with
values 67 to 70 ppm.

After contacting the manufacturer's technician it was understood that:
One can only affect the parameters calculated by the database by adding more samples in it

and by setting the values. This however does not include properties such as benzene for
example. These items are separated by other means and are internationally calibrated.

74



FREE parameters can be used to train the instrument to calculate brand new parameters using
new signals (which are called "peak vectors") from the spectrum, which are already set for
other parameters. However this does not include new substances. If it is desired for example,
an alcohol, pentanol, to be measured, the spectrum should be measured in the factory and
then introduce it in the instrument’s software. Only then the instrument will be able to
measure the concentration of pentanol in the sample. Of course this works, if the new
substance can be detected by the instrument and the spectrum of the substance (the peak
corresponding to it) can be distinguished from other substances’ peaks.

Below is shown a list of all the peaks vectors in the software and can be used for the MLR to
work. Addition of new vector peaks is only possible in the factory and in no case this can be

done by the user.

On the next page there is a table (Table 7.2.6) containing all the peaks and their
corresponding substances. [13]
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Table 7.2.6

Peaks and the corresponding models

Paak caused by Typa Peak in PeakVec
Benzens Armmalic POOTH
Toluene et al Ammalic FO111
Toluene Ammatic Fu70
o=Hylene Aromatic PUO154
m-Xylana Ammalic PO230
Maphthalene Ammatic PO263
p=Hylene Aromafic PO2BE
Peeudocumac Ammealic PO305
CHefins Dlefin FO447
Diefina Oiefin PO487
Diafins Olafin PO5E3
Aromatics Ammatic PO&S2
Aromatics Aromatic PUGSS
Mathanol Oxygenata PO704
Ethanal Choypenate POT33
ETBE Oxygenats PO7TT
MTBE Oxygenata PO7ET
Ethanal Dixypenate FOEOS
ETEE Oxygenata PUS4E
Dimaethoxymathana | Oxygenate POEE0
DIFE Dxygenate POG3E
TAME , tert-Butanol Oxygenats POSTE
MTEE Oxygenata POBE4
Dimethylcarbonate Oxygenate F1134
Methyl 1377 cm? P1303
Arcmatics Ammalic Pi702
Toluens2 Ammatic F170q
Akylate Alkylate PFO556
Akylate Alkylate POB2S
Akylate Alkylate P1075
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8. Exporting spectra from the device

After enrichment of the libraries, some measurements of samples from intermediate
distillation products were conducted, in order for them to be compared to each other, but also
with gasoline spectrum from gas station.

8.1 Identification techniques

Before the citation of spectra and the comparison between them, it is important to develop a
theoretical part which will include a simple strategic for manual identification of spectra.
There are some general rules that can be used when an infrared spectrum is studied for the
identification of a molecular structure. These rules are as follows:

1) First the observer looks at the largest wavenumber at the end of the graph (>1500 cm™)
and initially is concentrated at the large peaks.

2) For each peak a short list is constructed, using a correlation chart.

3) In the start of the spectrum the lower wavenumber is used for the confirmation, or for the
treatment of possible structural elements.

4) Apparently the observer should not expect to be able to identify each peak in the
spectrum.

5) There should be continuous monitoring for "crossing" with a possible substance
anywhere possible. For example, an aldehyde must absorb near 1730 cm™ and in the
region 2700-2900 cm™'. These were analyzed and are found extensively in Chapter 4 of
the theory.

6) The observer must take advantage of both positive and negative signs of the spectrum.
For example if there is no absorption in the region 1600-1850 cm™, then more than likely
there is no carbonyl group in the molecule.

7) Specific intensities of the lines should be encountered carefully. Under certain conditions,
they might vary considerably even for the same group.

8) Caution should be given when small changes in wavenumbers are studied. These can be
affected by the fact that a spectrum is obtained from solid or liquid, or in a solution. If
extracted from solution, some peaks are very "solution-sensitive".

9) We should not forget to subtract the solvent’s spectrum if possible, because it would be
confused with that of the sample.

To make a clear identification through the examination of the infrared spectrum of a complex
component such as fuel it is not always possible.

In older times, the identification was made manually with atlases containing too many

spectra. As understood this process was very tedious and time consuming. When the
substance was identified, it was added in the existing atlases with its turn and enriched them.
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8.2 Sample types

For the observation of differences between the spectra of fractions of gasoline, seven spectra
from seven intermediate distillation stages were taken. More specifically the spectra of the
following fractions were obtained:

1) ETBE

2) FCCCé6 +

3) Alkylate

4) CS5 Raftinate + TAME

5) Reformate

6) Isomerate

7) LSR

8) Gas station gasoline 95 R

Regarding diesel the spectra from five different samples were obtained:

1) Light Cycle Oil, MOH

2) Hydrocracker, Eleusis, HELPE

3) Hydrotreater, Aspropyrgos, MOH

4) Hydrotreater Straight run, Eleusis, HELPE
5) HVO, HELPE

6) Motor Diesel from gas station

7) Diesel for heating

8.2.1 Sample processing

The export of spectra with USB is itself a special process, but in this work there is no
meaning for its analysis. More meaningful is the data processing with Excel because there
the values are pure and errors and discrepancies are seen clearly. In particular, the instrument
after each measurement gave a file after every 5900 values corresponding to absorption
values. The absorbance is matched to a wavelength. Based on the instructions book, the first
absorption value is the wavenumber 631 up to number 4100, with steps of 0.5736.

The wavenumber is converted to wave length by the relation:

k=2-m/A

If k is converted to nanometers the device works from 9.968 to 1570 nm.

It is known that the absorption takes values from 0 to 1. In many cases, however, there were
negative and also values greater than 1 resulted. It should be recalled that absorption is a
dimensionless value. At 0 value no absorption occurs while at 1 it takes place fully. The
continuous spectrum which is suitable for comparison and identification for most of these

fractions is intermediate of 631 and 2000 cm™. [14]

These errors are due to many factors. Perhaps the most common is the contamination of the
sample by impurities. (Some of the samples were quite old). Errors due to the interferometer
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also took place. If the mirror moves just a little slower than normally, the spectrum becomes
linear for specific values. These are seen most clearly in the next chapter for spectra display.

8.3 Display of spectra

In Excel initially the spectra were made at a wavenumber from 631 to 4000 cm™ at

absorbance 0 to 1. However, since the functional region for comparison is from 631-1800
cm™, the spectra were converted to 631-1800 cm™ and absorption from 0 to 0.5. This was
happening because the high peaks absorbing at 3000 cm-1, in most cases surpass the value of
1. In the functional region mentioned before, the maximum absorption is about 0.5.
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Fig.8.3.a ETBE spectrum from 500 to 4000 cm™
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Fig.8.3.b ETBE spectrum from 600 to 1800 cm’™
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Fig.8.3.c FCC C6+ spectrum from 600 to 1800 cm™

FCC Co6+
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From this point on, regarding the presentation of the spectra, only the functional region of the
spectrum will be displayed.
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Fig.8.3.d Alkylate spectrum from 600 to 1800 cm™
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Fig.8.3.e C5 Raffinate+TAME spectrum from 600 to 1800 cm™
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Fig.8.3.f Reformate spectrum from 600 to 1800 cm™
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Fig.8.3.g Isomerate spectrum from 600 to 1800 cm’
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Fig.8.3.i LSR spectrum from 500 to 4000 cm™

As seen above, the strong absorption at about 3000 cm™ has exceeded 1. This is wrong and
may be due to incorrect conversion of the analog signal to digital one.

On the next page the gasoline spectra joined all together in a common graph are displayed, so
that their similarities and differences as to a spectrum of a regular gasoline 95 to be easily
observed.
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Fig.8.3j Spectrum of a gas station gasoline 95 R without correction
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Fig.8.3.k Spectrum from all the substances without correction in Excel
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8.4 Comparison of gasoline spectra

In the whole spectrum it is observed, that among these substances there are big similarities.
However significant differentiation is shown by ETBE. Moreover it is observed that all these
fractions show a very intense absorbance in common, at about 2926 cm™. It is so intense that
in most of the substances analyzed it seems as an error, since it surpasses 1. On the basis of
the theory of Chapter 4, this "joint peak" is due to the stretching of the asymmetric C-H
bonds in methylene group.

The rest of the comparisons that follow will be made after the isolation of the peaks of the
spectra under comparison. This way the peaks will be more easily visible and more distinct.
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Fig.8.4.a Spectrum of all fractions from 650 to 818 cm™

This specific spectrum is from 650 to 818 cm™ with absorbance values from 0 to 0.29
(Fig.8.4.a). Touching the mouse cursor onto the chart in Excel, the wavenumber where the
absorptions occur, can be taken.

In this figure we see that there is strong absorption in the points with wavenumbers 676, 695,
728, 742, 768, 795 and 806 cm’.

The greater absorptions are due to the higher concentration of the ingredients giving the
peaks.

The correlations for the above wavenumbers are as follows: =C-H bending, C-H bending,

Methylene rocking, Double 1,2 aromatic, Double 1,2 aromatic, Triple 1,2,3 aromatic and
Triple 1,2,3 aromatic. Generally the aromatics are from 740 up to 806 cm’™.
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Fig.8.4.b Spectrum of the fractions between 1000 and 1300 cm™

In the above image (Fig.8.4.h) the spectrum between 1000 and 1300 cm’ was isolated.
Strong absorptions are observed at points and regions: 1080-1095 cm™, 1119 cm™, 1190-
1203cm™, 1234-1250 cm™.

Referring to the theoretical part, the conclusions respectively for the parts of the spectrum are
as follows:

It is likely that all are due to in-plane C-H bending, because the peaks in the spectrum are not
precisely defined but have indistinct boundaries. An exception may be at 1119 cm™ which is
possibly due to SO, symmetric stretching bonding. It is observed, however, that ETBE at this
specific region shows much more intense absorptions than the other fractions. Isomerate and
LSR do not almost show any absorption at this specific region of wavenumbers. In addition
there are many oxygenates contained, since intense absorptions are generally observed.
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Fig.8.4.c Spectrum of the region 1300 to 1500 cm™

The characteristic peaks observed here (Fig.8.4.c) are at the regions: 1364-1365 cm™, 1380-
1392 cm™, 1444-1455 cm™, 1463-1469 cm™', 1487-1497 cm™.

The correlations for the above wavenumbers are roughly as follows:

Nitrogenous aromatic multicomponents with NO,, stretching bond, SO, symmetric stretching
bond or Methyl symmetric C-H bending, double bond N=N, methylene group, very typical
scissoring, C=C stretching bond.

Of particular interest is the study of the very large peak formed in all eight samples
(Fig.8.4.d). This peak appears at wavenumbers 2924-2935 cm” and absorbances close to 1,
that is total absorption is observed. As mentioned in §2.3.3, with almost total absorption little
light reaches the detector resulting in errors. Generally, in large or respectively in very faint
absorptions the results are not accurate. This is due to signal-to-noise ratio.

It is observed that the stronger absorption appears at 2924-2935 cm™', while a smaller peak
occurs before this, at approximately 2892 cm’. Both these peaks are due to aliphatic
hydrocarbons, with the highest to Methylene asymmetric C-H stretching. The other is due to
Methyl asymmetric C-H stretching.
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8.5 Presentation of diesel spectra

The comparison between the spectra regarding diesel will be made exactly the same way as
was done in the previous chapter. The only difference will be that all spectra will be
presented in order from 631 to 2000 cm™ i.e. in their consecutive functional area. Moreover
in the case of diesel (as in gasoline previously) a very strong absorption is observed. This
absorption will be explained in detail in this section as well.

Initially, the spectra are presented successively individually below.

Fig.8.5.a: LCO

Fig.8.5.b: Hydrocracker, Eleusis

Fig.8.5.c: Hydrotreater, Aspropyrgos
Fig.8.5.d: Hydrotreater Straight run, Eleusis
Fig.8.5.e: HVO

Fig.8.5.f: Motor Diesel from gas station
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Fig.8.5.c Hydrotreater, Aspropyrgos
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8.6 Comparison of diesel spectra
Obviously the peaks can not be analyzed by means of this analysis. They should be divided
into equivalent regions. To facilitate the decision limits that will be introduced in the regions

of the spectra the composite total spectrum will be used.

Following is the composite total spectrum of the five substances together.

— LCO (Light cycle oil) MOH
— HC BEE
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— HVO
— DIESEL KIN

v : .. ﬁ—/'—/‘
! :

500 1375 2250 3125 4000

0.4

0.1

-0.2

Fig.8.6.a Composite total spectrum not corrected

It is understood that errors occur in the HVO and to a much greater extent in the LCO. These
errors are due to processor errors in converting the analog signal to digital. Besides, the
functional region shown by the instrument is up to 1900 cm™. The identification can be done
in this region. The total diagram corrected is illustrated as follows (Fig.8.6.b):
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Fig.8.6.b Composite graph corrected

It is observed that the most important regions for analysis are:

a) 674-1202 cm™
b) 1202-1780 cm™
¢) 2609-3190 cm’™
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Fig.8.6.c a) Region 674-1202 cm’
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In this Figure (Fig.8.6.c) the wavenumbers or the ranges of interest are:
701 cm™, 724 cm™ (all but LCO), 811-815 cm™, 970, 1037, 1158 and 1171 cm™".

First it is observed that the LCO shows huge differentiations compared with the other fuels,
which seem to go hand in hand in most of the wavenumber range.

The corresponding substances that cause the absorptions are:

NO; bending, C-H out of plane or Double 1,3 aromatic or Triple 1,2,3 aromatic, Double 1,3/
1,2 aromatic or Triple 1,2,3 aromatic, Aliphatic asymmetric P-O-C stretching bond (much
higher concentration in LCO), Double S=O stretching bond, Asymmetric SO, stretching
bond.

0.7
0.525
— LCO (Light cycle oil) MOH
— HC BEE
HT BEA
0.35 HT SR BEE
HVO
DIESEL KIN
0.175
0 O t ' 1
1202 1346.5 1491 1635.5 1780
Fig.8.6.d b) Region 1202-1780 cm™

In this Figure (Fig.8.6.d) the wavenumbers of interest are: 1307, 1344, 1381, 1405, 1452,
1469, 1510 and 1608 cm™.

The corresponding interpretation is as follows:

Aliphatic hydrocarbon Methylene wagging, Aromatic C-N stretching. The point 1381 cm™ is
observed to be strong and same for all diesel types. It is characteristic Methyl symmetric C-H
stretching. At 1405 cm™ is a weak absorption =C-H in plane bending. At 1452 cm™ is also an
aliphatic hydrocarbon bond Methylene scissoring. 1469 cm™ is pure Methyl asymmetric C-H
stretching. The wavenumber 1510 cm™ is due to stretching of the double bond C=C. Finally
1608 cm™ is due to Pyridine C=N stretching and to C=C stretching bond.

What makes impression in this picture is the peak of motor diesel at about 1750 cm-1. This
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peak is characteristic since it is not found at all in the other spectra and is due to biodiesel
contained in diesel.
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Fig.8.6.e ¢) Region 2609-3190 cm™

It is obvious that in this Figure (Fig.8.6.e) there are two peaks. One is located at 2905-2915
cm™ and the other at 2980 cm™. In addition, the LCO has two peaks very intense. One is at
3022 and the other at 3054 cm™. The first is absent from the other types of diesel, while the
other exists in very lower intensity.

The four peaks analyzed in sequence are as follows:

Carboxylic acid O-H stretching bond, Aldehyde C-H stretching bond, Carboxylic acid O-H
stretching bond, Carboxylic acid O-H stretching bond.
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8.6.1 Comparison of motor and heating diesel spectra
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Fig.8.6.1 Comparison of motor and heating diesel spectra

It is observed in the spectrum that the main differences are located at 1174 cm™ and 1748
-1
cm’.

As far as the absorption observed at 1174 cm™ is concerned, it is due to Ether C-O stretching.
Moreover it can be due to Aliphatic C-N stretching. It can also due to SO, asymmetric
stretching. The other peak observed universally in motor diesel is due solely to mixing with
biodiesel.
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9. Conclusions / Results

FTIR method offers many advantages for studies of this type. It is the most suitable for
identifying chemical elements especially in organic compounds. This is because it takes
advantage of fundamental movements of fundamental particles, i.e. even the slightest
disturbance of the molecules give absorbance spectrum. This means that the method exhibits
high sensitivity. This fact, combined with the rapid development of interferometers and
processors give measurements remarkable accuracy. The interferometers depending on the
length being traveled and construction materials reduce the analysis to only 1-2 cm-1, while
the processors convert the analog signal to digital more accurately.

The new statistical methods developed in recent years, in this case the cluster analysis and
multi linear regression, have been enormously helpful in strengthening the infrared
spectroscopy for identification of complex mixtures such as fuel. In modern times, the time
is very important, and these methods contribute to its preservation since in just a few seconds
are able to select the suitable spectrum from hundreds of others in a multivariate level.

The spectra obtained from fuels in the case of petrol and diesel as well, at about 3000 cm™" it
was observed a very high peak with almost total absorption. In some cases, the absorbance
exceeded the value of 1 which is considered an error. This way it was verified what was cited
in the theory, that is, the noise-to-signal ratio plays a very significant role in the quality of the
measurements. At very strong absorptions the signal reaching the detector is very weak and
so the probability of error increases. Respectively, in ranges where no absorptions occur, the
signal received by the detector is very strong resulting again errors in recordings.

Regarding the spectra in the experimental part, although they were taken from 631 to 4000
cm’, the ranges that were helpful in the examination and identification were at 600-1600 or
600-1800 cm™ or less. There, the spectrum was clear and continuous, did not go below zero
or over the value of 1. That is why this specific range is called the "fingerprint" of the mid
infrared. Here the spectrum is diversified as to all ingredients and hardly two spectra are
identical in this region if they are not the same.

A difficulty in the comparison of spectra is the overlaps occurring in wavenumber values.
That is, the wavenumber matches to many possible molecules. This is where the experience
and observingness are needed, while at the same time helpful is what happened in the
experimental part, i.e. "plotting" of spectra in a diagram.

The concept of calibration in this instrument should be that the calibration is continuous
during all the years of its use. The more samples the user can input the more the
measurement accuracy will be improved, because the properties of his standards will be
related to the properties of the samples he will deal with. Therefore it would be beneficial
whoever in the laboratory has samples of known properties in his possession, he should input
them into the instrument’s libraries.

An experimental result which is of great interest is the measurement of a gasoline sample by
using the available libraries that were created during the experiments, and without them.
Specifically, the New-MOH and HELPE libraries were removed and the results were as
follows (Fig.9.a and Fig.9.b):
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Results with the libraries being available (Fig.9.c and Fig.9.d):
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Fig.9.d Second results screen with the libraries
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The displays are divided into first and second screens since the results do not fit on one
screen, and the user has to move the cursor downward. As mentioned in the previous
chapters where the instrument was described, the statistical method used for the calculation
of a property is written next to the property in the results screen. Here it is observed that if
the libraries are taken into account, CA4 is used which indicates very high accuracy in
relation to the MLR used in other cases. Also there is a big difference in the calculation of
octane number. Generally the convergence by using CA4 although theoretically is the worst
of the CA, gives very good results. Of course it is very difficult to achieve CA1 unless the
detector achieves the same standard by which the calibration took place.

Because in the field of gasoline more work was done in the sense that more samples were
input, the results were improved significantly. In the field of diesel the differences are not yet
appreciable, that is, the results are almost the same either the new libraries are used or not.

One difficulty that was encountered was the collection of samples. As known fuels never
come out from the refineries without a cause, because of tax reasons. Therefore each time
there was a small quantity of fuel taken as well as carefully to avoid any problem at the
gateway. The laboratories staff in the refineries is constantly busy so the communication
with them was limited which made the receipt of the samples even more difficult.

Perhaps the calibration that was made has not very good results, since 30 gasoline samples
95 R, 97 R and 100 R were input into the instrument. For example, only three 100 R samples
were entered in the libraries, therefore making understandable that it is difficult for an
unknown sample of 100 R gasoline to coincide with one of these 3. This is because the
calibration was not with long term samples as for the refineries it is true that they switch
suppliers or use different tanks. Finally it is understood that 3 samples are a very small
number to represent the 100 R gasoline that will end up in the analyst's hands as a sample for
investigation.

Samples entered in the libraries, were entered by the user two and three times each at least.
This was done for two reasons: In order for the statistical methods of Eraspec to function, it
is necessary for the same property e.g. the aromatics, that more than 40 samples are available
so that the software made use of the same because there were not too many new samples.
The second reason is for repeatability purposes. That is, if some small error occurred to any
of the three samples, the backup measurements would reduce it significantly.

Samples must be entered quickly i.e. a few days after received from the refineries. Otherwise
there is a risk of entering adulterated samples, i.e. matching of spectra to properties that do
not correspond to reality. This can lead to a permanent status of displaying false results.
Therefore it is necessary that the samples be entered to the libraries directly after they are
opened, since e.g. the aromatics evaporate immediately.
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