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Abstract

A comparative analysis was performed concerning the oxidation efficiency for sulphur-containing
compounds of diesel fraction employing various oxidizers (ozone, peroxides) in a two-stage desulphurization
process (the combination of oxidation and adsorption). The oxidation level of the diesel fraction sulphur-
containing compounds has been studied depending on the amount an oxidizer used and on the conditions of
the process. Changes in the group composition of saturated and aromatic hydrocarbons, sulphur-containing
compounds of saturated and aromatic nature due to sample oxidation and the subsequent adsorption
purification of the products obtained have been analyzed.
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INTRODUCTION

The growing consumption of mineral oil and
the increase in the scale of petroleum produc-
tion connected with this fact are accompanied
by an increase in the portion of sulphurous
petroleum in the general balance of petroleum
processing. Catalytic methods of desulphuriza-
tion widely used in petroleum refining indus-
try, in particular, the processes of hydrode-
sulphurization have almost reached the effi-
ciency limit. For the last years one can observe
an intensive development of non-catalytic de-
sulphurization technologies such as extraction
[1], adsorption [2], the combination of oxidati-
on and extraction [3], etc.

Especially noteworthy are the processes of
selective oxidation of sulphur-containing com-
pounds (SC) with the subsequent removal of
high-polarity oxidation products formed. One
of the promising reagents for preliminary oxi-
dative purification of petroleum distillates from
SC is presented by ozone that readily reacts
with SC and polycycloaromatic hydrocarbons

[4, 5], however, up till now it has not obtained
any practical application. The authors of [6, 7]
have demonstrated the possibility of desulphu-
rization of both crude mineral oil, and oil frac-
tions by means of ozonization and the subse-
quent removal of high-polarity products ob-
tained.

The purpose of the present work consisted
in the studies on the efficiency of oxidative des-
ulphurization of the diesel fraction with the use
of various oxidizers (ozone, the mixture of hy-
drogen peroxide and a formic acid, etc.) and on
the change in the group composition of satu-
rated, sulphur-containing and aromatic com-
pounds in the samples under investigation.

EXPERIMENTAL

We exposed to oxidation a virgin diesel frac-
tion (200—360 °C) sampled at the Ryazan Oil
Refinery Company (RORC). The content of total
sulphur (S,) in the fraction amounted to 1.19 %
with the mass fractions of sulphide-like sul-
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Fig. 1. Schematic outline of the experiment.

phur (S,) equal to 0.26 %. The general pattern
of the experiment is presented in Fig. 1.

The initial diesel fraction was treated with
an ozone-oxygen mixture with the help of a
laboratory-scale set-up equipped with a bub-
bling type reactor [5] (Fig. 2). Compressed oxy-
gen (technical grade, Tomskneftekhim Ltd.,
Tomsk) was supplied from a cylinder 1 through
a gas reducer 2 and a needle valve 3 with a
flow rate amounting to 31.15 L/h to the sys-
tem for gas dewatering and purification 4 which
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Fig. 2. Schematic diagram of ozonization set-up with a
bubbling reactor: 1 — cylinder with compressed oxygen,
2 — gas pressure reducer, 3 — fine control valves, 4 — gas
dewatering and purifying system, 5 — rotameter, 6 — ozone
generator, 7 — reactor, 8§ — Tsiklon-5.11 ozone analyzer.

included absorbers with sulphuric acid and ac-
tivated silica gel; further the mixture was
passed through a rotameter 5 into an ozone
generator 6. The latter represented a battery
consisted of 12 Berthelot tubes, fed in parallel
by 14 kV AC current from a step-up trans-
former. An ozone-oxygen mixture obtained con-
taining 3.66 g/L O; was supplied to a reactor
7, wherein the mixture was bubbled through
the layer of raw material. The height of the
reactor amounted to 350 mm, the internal dia-
meter was equal to 20 mm. At the bottom part
of the reactor there was a Schott glass filter
built-in with the pore diameter of 160 um, to
produce the stream of fine bubbles for increas-
ing the contact interface between the gas phase
and the liquid in the course of intense bub-
bling through the layer of the liquid. Spent
gas was supplies to an analyzer of ozone. The
mass of raw material loaded into the reactor
amounted to 15—20 g; the time of passing the
gas bubbles through the liquid layer (the con-
tact time of the phases) was about 1 s. Accor-
ding to data obtained earlier by the authors
of [5], the amount of absorbed ozone was vari-
ed within the range of 1.5—30 g/kg of a samp-
le. The monitoring of the amount of ozone
absorbed was performed using a Tsiklon-5.11
analyzer. The essence of the method consists
in the selective UV radiation absorption by ozo-
ne at the wavelength of 254 nm. The ozoniza-
tion of diesel fraction due to its low viscosity
can be carried out at a room temperature.
The oxidation of diesel fuel by 30 % hyd-
rogen peroxide solution (chemical purity grade,
the Innovatsia Ltd., Voronezh) was carried out
at the temperature of 70 °C during 1 h in the
reactor supplied with an agitator, under stir-
ring with the rotation frequency of 700 min..
The molar ratio between total sulphur and hy-
drogen peroxide (S; : H;O,) was varied from
1:1 up to 1:20. The oxidation of diesel fuel
by the mixture of hydrogen peroxide and for-
mic acid (pure grade, Germany) was carried
out by employing the technique described in
[8], at the temperature of 70 °C in the reactor
supplied with an agitator, under stirring with
the rotation frequency of 700 min~! during
1-4 h. The molar ratio values were the follow-
ing: S, : H,0, =1 :4, H,O, : HCOOH = 3 : 4.
The oxidation of diesel fuel by organic per-
oxides such as benzoylperoxide and di-tert-bu-
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lylperoxide (chemical purity grade reagents,
Merck KGaA, Germany) was carried out un-
der the same conditions as the oxidation by
hydrogen peroxide. The choice of the process
temperature was determined peroxide used
being 1—-2 °C higher than the temperature of
peroxide decomposition (150 and 135 °C for
benzoylperoxide and di-tert-butylperoxide, re-
spectively).

After the oxidation the samples were ex-
posed to the adsorption purification (a column
modification) which was carried out using a
glass column 400 mm in height and 11 mm in
diameter. The adsorbent employed was present-
ed by ASK silica gel. The temperature of ad-
sorption was varied within the range from 20
to 80 °C. The silica gel was preliminary dried
at 200 °C during 8 h. Packing the column with
SiO, was carried out by means of a “dry” me-
thod. The ratio between the mass of a sample
and the mass of a sorbent amounted to 3:1,
the elution rate was equal to about 0.2 mL/min.
The residues of a sample were removed from
the silica gel with the help of hexane (analyti-
cal grade, Reaktiv JSC, Novosibirsk) which
was then distilled off.

The group hydrocarbonic composition of the
initial distillate, as well as of the products of
its ozonization and oxidation by hydrogen per-
oxide-formic acid mixture with the subsequent
adsorption purification was determined employ-
ing the method of liquid adsorption chroma-
tography on activated aluminium oxide hav-
ing a Brockman activity level II. With this pur-
pose the fractions of saturated, mono- and bi-
aromatic hydrocarbons (HC) were eluted by
n-hexane, the fractions of triaromatic HC were
eluted by a hexane-benzene mixture (analyti-
cal grade, Reactiv JSC, Novosibirsk) with a
volume ratio equal to 3 : 1: resins were eluted
using the mixture of ethanol (Lux grade,
Mariinsk Alcohol Plant) with benzene (1 : 1 in
volume). The monitoring of separation concern-
ing different HC classes was carried out ac-
cording to optical absorption spectra of elua-
tes registered employing a Specord UV-Vis
spectrometer. The mass loss due to distilling
solvents out of eluates was less than 2.5 %.

The gas-liquid chromatography investiga-
tion was performed by means of a Kristall-
2000M chromatograph with a 25 m x 0.22 mm
quartz capillary column packed with SE-54 sta-

tionary phase, using helium as a carrier gas.
With the use of a flame ionization detector (FID)
a linear increase in temperature ranged from
80 to 290 °C and the column heating rate was
equal to 15 °C/min for the analysis of satura-
ted HC fractions, whereas for the fractions of
aromatic HC the latter parameter amounted to
2 °C/min. For the analysis of SC we used a
flame photometric detector (FPD); in this case
the increase in temperature ranged from 50 to
290 °C and the column heating rate was equal
to 4 °C/min.

RESULTS AND DISCUSSION

In order to increase the efficiency the ad-
sorption process we have investigated the con-
tent of sulphur in the products of adsorption
purification of ozonized diesel fraction depend-
ing on the temperature of adsorption. The best
results were obtained at the adsorption tem-
perature of 80 °C (Fig. 3). So, at the amount
of ozone absorbed by a sample equal to 12 g/kg
and the adsorption temperature of 80 °C the
mass fraction of the total sulphur decreases
down to 0.46 %. In the case of occurring the
adsorption process at a room temperature this
parameter amounted to 0.72 %.

The result obtained is caused by the fact
that with the rise in temperature the viscosity
of diesel fraction decreases. Due to this fact
the diesel fraction much more readily penetrate
into the sorbent pores, with involving a great
number of active centres of the sorbent in the
separation process. Thus, the oxidation of the
diesel fraction by the ozone-oxygen mixture and
the subsequent adsorption-based purification at
80 °C allow one to reduce the content of the
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Fig. 3. Sulphur content in ozonized samples after adsorption
purification at the temperature of 20 (1) and 80 °C (2).
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TABLE 1

Sulphur removal level after the fraction oxidation by
means of different peroxides and adsorption purification

Molar ratio S,, mass %/S; removal level, %

S : HyO, after oxidation with the use of:
H,0, DTBP BP

1:1 0.84/30 0.98/18 1.06/11
1:2 0.82/31 - -

1:3 0.81/32 0.89/25 -

1:5 0.80/33 - 0.56/53
1:6 - 0.68/43 -

1:9 - 0.60/50 -
1:10 0.79/34 - 0.25/79
1:15 0.77/36 - -
1:20 0.72/40 - -

total sulphur therein by 62 %. In the further
experiments the adsorption of oxidized samp-
les was carried out only at 80 °C.

We have conducted a number of experi-
ments concerning the selection of optimum
conditions for the oxidation of the sample un-
der investigation employing various peroxides.
Table 1 demonstrates data concerning the de-
sulphurization level for the diesel fraction (the
oxidation by commercial 30 % aqueous solu-
tion of hydrogen peroxide) depending on the
S, : H,0O, ratio. One can see that the desulphu-
rization level grows insignificantly with the in-
crease in the content of hydrogen peroxide. To
all appearance, this fact could be caused by
an insufficient area the contact interface be-
tween aqueous and organic phases in the course
of the oxidation process. With the increase in
the amount of an oxidizer grows one can ob-
serve also the resinification of the fractions
owing to a low selectivity of hydrogen perox-
ide as an oxidizing agent.

We have determined the desulphurization
level due to the oxidation of the diesel frac-
tion by organic peroxides such as benzoylpero-
xide and di-tert-butylperoxide (DTBP). Table 1
also presents data concerning the content of
sulphur in the products of DTBP oxidation of
a distillate fraction after the adsorption purifi-
cation. Despite of a considerable excess of DTBP
(up to 9 mol of the peroxide per 1 mol of sul-
phur in a sample) as compared to stoichiomet-
rically required amount (2 mol of the oxidizer
for a sulphur atom transition to the six-valent
state such as sulphon), the content of sulphur

in the products decreased only by 50 % (from
1.19 to 0.49 mass %). From the data of Table 1
one can see that benzoyl peroxide exhibits a
considerable selectivity as compared to DTBP:
the use of the former after the adsorption-
based purification results in removing 80 rel.
% of sulphur from the oxidized sample. How-
ever, in this case the consumption of the ox-
idizer was also high amounting up to 10 mol
of H,O, per 1 mol of sulphur contained in
the sample.

In order to choose more selective and cheap-
er oxidizers we have performed the analysis
of literary data. So, the authors of [8—10] de-
scribed the methods for the oxidation of SC
by the mixtures of commercial hydrogen per-
oxide and carboxylic acids (formic acid, acetic
acid). The employing of the oxidizing mixture
suggested in [8], has allowed us to remove more
than 90 % of sulphur from the raw material
composition (Table 2). In this case the consump-
tion of oxidizer appeared much less amount-
ing up to 4 mol of HyO, per 1 mol of sulphur
contained within the sample.

In order to reveal changes in the group com-
position of the fractions we investigated the
following samples: the initial diesel fraction; the
sample after oxidation by ozone (ozone con-
sumption amounting to 12 g per 1 kg of raw
material) and the subsequent adsorption puri-
fication; the product of the adsorption purifi-
cation of diesel fraction oxidized by hydrogen
peroxide—formic acid mixture. The results of
the separation carried out according to a stan-
dard technique on activated aluminium oxide
are presented in Table 3. One can see that, for
the samples after oxidation the contribution of
saturated hydrocarbons (alkanes, isoalkanes,
naphtenes) is higher, whereas the content of
aromatic compounds is lower comparing to the

TABLE 2

Sulphur removal level after the fraction oxidation
by means of H,0O, + HCOOH mixture and adsorption

purification

Oxidation S;, mass % S; removal
time, h level, %

1 0.50 58

2 0.31 74

3 0.13 89

4 0.09 92
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TABLE 3

Group composition of samples under investigation, mass %

Samples HC
Saturated Monoaromatic Biaromatic Triaromatic
Initial fraction 53.8 28.2 13.8 2.2
After oxidation by ozone  58.7 24.2 10.2 1.9
After oxidation
by H,0,+ HCOOH 66.3 17.4 9.2 2.6

initial fraction. Moreover, the mixture consist-
ing of hydrogen peroxide and formic acid ex-
hibits much more active oxidation of aromatic
compounds as compared to the ozone-oxygen
mixture (40 rel. % of monoaromatic compounds
and up to 35 rel. % of biaromatic compounds
have been oxidized). The contribution of triaro-
matic compounds varies insignificantly, which,
to all appearance, could be caused both by ki-
netic factors (the compounds with a high con-
tent in the mixture are oxidized up to a great-
er conversion level than the compounds with a
low content), and by insufficiently selective ef-
fect of oxidizers belonging to different groups
exerted with respect to aromatic compounds. In
the course of diesel fraction oxidation the con-
tribution of triaromatic compounds increases
owing to the oxidation of a significant part of
mono- and biaromatic compounds and the redist-
ribution in the content of the rest groups of HC.

TABLE 4

In order to determine the ability with re-
spect to oxidation for various groups of com-
pounds contained in the samples, we performed
GLC analysis. Table 4 demonstrates data con-
cerning the content of m-alkanes and some
groups of alkylaromatic compounds in the ini-
tial fraction and in treated samples. It is known,
that irrespective of the type an oxidizer cho-
sen the oxidation reaction rate for aromatic
compounds decreases according to the follow-
ing order: triaromatic HC > biaromatic HC >
> monoaromatic HC > naphtenes > alkanes. The
reactivity of organic SC in the reactions of oxi-
dation decreases to the following order: sul-
phides > thiophenes > benzothiophenes (BT) >
> dibenzothiophenes (DBT). However, from the
data presented one can see that the content
of n-alkanes in the sample oxidized by ozone-
oxygen mixture has decreased, in spite of the
minimal relative oxidation reaction rate. To all

Content of n-alkanes and monoarenes in the samples under investigation

Groups of compounds Content, mass %

Initial fraction

After oxidation by ozone

After oxidation by H,0, + HCOOH

n-Alkanes 33.7 3L.7 46.2
Alkylbenzenes 1.7 2.0 1.3
Methylalkylbenzenes 1.8 2.2 1.6
TABLE 5

Content of some bi- and triarenes in the samples under investigation

Groups of compounds Content, mass %

Initial fraction

After oxidation by ozone

After oxidation by H,O,+ HCOOH

Naphthalene 0.010 0.010
XMethylnaphtalenes 0.522 0.423
2 Dimethylnaphtalenes 0.958 1.039
2 Trimethylnaphtalenes  1.436 1.143
Phenantrene 0.060 0.100
2 Methylphenantrenes 0.230 0.299

0.005
0.115
0.248
0.304
0.057
0.198
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TABLE 6

Content of sulphur-containing compounds in the samples under investigation

Groups of compounds Content, mass %

Initial fraction

After oxidation by ozone

After oxidation by H,0, + HCOOH

Benzothiophene (BT) 0.0476 0.0176
2 Methyl-BT 0.1960 0.0743
2 Dimethyl-BT 0.1114 0.0195
Dibenzothiophene (DBT) 0.0422 0.0109
2 Methyl-DBT 0.1405 0.0759
2 Dimethyl-DBT 0.0859 0.0524

0.0071
0.0354
0.0181
0.0031
0.0042
0.0013

appearance, this could be connected with the
fact that the molecule of ozone reacts with sul-
phur-containing and aromatic compounds ac-
cording to the mechanism of electrophilic ad-
dition, whereas this molecule interacts with
alkanes according to free radical mechanism [4].
Thus, ozone initiates the oxidation of alkanes
by oxygen, which also occurs via the radical
mechanism.

Table 5 displays data concerning the con-
tent of some bi- and triarenes in the samples
under investigation. One can see that the oxi-
dation level resulted from the action of ozone-
oxygen mixture on naphthalene and its homo-
logues is low, whereas the content of phenant-
renes increased. As opposed to ozone-oxygen
mixture, the mixture of hydrogen peroxide
and formic acid exhibits a much higher selec-
tivity with respect to the oxidation of biaro-
matic compounds. The content of naphtalenes
has decreased by 75 rel. %. At the same time
the oxidation level of phenantrenes was insig-
nificant, which could be caused by their low
content in the initial diesel fraction.

Data concerning the content of main SC
groups are presented in Table 6. One can see
that the mixture of hydrogen peroxide and
formic results in the oxidation of SCC to a
much greater extent than the ozone-oxygen
mixture. The removal level for BT due to the
oxidation by the ozone-oxygen mixture amounts
to 69 rel. %, that for DBT is equal to 50 rel. %,
and with the growth in the DBT substitution
level the the removal level decreases. The con-
tent of dimethyldibenzothiophenes whose mole-
cules are the most stable in usual processes of
hydrorefining [11, 12] was reduced only by
40 rel. %. This is caused by the fact that the cen-
tre of electrophilic attack by ozone molecules

represents unshared electron pairs localized at
sulphur atom. With the growth of DBT substi-
tution level, an increase in steric hindrances
occurs with respect to attacking the electron
pairs of sulphur atom by ozone molecules. The
mixture of hydrogen peroxide and formic acid
results in the oxidation of substituted BT and
DBT to a greater extent than it does for non-
substituted BT and DBT. To all appearance, the
process of oxidation by this mixture occurs
through the stage of aromatic and sulphur-ar-
omatic compounds protonation by formic acid
soluble in HC medium. Hence, the introduction
of alkyl substituents should facilitate the for-
mation of intermediate protonated products,
since alkyl substituents exhibit a positive induc-
tive effect, 1. e. these substituents are pushing
electron density through c-bonds. As a result,
the total content of DBT has decreased by 96
rel. %, the content of dimethyldibenzothiophenes
has decreased by 98 rel. %. Thus, the mixture
of hydrogen peroxide and formic acid serves
as a selective oxidizer which reacts mainly with
sulphur-containing substances reacting to a less-
er extent with aromatic compounds.

CONCLUSION

1. Optimum conditions for the oxidation and
the subsequent additional purification of distil-
late fractions from sulphur-containing compo-
unds are established.

2. The treatment of diesel fraction by ozone-
oxygen mixture results in the oxidation of all
the types of compounds present in the frac-
tion. The derivatives of BT and DBT are oxi-
dized to a greater extent than their hydrocar-
bonic analogues, whereas their removal level
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decreases with an increase in the substitution
level of the molecules.

3. The oxidation of the fraction by the mix-
ture of a hydrogen peroxide and formic acid
results in a predominant oxidation of SC of
saturated (sulphides) and aromatic (thiophenes
and BT) nature as well as of aromatic hydro-
carbons; the removal level for BT and DBT
derivatives increases with the increase in their
substitution level.
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