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Abstract. The article deals with desulphurization of
straight-run diesel fractions by selective oxidation of
sulphuric compounds with their further separation. The
possibility of commercial diesel fuels production with
sulphur content up to 0.2 mas % from straight-run
fractions with sulphur content of 0.25-0.67 mas % has
been shown.
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1. Introduction

The process of oil distillates deep desulfurizationis
aworld-level scientific problem. Thereasonistheadoption
of restrictions on pollutant emissions contained in car
exhausts, which results in change of quality specifications
[1-7]. The hardest restrictions concern sulfur content in
automotive fuels. For instance, in the USA starting from
January 2006 sulfur content has been reduced to 30 ppm
in gasoline[1, 3] andto 15 ppmindiesal ails[5, 6]. From
2009 the maximum allowed content of sulfur in the
mentioned fuelswill beupto 10 ppm([3, 6]. Many countries
of Eastern Europe [8-10], Asia [11-14], South America
[15-18], South Africa[19], and Australia[20, 21] started
to produce and consume “pure”’ automotive fuels that
comply with the standards of the countries of Western
Europe and North America.

The following step aimed at reduction of sulfur
oxides emissions will be reduction of sulfur content in
non-automotive diesel fuels (stationary diesels, tractors,
etc.), locomotive fuels, and marine fuels. According to
the statement made at “ Environmental Protection Agency
at Hart World Fuels 2004” conference the sulfur content
in non- automotive diesel fuels has to be reduced to
50 ppm in 2007 and to 15 ppm in 2010 [22, 23]. The
sulfur content in locomotive and marine fuels hasto be 15
ppm in 2012 [23].

Ukrainian requirements concerning the diesel oils

(DO) quality areless strict. However, since 2006 sulphur

content in commercial DO must not exceed 0.2 mas %.

To date the hydrofining is the only widely used
industrial technology for straight-run oil fractions. In spite
of definite advantages (known theoretical bases, devel oped
technology, industrial catalysts) it has several
shortcomings:

— complicated equipment designed for the pressure of
7 MPa and higher requires high capital outlays for
new plant building;

— as sulphur hydrogen is one of the used products, it is
necessary to build gas treating plant to treat gases
from H,S and utilize it (i.e. to set up sulphur or
sulphuric acid production);

— purified hydrogen is needed for deep hydrofining,
which automatically implies building a hydrogen
production plant;

— during hydrofining the sulphuric compounds as well
as other heteroatomic products are removed and part
of aromatic hydrocarbons is hydrogenated, which
results in the decrease of the products able to sorb
over metal surfaces;

— compounds of thiophene series and other sulphuric
condensed compounds which may be present in the
raw material can not be hydrofined because of spatia
difficultieswhich occur upontheir contact with catalysts.

All the mentioned shortcomings result in high cost
of hydrofining plant and joint technol ogies building, diesel
oil quality loss (its lubricating properties, first of all) and
impossibility to produce fuel with sulphur content of 10-
15 ppm from raw materials containing compounds of
thiophene series.

Therefore, the development of brand new
processes, e.g. oxidative desulphurization (ODS), is of
great importance. The essence of the ODSisthe extraction
of sulphuric compounds via their conversion into
sul phoxides, sulphones, and sul phuric acids under oxidant
action with further adsorption, extraction or rectification.
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Present oxidative refining processes are aimed at
sour sulphur extraction or at the increase of thermal-
oxidative stability of jet fuels after hydrofining. Most of
ODS that are being developed are designed to eliminate
thelast of the mentioned shortcomings (decrease of sul phur
content in hydrofined fuels to 1015 ppm).

2. Experimental

The possibility of oxidative desulphurization of
straight-run diesel fractions with high content of sulphur
has been studied.

The oxidation was carried out at an enlarged
laboratory plant [24] at high temperatures and pressures
with and without water.

The laboratory plant consists of a reactor block;
air compression and purification system; gaseous reaction
products cooling and recovery system; temperature,
pressure, and consumption control and measuring devices.

The main apparatus is a bubble reactor with the
volume of 0.7 | made of X18H10 stainless steel and
equipped with choke for air supply. Mixing is done by a
propeller mixer. The reactor construction allows keeping
the pressure up to 15 MPa at 623 K.

Vertical transition of reaction mixture is done
through the cylindrical tube placed in the reactor. While
mixer is working, the circulation of the reaction mixture
takes place in the upward direction inside the tube and in
the downward direction between the reactor body and
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Typical homogeneous catalysts (salts of variable
valence metals, chelate compounds promoted with
different organic compounds) used in the industry and
laboratories for the oxidation of individual hydrocarbons
(cyclohexane, xylenes etc.) were investigated in order to
increase the process selectivity. The catalysts were added
in the amounts typically used in the industry (0.03 mas %
of raw material).

The output raw materials and products have been
analyzed by standard procedures. Total sulphur content
[25], soluble gums content [ 26], acidity [27], and fractional
composition [28] have been determined.

In the case of diesel fraction oxidation with water,
we separated the water phase and divided and analyzed
the oxidated straight-run fraction (oxidate) according to
the following scheme (Fig. 1):

Investigations were carried out using straight-run
diesdl fractions and their parts from Ukrainian refineries,
where hydrofining plants are absent (JSC “NPK-
Galychyna”, Drogobych and JSC “Naftokhimik
Prykarpattya’, Nadvirna). The characteristics of theinitial
materials are presented in Tables 1-4.

In order to find a proper approach to the
organization of the investigation process the initial raw
material was distilled into separate fractions whose
characteristics are presented in Tables 2-4.

One can see from the presented data that the main
part of sulphur and compounds capable of condensation is
located in heavy fractions: increase of the boiling points
increases content of total sulphur and soluble gums
concentration.

the tube.
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Fig. 1. Oxidate division and investigation scheme
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Table 1
Characteristics of initial straight-run diesel fractions
. Raw material Raw material
Index Rﬁ\g n;itrir:r?l No. 2 from No. 3 from
“NPK- G aivchvna’ “Naftokhimik “Naftokhimik
yeny Prykarpattya’ Prykarpattya”
Density at 293 K, kg/m® 838 829 844
Fraction composition, K:
50 % 548 541 539
90 % 619 628 638
Content of total sulphur, mas % 0.25 0.35 0.67
Concentration of soluble gums, mg/100 cm® 28 2 25
Table 2
Characteristics of fractions from raw material No. 1
Index Fraction Fraction
453-593 K >503 K
Density at 293 K, kg/m® 832 869
Content of total sulfur, mas % 0.16 0.67
Concentration of soluble gums, mg/100 cm® 24 49
Table 3
Characteristics of fractions from raw material No. 2
Index Fraction Fraction
453-553 K >553K
Density a 293 K, kg/m® 825 871
Content of total sulfur, mas % 0.15 0.56
Concentration of soluble gums, mg/100 cm® 15 2.7
Table 4
Characteristics of fractions from raw material No. 3
Index Fraction Fraction Fraction Fraction Fraction | Fraction
<453K | 453-553K | <553K | 553-623K | >553K | >623K
Density at 293 K, kg/m® 795 827 821 856 861 879
Content of total sulfur, mas % 0.095 0.38 0.32 0.87 0.98 1.20
Concentration of soluble gums, 53 8.0 75 15.0 435.0 -
mg/100 cm®
Table 5
Desulphurization of fraction > 593 K of raw material No. 1
Water : raw Yield, mas % (to calculate for raw material) Characteristics of desulphurized fraction
material ratio, >503K
3713 -
m/m Oxidate Refined so(ﬁ)((jl d?lt:ge Vat Content of total | Concentration of soluble
fuel P residue sulfur, mas % gums, mg/100 cm®
01 94.28 77.35 4.21 12.74 0.386 45
15 97.11 85.45 0.22 11.44 0.402 39
14 97.65 86.37 0.24 10.72 0.409 38
1.2 98.02 87.43 0.27 9.87 0.412 36
11 98.37 88.98 0.28 9.11 0.415 35
4.1 98.82 95.52 0.35 2.95 0.414 27
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Moreover, results from Tables 2-4 show that
when there is a need to obtain commercial diesel fuel with
sul phur content of up to 0.2 mas %, in case of raw material
No.1it issufficient to desulphurize only fraction > 593 K
(around 20 mas % of total amount) and for raw material
No. 2 — fraction > 553 K (less than 50 mas % of total
amount).

When using straight-run fraction with high
sulphur content (raw material No. 3) asraw material, even
the lightest fractions have total sulphur content of more
than 0.2 mas %, which makes it necessary to desul phurize
all fractions or the whole initial raw material.

Distillation was carried out by Englier method;
adsorption was carried out by development method with
fluorosil, silicagel, and discol oring clay used as adsorbents.

3. Results and Discussion

Thefirst stage of theinvestigation was to establish
the possibility of obtaining commercial diesel fuel using
raw material with low sulphur content (raw materials
No. 1 and 2, vide Table 1) via oxidation of separate
fractions or the whole raw material.

Conditions of the oxidation process of fraction
> 593 K were almost the same as for the oxidative
desulphurization of straight-run kerosene fractions [29]:
temperature 453 K, pressure 2.0 MPa, in the presence of
water and at different H,O : raw material ratios. Distillation
was used for the products division. The results are
presented in Table 5.

The obtained results show (vide Table 5) that
increase of water : raw material ratio increases oxidate
yield in general and refined product yield in particular. At
the same time the yield of oxidative bulk products — solid
phase and vat residue — decreases sharply.

The presence of water inconsiderably retards the
oxidation reactions of sulphuric compounds: its small
amount dlightly decreases the sulphur recovery degree.
However thefoll owing increase of thewater : raw material
ratiofrom 1:5to4:1 practically does not affect therecovery
degree. Since there is a reduction of soluble gums and
sulphuric compounds content in the oxidation process, it
isobviousthat first of all high-viscous polycyclic aromatic,
heteroatomic, and gum residues are oxidized and
transformed into vat residue and solid phase. This fact
confirms that in the presence of water only most reactive
hydrocarbons are oxidized. Even small amount of water
sharply decreases oxidation rate of hydrocarbon medium
and practically does not affect the oxidation process of
sulphuric compounds.

The reason is that hydrocarbons oxidation takes
place via hydroperoxides formation. Depending on the
hydroperoxides decomposition way, carbonic acids and
oxyacids or alcohols (namely phenol type compounds)
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will be formed. At the oxidation of straight-run fraction
without water the obtained hydroperoxides are
decomposed forming oxyacids and acids which interact
with each other and with sulphuric oxidation products
forming a solid phase. The presence of water favours the
decomposition of the formed hydroperoxides with the
formation of alcohols — phenols and alkylphenols in
particular [30]. The latest ones even in the minor amount
(0.0005-0.1 %) inhibit the oxidation [31]. Hence, the
decrease of oxidation rate increases distillate yield and
decreases solid phase yield.

Thus, the high yields of refined fuel with the high
recovery degree may be obtained at thewater : raw material
ratio of 1.5.

Theinvestigations of fraction> 593 K (raw material
No.1) at 493 K show that it is possible to obtain distillate
with sulphur content of 0.31 mas %. The obtained
desul phurized fraction was mixed with straight-run fraction
453-593 K and commercial fuel was obtained. The fuel
completely meetstherequirementsfor diese fuel withbrand
L-0.2-62 (vide Table 6). According to [32] concentration
of soluble gums must not exceed 30-40 mg/100 cn® and
total sulphur content — 0.2 mas %.

The following investigations (raw material No. 2,
vide Table 1) were aimed at finding theway to desul phurizy
the whole fraction, not its separate parts. Along with
rectification adsorption was used for products division.
The three above mentioned adsorbents (silicagel H-60,
fluorosil, and discoloring clay) were chosen for the
investigations. Their comparative characteristicsare given
in Table 7 and fluorosil was chosen as the best one.

The experimental results are presented in Table 8.

Obtained results show that under experimental
conditionsit isimpossible to remove even half of sulphuric
compounds. The reasons are non-optimal conditions of
both the raw material oxidation and the oxidate division.
However, even such small number of experiments shows
that for the raw material No.2 sulphur recovery degree at
adsorption is higher than at rectification. The combination
of both methods allows to obtain diesel fuel with sulphur
content less than 0.2 mas %.

The next stage of investigations was to establish
the possibility to obtain commercial diesel fuels from raw
material No.3 with extremely high sulphur content. The
analysis of the above-mentioned results and their
comparison with the results obtained at desulphurization
of kerosene fractions [29] show that increase of sulphur
content in the raw material as well as usage of “wider”
and “heavier” fractions impedes the oxidation
desulphurization (e.g. it isnecessary to usetwo consecutive
stages—distillation and adsorption—to removethe oxidation
products). This is due to the following reasons:

the increase of fraction boiling temperatures

decreases the differences between vaporization

temperatures of initial sulphuric compounds and
oxidated ones (vide Table 9), which, along with
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Table 6
Characteristics of desulphurized diesel fuel obtained from raw material No 1
Index Values
Density at 293 K, kg/m® 836
Content of total sulfur, mas % 0.19
Concentration of soluble gums, mg/100 cm® 25
Table 7
Raw material Raw material
Raw . Oxidate after | Oxidate after after
Index . | Oxidate after . . .
material fluorosyl silicagel discolouring
fluorosyl day
Sulphur content, mas. % 0.353 0.347 0.266 0.240 0.289 0.324
Table 8
: Oxidate Distillate
Raw . - Raw material
Index material Oxidate Distillate after fluorosyl after after
fluorosyl fluorosyl
Sulphur content, mas. % 0.353 0.347 0.290 0.266 0.240 0.194
Table 9

Boiling temperatures of sulphur compounds and their oxidation products

Sulphur compounds and their oxidation products Boiling temperature, K
Dimethylsul phide (CH3;—S—-CHy) 309
Dimethylsul phoxide (CH3—SO—CHy) 462
Dimethylsul phone (CH;—SO0O—CHy5) 508
Diethylsulphide (C,Hs—S-C,Hs) 365
Diethylsulphoxide (C,;Hs—SO—-C;Hs) 491
Diethylsulphone (C;Hs—SOO—C,Hs) 521
Dipropylsul phide (C3H—S-C3Hy) 415
Dipropylsul phoxide (C3H—SO—C3H-) 483
Dipropylsul phone (C;H~SO0O-C3H-) 512
Dibenzylsulphide (C¢HsCH,), —S 405
Dibenzylsulphoxide (CsHsCHy), —SO 483
Dibenzylsulphone (CsHsCH,), —SOO 563
Thiophene (C4,H,—S) 357
Thiophene sulphoxide (C,H~SO) 385
Thiophene sulphone (sulpholene) (C,H,—S0O0) 403
Thiphane (CgHg—9) 394
Thiophane sulphoxide (CgHg—SO) 471
Tertmethyl enesul phone (sulpholane) (CgHg—SOO0) 556
Diphenylsulphide (CeHs—S—CsHs) 579
Diphenylsulphoxide (CsHs—SO—CgHs) 615
Diphenylsulphone (CsHs—SOO—CgHs) 652

expansion of fractional composition hinders the
separation of oxidation production by rectification;
“heavier” raw material contains more compounds
inclined to polarization. They may be adsorbed
together with sulphones or sulphoxides resulting in
the complexity of product separation by adsorption;

“heavier” raw material contains more thiophenic

sulphur which is less capable of oxidation than

corresponding compounds of sour sulphur, sulphide

or disulphide series.

The comparison of the mentioned investigation
results and different separation methods is represented in
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Table 10
Index
. Presence of water | Way of oxidate Analyzed Content of Concentration Acidity, Desulphu-
No.| Raw materia S total of soluble R
or catalyst divison product mg KOH/ rization
sulfur, mas gums, 100 cm® degree. %
%. mg/100 cm?® egree, 7o
Raw material Water : raw R Oxidate liquid
1. No. 3 material = 1:10 Filtration phese 0.65 55.5 9.3 2.99
o | Rawmaerid - Filtration | OXdaeliauid | o 124.0 15 2.99
No. 3 phase
Raw material Molybdenum R Oxidate liquid
3. NoO. 3 acetyl-acetate Filtration phase 0.64 64.0 8.6 448
Cobalt and
Raw material chromium ) . Oxidate liquid
. . . 4 .
4., NoO. 3 stearate (ratio Filtration phase 0.64 85.0 12 448
1:1)
. Molybdenum . -
g | Rawmaera | o lacetate + Filtration | OXdaeliauid | o5 90.0 13 5.97
No. 3 phase
promoter
Cobalt and
Raw material chromium ) . Oxidate liquid
. . . 13. .
6. NO. 3 stearate (ratio Filtration phase 0.56 53.0 33 16.42
1:1) + promoter
7. | Rawmateria | Copper pyrosol Filtration | OXdaeliauid | g 66.0 165 16.42
No. 3 polychelate phase
g, | Rawmaterid Cr0s Filtration | OXdaeliauid | o0 88.0 17.3 2.99
No. 3 phase
o | Rawmateria Zinc pyrosol Filtration | OXdaeliauid | oo 94.0 189 5.97
No. 3 polychelate phase
. Filtration
Raw material Water : raw o .
. . . 16. . .
10 No. 3 material = 1:10 adsgrptlon Strippant 0.54 6.0 0.9 19.40
refining
. Filtration,
11| Rawmateria - adsorption Strippant 052 60.00 17 2239
No. 3 L
refining
. Filtration
Raw material Molybdenum s .
12. NoO. 3 acetyl-acetate adsgrptlon Strippant 0.50 19.0 15 25.37
refining
Raw material Cc:r?rt;ar:iﬁrrl? Filtration,
. . i i .54 4, 2. .
13 No. 3 stearate (ratio a?;:;?ﬂ on Strippant 0.5 34.0 9 19.40
1:1) 9
Raw material Molybdenum Filtration,
14. No. 3 acetyl-acetate + adsorption Strippant 0.51 18.0 13 23.88
' promoter refining
Raw material Cc:r?rt;ar:iﬁrrl? Filtration,
15. NoO. 3 stearate (ratio acri;ci):]pi)::on Strippant 0.49 25.0 3.0 26.87
1:1) + promoter g
. Filtration.
16| Rewmatera | Copper pyrosol adsorption Strippant 047 36.8 29 20.85
No. 3 polychelate L
refining
. Filtration,
17. R"’“"’N’;‘a;e”"’" Cr0s adsorption Strippant 051 35.50 32 2388
' refining
. . Filtration,
18| Rewmateria Zinc pyrosol adsorption Strippant 052 28.0 35 2239
No. 3 polychelate L
refining
Raw material Filtration, L
19. No. 3 Cr0s3 distillation Didtillate 0.57 115 74 14.93
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Filtration,
Raw material digtillation, Strippant of
20. No. 3 Cr03 adsorption distillate 0.37 9.50 19 44,78
refining
Fraction . L
21.| >553K of raw Cr0s Filtration Ox'd‘i:s"'aq“'d 092 ; - 6.12
material No. 3 P
Fraction Filtration,
22.| >553K of raw Cr03 adsorption Strippant 0.57 71.00 - 41.84
material No. 3 refining
Fraction Filtration
23.| >553K of raw Cr,03 S Distillate 0.61 78.0 - 37.76
. digtillation
material No. 3
Fraction
553-623 K of Water : raw I Oxidate liquid
24, raw material material = 110 Filtration phase 0.80 86.00 0 8.05
No. 3
Fraction
25| S53-623Kof - Filtraion | Odateliouid | o5 237 454 4.60
raw material No. phase
3
Fraction
553-623 K of Copper pyrosol N Oxidate liquid
26. raw material No. polychelate Filtration phese 0.78 93.0 55.0 10.34
3
Fraction . .
Filtration
553-623 K of Water : raw . .
27. raw material No. material — 1:10 adsgrptlon Strippant 0.63 23.0 6.00 27.59
3 refining
Fraction . .
2| OS¥6B/Ko - ai;:;ilt?gﬁ Strippant 064 380 24 26.44
"| raw material No. o PP ' ' ' '
3 refining
Fraction . .
Filtration,
0g,| 583-623Kof | Copper pyrosol adsorption Strippant 0.59 255 70 3218
raw material No. polychelate T
3 refining
Fraction . .
Water : raw Filtration, .
30. 553-623 K of material — 110 disillation Distillate 0.65 26.00 7.3 25.29
cuposuHu NO. 3
Fraction Flcljtc:i;ﬁa "
3| 586Kl - distillation, | rippantof 029 190 55 66.67
raw material No. ) distillate
adsorption
3 o
refining
Fraction . L
32.| <553K of raw - Filtration Ox'd‘i:s"'aq“'d 0.23 160 84 2813
material No. 3 P
Fraction Filtration,
33.| <553K of raw - adsorption Strippant 0.09 5.9 23 71.88
material No. 3 refining
Fraction . .
34.| <553K of raw - Filtration, Distillate 0.8 6.3 5.4 4375
. digtillation
material No. 3

Table 10. Typical catalysts of the oxidation processes were
used to investigate the process sdlectivity enhancement.
The process selectivity and pro tanto sulphur
recovery degree depend upon the ratio of oxidation rates
of sulphur-containing compounds and hydrocarbon
medium: the higher theratio, the higher theyield of refined
fuel, the easier the separation of the oxidated sulphuric
compounds and the higher the sulphur recovery degree.

Determination of acidity and soluble gum content in the
oxidate liquid phase was carried out to estimate the
oxidation degree of the medium. Experimentswerecarried
out at 453K and 2.5 MPa. Distillation, adsorption, and
refining or their combination according to the scheme
(Fig. 1) were used for the products separation.

The data from Table 10 show that water and
catalysts decrease the oxidation of hydrocarbon medium



316

as compared to oxidation without them (experiments 2
and 25). The catalysts from experiments 6 and 7 are the
most selective ones. After the filtration sulphur recovery
degree was 16.42 %, i.e. certain part of sulphuric
compounds is oxidized with further participation in the
reactions of condensation and solid phase formation.

The comparison of sulphur recovery degrees in
experiments 1, 2 and 8 with those in experiments 24-26
and 21 shows that use of raw material with narrower
fractional composition increases the oxidation rate and
makes extraction of oxidation products more effective
(experiments 10, 11, 16, 17 and 22, 27-29).

At the desulphurization of lighter raw material
(starting bp— 553 K fraction) the sul phur recovery degree
is higher (experiments 32-34) compared with that of
heavier fractions (raw material No.3, fraction > 553 K
and 553-623 K). Adsorption of oxidation products with
starting bp — 553 K fraction is more effective than
distillation (experiments 33, 34) while efficiency of both
processes is almost the same when raw material No.3 is
used (experiments 17 and 18, 22 and 23, 24, 30). Only
combination of the two methods allow to achieve the
necessary efficiency (experiments 20 and 31).

The mixing of refined fractions starting bp—553 K
and 553-623 K (experiments 33 and 31 correspondingly)
allows to aobtain the fuel with sulphur content of 0.19
mas %, which meets the regquirements for commercial
diese fuel.

4. Conclusions

The obtained results show the possibility of
commercia diesel fuels production with sulphur content
up to 0.2 mas % from actually any straight-run fraction
453-623 K by its oxidative desulphurization. Typical
industrial catalysts for hydrocarbon oxidation may be used
for such process. The catalysts increase the oxidation rate
of sulphuric compounds and decrease that of hydrocarbon
medium, improving thus the process selectivity.

When using “heavier” raw material it is necessary
to desulphurize narrow fractions and apply combination
of adsorption and rectification to separate the oxidation

products.
Using kerosene or straight-run fractions (453—
623 K) with relatively low sulphur content

(0.2-0.3 mas %) the whole raw material or only the last
running fraction can be desulphurized. Formed sulphones
or sulphoxides can be separated by adsorption or
rectification.
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JOCJII/UKEHHSA MOKJIMBOCTI
IMPOBEJEHHSI ITPOLHECY
OKCHJIALIMHOI O 3HECIPYYBAHHS
MPSIMOTOHHMX JIU3EJIbHAX ®PAKIIII
3 BUCOKHUM BMICTOM CIPKA

Anomauin. Bugueno 3uecipuennss NpamMo2OHHUX OU3€Nb-
HUX Ppaxyiti 6HACTIOOK CeNeKMUBHO20 OKUCHEHHSL CIDYUCIUX CNO-
JYK 3 HacmynHum ix eiooinennam. IIokazana Modicusicnms OmpumManHsi
mosapHux ouzeabHux naius 3 emicmom cipku 0o 0,2 % mac. 3
npsmo2onnux @paxyii 3 emicmom cipxu 0,25-0,67 % mac.

Kniouosi cnosa: oecyrnvpypusayis, ouzenvHe naivhe,
okcuodayitine 3Hecipuysants, Cipka, cynbhokcuou, cyib@oHu.





