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Abstract. In the article the chemistry of the noncatalytic
oxidative desulfurization process of distillate oil fractions
is analyzed. The study involves the characteristics of high-
sulfur straight-run diesel fraction of narrow composition
(593-623 K) before and after oxidation by air at 453—
493 K and a pressure of 3.0 MPa. The composition of
sulfur compounds in the raw material fraction was
determined. It is shown that straight-run fractions of raw
materials may also contain sulfoxides, which are products
of oxidation of organosulfur compounds and are formed
during storage of petroleum products. On the basis of IR
spectroscopic studies of raw materials, oxidized products
and model mixtures, the transformation depth of fr. 593—
623 K sulfur compounds, which are distributed in the
form of sulfones and sulfoxides in solid and liquid
oxidation products, and partially remain in the purified
fuel, was analyzed in the above-mentioned process.

Keywords: sulfur, diesel fuel, oxidative desulfurization,
sulfoxide, sulfone.

1. Introduction

Over the last years, the emissions of SO, from
combustion fuels have become a serious environmental
problem. Hence, strict environmental policies have been
implemented worldwide to limit the sulfur levels in fuels
to 10 ppm [1]. Diesel fuel (DF) is a major transportation
fuel and a significant source of pollution. To prevent air
pollution caused by exhaust gases the governments
worldwide have ordered the removal of sulfur from
transportation fuels. For example, since July 2006 the
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mandatory sulfur content in DF in the USA has been
restricted to 15 ppm [2].

In Europe, mandatory environmental regulations
for several fuel properties were first introduced in 1998
[3] but last revised in 2009 [4]. According to this
regulation, the sulfur content in “sulfur-free” fuels must
not exceed 10 ppm. Since 2000-2010, all developed and
many developing countries have required an average
sulfur content of about 10 ppm in transportation fuels
according to regulations [1, 4-7]. In Ukraine, the
permissible content of sulfur compounds has reduced
significantly in recent years. According to the Ukrainian
standards [8] a sulfur content of is permitted in DF
products, whereas [9] permits 10, 50 and 350 ppm, lastly
[10] allows for 10 and 50 ppm.

The requirements for the environmental properties
of jet fuels (JF) are less strict both in Ukraine and
worldwide. Therefore, the contribution of aviation to
environmental pollution is becoming increasingly
noticeable because the sulfur content of JF is 0.1—
0.4 wt % (or 10004000 ppm). For special types of JF, the
sulfur content up to 1.0 wt % (10000 ppm) is allowed [11,
12]. However, this could affect flight safety, power
consumption, and stability of JF during transport and
storage. Furthermore, the major emissions of JF
combustion products that occur at high altitudes could
also pose further environmental challenges.

Hence, the purification or removal of sulfur
compounds from fuels has been proposed in the literature.
Currently, the main technology widely used for sulfur
removal is hydrotreating (HDS). However, the process has
numerous several disadvantages such as the removal of
sulfur compounds, heteroatoms, and other substances. The
HDS process results in the partial hydration of aromatics,
which automatically reduces the number of substances
capable of adsorbing on metal surfaces. Consequently, the
lubricating properties of the fuels are weakened
significantly. The thiophene compounds and other
condensed sulfur compounds present in the feedstock are
not hydrotreated due to the spatial difficulties that occur
during the contact with catalysts during HDS. For
economic reasons, hydrotreating cannot be organized for
the small scale production of DF or JF, for example, the
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hydrotreating products of such low-tonnage processes as
plastics and rubber recycling.

Hence, alternative technologies for the desulfurization
of straight-run fractions have been investigated extensively in
the past few decades. The most notable technologies include:
extraction [13], selective adsorption [14], and oxidative
desulfurization (ODS) [15]. Among these, ODS is
considered as one of the most promising techniques for
desulfurization and currently it receives the growing
attention. The greatest advantage of ODS compared to the
conventional HDS process is that it can be carried out in a
liquid phase and mild conditions without the need for
expensive hydrogen [15, 16]. However, the current industrial
processes for oxidation purification are aimed only at the
extraction of sour sulfur or increasing the thermo-oxidative
stability of JF after hydrotreating. Most ODS processes
developed or improved over last 20 years seek to reduce the
sulfur content in hydrotreated fuels to 1015 ppm or less.
However, these processes, along with HDS, are relatively
complex and require the use of expensive catalysts and
oxidizers [15-25].

In this study, the oxidative desulfurization of
straight-run kerosene and diesel fractions with high sulfur
content is examined along with hydrogenates by air
treatment without the use of expensive catalysts and
strong oxidizers. Previously, the major process conditions
(pressure, fractional feedstock composition along with the
methods for sulfur oxidation and products separation)
were investigated [26-28]. The findings demonstrated that
oxidation could be accomplished in a liquid phase such as
the presence of water. Hence, the authors established the
effect of temperature and water-to-feedstock ratio [29],
the prospects of obtaining commercial JF [28], and
components of DF with good lubricating properties [30].
The proposed technology could also be used for the
purification of petroleum fuels or regeneration of used
mineral motor oils produced on a small scale, particularly
when hydrotreating is uneconomic or technologically
impossible. Lastly, the process could also be used for the
after-treatment of hydrogenates and partial desulfurization
of straight-run fractions to produce fuel components with
improved lubricating properties [29, 31-33].

Therefore, this paper seeks to investigate the
chemical oxidation of sulfur compounds during treatment
with air under predetermined conditions. It is envisaged
that the findings will present a comprehensive
understanding of various oxidative (air) transformations
that occur in straight-run fractions during storage.

2. Experimental

2.1. Methods

The oxidation experiments were performed at an
enlarged laboratory plant (Fig. 1). The plant consists of a
reactor block with air compression and purification

systems; gaseous reaction products cooling and recovery
systems with temperature, pressure, consumption control
and measuring instruments. The main apparatus is a bubble
reactor with a volume of 0.7 1; an operating pressure is
15 MPa; temperature is 623 K. The vertical movement of
the reaction mixture in the reactor is achieved using an
installed cylindrical tube in the reactor vessel. When the
mixer is in operation, the reaction mixture is circulated
upwards through the inner space of the pipe and down into
the space between the reactor vessel and the pipe.

The main factors recorded during the process were:
temperature, pressure, and duration. The term “volumetric
oxidant flow rate” (VOFR, min™), which is numerically
equal to the ratio of oxidant consumption (m’/min) to the
feedstock volume (m’), was used to describe the
air : feedstock ratio, time and the contact area used. In the
case of the feedstock oxidation with water, the water phase
was separated and then analysed along with the oxidate
phase according to the scheme shown in Fig. 2. Distillation
was carried out by the Engler’s method, whereas the
adsorption was carried out based on a developed method
using silica gel as an adsorbent. However, benzene was
used for desorption of the refined fuel. The mixture of
alcohol and benzene was applied for desorption of LCOP.

Perbenzoic acid (PBA) is sufficiently selective and
completely oxidizes sulfuric organic compounds [34, 35].
Therefore, the samples for IR spectroscopy were obtained
by processing the PBA feedstock. The acid was added to
the raw materials in a ratio of 10:1 followed by stirring as
required for the oxidation of all the sulfur compounds of
the raw materials into sulfones. The excess and the formed
benzoic acid were subsequently washed from the oxidized
fuel with water until there was no acid reaction in the
distilled water. Furthermore, the oxidate was separated
and analysed according to Fig. 2.

The composition of the process products and
process raw materials were examined by IR spectroscopy.
The IR spectra were recorded on the SPECORD M-80
device using various techniques. The solid phase spectra
of the oxidate were taken in KBr pellet; a part of the
spectra of liquid samples was taken between KBr plates
(in this case, the thickness constant of the absorption layer
was controlled by a "zero" absorption line). The rest of the
spectra of the liquid samples were placed in KBr cuvettes
with a thickness of 0.1 or 1 mm of the absorbent layer.
The identification of the IR spectra was performed
according to the literature [36-40]. The feedstock and
products were then analysed using standard methods.

2.2. Materials

The straight-run fraction was withdrawn at JSC
“Naftokhimik Prykarpattya™ (Ukraine). To increase the con-
centration of sulfur compounds in the initial diesel, a residual
fraction (553-623 K) was distilled from it. The characteris-
tics of the initial diesel fraction are presented in Table 1.
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Fig. 1. Scheme of laboratory installation of oxidative desulfurization of petroleum fractions:
1 - reactor, 2 - refrigerator, 3 - electric motor, 4 - seals, 5 - thermocouple, 6 - pipe, 7 - rotameter,
8,9 - receiver, 10 - compressor, 11 - manometers, 12 - valves, 13 - transformer, 14 - electric heater,
15 - cylinder with nitrogen, 16 - cylinder for gas collection
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Fig. 2. Scheme of oxidate division and 1nvest1gation

Table 1
Characteristics of the initial diesel fraction

Index Values
Density at 293 K, kg/m’ 856
Content of total sulfur, wt % (ppm) 0.869 (8690)
Concentration of actual gums, mg/100 cm’ 15.0
Acidity, mg KOH/100 cm’ 59
Content of individual sulfur groups in total sulphur, wt %:
— sour 0.92
— sulfide aliphatic 58.85
— residual (cyclic sulfides and thiophenes) 40.23
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3. Results and Discussion

In this study, IR spectroscopy was used to examine
the mechanism and completeness of the oxidation of the
sulfur compounds contained in the selected raw material.
Hence, the following samples were prepared:

- Oxidized fr. 553-623 K using the method
investigated in the work. The liquid oxide phase (OLP)
was separated by adsorption according to the scheme
shown in Fig. 2 (adsorbent is a silica gel);

- Oxidized fr. 553-623 K using perbenzoic acid
(PBA);

- Prepared model mixtures containing sulfones
or sulfoxides.

Given the multidimensionality of the mixtures under
study and the resulting complexity of IR spectroscopy, the
focus was on the presence or absence of the sulfoxide (SO)
and sulfone (SO;) groups. The list of samples used in this
series of IR spectroscopic studies is given in Tables 2 and 3.
The spectra are shown in Figs. 3-13.

The oscillation frequencies of the SO and SO,
groups depend on the composition of the hydrocarbon
radical, the phase state, and the environment in which the
sulfones and sulfoxides reside. Sulfoxides are characterized

by bands in the regions of 1070-1030 cm™ [39, 40]. In the
analysis of solids, the absorption frequency is reduced by
10-20 cm’ [36, 39, 40]. Sulfones are characterized by
bands in the regions of 13581300 and 1120-1169 cm’
[36, 39, 40]. The oscillation intervals of other sulfur-oxygen
compounds are even wider [38-41]. The analysis of the
presence of sulfone groups and sulfoxide groups is also
complicated by the fact that in the above areas fluctuations
may occur in the substances containing other groups and,
theoretically, may be formed during the oxidative
desulphurization process. For example, primary alcohols
may give characteristic bands on the IR spectrogram at
1075-1000 and 1350-1260 cm™, secondary alcohols occur
at 1125-1030 cm™, and peroxides — at 1150 cm™ [40, 41].
Therefore, the confirmation of the sulfones and sulfoxides
formation during the process is the presence of the raw
peaks characteristic of sulfur compounds on the
spectrogram. Typically, the absence (reduction) of these
peaks in the oxidized product with the simultaneous
appearance of peaks is inherent in sulfones and sulfoxides.
The spectra shown in Figs. 3-6 determine the presence of
sulfone and sulfoxide groups in the feedstock and products
of the process. The analysis was performed in the KBr cells
with the thickness of 0.1 mm.

Table 2
Characteristics of the samples
Sample Method and conditions for obtaining the sample Figure number
Oxidate solid phase (OSP) 453 K; 30 min; VOFR = 1.65 min™; 3.0 MPa 3
Refined fuel (RF) 453 K; 30 min; VOFR = 1.65 min™; 3.0 MPa 4
Oxidate liquid phase (OLP) 453 K; 30 min; VOFR = 1.65 min™; 3.0 MPa 5
Fr. 553623 K — 6
Oxidate liquid phase (OLP) Oxidation with perbenzoic acid (PBA) 7
Fr. 553623 K — 8
Oxidate liquid phase (OLP) 493 K; 30 min; VOFR = 1.65 min™; 3.0 MPa 9
BenzenetOLP (1:1, w/w) 453 K; 30 min; VOFR = 1.65 min™; 3.0 MPa 10
Table 3

Characteristics of model mixtures

Sample Content of sulfone group, wt | Content of sulfoxide group, wt| Figure number
% %
Fr. 553—623 K + sulfoxide' — 1.43 11 (a)
Fr. 553-623 K+ sulfoxide' — 243 11 (b)
Benzene + 280-350 °C fr (1:1 wt %) + sulfone” 0.35 — 12
Benzene + 280-350 °C fr (1:1 wt %) + sulfoxide' — 2.37 13

Notes: ' dimethyl sulfoxide (DMSO); >4.4'-dichlorodiphenyl sulfone (DCDPS)

Analysis of the OSP spectrum (see the spectrum in
Fig. 3) shows the presence of two peaks in the region of
1335-1315 cm™ and two peaks at 11551130 cm™, which
can be attributed to sulfone groups. However, there are no
bands in the absorption region characteristic of sulfoxides

(1060-1030 cm™"). The refined fuel (see the spectrum in
Fig. 4) also contains sulfones with bands at 1300 cm™ and
about 1350 cm™ (as the “peak” peak at 1376 cnmr') and
bands in the interval of 1170-1145 cm’. Furthermore, the
peaks at 1030 cm’ may be due to sulfoxides. The
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spectrum of the liquid phase of the oxidate (spectrum in
Fig. 5) is also analysed. The study showed that they
contain more clearly (compared to IR refined fuel) bands
characteristic of sulfones (1324 — peak shoulder at 1376,
1300, 1168 and 1150 cm™) and sulfoxides (1032 cm™). In
the spectrum in Fig. 6 (raw material is fr. 553—-623 K FR),
although there is a peak at 1168 cm™, there are practically
no peaks in the range of 1360—-1300 cm™, which indicates
the absence of sulfonic groups. At 1030 cm™ there is a
slight absorption intensity, i.e. a small number of
sulfoxides may be present in the raw material.

An approximate analysis of the oxidation depth
of sulfur compounds during the process was carried out by
comparing the IR spectra of the liquid phase of the oxide
obtained by oxidation using extra-benzoic acid (PBA)
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(Fig. 7), the raw material (Fig. 8), and the OLP obtained
in the process (Fig. 9). According to [38] and [39], PBA
can sufficiently, selectively and completely oxidize all
sulfur compounds. When identifying the bands of
spectrum 8 (fr. 553-623 K), the peaks determined in the
ranges of 2920-2856, 1460, 1376, 744, 720 cm'l, are
caused by the valence and deformation vibrations of the
CH; and CHj; groups characteristic of n- and iso-alkane
and cyclan compounds, respectively; 1604, 1450 and
about 800 cm™ (aromatic fragments); and 720-68 cm’' for
sulfides; ~2650 cm’™' for S—-CH,— groups; and 1225 cm™
for thiophene. Based on the above, it can be argued that
virtually all sulfur in the raw material is represented by
sulfide and thiophene structures, which coincide with the
data in Table 1.
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The spectral analyses of the liquid oxidate phase
from oxidation using extra-benzoic acid (spectrum in Fig.
7) showed that, in addition to the above absorption bands
of alkane, cycloalkane and arene hydrocarbons, new
absorption bands appeared at 3200, 1704 and 1575 cm’™.
The peaks at 3200 and 1704 cm” indicate an increase
(compared to the raw material) of the number of acids in
the products. The peak at 3200 cm™ may also indicate the
presence of alcohol groups; whereas the band at 1575 cm’™
denotes the formation of salts of carboxylic acids during
the process. In the PBA oxidized sample, the bands
disappear or become much smaller, which is characteristic
of the organo-sulfur compounds present in the raw
materials (720-680, 1225 and 2650 cm™). However, there
are bands with a maximum at 1328 com”' (peak shoulder at
1304 cm™), 1160 and 1060 cm™. These can be interpreted
as the valence asymmetric oscillation of the SO, group
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Fig. 7. IR spectrum of OLP obtained
by oxidation with PBA
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(1328 cm™) or the valence symmetric oscillation of the
SO, group (1160 cnm") and the valence oscillation of the
sulfoxide groups (1060 cm™). The data of the spectrum of
raw materials oxidized by the investigated method
(spectrum in Fig. 9) are almost similar to the results
obtained in the analysis of the spectrum in Fig. 7, except
when the peaks corresponding to the organic acids are
slightly larger. Therefore, in subsequent studies, the
approximate concentrations of sulfones and sulfoxides
were determined by comparing the IR spectra of the
model mixtures with the known content of SO, and SO
groups with the OLP IR spectra obtained during the
oxidative desulfurization process. The absorption band
intensity was taken as an area of the peak calculated by
the trapezoid method [42]. Dimethyl sulfoxide (DMSO)
and 4,4’-dichlorodiphenyl sulfone (DCDPS) were used to
create the model mixtures.
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Fig. 8. IR spectrum of fr. 553-623 K

The spectra shown in Figs. 10-13 were obtained using
cells with a width of 0.1 mm. The initial medium without
sulfones and sulfoxides was used for comparison. This
approach helped to accurately distinguish the absorption
bands of sulfones and sulfoxides. The IR spectrograms for
the fr. 553-623 K with DMSO concentrations correspond to
the quantities of SO groups of 1.43 and 2.43 wt %. The
spectra in Fig. 11 show that the intensity of the SO peaks is
almost independent of the amount of DMSO in these
mixtures. This occurrence is explained by the relatively poor
solubility of sulfones and sulfoxides with a short
hydrocarbon radical in hydrocarbons, ie., when added to
straight-run petroleum fractions of DCDPS in quantities
corresponding to the content of the mixture of sulfone group
at the level of 0.5-1.0wt%. The limited solubility of
DCDPS in the petroleum fractions could be observed clearly.
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Therefore, benzene was used to dissolve the sulfoxides and
sulfones in a mixture with petroleum products (1:1, w/w).
The analysis of several IR spectra of the raw material and
benzene mixtures with DCDPS and DMSO applications
showed that the peak intensity of sulfones and sulfoxides was
almost directly proportional to their amount in the solution
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(relative error <7 %). In Fig. 12, the SO, exhibits clear
absorption bands at 1160 and 1336 cm’', whereas in Fig. 13
the SO group appears at 1072cm”. The peak area of
sulfoxide in Fig. 13 is much larger than the area of a similar
peak in Fig. 11b, indicating the dissolution of DMSO in the
presence of benzene.
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Fig. 12. IR spectrum of benzene + fr. 553—
623 K (1:1, w/w) + sulfone; content of
sulfone groups is 0.35 wt %

The spectra in Figs. 12 and 13 were compared
with the IR spectrum of the liquid phase of the oxidate
obtained by oxidation of fr. 553—623 K in a mixture with
benzene (Fig. 10). The investigated OLP contained
0.84 % of the mass of sulfur. The spectral analysis of Fig.
10 shows that there are peaks at 1330 and 1160 cm™ in the
regions, which are characteristic of sulfone groups and a
peak at 1036 cm™ for the sulfoxide group. The calculation
of the number of sulfone and sulfoxide groups in sample
10 based on the model spectra (Figs. 12 and 13) proves
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Fig. 11. IR spectrum of fr. 553-623 K + sulfoxide; content of sulfoxide groups is

1.43 Wt % (a) and 2.43 wt % (b)
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IR spectrum of benzene + fr. 553623 K (1:1, w/w) +
+ sulfoxide; content of sulfoxide groups
is2.37wt %

that the content of sulfone groups in the liquid phase of
the oxide is about 0.36 wt% (in terms of sulfur it is
0.18 wt %), sulfoxide — about 0.95 wt% (in terms of
sulfur it is 0.63 wt %).

The test product contains 0.84 wt % of sulfur, being
about 0.81 wt% of this sulfur (96.4 % relative) in an
oxidized form. This suggests that all sulfur compounds
under the process conditions (presented in Table 2) are
oxidized by the following possible equations, some of
which are given below [37, 43, 44]:
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4. Conclusions

The study examined the chemistry of the oxidative
desulfurization of high sulfur straight-run oil fraction. In the
raw materials (fr. 553-623 K), the oxidation products of
sulfur compounds are not contained or contained in small
quantities. The small amounts of sulfur oxidation products
contained in fr. 553-623 K may be sulfoxides formed
during the storage of raw materials. In the solid oxidation
products (OSPs) creation, deeper oxidation products —
sulfones are involved, while the refined fuels and OLPs
may also contain sulfoxides. After the high pressure and
temperature oxidation, the sample contains approximately
the same amount of sulfones and sulfoxides as the sample
obtained by oxidation with extra-benzoic acid, which
oxidizes all sulfur compounds. During the study, over
96 wt % of the sulfur compounds were oxidized, that is
mainly all types of organo-sulfur compounds since the
amount of thiophene and cyclic sulfide sulfur in the
feedstock is 40.23 % of the total sulfur.
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BUBYEHHS XIMI3MY ITPOLIECY

OKCHUJIALIMHOI JECYJIb®YPU3AIIL

BUCOKOCIPYHMCTOI MPSIMOI'OHHOI
HA®TOBOI ®PAKIIIT

Anomauia. Ilpoananizoéano Xximism npoyecy Hexama-
JIMUYHO20 OKCUOAYILIHO2O 3HECIPUEHHA OUCIUIAMHUX HAPMOBUX
@paxryiii. Tlposedeno 00CniodceHHs XapaKkmepucmux GUCOKOCip-
uucmol’ NpsIMOCOHHOI OU3eNbHO20 Ppakyii 8y3vKkoco ckiady (593—
623 K) 0o i nicnisi okuchenns nogimpam 3a 453—493 K ma mucky
3,0 MIla. Buznaueno epynosuii ckiao cipyucmux cnonyk y ¢pakyii
6uxionoi cuposunu. Iloxasano, wo npsmozonHi gpaxyii euxionoir
CUPOBUHU MOXCYMb MAKOXHC MICIMUMU CYIbHOKCUOU, AKI € Npo-
OYKMAaM OKUCHEHHA CIPYAHOOP2AHIYHUX CNOIYK | YMEOPIOIOMbCA
npu 36epicanni Hagmonpooykmis. Ha ocnogi [Y-cnekmpocko-
NIYHUX QOCTIONCEHb GUXIOHOL CUPOBUHU, OKUCHEHUX NPOOYKMI6 ma
MOOENbHUX CyMiell NpoaHanizoeano nubuHy nepemeopeHHs y
suweseadanomy npoyeci cipyucmux cnonyk @p. 593-623 K, sixi
PO3NOOLIAIOMbCSL Y 6UNSA0I CYbhOHIE ma CYIbOKCUOI8 Y MEepoux
i pIOKUX MpOOYKMAX OKUCHEHHS Ul YACMKOBO 3ANUUAIOMbCS 6
OUUWEHOMY NATUBI.

Knrouoei cnoea: cipra, Ouzenvhe namugo, OKCUOAYIUHA
Odecynvghypusayis, cyib@oKcuo, cyibgoH.



