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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

1.2 The workflow
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Table 2.1.1

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

FEATURES MIR MIR Haman REFERENCES
7 Rapid analysis [ (] 0] (Gerrard 1991)
Simple analysis: concentration vs peak area = =2 0] {Pelletier & Davis 1996)
Qualitative and guantitative analysis @ @ | {Baranska 1287)
Mone or reduced sample preparation @ [ 0] {Gerrard 1991)
= Standard calibration and transfert @ 2 =
5] procedures
~ Validated methods (IUPAC, AQCS, 150) @ [ =
] _< Sample form and sample size [ ] 9]
E Mo use of pollutant solvents @ & 2
o Economic method > = 0] {Scotter 1997; Murray 1999)
(e.g. ® saving of labour
® reduction of samples to analyse)
Cirect, non-invasive and non destructive @ &= = {Gerrard 1991)
N In-situ analysis (] [ = {Hendra 1997}
("F Emission process na na = {Vickers &Mann 1891}
Intensity proportional to concentration na na @ (Gerrard 1991)
o Well-resolved spectra @ = = (Gerrard 1991; Wilson 1991)
% High resolution spectra @ &= = ({Levin & Lewis 1990)
) Precise spectral frequency measurement (] (] 0] {Levin & Lewis 1990)
g Non-polar group information @ @ o {Terpinski 1987)
i a< More significant information = 2] ] {Schrader 1996; Olinga & Siesler, 2000)
E Structural selectivity @ = ] (Olinga &Siester, 2000)
@ Signal intensity @ @ &
% Trace element determination & = = {Li-Chan 15996}
Fluorescence-free spectra na na = {Chase 1887}
Spectra insensitive to temperature [ & ] {Pelletier & Davis 1996)
\_ Sample presentation technique [ 2 o
= ¢~ Push-button instrumentation [ (] = (van de Voort 1994)
= Works well with aqueous samples = = i3 (Vickers & Mann 1991}
= Suitable for use at-, on- and in-line process @ & | {Scotier 1997; Hendra 1997)
g Compatible with suitable fibre optics & [ i {Lewis et af. 1988; Gerrard 1991 Keller ¢
g “< al. 1893; Olinga & Siesler, 2000)
= Process monitoring @ = > {Olinga & Siesler, 2000; Ozaki et al. 1992
2 Microscope > = 0] (Williams & Batchelder 1994)
- Camera (Multispectral measurement) [ [ =
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2.1.4 Instrumental characteristics

2.2 Infrared spectroscopy
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25:75% Methanol-Ethanol Mixture
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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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2.3.4 Mathematical proof of SNR
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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:

able 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.

romatic 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:

able 4.3

Characteristic wavenumbers of aromatic compounds

Wavenumber (cm™!)

Assignment

3100-3000
2000-1700
1600-1430
1275-1000
900-690

C—H stretching

Overtone and combination bands
C=C stretching

In-plane C-H bending
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-

Substitution

Mono-

800
Wavenumber (cm™)

700 600

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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Xygen 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.

able4.4.1
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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2 Ehrs

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.

45 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.

451 Amines
able45.1
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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52 Amides

able 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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5 Compounds containing halogens

able 45.3
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

45,5 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

able 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
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5.1 Gasoline analysis
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C

Other Parameters:
8 B
$87% $ -3
0 %00 12?7
7 [7 %?7? # $ 0%+
i 6 ( - 6 (-3 # $ +*?7? (
- (-3 # $+,00 C / C/ $
# $&*0/'7 10 %O 20 ¥7 7 # $&* § ""+00
.00 697 # $ %171 $ / # $U&1"
9(8™" 8
) i Table 5.1.a Table 5.1.b D1.E
Table 5.1.a
Detection
Substance Range Repeatability at: Limit
1) 0-10 9 : 001&9 : FO%9 : 00*9 :
00+*9 = F19 :
00,9 : F+9 :
019 : F%9 :
0-+09 : 0.9 : F,9 : 0%9 =
3A 0G+09 : 0+9 : F%9 : 0*9 :
A 0G+09 = 0+9 : F*9 : 0*9 =
3A 0G+09 : 0+9 : F*9 : 0,9 :
' ) 06+09 = 0+9 = F*9 = 0,9 =
7 ) 06+09 = 0+9 = F%9 = 089 =
"3 0G+09 = 0+9 : F%9 : 0*9 :
7 0G+09 = 0+9 : F%9 : 0,9 :
0G+09 : 0+9 : F%9 : 0*9 :
06+09 : 0+9 : F%9 : 0,9 :
L 0G+09 : 00&9 : F*9 : 0%9 =
0+9 : F1.9 :
B 0G+%9 = 019 : F?9 : 0%9 :
" 0G+%9 = 019 : F119 : 0%9 :
$/7" 0G+09 : 019 : F109 : 0%9 :
0G1%9 = 00%9 = F%9 : 0%9 =
" 0G+%9 = 01%9 = F 109 0%9 :
31 0G+%9 = 019 : F119 : 0%9 :
C 0G+Hh9 = 019 : F109 : 0%9 =
C 0G1+9 : 00"9 : F1*9 : 00?9 :
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Table 5.1.a (cont.)

( 06&09 = 0,9 : F1%9 - 0%9 =
0G%0 9 = 0&9 : F..9 : 0%9 =
# 061009 = 119 = F %9 : —
$3( 0G1%9 = 01&9 : F%9 : 0+9 :
$87$ s 0G1%9 = 0119 = F%9 - 0%9 =
100 ; 3 0G 100009 = |* {4 F&o 4 +0 4
8 100 ; 3 06100009 = |, 4 F&o 4 +0 4
0G+%00 4 1. |4 F& 4 % 4
Table 5.1.b
Parameter Range Repeatability at:
6 (- ,0G 110 0" F?+6(-
(- *0 G 100 0. F&+ (-
C/ *0 G 10% 0. Fé& Cl/
/17 +0 G %0 1& F ., H8
10 .0G,0 .. F *, H8
%0 *%G1.0 % % F ?%H8
20 1°0G 1?0 * 4+ F 1%0 H8
17 1*0 G ++0 % + F 1?% H8
$97" "% G 100 +8& F*0 7
$ 0%G1???  *Joooo*x * |FO0,k00 *
Note 1f 6(- (- «C
Note 2§
5.2 Diesel analysis
"6 #7''8 =
= " 6 "—-170,&
8 g
1 ' # "-1"0,& 7 7-
/ +3"'2—
$ ol 0#
$ 0%00 G 17?2?? | 7
17 %%? # $ " 0%+




P g
8 #  $*1.
8 / #  $?,* # $°,.,
$ # $&*0/'7 10 %O & 20 % 17
110
)
Table 5.2.a Table 5.2.b. D1.E
Table 5.2.a
Concentration Standard | Repeata- Detection
of: Range Deviation bility at: Limit
l e
R 0+G*%9 - 00,9 - [0+9 - 06109 :- |00&9 :
01+9 - (0.9 - [106.09 : 3
0%G*09 - (01.9 - 0.9 - |[F+09 :- [0%9 :
! 7 0%G%09 - |00.9 -z 019 - [F%9 : 0%9 =
8 / %0 G+0000 4 |? 4 + 4 0G&0O 4 |%0 4
+3"2- [7- ' .
$ 06+09 = 0019 - |[00+9 - [F0"9 :- (00*9 =
00*9 - 019 :- [F+%9 : 3
0+9 : 0*9 - |[F+09 : 3
Table 5.2.b
Standard
Parameter Range Deviation |Repeatability at:
8 - +0G &0 0.+ 0& F %0
8 / +0 G &0 0 +% 0, F %0
J?0 0 "H8 1 OH8 F ..0H8
$ 0%G1???  *|oooo+  *|ooo0* * |0o,&00 *
Note 1§ 8 - 8
/ 20
Note 2§
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6. Database

&% C )
+

%

6.1 Libraries

% ) 1_(_

%
%

%

$

C
%
)/ $O0%0-0) I
&
6.1.1 Library enrichment procedure
%

#

%

%

Y/

41



6.1.2 Starting the instrument and the reference measurement

%

%

%

> | = | 2| 7 | &

Measure Result sggnem _M»a?[ia_t T_‘g'gt__g: :

SVCINEY I Gasoline

SRR gasoline

Operator

REFERENCE

OPTIONS LIBRARIES

Wait for |laser controller

Fig.6.1.2.a
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Measure

Fig.6.1.2.b

Measure

Fig.6.1.2.c
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Fig.6.1.2.e
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$ 8

User level 18

User level 2:

U

%

ser level 3: (

User level 4:

/ *

P "‘:‘3

‘“z -

Me;asure Resujt Systern Malrit Tests
~Version Info
Serial Nr: Software V. Micros V.
ES2166021 7162 2109-2121-2112

Passwd | Spec | General | Print | LIMS | Net | App |

~Password —| [ User Level—
Enter Password [ ! < Level 1
- Change P rd O Level 2
Old Password i ‘ St ounl
MNew Password : o Lavela
O Level 6
~Change Methods
Method Code

Fig.6.1.2.f
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Fig.6.1.2.f
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6.1.3 Start of a normal measurement

he 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

Maint

Tests

| 2 w FH 2 ‘ v | £ spectroscopic measurement.

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:

[
e

Fig.6.1.3.a

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

-

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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oo - Immediately after is activated the Laser
M" s ;E ;ﬁ ﬁ (Fig.6.1.3.d).

Fig.6.1.3.d
— - After a few seconds, when all sources and
M:um. = a‘Eﬁ Iq'::t 'rg; sensors are stabilized, scanning for data

acquisition starts. The sensor signal appears
live at the bottom of the screen (Fig.
6.1.3.e).

Fig.6.1.3.e
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- When data collection is complete, the pump
> E;E; M": Tﬁ:s starts to remove the sample from the
system (Fig. 6.1.3.).

O
o IIIII
£ 1
=

Measure

Fig.6.1.3.f

> o= 7 - Usually, even when the pump is still
Memeiim S| s | : working, the list of results is displayed on
201212 1629 the screen (Fig. 6.1.3.9).

SAMPLEID gasoline - . n
DENSITY 0.7371 [glccm] @ 25.0 C M
COMMENT | e

Parameter Vol%  |Mass% | _ | -
LBer_l_ze_n_e 0.68 .80
2 |Toluene 7.87  9.20
3  m-Xylene 3.89 4.54
j___ o-Xylene 3.79 4.49
5 |p-Xylene 260 313
6 Ethylbenzene 1.34 1.57
7 2-Ethyitoluene 1.11; 1.32_
8 3-Ethyltoluene 148 173 I
9  |4-Ethyltoluene 205 238
10 Mesitylsne 105 122
11 _Pseudocumene 4.00 4.73
12 Hemellitol 154  1.87
13 |Naphthalene 020 026
14 ETBE 896 895 _
15 Oxygen | 140

Fig.6.1.3.9

50



M;re F:e-s:lt ‘ Sﬁﬂ Imﬁr:t '?;ts
Time Date Sample-1D RON _MON Ben:?
41 [17:41 |20.12.12 gasoline 96.9 864 06
2 [17:40 20.12.12 |New solvent
3 |17:38 201212 |New solvent
4 |17:15 |2012.12 |gasoline 959 854 06
5 |16:28 20.12.12 |gasolins 97.0, 86.1) 0.6
6 |15:44 (201212 |gasoline 94.9 86.7 02
?_15:43 201212 |gasoline 95.3| 87.0] 01
8 |14:45 2012.12 |Test 95.6 87.2 01
9_14:42 201212 |Test 957 872 01
10 (1410 20.12.12 |Test 95.8 87.2 0.2
114:03 201212 |Test 957 871 02
12 |13:54 |20.12.12 |gasoline 954 87.0 02
13 (1346 20.12.12 |gasoline 95.5 86.9 01
E12:24 201212 |gasoline 94.9 86.5 01
15 [12:15 20.12.12 |gasoline 123.9/105.8

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.

Measure Result Systern Maint Tests
rLibrary Select
available used
Compass(0509 DVPES
CompassCH EU6
FC1 New lib

E IR

| |

r Export/import to memstick

|lresu|ts£er‘aspeclESZ'1 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

> B 2 S B
Measie, i Syent Ly ;
19.12.1210:58
SAMFLEID gasoline
DENSITY  0.7511 [g/cem] @ 25.0 C D
COMMENT | |l
Parameter [vors |masszs | | |-
EMesity_Iene 0.68 0.78
112 |Pseudocumene 4.34 5.04
13 |Hemellitol 2.08 248
14 |Naphthalens 038 050
15 |ETBE 969 850
16 |Oxygen 148
17 |Oxygenates 969  9.50
18 _|Olefins 94  9OMLR
119 |Aromatics 336 38.7MLR
20 |saturates 473 428 '
21 (MMT 81.9mgfl o
22 |Manganese 20.6mg/l
23 |RON 8956 MLR
24 [MON 80.6 MLR
25 |AKI 88.1 i
Fig.6.2.1.a
> = 2| /S B
Measure Result System Malrit Tests
 Time |Date |sample-ID |RON |MON |Bend
1_[17:.41 201212 gasoline | 96.9 864 06
|2 |17:40 |20.12.12  New solvent
3 |17:36 201212 Newsovent
4 |17115 |20.12.12 gasoline 959 854 0.8
5 [ /gasoline
6 |1544 201212 gasoline 948 867 02
7 |15143 |2012.12 gasoline 853 870 01
B (1445 |201212 Test 8956 872 01
8 |14:42 (201212 [Test 857 872 01
10 14110 201212 Test | 958 87.2 02
11 [14:08 |20.1212  Test | 957 871 0.2
12 13154 201212 gasoline 954 8?.0: 0.2
£13:46 201212 gasoline 955 BE6S 041
14 [12:24 [20.12.12 gasoline 949 865 01
15 1215 201212 gasoline 123.8 105.8

Fig.6.2.1.b

‘| e i »
M toili “  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 | = & | 7 o
Measire Result System Mairit Tests Measure Result System Maint Tests
~Add to Library -Add to Library
LIBRARY | EU6 = LIBRARY | Test =]
SAMPLE ID gasoline 20.12.1216:29 SAMPLE |ID Pelronas 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.
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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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ate 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 Mesthods
(" Density at 15degC kg/m3 831.8 EN ISO 12185
Colour L0.5 ASTM D1500
Appearance < 1\ Clear and bright ASTM D4176
% (uv) Recovered at 250degC 7 % wiv 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
) _Cold Filter Plugging Point (CFPP) degC -10 IP 309
Cloud Point ] 6 EN 23015
Fatty Acid Methyl Ester (FAME) % wiv Nil EN ISO 14078
Viscosity at 40degC mm2/s 3.189 EN I1SO 3104
Water contert mg/kg 71 EN ISO 12937
Cetane number 54.6 EN ISO 51685
Cetane index §7.2 EN ISO 4264
Ash content % mim 0.003 EN IS0 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
Poly cyclic aromatic hydrocarbons % m/m 2.4 EN 12916
Lubricity, comected wear scar diameter pm 443 EN ISO 12156-1
Conductivity at 20degC pS/M 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 239
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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ly 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 TeFarmu bt Toaa e
Data Frigharg GG IDATAID 14050 N O
Cparaicy’ - ChrsErd Vil = W
Aczpired O 13- 14 BB00 Al [P 08 gl
Procamped On 2 tzden s v dd 28 A
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Sampebug : Winiergos MTBETAME o 86472
Samis Tyne ! Wirtestpae MTBE
U] Aathod : Wit
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ey TRED goTad (M e _—

o
| Caw | Maph | Panl | CyoiOn | Okl | Arom. | Gwpg | Teul
1 W R | T — - -

o (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

Paty | (P | |
Totsl | [T 14| ESES 04T LT
: '
Harmalized wluny:hmml results ) -
[ ar [ Waph. | Parad, | Eyalh | OWR | Arem. | Oy | Totnl |
1 L — 3 | = |
. I
{73 [ | 018 |
. FEL 1 1.02 | = FEE
] [ 1529 | - R T 1 EE] nu

i 1% 1514 M| 29 ur| e wm
[ 148 5B | (-1 13, am|) 1308 |
1 % [ O - =L IR
) 04z | oEZ | 0 0z7 | 556 | 118
[ (I 67 | R L 1387 ]

e | 0.20 anz | am

Eﬁr EE2 s i wan .58 T80 | 10800 |
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[Grorgemate Wi W | o
NTBE W 3w o=
[TAE 435 450 08 |
oty oS G o |

Ton TB5 780 129 |

me— =
EN IS0 TIB64 | ASTM D 5828
"Benzens RO
AL il < RLELDE
| o Gied__ BAELLT
[T Enbygerimted Ry et
Lfﬂlqn_ﬂ AAITLVS |
| sl Cyen LE L)

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
763A 2195363
763A 2199313
764A 2202199
763B 2200869
T11A 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
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Fig.6.3.f
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7. The statistical methods in the instrument

s 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

62



MEE:.WE F:B-B:It &Eﬁ ﬁ‘ﬂ 'g*m
23.01.13 11:30
SAMPLE ID  gasoline
DENSITY  0.7540 [g/cem] @ 15.0 C
COMMENT | b
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rivl" |
Library ojo°|?
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.
8
2|
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Fig.7.1.c
> = | 2 | Lo
Measurs Besui Systern 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
vVOoC e Aromatics
VOC reduction Kistine
Saturates
CMT
FREEQ02 E mT E
Manganese
FREEO3 S—
sl [~ ool —
FREEOS _
FREE06 — MONcorr iy
FREEQO7 Mow
. |FreEOS i faa -
Fig.7.1.1

The number of iterations for each calculated
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|
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select correlation method

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

rresult substance selsction

available shown in result screen
DI N Uxygenates
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\OC reduction Qletre
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FREE02 y |MMT
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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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X MLR

select correlation method
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available
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POG71
PO797
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PO682
P0OE95
PO704
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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 <(3-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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f 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.

LB E L2
Time |Date Sample-ID RON |MON |Berz
1 [17:41 201212 |gasocine 96.9 864 06
2 [17:40 20.1212 |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

Fig.7.2.2.a

: | .

In the menu of the results the Edit: Result key
is pressed (Fig.7.2.2.a).
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> E | L | T
Measure Result. System Mairt Tests

result substance selection

available shown in result scresn
Anilines - Benzene -
RONcorr 1 Toluene
MONcorr m-Xylene
DCPD o-Xylene
Di-Olefins E p-Xylene
FREEO2 | Ethylbenzens
FREEO3 = | Propylbenzene
CMT 2-Ethyltoluene
FREEO4 3-Ethyltoluens
FREEOS 4-Ethyltoluene
FREEQB - Mesitylene -

Fig.7.2.2.b

AR AFAFaE.
Mezsure Eesult' Srstam M=int Tests
Limit | Corr. | Adv |

select correlation method

XICLU  Peakvec EE}- lterations|4 |1
XMLR  Peakvec 1 |2 [

rresult substance selection

available shown in result ecreen
DI = Uxygenates
VoG Aromatics
VOC reduction SHsns
CcMT B Saturates
FREEO02 ey
FREEO3 Manganess
FREEO4 1 | RONcorr
FREEOS BN
EREECS — MOMNcorr
FREEO7 MEIN
FREE03 : AR 2

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:

— 2
SEC =SQR - [(PmLr - Prer)” / N]
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 == ‘ 2 ‘ e £
Measure Result System Malrt Tests Measure Result Systermn Maint Tests
~Library Statfistic : ~Library Stastic2

|Parameter |sec [R*  |n - [MON 2
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 jds553a 81.1 1.0
= 4 Fo1 jds809a 82.8 1.0
6 T10 133 071 48 : T T - T .
7 150 . 131 098 48] ggggg
g [T90 . 173 096 48 e

9 FBP 248 093 48
10 |DVPE . 744 067 131
11

12
13,
1)
15 | e

16

17 .

Fig.7.2.3.a Fig.7.2.3.b
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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 (Table 7.2.4) the standard MLR models of the
instrument.
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Table 7.2.4
Standard MLR models

Model Nr | Used for Peak Areas uzed
a IBF, T10, THO, THO for Const, Density, POO72, PO111, PIM7L,
gasolines withaut alkylate, FOME4, PO235, PO263, PO2ES, PO30S,
with MTBE andior Ethanol F[M47, PO487, PO5S3, POSAZ, POGOS,
PO723, PO77, POSO3, PDODD, P1303
i RGN, MO, FBP for gasolines | Const, Density, POOTE, PO111, POT0,
without alklate, with MTBE | PINE4. PO238, PO263, PO2ES, PO30S,
andior Ethanal PIM47, 0467, PO5SS3, PO733, POTOT,
PDe03, P1303
Z Ammatics for all types of Const, POOTE, POT11, PHI70, POTE,
gasoline PO230, PO262, PO28E, P30S, P170q
3 Ciefins for all types of Const, POM4T, PO4ET, POSA3
e
4 IBF, T10, THO, T80 for Const, Density, POO7S, PO111, POT7L,
pasolines without alkylate, PB4, PO238, PO263, PO2ES, PO30S,
with MTBE andfor Ethanol PM47, PO4B7, PO523, POGE2, POGOS,
andfor ETBE PD733, POF77, PO7ST, POS03, PODOS,
F1303
5 RO, MO, FBF for gasolines. | Const, Density, POO7S, PO111, POT7D,
without allkodate, with MTBE | PONE4, PO238, PO263, PO2ES, POADS,
andior Ethanol andlor ETBE | PIM47, PD487, POSE3, POTA3, POTYT,
PO787, PORDG, P1303
g IBF, T10, 150, T80 for Density, PO07E, P11, FOT70,
gasolines with alkylate, PDME4, PO239, PO263, PO26E, PO30S5,
without coygenates FI447, PO487, PO5S3, PIERZ, PDEOS,
F 1303, PORGE, POB3E
7 RO, MOM, FBF for gasolines | Const, Density, POO7S, PO111, POT70,
with alkyl ate, without FDM84, PO235, PO263, PO2ES, PORDS,
DRygenates POM47, 0487, PO5S3, P 1303, POASS,
POE30
B IBF, T10, THO, THO for Density, PO07E, POI11, PO170,
pasolines with alldate, with | PDME4, PO230, PO283, PO2EG, PO30S,
MTBE andfor Ethanol andéior | PIM47, PD487, POSE3, PDGEZ, PDEDS,
ETBE PO723. POT77, PO7S7, POS03, PODOS,
F1203, POBSS, POB30
g RON, MON, FBF for gasolines. | Const, Density, POO7S, PO111, POT70,
with alkylate, with MTBE PDME4, POZ35, PO263, PO2ES, PO3DS,
andior Ethanol andlor ETBE | PIM47, PO487, POSE3, PO723, POTTT,
PO7E7, POBDE, P1303, POSSE, POO3g
10 FBF, T10, TH0, TBO, FBF for | Const, Density, FOO7E, PO111, POTD,
pasolines withaut alkylate, POMS4, POZ38, PO263, PO28S, PO3DS,
with MTBE PD447, PO487, PO5S3, POSAZ, POADS,
FO7E7, P1303, P170g
1 RON, MON, Distillation for Const, Density, POO7S, PO111, POTL,
gasolines with alidate, with | POME4, PO239, PO283, POZES, POA0S,
MTBE andfor Ethanol andfior | PIM47, PO487, POSE3, POGE2, PDEDS,
TAME PO723, POTS7, POB76, P1203, P170k,
FD258, Pon3a
12 IBF, T10, THO, THO for Deensity, POD7E, POM11, PO170,
gasolines with alkfate, with | POME4, PO239, PO283, POZES, PO30S,
MTBE andior Ethanol PIM47, PO4E7, PO5S3, PSR, POBRS,
PO733, PO7E7, POBO3, F1303, POBESE,
P1075
13 ROM, MOM and FBP for Density, FOD7E, PO11, POT70,

gasdires with alkylate, with
MTBE andior Ethancd

P e, POZ38, POX3, PI2EG, POA05,
PO44T, PO4ET, PO5E3, PO7a3, POTET,
P03, P1303, FO85G, 1075
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The t ndard 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":

> £ |+ ‘ &
Measure System Maint Tests

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

select comrelation method -
Xclu  Peaveclo il tterations|4 ]
XMLR PeakVec [1_4|
-peak selection (correlating with MLR)
available used for MLR
Pogaz - Const -
PO6Y5 il Density
PO671 POD78
PO704 PO111
PO777 E PO170 N
P0B48 | |PO194 i, |
1
POAS0 ! E P0239 b |
P0936 P0263
P0976 P0286
POSOY P0305
P1134 & P0447 s
Fig.7.25.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).

> = | £ S| %

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 _ Saturates
FREEO2 E MBET
FREED3 E Manganese
FREED4 RONcorr
FREEDS | [ = [N
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.

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.
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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.
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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]

75



Table 7.2.6

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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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 %

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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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

# &

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:

)™+,
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.

" F

0.7

0.6 = e =S

0.5 !‘ i

0.4

0.3

L |
T Y] |
NI A S =

200 1375 2250 3125 4000

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+

80



(rom 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™

Isomerate
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Fig.8.3.h LSR spectrum
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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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— 95 R (from gas station)

1.2
0.9
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Fig.8.3.j 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.

0.29
0.261 /ﬂ\

0.232 /}\

0.203 |

| \ — ETBE
0.174 A | — FCC C6
/ \ / \ A f — ALKYLATE

0.145 J A A — C5RAFFINATE

REFORMATE
ISOMERATE

0.116 / \ / :
o:oa7 / \ // \A\ //\\ A g5R
N V/AY//NANANSAV

0.029 //A //\ / '

0

650 692 734 776 818

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.b) 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 §82.3.3, 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 Pre aton 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.f Motor diesel from gas station
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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
, — HT BEA
— HT SR BEE
— 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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LCO (Light cycle oil) MOH

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™

— LCO (Light cycle oil) MOH
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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.

0.8
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\\j — HYO
— DIESEL KIN
0.2
0 /\ T v
2609 2754.25 2899.5 3044.75 3190
Fig.8.6.e c) Region 2609-3190 cm™

It is obvious that in this Figure (Fig.8.6.€) 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

TIR 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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Fig.9.b Second results screen without the libraries
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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

98



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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