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Abgract. The fractions of diesd oil have been
desulphurized via air oxidation without the catalystsin the
presence of water. The products of sulphuric compounds
oxidation were extracted by adsorption or joint adsorption
and rectification. The samples of desulphurized diesd oil
have been analyzed in accordance with reference
documents after their treatment by alkali. The lubricity of
the raw materias (straight-run diesel oil and hydrogenised
fuel), desulphurized straight-run diesel oil (DSDO),
hydrogenised fuel with DSDO additives and two samples
of the fraction 553-623 K purified in the presence of
water and without it has been determined.

Keywords: sulphur, diesel fuel, oxidative desulphuri-
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1. Introduction

It is well known, that the sulphur content in diesdl
fuels, as well as in other transportation fuels, is a very
serious  environmental  problem  because  during
combustion sulphur compounds are converted mainly to
sulphur dioxide (SO,), which is a mgjor cause of air
pollution and acid rains[1, 2].

Diesd fuds sulphur also significantly contribute to
fine particulate matter emissions through the formation of
sulphates both in the exhaust stream and, later, in the
atmosphere. Furthermore the efficiency of some exhaust
after-treatment systemsis reduced as fuel sulphur content
increases, while others are rendered permanently
ineffective through sulphur poisoning [3].

To prevent air pollution caused by exhaust gases,
governments of many countries al over the world have
mandated sulphur removal from transportation fuels since
the last decade. For example, from 2009 in the USA the
sulphur maximal content in on-road fuels has to be

10 ppm [4, 5]. Identical or even stronger demands were
made for the fuels produced in the European Union [6].
Many other countries [7-12] have also started to produce
and consume “ clean” automotive fuels.

Demands for diesel fuels in Ukraine are soft.
However, since 2006 the sulphur content for the
commercial diesel fuel produced in accordance with
standards must not exceed the following values. 500,
1000 and 2000 ppm. In accordance with standards the
fuel with the maximum sulphur content of 10 or 50 ppm
is produced.

Up to date the only one industrial technology
aiming at the sulphur content reduction is a catalytic
hydrofining (hydrodesul phurization (HDS)). There are no
HDS plants in three oil refineries in Ukraine (Open Joint
Stock Company NPK-Halychyna (Drohobych), Open
Joint Stock Company Naftokhimik  Prykarpattya
(Nadvirna), Open Joint Stock Company Khersonnafto-
pererobka (Kherson)). These ail refineries were designed
for the refining of Ukrainian light oil with a very low
sulphur content but now they have to use mainly Russian
heavy oil with the high sulphur content. They are not able
to meet requirements of the standards and to produce
diesdl fuels with sulphur content less than 2000 ppm .
Existing hydrofining plants also cannot produce standards
fuels meeting the demands.

At the same time HDS is the only one widely used
industrial technology, which hasanumber of shortcomings:

- application of complicated equipment and
purified hydrogen which isin short supply;

- removal of heteroatomic compounds and the
“desirable’ part of aromatic hydrocarbons together with
sulphuric compounds, resulting in the amount decrease of
the products capable of sorption over metal surfaces and
[ubricate them;

- impossibility of some thiophene derivatives
removal.
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Alternative  technologies of diesd fractions
desulphurization including extraction, selective adsorption,
bi odesul phurization, and oxidative desulphurization (ODS)
[13, 14] have been invedtigated extensively in the past few
decades. Among these processes, ODS is considered to be
one of the promising new methods and is currently
receiving growing attention. In comparison with the
conventional HDS process, the greatest advantages of ODS
arethat it may be carried out in the liquid phase, under mild
conditions, without expensive hydrogen, and alows to
remove condensed sul phuric compounds[13, 14].

All ODS methods have two stages. oxidation of
sulphur-containing organic compounds to sul phoxides and
sulphones directly in the fuel, and then, removal of
sulphoxides and sulphones from the oxidation-treated
fuel, thereby obtaining desulphurized fuel.

There are few problems with the currently used
ODS processes. One of themis the insufficient selectivity
of the used oxidants. Insufficient selectivity causes partial
oxidation of the hydrocarbons resulting in the decrease of
the quality and the yield of desulphurized fuels and the
by-products formation. For improving the ODS process
selectivity (to minimize the degree of the hydrocarbon
oxidation and the by-product yield) many authors propose
to use different oxidants and catalysts [13, 14] which are
expensive and in many cases inaccessible. As a result the
ODS processes become more expensive and complicated.

We have developed the technological principles of
the ODS process for diesd fractions. The essence of the
proposed process is a non-catalytic oxidation by air of
sulphuric compounds present in diesel fractions to the
corresponding sulphoxides and sulphones with their
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further removal by such known methods as rectification or
adsorption. The oxidation is carried out at 453-493 K and
3.0 MPa with water because it is capable to display an
inhibitory effect during the liquid-phase hydrocarbon
oxidation. Obvioudy, under aforementioned conditions
more products of oxidation will be produced compared
with the processes using catalysts and expensive oxidants.
We only minimized the oxidation of hydrocarbon due to
the application of water and carried out desulphurization
under the conditions providing industrial application of
the refined fuel and the oxidation products.

The aim of this work was to establish the
possibility:

— to obtain refined fuel with the sulphur content of
2000 ppm via oxidative desulphiruzation of straight-run
diesd fractions (SRDF) with high sulphur content and fuel
with 50 ppm of sulphur using hydrofined diesel fuel
(HDF);

— to apply refined fuels as components for
commercid diesd fuel improving its lubricity.

2. Experimental

The oxidation was carried out at an enlarged
laboratory plant [15]. It consists of a reactor block; air
compression and purification system; gaseous reaction
products cooling and recovery system; temperature,
pressure, and consumption control and measuring
instruments. The main apparatus is a bubble reactor with
the volume of 0.7 |. The reactor construction allows to
keep the pressure up to 15 MPaat 623 K.
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Fig. 1. Scheme of oxidate division and investigation
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Table 1

Characteristics of initial diesel fractions

Straight-run diesel fraction Hydrofined diesdl
Index from JSC “Naftokhimik fuel from
Prykarpattyd’ JSC “Ukrtatnafta’
Cetane number 50 -
Didtillation characteristics,
50 % (V/V) recovered at temperature, K 539 554
90 % (V/V) recovered at temperature, K 638 631
Kinematic viscosity at 293 K, mm‘/s 47 -
Pour point, K -3 -9
Flash point in closed crucible, K 64 -
Content of total sulphur, mas % (ppm) 0.671 (6710) 0.055 (550)
Content of mercaptan sulphur, mas % (ppm) 0.009 (90) 0.001 (10)
Content of H,S absent absent
Test on copper plate stand the test stand the test
Concentration of actual gums, mg/100 cm® 25 12
Acidity, mg KOH/100 cm® 1.8 0.0
lodine number, g iodine/100 g 113 -
Ash, mas % 0.004 -
Coking ability of 10 vol % residue, % 0.05 0,01
Filtration coefficient 124 -
Content of mechanical impurities absent absent
Content of water absent absent
Density at 293K, kg/m® 844 839

Table 2
Characteristics of narrow fractions obtained by distillation of straight-run diesel fraction
Index 438-553 K 553-623 K 438-623 K
fraction fraction fraction
Content of total sulphur, mas % (ppm) 0.323 (3230) 0.869 (8690) 0.572 (5720)
Concentration of actual gums, mg/100 cm® 75 15.0 11.9
Acidity, mg KOH/100 cm® 16 5.9 35

In the case of diesd fraction oxidation with water,
we separated the water phase and then divided and
analyzed SRDF or HDF (oxidate) according to the scheme
that was shownin Fig. 1.

Didtillation was carried out by the Engler’ s method.
Adsorption was performed by the devel oped method with
silica gel as adsorbents. Benzene was used for the refined
fuel desorption. The mixture of alcohol and benzene was
applied for desorption of LCOP.

Lubricity was assessed by the high-frequency
reciprocating ring (HFRR) in accordance with |SO 12156-
1:2006.

The characteristics of the initial materials are
presented in Table 1.0ur previous investigations [16]
showed that desulphurization results for the raw material
with high sulphur content were the worst. The use of nar-

row diesel fractions alows to increase the sulphur
removal degree. Therefore, the straight-run diesel fraction
was distilled by two narrow fractions, which are
characterized in Table 2.

Obtained results demonstrate that the main part of
sulphur and compounds capable of condensation is
located in heavy fractions: the increase of the boiling point
increases the content of total sulphur and actual gums
content.

3. Results and Discussion

The experimental results of desulphurization of
438-553 K and 553-623 K fractions in the presence of
water under optimum conditions are shown in Table 3.
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Table 3
Characteristics of desulphurized 438-553 K and 553-623 K fractions
438-553 K 553-623 K
fraction fraction
Content of total sulphur, mas % (ppm) 0.069 (690) 0.246 (2460)
Concentration of actual gums, mg/100 cm® 35 9.2
Acidity, mg KOH/100 cm® 15 54
Table 4
Characteristics of desulphurized 438623 K fraction
Index Values according to Actual values
DSTU 3868-99
Cetane number 3 45 46
Didtillation characteristics,
50 % (V/V) recovered at temperature, K £ 548 545
90 % (V/V) recovered at temperature, K £643 620
Kinematic viscosity at 293 K, mm‘/s 3,055 32
Pour point, K £ -283 - 283
Flash point in closed crucible, K 3 318 34
Content of total sulphur, mas % (ppm) £ 0,2 (2000) 0,138 (1380)
Content of mercaptan sulphur, mas % (ppm) £ 0,010 (100) 0,001 (10)
Content of H,S absent absent
Test on copper plate stand the test stand the test
Concentration of actual gums, mg/100 cm® £ 30 55
Acidity, mg KOH/100 cm® £50 2,2
lodine number, g iodine/100 g £50 11
Ash, mas % £ 0,010 0,003
Coking ability of 10 vol-% residue, % £0,25 0,002
Filtration coefficient £ 3,00 2,40
Content of mechanical impurities absent absent
Content of water absent absent
Density at293 K, kg/m® £ 850 827
Table5
Characteristics of desulphurized hydrofined diesel fuel
Values according to
Index DSTU 4840:2007 Actual values
Content of total sulphur, mas % (ppm) £ 0.005 (50) 0.004 (40)
Concentration of actual gums, mg/100 cm® - 8.3
Acidity, mg KOH/100 cm® — 3.0
Table 6
Characteristics of desulphurized 553-623 K fraction
Index Without water | Inthe presence of water
Content of total sulphur, mas % (ppm) 0.654 (6540) 0.618 (6180)
Concentration of actual gums, mg/100 cm® 41.0 27.0
Acidity, mg KOH/100 cm® 10.5 5.1



Application of Non-catalytic Oxidative Desulphurization Process for Obtaining Diesel

233

Table7

Characteristics (obtaining methods) of the samples used
to assay the lubricity of initial materials and obtained products

Sample No. Characteristics

1 HDF (Table 1)

2 438-623 K straight-run diesdl fraction (Table 2)

3 438-623 K desulphurized fraction_ after alkali treatment; the alkali amount is 1000 mg KOH per 100 cm® of the
product, 20 mass-% agueous solution

4 438-623 K desul phurized fractiqn after alkali trestment; the alkali amount is 100 mg KOH per 100 cm® of the
product, 2 mass-% agueous solution (Table 4)

5 Mixture of sample No.1 (90 mas %) and No.3 (10 mas %)

6 Mixture of sample No.1 (97 mas %) and No.3 (3 mas %)

7 Refined fuel (distillate) obtained via desulphurization without water (Table 6)

8 Refined fuel (distillate) obtained via desulphurization in the presence of water (Table 6)

Table 8
Tribological test results of investigated samples
SampleNo. S;?thme;gﬁn Friction coefficient L?arﬁg £|/Lm

1 530 0.388 12
2 569 0.242 7

3 552 0.245 28
4 386 0.204 55
5 520 0.320 6

6 506 0.344 12
7 393 0.200 48
8 400 0.197 46

Adsorption was used for the division of oxidate
liquid phase obtained at the desulphurization of 438—
553K fraction; adsorption and double distillation as
distillation-adsorption-didtillation were applied for the
separation of oxidate liquid phase got a the
desul phurization of 553-623 K fraction. One can see from
Table 3 that desulphurized products with the sulphur
content of 0.069 mas % (the degree of sulphur removal is
78.63 %) and 0.246 mas % (the degree of sulphur removal
is71.69 %) are obtained, correspondingly.

Exduding acidity and sulphur content in 553-623 K
fraction all indexes correspond to standards requirements.
After akali treatment (alkali amount is equal to 100 mg
KOH per 100 cm® of the product, 2 mas % agueous solu-
tion) and mixing of both fractions we received the fuel
completely meeting standards requirements (Table4).

The increase of akali amount (1000 mg KOH per
100 cm?® of the product, 20) does not change the acidity of
obtained products.

The oxidative desulphurization of HDF allows to
obtain the fuel fulfilling standards requirements (Table
5). In this case adsorption was used for the division of
oxidate liquid phase.

To determine the influence of water, which is used
for the reduction of hydrocarbon oxidation intensity, on
the lubricity of obtained fuel, the 553-623 K fraction was
desulphurized without water and in the presence of it. In
the last case the ratio (v/v) water : raw material was equal
to 1: 5. Didillation was used for the division of oxidate
liquid phase. The results are presented in Table 6.
Unsatisfactory results of desulphurization shown in
Table 6, are probably caused by the non-optimal process
conditions and the application of distillation alone.
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To assay the lubricity of initial materials and
obtained products, tribological tests were carried out for 8
samples which are described in Table 7.

The results of tribological tests performed for the
samplesaregivenin Table 8.

The results of tribological tests for the samples No.
1, 2 and 4 confirm that 438-623 K fraction after oxidative
desulphurization and “ moderate’ alkalization (the sample
No.4) has higher lubricity compared with hydrofined
diesel fuel (the sample No.1) and initia straight-run diesel
fraction (the sample No.2); the corrected wear scar
diameter and friction coefficient are lower and the
lubricating films thickness is higher. The corrected wear
scar diameter of the sample No. 4 is less than the limit
value for the diesd fuels (460 micrometers) in accordance
with I1SO 12156-2:2077 and Ukrainian standards. The
improvement in the lubricity of 438-623 K SRDF after
oxidative desulphurization and “ moderate’ alkalization is
probably caused by the oxygen-containing compounds
remaining in this sample.

The straight-run diesel fraction 438-623 K after
oxidative desulphurization and “ deep” (sample No.3) has
unsatisfactory tribological properties compared with the
sample No.4. Probably, the reason is that the akali excess
neutralizes acids and also influences other oxygen-
containing compounds. At the same time salts of organic
acids, the saponification compounds or alkali may remain
in these products. The synergetic effect of the mixture of
the samples No.1 and No.3 confirms this fact. The
samples No.5 and No.6 have less diameter of wear
compared with the initial substances. Moreover, the
decrease in amount of “deeply” alkalized desulphurized
SRDF (the sample No.3) decreases the corrected wear
scar diameter. Obvioudly the dilution of the sample No.3
aligns the negative effect of alkali treatment residuals
because of their concentration decrease in the mixture.
The positive effect of surfactants introduced into
hydrogenate with the sample No.3 is constant because
even the small amount of them improves the lubricity.
Residuals of sulphones, sulphoxides or oxygen-containing
compounds may be as surfactants. Also, the friction
coefficient of the sample No. 5 and the sample No. 6 is
lower than the friction coefficient of the sample No. 1 due
to the presence of the sample No. 3 with far better
antifriction properties than the sample No. 1.

The desulphurization process performed in the
presence of water (the sample No.8) and the process
carried out without water (the sample No.7) allows to
obtain the fuels with a comparable lubricity.
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4. Conclusions

1. The developed non-catalytic oxidative
desulphurization process alows to obtain the diesel fuel
with the sulphur content of 1400 ppm meeting the
requirements of Ukrainian standards using the straight-run
diesel fue fraction with the sulphur content of 5700 ppm
asthe initial material. The hydrofined diesel fuel with the
sulphur content of 550 ppm may be desulphurized by
aforementioned method to produce the diesel fuel with 40
ppm of sulphur which fulfil the standards demands.

2. Fuels after the oxidative treatment have a higher
lubricity compared with the initial straight-run diesel fuel
fraction and the initial hydrofined diesel fuel. The
suggested method alows to obtain the products, which
may be used as components or additives for hydrofined
fuelsimproving their lubricity.

3. In the alkali treatment of refined products the
moderate amount of alkali should be used. The amount is
alittle greater than the acidity value of refined products.
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3ACTOCYBAHHS HEKATAJIITUYHOI OKCHUJIA-
HIMHOI JECYJIb®YPHU3AILII 1151 OJJEPKAHHSA
JIU3EJIbHUX ITAJIUB 3 IOKPAILIEHUMMA
MACTUJIbHUMHU BJIACTUBOCTSIMA

Anomauyin. 30iiicneno 3necipuyganis Ouzeivhux Gpakyii
6HACTIOOK IX OKUCHEHHSL NOGIMPSIM 6€e3 Kamai3amopie 3a npucym-
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Hocmi 600u. TIpoOyKmu OKUCHEHHS CIpYUCmuX CHOIYK 3 OKCUOany
swyuany aocopoyiero abo KOMOIHAYIEI0 adcopoyii ma nepecoHKu.
3paszku suecipuenux ousenvhux Gpaxyiti nicis 06pobaenHs ix 1yeom
auanizyeanu y 6IiON0GIOHOCMI 00 HOPMAMUGHUX OOKYMEHMIG.
Topignano macmunvHi é1acmugocmi 8uUXionHoi cuposunu (npsamo-
20HHA OU3CNLHA PPAKYISL [ 2I0POLEHI3AM), 3HECIPUEHOT NPIMOLOHHOL
ouzenvhoi paxyii’ (3IAD), ziopoeenizamy 3 dodamxamu 3D, a
maxooic d6ox 3paskie ¢p. 553-623 K, ouuwenux 3a npucymuocmi
600u ma be3 Hei.

Knrouoei cnoea. cipka, ouseivhe nanvHe, okcuoayiiine
3HECIPYYBAHHSL, MACMUIILHE 81ACMUBOCMI.



