Ne 3 (130)/2025 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopT AIIK
E ~ Vol. 130, Ne 3 / 2025

UDC 661.719.2
DOI: 10.37128/2520-6168-2025-3-8

INTELLIGENT SYSTEMS FOR IMPROVING THE RELIABILITY OF SULFUR
MEASUREMENT IN FUELS

Andrii SHTUTS, Candidate of Technical Sciences, Associate Professor
Yaroslav SAFTYUK, Postgraduate Student
Vinnytsia National Agrarian University

IITYIb Auapiii AnaToJiiioBu4, K.T.H., TOIIEHT
CAD®TIOK SIpocaas BiaaauciaBoBu4, acmipaHT
BinHMIbKHI HalliOHATBHUI arpapHUil YHIBEPCHTET

The paper examines infrared spectroscopy as an effective tool for improving the reliability of intelligent
analysis of sulfur-containing compounds in petroleum fuels. The feasibility of using this method is substantiated as a
modern approach to determining the sulfur mass fraction in petroleum products, which combines high measurement
accuracy with the capability of rapid express analysis without complex sample preparation procedures.

Special attention is devoted to the investigation of the mid-infrared range (4000—400 cm™), where
characteristic absorption bands corresponding to the vibrations of S-H, C-S, S=0, SO:, and 5-S bonds are
observed. These bands are associated with the functional groups of sulfur-containing compounds. It is shown
that the application of narrow-band optical filters enables the isolation of informative spectral regions and
reduces the influence of noise components, thus increasing the reliability of spectral measurements.

A conceptual optical scheme of an infrared analyzer is proposed, which includes a radiation source,
a system of optical filters, a sample cuvette, focusing lenses, and a pair of detectors — working and reference.
This architecture provides simultaneous registration of reference and measurement signals, allowing
automatic correction of results and compensation of radiation fluctuations.

Based on the obtained experimental data, dependencies between fuel layer thickness, optical density,
and transmittance have been constructed. The results confirm the linear correlation described by the Beer—
Lambert—Bouguer law, forming the foundation for quantitative determination of sulfur concentration in low-
sulfur fuel samples (5-10 ppm).

It has been demonstrated that the combination of infrared spectroscopy with the mathematical
apparatus of chemometrics and multiple linear regression significantly enhances the accuracy of predicting
the physicochemical properties of fuels, enables the creation of calibration models, and minimizes
measurement errors. The results of the study form the scientific basis for the development of innovative
intelligent express systems for monitoring the quality of petroleum products. Such systems are suitable for both
laboratory and field applications, as well as for integration into the technical service infrastructure of fuel and
energy complexes.

Key words: infrared spectroscopy, sulfur-containing compounds, petroleum products, express measurement,
optical density, transmittance, Beer—Lambert-Bouguer law, calibration model, intelligent analysis, fuel quality
monitoring.

Eqg. 9. Fig. 5. Table. 2. Ref. 14.

1. Problem formulation

The problem of accurate and rapid determination of sulfur-containing compounds in motor fuels is
extremely relevant. Firstly, an increased sulfur content during combustion leads to the formation of sulfur oxides,
which, when interacting with moisture, form acids. In turn, this causes intensive corrosion of engine components,
primarily of the fuel system (injectors, high-pressure pumps, turbochargers). Secondly, in several countries, the
use of fuels with high sulfur content is still observed: for example, before the introduction of strict regulations in
the United States, diesel fuel contained up to 5000 ppm of sulfur, and in marine transport, until 2020, fuels with
sulfur content up to 3.5 % (35,000 ppm) were used, which exceeds the current IMO limit of 0.5 % [1].
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Recent studies of A-95 gasoline conducted in 2025 by specialists of the Institute of Consumer

Expertise (Table 1) showed that even in major fuel networks, there has begun to appear fuel that does not meet
or is close to not meeting the requirements of the DSTU [2].

Table. 1
Data from the studies of the Institute of Consumer Expertise on A-95 gasoline as of early 2025
Volumetric .
. . . Octane Sulfur fraction of Volu_metrlc
Filling stations (study according to content, . fraction of
DSTU 7687:2015) number mag/kg aromatic benzene (%)
hydrocarbons (%)
min 95 max 10 max 35 max 1.0
WOG 95,8 4 26,8 0,72
UKRNAFTA 95,3 5 25,3 0,77
AMIC 95,7 6 25,8 0,64
KLO 95,7 6 26,4 0,74
OKKO 95,6 8 31,2 0,65
PARALLEL 95,6 7 29,7 0,64
MARSHALL 95,4 8 32,4 0,80
SVR (Harkiv) 95,6 8 27,7 0,85
MOTTO 95,3 10 30,2 0,87
FAKTOR 95,0 10 28,3 0,98
BVS 95,7 9 33,0 0,91
VST 95,1 9 33,6 0,87
SVOI 95,0 10 32,7 0,99
BRCM-NAFTA 95,0 11 8,8 1,0
EVRO 5 (Zaporizhzhia) 95,3 21 10,8 2,95

As can be seen from the above-mentioned studies conducted by the specialists of the Institute of
Consumer Expertise at the beginning of 2025, the A-95 gasoline market shows cases of exceeding DSTU
standards (in the table, suppliers that exceed the DSTU limits and those that are close to the permissible values
are highlighted). Typically, diesel fuels contain higher sulfur levels than gasoline [2].

Therefore, infrared (IR) spectroscopy appears to be an effective method for monitoring both gasoline
and diesel fuels: this method allows for rapid, non-contact measurements without complex sample preparation.
However, the use of this method faces significant challenges: fuels contain dozens of organic and sulfur-
containing components, spectral bands overlap, and weak peaks of sulfur groups can easily be lost in the noise
background. To overcome these problems, correlation models, chemometric methods, and optimal selection
of wavenumber ranges are required, which calls for further research.

2. Analysis of recent research and publications

Y. Biletsky, in two of his works [3, 4], dealt with the problem of measuring sulfur content, where all
possible methods were systematically classified, with particular attention given to optical methods. V.
Kapustian and A. Kovalsky studied the problems and prospects for the development of the petroleum products
market in Ukraine. Their publications also indicate that the sulfur content in fuel depends on many factors,
namely: the origin of crude oil, cracking processes, and preliminary treatment. Typically, diesel fuel contains
more sulfur than gasoline, in the form of mercaptans, sulfides, disulfides, and heterocyclic compounds. During
combustion in internal combustion engines, they are converted into SO, which in turn increases the risk of
equipment corrosion, thereby reducing the service life of machinery [5, 6].

An important contribution to the study of sulfur analysis methods was made by foreign researchers
such as Mohammadi M. and Nespeca M.G. who investigated optical and mass spectrometric techniques.
According to these authors, a promising direction is the use of optical methods, which do not require sample
preparation, are non-destructive, and enable measurements with high efficiency. In particular, they focused on
infrared (IR) spectroscopy methods, which make it possible to detect and quantify sulfur-containing
compounds by their characteristic absorption bands arising from the vibrations of chemical bonds [8, 9].

The author [10] of noted that the main application area of infrared spectrophotometry in fuel analysis
is the study of light and middle distillate fractions, although there are also examples of its use for heavy residual
fractions. Most often, Fourier-transform spectrophotometers operating in the near-IR range are used; they
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employ fiber-optic systems to transmit radiation from the source to the sample cuvette and to collect the
reflected signal.

IR spectroscopy methods allow the detection and quantification of sulfur-containing compounds
through specific absorption bands that occur due to the vibrations of chemical bonds. This technology has long
been used for the analysis of gasoline, diesel fuel, and heavy fractions [11].

3. The purpose of the article

To substantiate the application of infrared spectroscopy as a tool for improving the reliability of
intelligent analysis of sulfur-containing compounds in petroleum fuels, to investigate the possibility of detecting
characteristic absorption bands of S-H, C-S, S=0, SO-, and S-S bonds in the mid-IR range (4000400 cm™),
and to verify the adequacy of the Beer—Lambert—Bouguer law for low sulfur concentrations (5-10 ppm).

4. Results and discussion

Today, there is a continuous tightening of sulfur content requirements for automotive gasoline and
diesel fuels worldwide. According to DSTU 7687:2015 for gasoline and DSTU 7688:2015 for diesel fuel, both
standards set the permissible sulfur level in fuels at no more than 10 ppm, which complies with the European
Euro-5 standard [3].

A comprehensive characterization of fuels requires performing multiple analyses, which demand a
well-developed infrastructure, qualified personnel, and large sample volumes [12]. The use of chemometric
methods based on IR spectra, however, allows for the rapid prediction of several parameters simultaneously,
using a small sample volume (approximately 10 ml) [13].

Let us consider the schematic diagram of an optical infrared analyzer and perform the necessary
calculations. Depending on the measurement tasks, the scheme may include additional elements designed to
improve speed, accuracy, or other performance characteristics [14]. The structural diagram of the optical
infrared analyzer is shown in Fig. 1.

Filter B Cuvette L Detector
IR wheel cam (sample cell) ens (fuel properties)

splitter
source |E O O

Cx_ 5 lens

Reference detector
(reference spectrum)

Modulator

Fig. 1. Structural diagram of the optical infrared analyzer

The proposed schematic of the infrared fuel analyzer is based on the principle of generating and
subsequently processing IR radiation in the mid-infrared spectral range. The radiation source serves as a generator
of electromagnetic waves within the range of 4000-400 cm™ — precisely in this region, the most intense
absorption bands characteristic of most hydrocarbon and sulfur-containing compounds are observed [15].

At the first stage, the radiation passes through a rotating chopper wheel that interrupts the beam and
converts it into a pulse sequence. This solution improves the signal-to-noise ratio.

Next, the light flux passes through a wheel equipped with a set of optical filters. Each filter isolates a
narrow spectral region corresponding to certain vibrational modes of chemical bonds (for example, C—H,
O-H, S=0). This makes it possible to perform selective analysis and to form an individual spectral
“fingerprint” of the examined fuel sample. The beam, focused by a lens, then reaches a beam splitter, which
divides it into two components: one passes through the sample cuvette, while the other goes directly to the
reference detector. This allows simultaneous recording of both reference and measured signals.

In the cuvette, the IR beam interacts with the fuel molecules. Part of the energy is absorbed by the
functional groups of organic and sulfur-containing compounds, forming characteristic spectral bands listed in
Table 2.
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Table. 2

Characteristic IR absorption bands of sulfur-containing compounds [16]

Type of bond / ompound Wavenumber, cm™ Example of compounds
S-H 2550-2600 mercaptans (R—SH)
C-S (alkyl sulfides) 600-750 R-S-R’
S-S (disulfides) 500-550 R-S-S-R’
Aromatic thiophenes 700-900 benzo- and dibenzothiophenes
Sulfoxides (R-S(=0)-R’) 1030-1070 oxidized compounds

Sulfones (R-SO>—R")

1290-1330; 1130-1160.

oxidation products

The detector located after the cuvette records the modified signal containing information about the
sample composition, while the reference channel captures the baseline spectrum for correction. At the output,
we obtain the spectrum shown in Fig. 2.
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Fig. 2. IR spectrum with characteristic bands of sulfur-containing compounds

Further data processing is performed by the analyzer’s software, which compares the signals from both
detectors. As a result, a complete infrared spectrum of the analyzed sample is formed. The subsequent
application of chemometric methods, particularly multiple linear regression, makes it possible to construct
mathematical models that predict the physicochemical properties of the fuel, its sulfur content, and other
important characteristics, which will not be discussed in detail here.

However, it is necessary to begin with the relationship between radiation intensity and the
concentration of sulfur-containing compounds, which forms the basis of the method [17]:

A=c¢-c-l, (1)
IO

where =109 (Tj optical density.

— molar absorption coefficient;

— concentration of the substance, mol/L;

— optical path length (cuvette), cm.

According to the analyzed sources, the following coefficient values can be considered [9, 10].

£ =15001/cdotmol ™*,cm™ The molar absorption coefficient (&) determines how strongly a
particular functional group of a molecule absorbs infrared radiation at a specific frequency. For sulfur-
containing compounds in the mid-IR range (4000400 cm™), this parameter characterizes the intensity of
absorption bands associated with S—H, C-S, S=0, and related vibrations.

Let I =1 cm — this choice of cuvette thickness (I = 1.0 cm) is due to the fact that it is the standard value
in most spectroscopic studies within the mid-IR range. Such a thickness provides an optimal balance between
signal intensity and transmission.
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To achieve a concentration corresponding to the regulatory level of 5-10 ppm, we will calculate the
optical density that should be observed.

First, let us determine the molar concentration corresponding to 5 ppm (mass fraction):
c=PPMP_ 5800 ;55104 mon, 2)
M-10° 32.065-10
where = 32.065 g/mol — molar mass of sulfur (S); = 800 g/L — mass of 1 L of fuel (density ~ 0.8 g/mL).
The expected optical density will be:

A=1500-1.25-10"-1~0.1875. (3)
The corresponding transmittance is within the range of:
T=10"=10""*" ~0.65. (4)

A value of T = 0.65 means that only 65% of the IR radiation passes through a 1 cm layer of fuel, while
the rest is absorbed by S—H bonds.

Based on these calculations, we will plot the dependence of optical density on sulfur concentration for
different cuvette thicknesses (Fig. 3), as well as the dependence of infrared transmittance on sulfur
concentration (Fig. 4).
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Fig. 3. Optical density as a function of sulfur Fig. 4. Infrared transmittance as a function of
concentration for different cuvette thicknesses. sulfur concentration.

According to these dependencies, the following conclusions can be made:

— increasing the cuvette thickness leads to a proportional increase in optical density A, which confirms
the linear nature of the relationship according to the Beer—Lambert-Bouguer law;

— the infrared transmittance T decreases with increasing sulfur concentration in the fuel, which is
consistent with the theoretical model;

— the obtained dependencies can be used to develop calibration models and to select the optimal
cuvette thickness when designing express methods for determining sulfur content in fuels.

Calibration models for such analysis are built using the mathematical apparatus of multiple linear
regression [14]. Their general form is described by the equation:

P.=M,+M,F;,+M,F,+--+M,F, ; (5)

where P, is the concentration of the component or the value of the property X ; F, is the absorption

value obtained through filter z; M, is the estimated parameter for filter z, calculated using the multiple linear
regression method; M is the intercept (free term) of the equation.

The coefficients M, and M form the basis of the calibration model, which is used to predict the

value of parameter P, based on the measured absorbance F, . To construct such a model, a system of equations
is created for each sample in the calibration dataset. In these equations, known reference values of the property
P, (dependent variable) and the corresponding absorbance values F, (independent variables) are substituted.

The multiple linear regression method is applied to determine the optimal coefficients M, and M,
which most accurately describe the relationship between spectral characteristics and the measured fuel
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Pa=My+MF; + MR, +--+M,F,
Po=M;+MF, +M,F, +---+ M, F,,

(6)
Pxn = IVIO + Man1+ MZFnZ +eeet Manz
where n — is the number of samples in the calibration dataset.
In matrix form, this can be written as:
P=FM+¢, (7

where:

— is the vector of dependent variables (known property values obtained by reference methods);

— is the matrix of independent variables (absorbance values for each filter);

— is the vector of regression coefficients to be determined;

— is the vector of model errors.

The problem is solved using the least squares method (LSM), which minimizes the sum of squared
deviations between the experimental and predicted values:

n
min Z (PSP P 2, (8)
i=1
The analytical solution for determining the regression coefficients is as follows:
M=(F'F)'F'P. 9)
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Fig. 5. Calibration curve of the dependence of optical density on sulfur concentration

The obtained coefficients M, and M, form the basis of the calibration model. Subsequently, this

model is used to predict the properties of new fuel samples based on spectral data. The reliability and accuracy
of the constructed model are verified using several indicators: the coefficient of determination (R?), which
reflects the degree of correspondence between experimental and predicted results; the root mean square error
(RMSE), which characterizes the deviation of predictions from reference values; and the residual variance,
which indicates the level of unaccounted errors. The calibration curve showing the dependence of optical
density on sulfur concentration is presented in Fig. 5.

5. Conclusion
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The conducted study confirmed the high effectiveness of infrared spectroscopy as a tool for enhancing
the reliability of intelligent analysis of sulfur-containing compounds in petroleum fuels. The obtained results
made it possible to formulate the following summarized conclusions:

— it was established that an increased sulfur content in fuel leads to the formation of sulfur oxides
during combustion, which cause corrosion of engine components, reduce their service life, and create
significant environmental impact;

— itwas proven that the mid-infrared range (4000400 cm™) is the most informative for identifying characteristic
absorption bands of functional groups S-H, C-S, S=0, SO, and S-S, typical of sulfur-containing compounds;

— the developed schematic optical analyzer confirmed the validity of the Beer—Lambert—Bouguer law
for low sulfur concentrations (5-10 ppm) and demonstrated the possibility of quantitative determination of
sulfur content based on the relationship between optical density and transmittance;

— the feasibility of combining IR spectroscopy with chemometric methods, particularly multilinear
regression, was substantiated. This combination improves the accuracy of predicting the physicochemical
parameters of fuels, reduces interference effects, and enables the creation of efficient calibration models;

— practical results showed that the application of IR spectroscopy significantly reduces analysis time
and sample volume and enables the development of portable express instruments for on-site quality control of
gasoline and diesel fuels in industrial conditions.
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THTEJIEKTYAJIBHI CACTEMM IIJABUIIEHHSA HAJIMHOCTI BAMIPIOBAHHSI BMICTY
CIPKMU B ITAJIUBAX

Y cmammi posensioacmovcs ingpauepsona cnexmpockonisi AK eeKmusHull iHCIMpyMeHm  Os
nioBUWEHHS HAOIUHOCMI  [HMENIeKMYAIbHO20 aHANI3Y CIPKOBMICHUX CHOAYK Y HAQDMOBOMY NAIUBI.
ObrpyHmosano 0OYinbHICMb BUKOPUCMAHHA Yb020 MemoOy K CYHYACHO20 Ni0X00y 00 8U3HAYEHHS MAcOo80i
YACKY CIPKU 8 HAGMONPOOYKMAx, AKUL NOEOHYE BUCOKY MOUHICHb GUMIPIOBANHHS 3 MONCTUBICINIO WUBUOKO20
excnpec-ananizy 6e3 cKiaoHux npoyedyp niocomosxu 3paskie. Ocobausa yeaza npuoiisemovcs Q0CHIOHNCEHHIO
cepedHbo2o iHgpauepsonozo Odianazony (4000400 cm™), Oe cnocmepiearomvcs XapakmepHi cmyeu
no2nuHaHHs, wo sionosioatome rkoausanusm 36'sskie S—H, C-S, S=0, SO: ma S-S. L]i cmyeu nos'szani 3
dyHKYIOHATLHUMU 2pynamu CIPKOBMICHUX cnoayk. Tlokazarno, wo 3acmocy8ants Y3bKOCMY208UX ONMUYHUX
Qinempie 00360/14€ BUOINUMU THPOPMAMUBH] CNEKMPATIbHI 0OAACMI MA 3MEHWLYE BIIIUE WYMOBUX CKIAO0BUX,
MUM camum niosULYOYU HAOTUHICIMb CREeKMPATIbHUX BUMIPIOBAHD.

3anpononosano KoHyenmyanvHy ONMUYHY CXeMy IHPPAYEPBOHO20 AHANI3AMOpA, AKA GKIIYAE
0oicepeno UNPOMIHIOBANHS, CUCTeM) ONMUYHUX QiTbmpis, Kloeemy O 3pasKa, (GoKycyioui Iin3u ma napy
demexmopie — pobouuii ma onopHui. Ll apximexkmypa 3a6e3neuye 00HOUACHY peecmpayilo ONOPHUX ma
BUMIDIOBANBHUX CUSHANIB, WO O00360JI€ ABMOMAMUYHO KOPUSYBAMU pe3yIbmamu ma KOMNEeHCY8amu
Gdrykmyayii’ gunpominioganns. Ha ocHogi ompumanux ekcnepumenmanbiux 0aHux noby008ano 3a1elcHocmi
MidiC MOBWUHOK WAPY NAU6d, ONMUYHOK 2YCMUHOK mMa Koepiyienmom nponyckanusa. Pezynemamu
niomeepodCYyIoms JIIHIlIHY Kopeaayito, onucany 3akoHom bepa-J/lambepma-byeepa, wo opmye ocrhosy ona
KIIbKICHO20 SUZHAYEHHS KOHYEeHMPAYIi CIpKU Y 3pA3KAX NAIUSA 3 HU3bKUM émicmom cipku (5—10 ppm).

byno npodemoncmposano, wo noeonanus iHppavepsonoi cnekmpockonii 3 MameMamuiHum
anapamom xemomempii ma MHONCUHHOI JNIHIUHOI pezpecii 3HAYHO NIOBUWLYE MOYHICMb NPOSHO3YBAHHS
DizuKO-XIMIYHUX 61ACMUBOCTEN NAUS, 00360JI5IE€ CMBOPHOGAMU KALOPYSAIbHI MOOENT Ma MIHIMI3Y€E NOXUOKU
sumipiosans. Pezyiomamu  00cniodcents @Gopmyoms HAYKO8y OCHO8Y 07 pPO3POOKU THHOBAYIUHUX
iHmMeneKmyaibHUX eKCnpec-cucmem MOHIMopuney akocmi Hagpmonpooykmie. Taxi cucmemu npudammi ax 0as
abOpamopHUX, MAK i 071 NOILOBUX 3ACMOCYBAHb, A MAKONiC 015 IHmMe2payii 8 inppacmpykmypy mexHiuHo2o
00C1Y208Y8AHHS NAIUBHO-EHEPLEMUYHUX KOMNIEKCIE.

Knrouoei cnosa: ingpauepgorna cnekmpockonis, cipkO8MICHI CROIYKU, HAQMONPOOyKmu, ekcnpec-
BUMIDIOBAHHS, ONMUYHA 2YCMUHA, NPONYCKaHHsA, 3akoH byeepa—/lambepma—bepa, kanibpysanvha moodenw,
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